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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.
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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,



16

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)
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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



24

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-
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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
7 s 5 7.
+ i) zxAxixj\)—{ J 3
(X;G; 4 +Gy) A (XG5 +X;)
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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.



Equations (3~7) to (3-14) with equations (1-11), (1-12),
(1-22) and (1-24) are used to correlate the ternary VLE and

Yy, data.
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3.3 Results

A list of aqueous electrolyte binary systems used with
this model, in addition to the systems presented in Table G.1,
are given in Table 3.1. The results of binary and ternary

data correlation are discussed below.

A. Aqueous Electrolyte Binary

Maximum Molality Applicability--Bromley recommended

the applicability of his equation [Equations (C-1), (C-2) and
(C-9] up to I = 6 for strong electrolytes in water, i.e. near-
ly completely ionized. This has been demonstrated by combin-

ing equations (C-9), (1-20) and (1-21) in the form
Y =B iX (3-15)
where,

Y = (1~ ¢) - 2.303 AY|Z+Z_[02(le/2)Il/2

b, (al)
+ 2.303[0.06 —2—]|Z+Z_|I (3-16)
X = -2.303[0.6I|2,2_| —5— + 3] (3-17)

Figures H.l and H.2 indicate that reasonably good results are
obtained for strong electrolytes up to I = 6, i.e. m = 6 for
1-1 electrolytes (Figure H.l) and m = 2 for 2-1 electrolytes
(Figure H.2). On the other hand, very poor results are ob-

served for MgS0, (Figure H.3) which is incompletely ionized.
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Results at 100°C--In the literature a good deal of data

at 100°C are available as DP vs m, Weast (1969). Some typical
systems are shown in Table H.l. Equation (C-9) with (1-21)
was used to calculate the wvalues of B12 at 100°C and Y, values
are obtained using equations (C-1) and (C-2). Values of m

up to I = 6 were used as above, even though the range of appli-
cability may be somewhat lower here because of the higher
temperature. Hence, for 1-1 electrolyte data up tom = 6 (7
points) were used; for 1-2 and 2-1 electrolytes, up tom = 2
(3 points); for 2-2 electrolytes, up tom = 1.5, and since at
m = 1.5 is not given, data to m = 2 (I = 8) were used. Final-
ly, for higher electrolytes (3-1, 3-2, etc.) only two points

(m = 0.5 and m = 1.0) could be used.

This was considered too limited a data base and these
electrolytes were not included in this study. The obtained

values of B along with those at 25°C from Bromley, are pre-

12’
sented in Table H.2.

In the case that data are correlated for the maximum m
value (mmax) reported by Weast, the resulting error in DP
(DP'! ) is also included in Table H.2. The larger values of

max

DP' as compared to those of DPm further support Bromley's

max ax

suggestion that this equation is applicable only up to I = 6

for aqueous electrolytic mixtures.

The accuracy of the mean molal activity coefficients,

calculated using these Bio values with equations (C-1) and



64

12
200
10 4160
7+
or
¢ . ) 4120 ('%f He
.08 80
40
08 0
1 [ ] i 1 §
I 2 3 4 5 m ©

Figure 3.2 Activi'ty and Osmofic Coefficients for the System Water-
‘ Sodium Chloride at 100°C
— — — = (Gibbard et al., 1974)
(Robinson and Stokes, 1955)
A From Weast's Data

@ Calculated DP Values, eqn. (C-9), (1-21) and (1-22)

P



65

15 4 9°9 Zvv0° 0 S 0V
§*°¢ 6° 1 6L70°0 ¥ 0°¢
LT L°9 ¢e80°0 ¢ 0°¢
I23epm-ady
S L9 L9S0°0 L 0°9
1°9 ¥°9 2LS0°0 9 0°S
vy 6°9 . 28¢0°0 S 0P
g°¢ ¢°q ge6S0°0 14 0°¢
0°v 6°0T T.90°0 ¢ 0'¢
I91eM-TO®BN

(D,00T = 1) sonTep *A pelenoTe) oyl JO ADBINDOY 9Y1 UO

NHm durlenTeAd UT PoOsS[) Ss3uIlod ®BleBQ FO IdqUWnN 9Yl JOo 199FF4 T°€ FI9VL



66

(C-2), is examined next. Figure 3.2 presents Yy values for
aqueous NaCl calculated with this approach along with the data
from Robinson and Stokes and those of Gibbard et al. (1974).
The agreement can be considered reasonably good; maximum error
is 6.7%; average error is 5.4%. The other system for which

Y, data at 100°C are available is aqueous KBr (Robinson and
Stokes, 1955). Since this system is not included in the

Weast compilation, the ¢ values of Robinson and Stokes at m =
0.5, 1, 2, 3 and 4 were used. The results are presented in
Figure H.4 and they are of the same quality as those in the
NaCl case; maximum error is 6.6%; average error is 4.3%. Since
this is not the case for all electrolytes, especially for el-
ectrolytes other than 1-1, the effect of the number of data
points used on the accuracy of the calculated Y. values is
examined in Table 3.2. The results obtained by using only
three data points (m up to 2) are comparable to those obtained
by using all points available, up to m = 6 for NaCl and up to

4 for KBr.

m

Estimation of DP and Y+ Values in the Range 25-100°C--In

the typical case, values of DP and Y, are needed at tempera-
tures other than 25 or 100°C. Hence, it would be desirable
if B12 values could be estimated within this temperature
range. Bromley recommends two expressions for the tempera-

ture dependency of Blz'

1
B
L * T - 243 1 1 1 _
B,, = B ln(———,-l,-——) + = + B, + By InT (3-18)
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and . Cll
B, = = T i

12 7 -3230 v T 2 InT (3-19)

Since B12 values are available only at 25°C (Bromley)

and 100°C (this study), equations (3-18) and (3-19) were tested

in their two adjustable constants form by setting B%, B%, C;l
and C%l equal to zero.
S * T - 243 _
B, T=B +B T 1In ( 7 ) (3-20)
and
¢t 11
Bi2 T= 73307 < (3-21)

The equations are written in this linear form so that they

can be tested by plotting B T vs [Tln ((T-243)/T)] in equa-

12
tions (3-20) and vs [T/(T-230)] for equation (3-21). Both
expressions give reasonably good results as demonstrated in
Figures H.5 and H.6 for equation (3-20). The straight lines
were obtained by regressing all the points, excluding those
from the Weast data. The values of the constants B* and Bi

are reported in Table 3.3.

Use of equation (3-20) for interpolation purposes is
demonstrated in Table H.3. The B12 values at 70°C were ob-

. *
tained from equation (3-20) with B and Bi calculated using

only the B 5°C) and the B;, (100°C) values. The large

12 2
error for MgSo, is due to incomplete dissociation figure H.3.
Values of Y, at 70°C for the electrolytes of Table 3.3 are

given in the references presented in Table 3.1. It should be
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noted that the y, data for KCl, MgCl,, MgSO, and Na,S0, (Snipes
et al., 1975) were derived from heat of dilution data, and
those for NaCl (Gibbard, 1974) are reported at rounded molali-

ties and temperatures.

B. Nonagqueous Electrolyte Binary

Maximum Molality Applicability--As shown for the

aqueous electrolyte binaries, the Bromley equation in the form
of equation (3-15) is used to test the maximum molality range
for MeOH electrolyte binaries. The results for the LiBr-MeOH
system at 15°C and the LiCl-MeOH system at 60°C (Figures H.7
and H.8) show that the applicability of the Bromley equation

is good only up to I = 3, for 1-1 electrolytes. For the higher
order electrolytes (1-2, 2-1, 2-2, etc.) data are not avail-
able. The only data available for higher order electrolytes

is for the CaClz-MeOH system at 25°C. Because of the scat-:
tering and unavailability of the experimental data at low
molality (Figure H.9), it is not possible to conclude the maxi-
mum molality range for this system. Based on 1l-1 electrolytes
only the molality limit for MeOH system is set I = 3. Other
nonaqueous binaries could not be tested since this type of

data is not available in literature. It would be expected

that the molality range would be even lower than I = 3 for

solvents with dielectric constants less than that of MeOH.

Accuracy of the Binary Data Correlation--The results

of some nonaqueous electrolyte binary data correlation are
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given in Table H.4. The accuracy of data correlation of such
systems is less than the accuracy of the corresponding aqueous
electrolytic binaries (Table H.5). 1In a typical case of the
system LiCl-H20 at 60°C, the maximum percent error in DP is
2.0 and the average percent error is 1.0 (Table H.5) whereas
for the system LiCl-MeOH at 60°C, the maximum percent error in
DP is 15.6% and the average percent error is 7.3 (Table H.4).
The correlation of the system CaCi-MeOH at 25°C, up tom =
2.6 is of poor qualitv (Table H.4). This is expected for 1-2,
2-1 or higher order electrolytes in MeOH because of the maxi-
mum molality limitation.

cC. Isothermal Ternary Data Correlation

The mean molal activity coefficient data of three
isothermal ternary systems are correlated with this model
(Table H.6), Figure H.9 to H.17. The systems HC1-H20-MeOH at
259C and NaCl-H;0-MeOH at 259C have average percent errors in
Y of 1.4 and 7.4, respectively (Figures H.1l3 to H.17). The
correlation of the system HC1-Hp0-EtOH at 25°C is good up to
m = 2.0 and EtOH concentration (HCl free) <9% (Figures H.1l0
and H.1l). The results are of poor quality for the same sys-
tem at XﬁtOH = 0.5, especially when m > 0.5.

The vapor-liquid equilibrium data of five isothermal ter-
nary systems are correlated (Table H.7) with this model. Again,
three objective functions [Equations (2-19), (2-20) and (2-21)]

are applied for the data reduction. 1In general, objective
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function #2 gives the best results. 1In Table H.7 results are
given for the correlation up to m = 3 and also for the higher
molality range. The overall performance of the model in cor-
relating the ternary VLE data is of good quality within the
limited range of molality (Figures H.17 to H.22). The molality
applicability decreases to even less than I = 3 with an in-
crease in temperature, as in the case of the LiCl-HZO-MeOH

system at 60°C, the fit is good only up to m = 2.0.

The ternary parameters 6123 and B123 obtained by the ter-
nary correlation, indicates that these cannot be considered
temperature independent. Therefore this model is not applied

to isobaric ternary systems.
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3.4 Discussion

As already shown, only three DP-m points were used in
evaluating Bio for 1-2, 2-1 and 2-2 electrolytes. In addition,
no experimental Y, data at 100°C are available for such elec-
trolytes as in the case for 1-1 types, where good results are
obtained from three points only (Table 3.2). Figures H.5 and
H.6 and Table H.9 demonstrate, however, that the B12 values ob-
tained from the Weast data are very close to those obtained
by extrapolation of the data in the range from 25 to 80°C.

The closeness of the Yy values obtained from these two B12
(100°C) values is depicted in Table H.1l0 for MgCl2 with a
maximum difference of 5.8%. For the Na2804 system, where the

fractional difference between the two B (1L00°C) wvalues is

12
the largest, the maximum difference in y, is 5.7%. Therefore
it is suggested that, in addition to the 1-1 electrolytes,
reasonably accurate Yy, values can be calculated for 1-2, 2-2,

and 2-1 types from B values obtained using three data points

12
from the Weast compilation.

Table H.3 demonstrates that use of the B values at 25

12
and 100°C, along with equation (3-20), can lead to reasonably
accurate estimates of Yy and DP values at intermediate tempera-
tures. However, when the same approach was used to evaluate
the derivative (dBlz/dT), needed to calculate apparent relative

molal enthalpies (¢L) and relative partial molal enthalpies

(fz) for four individual salts, NaCl, KC1, Na2804 and MgCl2
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with water at 100°C the typical average error was about 50%.
This failure becomes apparent from Figures H.5 and H.6 while
equation (3-20) is valid for interpolation purposes, it does
not provide reliable values for the slope dBlz/dT. The cal-
culated values for (¢L) and (fz), however, were in the right
direction, but lower than the experimental ones. The expres-
sions used to calculate these quantities are given by Bromley

(1973) .

When the Bromley equation was applied to nonaqueous elec—
trolytic binaries, the maximum molality range is <3, also the
binary data reduction is less accurate for such binaries. This
is expected since the empirical constants in the original
Bromley equation (C-1l) were obtained by applying aqueous
electrolytic binary data only. However, considering the sim-
plicity of this equation, the results for nonagqueous mixtures
are of acceptable quality. The temperature dependency of such
systems can also be established by equation (3-20), as shown
by Tomasula and Tassios (1980) for the electrolyte-MeOH binar-

ies.

The isothermal ternary data correlation of the VLE and Yy
is of good quality for m < 3.0. An investigation of the con-
tribution of different terms in a ternary system indicates
that the salting in effect of the Debye-Hiickel term in the
Bromley equation (Figure 3.3) is compensated by the additional

salting out term at low EtOH concentration (Figure 3.4) and
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by the additional part of the Bromley equation at higher EtOH
concentration (Figure 3.3). It is important to note that for
ternary data correlation both binary and ternary experimental

data are used.
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3.5 Conclusions

A method for the correlation of the DP-m data for 53
agqueous electrolytes at 100°C (Weast, 1969), and the evalua-
tion of Y, values for these electrolytes, is presented. A
procedure for the estimation of Yoir AP, ¢L and fé in the tem-~
perature range of 25-100°C for these electrolytes is also
presented. While reasonably good results are obtained for Y.

and AP, ¢L and L, values are smaller than the experimental ones

2
by about 50%.

The binary Bromley equation is applied to nonagqueous
electrolytic binaries and also has been extended to ternary
systems of electrolyte in mixed solvents. The correlation
of isothermal nonaqueous binary and ternary data is of good
quality; however, the maximum concentration range for such
systems is less than the range for aqueous electrolytic bi-

naries.



CHAPTER 4

A COMPARATIVE STUDY OF TWO MODELS IN CORRELATING
AND PREDICTING BINARY/TERNARY Yy, AND VLE

DATA IN ELECTROLYTIC SOLUTIONS

ABSTRACT

Model I is superior to Model II in correlating binary
nonagueous electrolytic and ternary electrolytic mixtures.
However, Model II can be used to predict Yy using DP vs m
data only in a binary mixture more accurately than Model I.
Model II is limited only to isothermal ternary data correla-
tion whereas Model I can be applied to predict and/or corre-

late isothermal or isobaric ternary data.

78
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In principle, the two models presented in Chapters 2 and
3 are similar but consist of different forms of the expres-
sions to represent various interactive forces in the liguid
solution. Both the models have the Debye-Hiickel equation and
an intermediate term also called the transition term repre-
sents the change of magnitude of electrostatic forces from the
dilute solution to the concentrated solution. The NRTL term
has been included in both models, but it represents different
molecular interactions in the two models. In Model I the NRTL
term describes ion-solvent and solvent-solvent molecular inter-
actions [Equation (2-3)], whereas in Model II ion-solvent in-
teractions are represented by a term: B %;-[Equation (3=2)]
and the solvent-solvent molecular interactions are by the
NRTL-S [Equation (3-4)]. Also, in Model II an additional
salting out term is used [Equation (3-5)], which is not needed

with Model I.

A. Binary Data Correlation

Both models simplify to the original NRTL expression
[Equation (2-7)] for a solvent-solvent binary. Electrolyte-
solvent binary data reduction require two parameters in Model
I, i.e. Gyi Z,; or AgAi; AgBi and one parameter 'Bli' with
Model II. In general, the fit of aqueous electrolyte binaries
is better with Model II than Model I, Tables G.4 and H.5. But
the correlation of nonaqueous electrolyte binaries shows the

reverse trend, Tables G.5 and H.4. However, on the overall
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analysis of binary data evaluation, it is concluded that both
models can be applied successfully. Model I can be used up to
I = 6 for electrolyte MeOH binaries and up to even higher
molality ranges for aqueous electrolyte binaries, Table 2.3,
whereas Model II is limited to I = 3 for MeOH-electrolyte
binaries and I = 6 for aqueous electrolyte mixtures. The
binary parameters in Mcdel I are considered temperature in-
dependent within a 30 to 40°C temperature range, but in Model
IT, the temperature dependency of the binary parameter 'Bli'
is represented by a two parameter expression, Equation (3-20).
This indicates the applicability of Model I to isothermal and
isobaric systems without any alterations in the Model itself.
The biggest advantage of Model II is that it requires only
three data points (DP vs m) to find the optimum value of a
single parameter (Bli) in a binary mixture which can lead to
reliable prediction of Y, data for the whole concentration
range. The use of three typical data points (DP vs m) with
Model I is too small for the evaluation of two parameters in
a binary mixture and also the parameters obtained with three

points only, cannot be expected to predict y, with reasonable

accuracy.

B. Ternary Data Prediction and Correlation

Model I requires only binary parameters for the ter-
nary VLE and Yy, data prediction. The binary parameters are

obtained by three respective binary data correlation, Tables
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2.4 and 2.5. Model II is good only for binary/ternary data
correlation. Prediction of a ternary mixture is not possible,
because of two ternary parameters 'B123 and 6123' which should
be obtained by ternary data reduction. Also, in Model II bi-
nary and ternary parameters (Bli, B123, 6123) are temperature
dependent, hence its applicability is limited to only isother-
mal data. Model I can be used to correlate binary or ternary
data individually whereas with Model II both binary and ternary

data are used for ternary data correlation.

Finally, Model I has the possibility of extension to multi-
component systems containing more than two solvents and one
electrolyte. In a multicomponent mixture, only binary para-
meters are required with Model I. The extension of Model II

to multicomponent mixtures will be a tedious task.



APPENDIX A

EXPRESSIONS FOR THE ACTIVITY COEFFICIENT
OF THE SOLVENT AND THE MEAN ACTIVITY
COEFFICIENT OF AN ELECTROLYTE IN A

BINARY MIXTURE FOR MODEL I
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In a binary mixture, the activity coefficients are a com-
bination of an extended form of the Debye-Hiickel equation and

the modified NRTL equation proposed by Cruz and Renon (1978).

*
+ 1lny,, NRTL, (A-1)

+AIny; . croL (A-2)

Iny, = 10V, v pye. D.H.

lny, = 1ny

i i ' Ext. D.H.

Gronwall, LaMer and Sandved (1928) extended the Debye-
Hickel equation to higher order terms for symmetrical valence

type electrolytes

2.2 2m+l

* (62)2 K £°z 1

InY, = “2pkt T xa +m£1(BET§) [5 Xopy (K@) = 2m Yop (ka)]
(A-3)
where X and Y are functions of (ka) and
c = 8wN6222C (A-4)
v 1000 DKT

The additional higher order terms in equation (A-3) take
into account long-range electrostatic forces in the concen-
trated solution. Further, Gronwall, LaMer and Grieff (1931)
extended the above theory to unsymmetrical electrolytes. A
semi-empirical extended form of the Debye-Hilickel equation is
proposed in this work which is analogous to those proposed by
Gronwall et al. An additional term with the original D.H.
term represents electrostatic forces in concentrated electro-

lytic solutions.

1/2
_ A I 2 1 )
InY, gxe.p.u, = 23031 Ay l4_le724-Ay (l4-aI)n]|Z+Z—| (A-5)

where p, a and n are adjustable parameters.
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The expression for the activity coefficient of the sol-
vent is obtained through the excess Gibbs free energy function,

as shown below

GE Nl %
w7 = v/ “lny, 4N, (A-6)

Ext. D.H. o -

*
lnyi = lnyi + 1In(0.001 vaw + 1) (A=-7)
E
_ 3 G /RT _

InY; Ext. D.H. = oW, (A=7A)

i TlPlNQ#i
The NRTL part in equations (A-1) and (A-2) for the activity

coefficients are the same as given by Cruz-Renon (1978)

2

X% 7 .

* _ 1 VA i “£i
InY,nrrL, = RF v [(x .+ 292 Zyq] (A-8)

AT +1 i

and
G.. %
_ 1 2 i "1 _
InY;nrTL = ®RT %a 2G. . + %2 (A-9)
A +1 i

Equations (A-5) and (A-7A) have three known adjustable para-
meters, p, a and n. Equations (A-5) and (A-73A), when combined
with the NRTL equations (A-8) and (A-9), have five parameters,

p, a, n, G+i and Z+i for a binary mixture. Also, it should

be noted that the final form of the lny,,py; p py, €duation will de-
*

pend upon the integration of the 1lny, term. The integration

is accomplished by fixing a value of n, which can be an in-

teger or a noninteger. SO the first five parameters were re-

duced to the two NRTL parameters, G+i and Z+i' by presetting
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the values of p, a and n. Secondly, the lnyi, Ext. D.H. ex-
pression is derived by equations (A-6) to (A-7A). Equation
(A-5) and the final form of equation (A-7A), when combined
with equations (A-8) and (A-9), were used to correlate both
binary aqueous electrolyte and nonaqueous electrolyte data.
It was found that the best results are obtained (Tables G.4
and G.5) by setting the three adjustable parameters in the

extended Debye-Hilickel equation to

p =1.0
a=1.5/|2,2_| (A-10)
n=1/2

When the parameters of equation (A-10) are substituted in
equation (A-5) the following form of the expression for the

solvent activity coefficient is obtained

A
_ 2.303 vmMy Yy 1/2 1/2 2 I
lnyi, Ext. D.H. = 1000 [3 I qﬁpl )+AY 5 gﬁal)]
|z 2_| + 1n(0.001 vmM_ + 1) - 0.001 vmM_  (A-11)
where
03 (1% = —2 s 1+ o1t/ — 211+ o112 - e
(pI™"7) (L+pI )
(A-12)
and
_ 2 .2(al-2) 1/2 . 4 _ (al - 2) 1/2

(A-13)



APPENDIX B

A STEPWISE PROCEDURE FOR THE DEVELOPMENT OF
TERNARY ACTIVITY COEFFICIENTS

FOR MODEL I
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MODEL I:
Combination of the Extended Debye-Hiickel Equation
and the Modified NRTL Equation

E (ternary)

S_j
Ext. D.H.

B.l--Development of the RT expression

The extended Debye-Hickel part of the mean molal activity
coefficient developed in Appendix A for a binary mixture has
been extended to a ternary mixture containing one electrolyte
and two solvents. This is obtained by modifying the Debye-
Hiickel constant for the solvent mixture. For a ternary mix-

ture, in equation (A-5), the Debye-Hickel constant is

1,3/2

DT (B-1)

A, = 1.8246x10° al/?|

where
D and 4 = Dielectric constant and density of a solvent
mixture (electrolyte-free) (Appendix D)
The excess Gibbs free energy function for a ternary mix-
ture can be derived by integrating the expression for lnY: for
a ternary system. Combination of equations (A-6), (A-7), (A-5)

and (B-1l) vyields

GE(ternary) Nl I1/2 2 T
=1 = vf T[2.303{-Aa + A }
RT'Ext. D.H. 5 (1+ le/Z) Y(l+aI)l/2
Ny
|z,2 aN; + v/ = 1n(0.001 vm¥  + 1)dN (B-2)
- o W 1

Equation (B-2) can be integrated, term by term, with

the following additional equations
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1000 N
ms= ————— (B-3)
Np My
NT = N2 + N3 (B-4)
1 2 _ 1 -
I=35m i Vil = 35 mé (B-5)
£ = a constant
M= gg Mijp + g; M3 (B-6)
w T T
om 1000
(B-7)
BNl NTMW
oI _ 1 -
=2 F (8-8)

Integration of different terms is as below

N m oN

v/ Y 1n(0.001 vmM_ +1)3N. = v/ 1n(0.001 vmM_ + 1) 3m
o W 1 o w om
vN MW
_ VNZMG 1000
.. [VMw { (0.001 vmM_ + 1)
1n(0.001 vmM_+1)- 0.001 vaw}]
N

v/ 11n(0.001 vmM_ +1)3N.= N.[(0.001 vmM_ +1) 1n(0.001 vmM +1)
o w 1 T w w

-0.001 vaw] (B-9)
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valA. |Z4-Z-|llz/2 Ny =va. |z, 2 _ | } Il/i/z i:} %% . 3T
o T 141t/ Y ol+ I
= VA ?%2% |z, z_ | % ﬁ:——lifii77 9I
¥ o1l + pI
1/2
N |z, z_|1 N, M
1 + - W 2 .2 (1 1/2,2
v/ T A N, = VA, s==n |2, Z_|%F [ {5(1+pI7"7)
5 YT o1 /2 T Y 1000 E 'p3 ‘2
- 21 + p1?) +1n@@ + o1 + 33 (B-10)
N
1, 2 I
v/ "A, |z2,2_] AN
A (1 + a1y /2 1
I N
2 I 1 om
= VA, “|2,2_|s = 91
Y 5 (1L + ar)i/2 ®m 31
N, M
2 Tw 2 I
= vA,“|2,2_| = oI
v 1%+5-17000 & "7 4 ap)1/2
Ny N.M
2 I 2 Tw 2.2(al - 2) 1/2
v/ A, “|z,2_| ON, = VA “|2,2_| =1 (1+aIl)
o Y + (l+aI)l/2 1 Y + 1000 ¢ 3a2
+ —351 (B-11)
3a
Utilizing the change of variables m/I = 2/,

and combining equations (B-9 to (B-11), results in the excess

Gibbs free energy expression, equation (2-2).

GE(ternary)

=)
RT” NRTL

B.2--Development of the expression

*
Note: Equations are derived taking into accound that vy, - 1.0

as x; = 0.0 (AssymmetricConvention).
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Renon and Prausnitz (1968) proposed an expression for
the excess Gibbs free energy in a multicomponent mixture
based on the Non-Random Two Liquid Theory. Since the original
NRTL equation applies to mixtures following the symmetric
convention, it is converted for ternary mixtures utilizing the
assymetric convention as indicated below

X 2
m-m

E' m %
g = ¥ X, = (B-12)
NRTL 3 ZZXnan
n
where,
Zng = 29mp Cng
Ag

_ _ _-ml -

sz = Expl 0o TRT ] (B-12a)

A9ne = Ima T Jag

Omp, = Ogm3nd Adpy # Aogn

Equation (B-12) can be expanded for a mixture containing elec-

trolyte molecules - 1, cation - A, anion - B, and solvents

2 and 3
B = afaat ¥pPmat*1f1a T ¥o%on *3%3a,
NRTL A xAGAA4'XBGBA*'lelA-FX2G2A4'X3G3A
N Xplap * ¥glpp t X125 t X2 * X3Z3B]

X [
B XAGAB'+XBGBB'+X1G1B'+X2G2B4'X3G3B
Xplpy * Xglpy ¥ X897 + XyZpq + X304

X, [
1 xpGpq + Xg0py + X716y + X565y + X363

+



91

Xplpg ¥ Xglpy * X127 5+ Xylyo + X324,
XpGgo + Xglpy + XG5 + X565, + X363,

]

+ x2[

XpZpg t Xplpy * X 273+ X5Z53+ X374,

+ x,.G

[ ] (B-13)
37%,Gp 5+ XpGpg + X Gy 5+ X564 + X363 4

+ X

Equation (B-13) is simplified by setting ZQK = 0.0 and Gll =
1.0 based on the original development of the equation (B-12).
Cruz and Renon (1972) proposed the following additional assump-
tions for an electrolytic mixture considering that the energy
parameter Ing increases from low to large numerical values

in the following order:

(solvent - ion) < (solvent or electrolyte)-(solvent or electro-
lyte) << (electrolyte - ion) or (ion - ion of opposite signs) <
(ion - ion of the same signs). On the right sign <<, very large
values of Iy 2F€ found, and true local mole fractions are

taken equal to zero. Thus

Zia = %18 T %p1 = %31 T~ %pag < %pa = 0.0

GlA = GlB = GAl = GBl = GAB = GBA = 0.0 (B-14)

For specific ion interaction limitation--

Gan = Gpp = Zpp = Zgg = 0.0

And, also

2A 2B 3A 3B
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where
X G
£ 4m
b'4 = o (B-16)
2m anGnm
n
Zlm = Ag%mGlm (B-17)

Substitution of equations (B-15) to (B-17) into equation
(B~13) yields

[ + X3A93A] . [X2A923 + %3893
A x2 +x3 B x2 + x3

E' X3892a
X

INRTL ]

Xplny * X323
xl4-x2G21+-x3G3l

+ xl[ ]

Xplpo * Xplpy * X325 + X3Z3,

x, [
2 xAGA3+-xBGB24-le124—x3G324-x2

]

Xp%py t Xplgy * X873 + X254
XpGp3 + Xplp3 + X163 ¥ XG53+ %5

] (B-18)

+ x3[

3893
3

E' E NyAgpp * N

G = (Npgyprr) = Nal N, ¥ N

NRTL A ]

N2Ag2B + N

N2 + N

38935
3

+ N[ 1

B

+ NjZgy

3631

NyZ9q

+ N, [
1 Nl4-N2G21-FN

]

N NpZpp + Nplpy + NjZp, + N3Zs,
2 NAGAZ + NBGBZ + NlGl2 + N3G32 + N2

]

: NpZp3 + N2z + NjZ) 4 + NyZy,
3N G, * NGy, * N Gy3 + N,G,; + Ny

+ N ] (B-19)
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E
Y
RT Iln v, = ==
A 3GNy T,P,N,#A
_ (289 * N3093a,
N, + Ny
+ N, ZA2
2!\, G,, ¥ NGy, * NjGy, + NjGg, + N,
_ _Ma%ap * NpZpp * MiZyp * N3¥32)Cap
2
(NyGpy + NyGp, + NjGy, + NGy + Ny)
. N Zp13
3'W Gy 5 T Nplg; * N Gy 3 ¥ N,G,; + Ny
(NpZpq + NpZpy + NyZyg + NyZy3)Gpg
- 2] (B-20)
(NyGpy + NgGpg + NiGpy + NyGyq + Ny
. v Nphgyp + N3lAgs, NpN32p0
N, > 0 2 3 3632 2
Ny > 0
Ny >0 _ NaMoN3%30%2  NaN3%ag
2 (N,G + N,)
(N3Gg, + N,y) 2623 3
N, N.N.G. 7%
_ NaNoN3Gas 23 (B-21)
(N2G23-+N3)
Similarly
. ' NyAgyp + N3Agyg NpNy2Zp,
NBle RT lnYB=NB[ N + N ]+NG + N
N~ 0 2 3 363, T Ny
Np > 0 N_.N.N.Z.,G N_N.Z
gNaN32356p) 8N3%p3
Ny > 0 - (NG +N )2'+ N,G, 5 + N,
3632 T Ny
N_N-N.G. 2%
_ NpNpN3Gp3 23 (B-22)
(N2G234-N3)
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L}
GE (ternary)_ E - N Lim RT lny, - N

[ ]
NRTL NRTL ~ Na p Lim RT lnyg (B-23)

NA+0 NB+0

Substituting equations (B-19), (B-21) and (B-22) in equation
(B-23) results in the following expression for

E (ternary) _ NZZZI + N3231 1

NRTL N g ¥ N.G

G
1 T NyGyy 3631

NpZpp + Nglpy + NyZy, + N3Z,,
N,Gp, + NpGp, + NG, + NyGy, + N,

]

+ N2[

NpZpz * Nglpy + NyZp5 + NyZ,g
Gyq + Ny

+ NBGB3 + NlGl3 + N

+ N, [ 1
3™N,Gps 2

"a’a2 " Vp¥pa, :
N3G, + Ny 37 NyGy3

- N

ol

a2 t NgGgy

NAG ]
2

+ N,N.Z_,1
273732
(N3G32-FN2)

NpGp3 *+ NgGp3

51 (B-24)
(N,G,y5 + N3)

+ N2N3223[
23

Considering macroscopic electrical neutrality
N, v, = N,V (B~25)

Substituting equation (B~-25) into equation (B-24) gives

GE(ternary)= N[ NZZZl*'NBZ3l 1
NRTL LN F NG, + NG,
VB
ENA(ZAZ + vy Zgp) t* N2y, + NjZj, ]
+N2 VB N
N, (G, + 5T Gpa) *MGpp * N3Gy *+ Ny
vB
Np(Zpg + 57 2g3) + NyZy3 + NyZpg
+ N A
3[ bB ]
NA(Ga3 + U, Gp3) +NyG) 3+ NpGyg + NNy
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B
Np(2po + 57 Zpy) NplZpz + 5= 23
- Nz[ N,.G ¥ S 1 - Nl N.G.,. + g ]
3G3p 2 2623 3
vV
B
Np(Gpp v, B2
+ N,N,Z.,,[ ]
oN3235 2
(N3G324-N2)
Vv
B
Np(Gpg v, Gg3)
+ N.N.Z-.[ : ] (B-~26)
2N3%23t T T 2
2CGp3 T N3
Let
Vv
_ B
Gip = Ga2 * N Gpa
AY]
_ B
Gy3 = Ga3 7 N Gg3
V
_ B
Zig = Zpp t Va Zp2
VB
Zi3 = ZA3 + ;)—‘; ZB3 (B"27)

Combining equations (B-25) and (B-27) and setting Ny = 0.0

for the case of complete dissociation, leads to equation (2-3)
GE(ternary)
which is the final expression foriﬁﬁl used in this
NRTL
study.

B.3--Development of the ternary lny,, lny2 and lny3 expressions

The total excess Gibbs free energy function in this model
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is obtained by combining equations (2-2) and (2-3). The activity
coefficient expressions are obtained by the appropriate dif-
ferentiation of the total excess Gibbs free energy expression,
equations (1-27) to (1-29). The differentiation of the Debye-
Hickel and NRTL terms of the expression have been performed
separately as shown below

B.3~I--Debye-Hickel equation--
5 [GE(ternary)

*
VInY, per.p.H. 3N, 'RT

] (B-28)
Ext.D.H. T,P,NZ,N3

¢
RT'Ext.D.H.
, differentiation of this excess Gibbs free energy

Since, was obtained by the integration of

*
InYipxt.D.H.
*
function gives the same expression for lny+Ext D.H.' equation
(2-13).
For solvents (2) and (3)

InYopyt.p.H. = é%_[gf ]
s Ext.D.H. T,P,Nl,N3

=

2

Equation (2-2) is differentiated term by term by utilizing

the change of variables, i.e. % - %
N.M

- O .r_ 2 Tw 2,1 1/2,2

I term—-aNz[ 2.303\)]Z+Z_|E To00 2y a;{i(li-pl )
-2(1 + le/z) + In(l + le/z) + %}]
vz 2ty 2.1 1/2.2 1/

= - —_—— £ <+ _ 2

I term = ~-2303 1500 g[NTMw;§{2(l + pI ) 2(1 + pI )

A
+ 1n(l + le/z) + —3-}—1 + A i{QL—(l + pI
2° 93N p3 2

)
<
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- 2(1 + pT¥/?) 4 1n(1 + o1%/?

3 9
) + '2—} FNE(NT%)

2 3

1 1/2.2 _ 1/2
+ NTMWA'YD_3 ﬁ{j(l + pl ) 2(1 + pI

)

+ In(l + p1t/2) 4 3381 om

é-}m B—N;] (B-29)
from equations (B-3) and (B-6)
N ngz (B=30)
2 W
9 (NM )
T

2

Simplifying equation (B-29) and substituting equations

(B-30) and (B-31) results in the following expression for

term I
_ vm 1/2 1 1/2
I term = 2.303 1557 |Z+Z_|[AYI —g77 3@ + o7
(pI )
-2 1n(1 + o1¥/?) - 1 e 11/2
(1 + pI )
— 1 Lo+ ot 2 2 4 o1Y2) +1n(1+ 013
1/2.3' 2
(pI )
3, 9B,
+ 3 oW, (8=32)
v|z,2_|
I +5-1 2 2,2(aI - 2)
1T term—-gﬁ;[2.303 —1000 % NTMWAY{ 3a2 +

(1 + an)i/? 4 —ig}]
.3a
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v|z,2_]| _
= 2.303 —p5v %[{2(a12 2) y 1+am) /2 A N
3a 3a
A2 ) 4 3 (NZM)
Y . a22@I=2) .y 4 a2 5} T
N, Y 352 3a oN,
2 ] 2(al - 2) 1/2 4 91 9m
+ AY NoM ﬁ{ 3a2 + (1 + aIl) + ——3a2}am _BNZ]
1/2
_ vm 2 I 2 2(alI-2)(1+al)
II term = 2.303 1500 |z+z_|[Mw2AY 5 a7l .
b Ao ol - i}z - 2(1 + an)Y/?
(1 + al)
1/2 dA
2 ;2(al-2)(1+al) 4 Y -
+ NTMW 3al" al + aI}IAYaN2 (B-33)
_ 9
III term = W, [Ni{ (0.001 vmMy+1)In(0.001 vmM, + 1)
-~ 0.001 vmM_}]
N,
IIT term = {(0.001 vmM_+1)1n(0.001 vmM_ +1) - 0.001 vmM, ==
2
d
+ NT{ln(O.OOl Vme'*l)Sﬁ; (0.001 vmM, + 1)
d p)
+ (0.001 vaw-kl)sﬁ; 1n(0.001 vmM_+1) - 0.001v §ﬁ;(me)}
III term = 1n(0.001 vmM_ + 1) - 0.001 vmM_ (B-34)

The combination of equations (B-32),

equation (2-16).

for 1nYsp.¢ p.u.

In equation (2-16) oi(pll

(B-33) and (B-34) yields

A similar approach leads to the expression

/2) and wi(al) are given by-
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1 1/2, _ 2 1 1/2,2 _ 1/2 1/2
ol(pI ) = ?;;T7§7§ [2(1 + pI ) 2(1 + pI ) +1n(l + pI )
3
Han = Z22REZ2) oy oant/? 4+ A (B-36)
B.3.II--NRTL equation
* 5 GE(ternary)
viny, = — [=7 1
* = 3Ny RT|gpor T,P,N,,N,
- A NRTL rerT2rT3v 1
Assuming complete dissociation of the electrolyte
NA = Va Nl (B-38)
oN
A —4 -
W‘ = \)A (B 39)
1
Combining equations (B-37) and (B-39) yields
*
v 1ln Y. = Vp In YA,NRTL (B-40)

*
ln vy, can be obtained by differentiating equation (B-28)

with respect to N

A

1 Np(NpGu 2,5+ N3GapZyy + NpZyy = NpG,up%,5 = N3Z%35G,5)
lnYA = ﬁf[ 3

(NpG,p + N3Gy, + Ny)
B (NpG 32,3+ NyGyq2, 3+ N32Z, 3= NG, 32, 5 - N;yZy3G, 5)
2
NpG,3 + NyGyg + Ny
N. % N.Z
( 2842 . 3213 .

(N3G32 + N2) (N2G23 + N3)
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( 23G9 Z,36G

(N3G

3

+ bl
2 2 (B-41)
+ N,) (N,G,y53 + Nj)

32

Combining equations (B-37) and (B-41) and converting
moles to the mole fraction leads to equation (2-14).

The activity coefficient of the solvent is obtained by
E
differentiating %TI with respect to N,
NRTL

5 GE(ternary)
vl B ]
9N, ‘RT | o1, T,P,N

N,,N

1
N Y2, NRTL arNp /Ny

N,Z -+N3Z32 N2(NAZi24-N3Z32)

1 AT%2
._[ - >
RT (NAGizi-N3G32-FN2) (NAGi2-+N3G32-FN2)

Np (NpZ, 3+ NyZy4)Gyg

2
(NAGi3-FN2G234-N3)

. N3Z23 _
(NAGi3 + N2G23 + N3)

Zrpa 0 M2y _ N3243633

}
+N, 2 (NzG

- N, {
A" N3G4,

5
(N3G3,5 + Nj) 23 +N3)

232G,y . 493643
2
(N3Gq, + IN,) (NyGyq+ Ny)

+ NN, {

A73 2}

32

272 ,,G 272 5,G, .G
32712 237+3723
SN NN ¥ 51 (B-42)

3
(N3G4, + Ny) (NyGy3 + N3)

Equation (B-42) can be simplified in the form of equation
(2-17). Utilizing a similar approach an expression for

lnY3,NRTL is obtained.
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MODEL II: Combination of the Bromley Equation; The

Simplified NRTL Equation and the Salting Out Term

Bromley (1973) presented a generalized analytic correla-'
tion for mean activity coefficients of electrolytes in binary

aqueous electrolytic solutions.

I

1/2 (B.=-B,.)
In v, =2.303[-2 |z,2_| —* Tt — L, ,1+c1?) (C-1)

= ¥ 1+ pI (1+a1)"

where
AY = Debye-Hiickel constant (Appendix-L)
1 2

I = -2— z mek (C"'l"‘A)

n, o, a, Bo’ Bli and c: adjustable parameters
On the basis of a comprehensive study using data for Yir
but also osmotic coefficients and other related thermodynamic
properties at 25°C, as well as at other temperatures up to
200°C, Bromley concluded that reasonable agreement is obtained
by using
n = 2

a = 1.5/|z+z_|

c = 0.0
p = 1.0
(B, = By;) = (0.06 + 0.6Bli)|Z+Z_| (C-2)

in equation (C-1).
Substitution of (C-2) into (C-1l) simplifies this equation
in terms of only one adjustable parameter 'Bli' per binary.

When the above equation was applied to correlate non-aqueous
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electrolytic binary with the same constants, the fit was good.
Considering the simplicity and success of the above equation

in correlating binary systems and the success of the NRTL
equation in correlating solvent-solvent binaries, Model II
proposes to combine them with an additional ternary salting
out term for the correlation of electrolyte (1) - solvent (2) -
solvent (3) ternary systems. The following procedure is fol-
lowed in developing Model II:

GE(ternary)

C.1: Development of the ﬁTlBromley

expression

Equation (C-1) with (C-2) is first integrated to derive

GE(binary)
_Tl , which is then extended to ternary mixtures.
Bromley

GE(blnary)= Il/2

N
1
o 2.303v [/ {-BA_|2,2_]| — 17z}
RT Bromley o] Yot l%—le 2 1
I

Nl{ (0.06 +0.6By.)

} an
(1 + aI)2

1

+
0 <

I le]

N

1

+ /7By
(@)

N
+ vfl ln(O.OOl\)mMW + 1) le (C-3)
o
Equation (C-3) can be integrated term by term with equations

(B~-3) to (B-8)

1/2 BNy om
172 Bm 31

I
I term = 2.303v [/ -A IZ+Z_| <
o Y 1l + pI

oI
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_ Nty m 1/2,2
I term = 2.303\)AY 1600 I[——~[2(l + pI )
- 2(1 + pI 1/2 ) + 1In(l + pI 1/2 ) + %}]|Z+Z_| (C-4)
I
I (0.06+0. 06Bl ) aNl .
IT term= 2.303v [ om0 §T'BI
o) (1 + aI)
N_M (0.06 + 0.6B,.)
_ T w 1i" m 1
II term= 2.303v 155g1%,%-| 2 TIn(l+al) + 571y
(C-5)
I aNl -
III term = 2.303v é Bli I S 5T oI
N..M 2
_ T"wm I _
IIT term = 2.303v 1060 T Bli 5 (C-6)
Nl le
IV term = v /& 1n(0. OOlvaw + l)——— om
o
= Ni[(O.OOl\)mMw + l)ln(0.00lme + 1)
- 0.00lvaw] (C-7)

Combining equations (C-4) to (C-7) leads to the following
expression for

E (binary)
RT

2
3
p

N.M
_ i“w m
= 2.303v 7000 T

Bromley

Tl-3, |2,2_]|

@

1/2)2 1/2 1/2

{%u+p1 - 2(1+p1Y/2) +1n(1 + p1t/?)

(0.06 +0.6B

2
a

1)

l2,2_|

2
BliI

1
—5]

-1} +

_1]
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+ Ni[(0.00lvaw4-l)ln(0.00leMw4-l)
- 0.00lvaw] (C-8)

In a binary aqueous/nonaqueous electrolyte solution,
equation (C-8) can be used to derive the expression for the

activity coefficient of the solvent, by equation (1-27)

: 1/2
(binary) vm I 1/2
ln v. = 2.303 ===~ M_ [A —— o(pI )|2,2_|
i1 promley 1000 “w, 'y 73 +
I I
- (0.06+0.6By;) > \p(a;) |z,2_|-B 3]
+ 1n(0.00lvmM_+1) - 0.00lvmM, (C-9)

Equation (C-8) is modified for a ternary system by the
appropriate substitution of B for Bli and the Debye-Hiickel
constant for mixture. The most important conditions to be

satisfied are

E (ternary) E (binary)
G_ = 9.[ (C-10)
L RT RT
im Bromley Bromley
Ny~ 0
or
N3-+0
This requires--
Lim B =B
N2-+0 12
ﬁiﬁlo AY(NZ,N3,d2,d3,D2,D3,T)= AY(dZ’DZ'T)
2
or
Lim B =B
13
N3-+0
N, ~

3
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The above constraintslead equation (C-8) to
GE(ternary)
RT , equation (3-2)
Bromley
Note: eguation (3-2) involves no solvent-solvent interaction

parameters.

GE(ternary)

C.2--Development of the ’T Expression
NRTL-S

The NRTL equation developed in model I, equation (2-3) is
simplified further by considering that the NRTL equation in
Model II accounts only for solvent-solvent interactions. Hence,

assuming that

X

a2 = Xpp = Xp3 = Xpy = 1.0 (c-12)

in equation (2-3) then,

A9pp = Adp3 = Adpy = Agg = 0.0

Gpp = Gpy = Gp3 = Gpz = 1.0
G.,=0G6 ., =2 (C-13)
+2 +3 Va
Zpp = Zppy = Zp3 = Zpz = 0.0
Z,y = 2,3 = 0.0 (C-14)
GE(ternary-)_ 1 N2NBZ32 N2N3Z23
ﬁ]NPTL-s—ﬁ[(NL+N + N.G )+(N Vo4 Nay + NaGas)
N Av, 2 332 AG‘A‘ 3 2V23
VA VA
v 32 23 _
+ Vs NAN2N3{ 5 + 2}] (C-15)

(N3G3y + Ny) (NyGyy + Nj)
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Equation (C-15) can be converted in terms of mole fractions,

equation (3-4).
C.3--Development of the Salting-Out Term for a Ternary Mixture

It is well known that the addition of an electrolyte in
mixed solvents, causes salting-out of one of the solvents.
Combination of the Bromley equation and the simplified NRTL
equation alone is not enough to account for the salting-out
effect, therefore an additional salting-out term was sought.
Different theories have been proposed specifically by Debye-
McAulay (1925), Butler (1929) and Born (1932), to account for
salting~out. In this work, an expression based on the above
theories, has been proposed, which requires one ternary salting-

out parameter ‘6123' and is shown below

2
gE[(ternary)= D' - D €2 . kak 1 (c-16)
RT 2 KT bk 2
salt-out D k
where,
5 .
123 !
D' = D[l -~ ——F== ‘L' 1/2 ' R aXo _
a = 2.0

Combining equations (C-16) and (C-17) leads to the form--

GE(ternary) gE(ternary)

RT = Np R

salt-out salt-out

equation (3-5).
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C.4--Development of the Ternary 1ln vy, , 1n Yo and 1ln Y3 Expres-

sions

The total excess Gibbs free energy function is obtained
by combining equations (3-2) to (3-5). The activity coefficient
expressions are obtained by the appropriate differentiation of
the total Gibbs free energy function. Since the activity co-
efficients are a combination of three different terms, the
differentiation of each term is performed separately, as

below
C.4-I--The Bromley Eqguation

Combining equations (1-26) (3-2) and (3-3) results in--

v lan'(;:z:i:?: 5—%[2.303\) %?—3—1?—;’{ %(1 + p11/2%)2
201 + p1M2) 4 1nq1 + p1¥/2) + 3y 4 10:06 + 0.06B)
a
{1n(1 + aI) +ﬁlﬁ_1}+§12] +
S%I[NT{(O.OOl\)mMW + 1)1n(0.001lvmy, + 1)
~ 0.00LvmM_}] (C-18)

*
Equation (C-18) simplifies to the original 1ln vy,
“'Bromley
equation with an additional term, equation (3-8), where

-aX
3B 3 1 1 083 vov 1/4
9B __3 .8 e (XX ) (C-19)
BN, 2 123 N:1_L/2 1+ ocN]l‘/z)4 243
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For solvent 2, equation (3-2) with (3-3) is differentiated

term by term
N.M
R m Tw 2 (1 1/2,2
I term = §ﬁ;[ 2.303v 7 1500 AY ;§{2(1 + pI )

- 2(1 + 1?2y + 1n(1 + o1Y/?) 4+ %}]

1/2 1
(p11/2)3
1/2) _ 1 )
(1 + p1t/?)

l/2)2

1/2

1000 My Py HL + oI

I term 2.303

- NpM,

-21n(l + pI

1/2 2 1/2
(le/2)3
3 oA

+ 1n(1 + o1v/?) + 21t (C-20)
2

I {%(1 + pI - 2(1 + pI )

m Ny (0.06 + 0.06B)

2 I 1000 a2

_ 3
II term = Eﬁ_[2'303v

1

T+ ary - 1}

{1n(1l + aI) +

vm I
II term + 2.303 —==—=I MW2(0.06 + 0.6B)2

100
{(l-+2aI) _ 1In(1 +al)

} + 0.6 N
(1+a1)? al

I
My 7 3T

In(l + al) 1 oB
{ al - (l+aI)}3N2] (C—Zl)

2

9 m TMw
IIT term = aT2'|:2.303\) T 1000 I°]

N

vm I 0B
To00 My B2t Nety T gy

IIT term + 2.303 (C-22)

_ _0 -
IV term = Sﬁ;[(O.OOlvaW4-l)ln(O.OOlvaw+-l) 0.00lvaw]
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IV term = ln(O.OOlvaw + 1) - O.OOl\)mMw (C~-23)

Combining equations (C-20) to (C-23) results in

1n vy (ternary) expression, equation (3-12). Similarly an ex-
"Bromley

pression for 1ln Y(ternary)

3 can be obtained.
"Bromley

The different terms of equation (3-12) are defined below

1/2, _ 3 1/2 1/2 1
o, (pI ) = [(1+ pI ) =2 1n(l+ pI ) - ]
? (p1/2)3 (1 + p1t/?)
(C-24)
1, .1/2, _ 2 1 1/2 1/2 1/2, .3
OZ(DI )—W[§(1+DI )-2(l+pI )+ln(l+pI )+§]
(C=25)
2 . (142aI) 1In(l+al)
¥, (al) == - ] (C-26)
2 al (14—aI)2 al
1 _ 2 .1n(l + al) _ 1 -
vy (an) = ol aT T+ a1y) (C-27)
X B X. 1/2
3B _ 2 123 1,43 1 v v 1/4
== (By5 ~Bg,) = + H{5(—=) —5 = (X,X,) }
oN, 127 P13’ W (1-+aNi/2)3 2 X, X21/2 293
~aX. X! -ax! o,
: ﬁ; e Sig ﬁi e 3(x2x3)l/4] (C-28)
T
X. B X, 1/2
9B 3 123 1,42 1 v 1/4
= = (B B.,)= + H5(-%) — =5~ (X,X,) }
IN, 137 P12' N, (14—aNi/2)3 2 X x31/2 243
11 TeX3 Xy "0X3 v 414
5 ﬁ; e - a ﬁ; e (X,X3) I (C-29)
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C.4-1II--The NRTL-S equation

Equation (C-15) can be differentiated appropriately to
obtain the activity coefficient expression for electrolyte
and solvents. Utilizing equations (B-35) to (B-38) with

equation (C-15) leads to

1n Y*(ternary) - N2N3[_ Z32
%, _ RT Vv
NRTL-S (NAVA + N2 + N3G32)
Z33 232

- v 7 T 2

(N UX-+ N + N,G,s) (N3Gq, + Ny)
7

+ 23 ] (C-30)

(NyGy5 + N3)

Equation (C-30) can be converted in terms of mole fraction,

eguation (3-8).

(ternary)

in v, 1

3 G E (ternary)

= o, &7

"NRTL-S 2 NRTL-S
(N N, + N G,,) - N,N,Z

(ternary)=~l_[ N3Z3j va 2 32 273732

1n
"2, \rrp-s BT

v
A Va

(N + N2 + N,G

3633)

AV)
N3Z23(NAUZ + N3 + NyGy3) = NyN3Gy42,54

N, >~ + N

+ N,G
A Va

3 2 23)

32

23
5 }
+ N2)

+ — N.N
2
+ N3)

{
A A3

(N3G4, (NyGy3
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v 273, 2Z254Gy3
+ o NpNoNg o 3 511
A (N3G, + Ny) (N,G, 5 + N3)
1n yiternary). LY g oy Z32
2, RT 'V A 3{
NRTL-S A o 1 nn.G )2
A vA 273732
Zy3 2 G32%37
+ v 5 + N3 v )
(NAUX + N3 + N2G23) (NAVZI + N2 + N3G32)
A
. _ 23 -
(NAT + N3 + N2G23)
A
A A
;)V— N, N, { 32 5+ 23 =
A (N3G32 +N2) (N2G23 + N3)
A 7. .G
-2 Vl NAN2N3{ 32 3 * 23723 3}] (C-31)
A (N3Gyp + Ny) (N,Gyqy + Nj)

Using the above approach, an expression for 1n Yéternary)
"NRTL-S

can be obtained. These expressions can be rearranged in terms

of mole fractions, equation (3-13).
C.3-III--The Salting-Out Term

Equation (3-5) with equation (3-6) is differentiated to
obtain the salting—out contribution for the activity coeffi-

cients.
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2 Y 22 N2
* (ternary) € k"k /2 ' 9 1 1
1n v = § X (N,N,) S [—— 1
*rsalt-out 123 kTD g Py 273 Ny " 2 eaNi/z
(C=-32)
2 N2
) 1 1 1 1 1 1
[ ] —=[N, - 5 o -1 (C-33)
BNl 2 uNi/z eaN%/z 1l 2 Ni72 2

Combining equations (C-32) an

d (C-33) leads to eguation

(3-1). And
2 .2
(ternary) 82 vkzk Nl
In v, =813 %7 B T
''salt-out k k
1/2 3
+ (N2N3) sﬁz-é' +
where,
d 1/24 _
gﬁg{(N2N3) } o=
ax.
as! d '
TN = gﬁ—[e 2(X2B
2 2
[ 1
Xy 4 ' BXZ
= & "(XBy3 - X3Byy) gy, * e
! X‘ X'
36 R I ' 3
== = 0 e (X,B X,.B ) —
BNZ 2713 3712 P
9 1
= [Z] = -
N2 D

A combination of equations (C-34)
(3-14).

Similarly an expression for 1

1 8" 9 1/2
[ =— {(N,N,) }
— 172 D o, NN
e 1
1/2 8 1 _
G'(N2N3) —ﬁ;(ﬁ)] (C-34)
N, 1/2
%(ﬁi) (C-35)
2
!
13 ~ ¥3Bp5)]
1
ax
2 a [ ] L
§N5(X2B13 X3By,)
1 ]
axz X3
+ (B124-Bl3)e —; (C-36)
1 9D
L 9D (C-37)
p2 9N,

to (C-37) results in equation

(ternary)

3, can be

ny
salt-out



obtained with the following additional relationships

N, 1/2
3 1/2 1 2
~q— [ (N,N;) 1 =5 (F)
3N3 273 2 3
' '
X, X
38" _ __ %2 T2 L
m‘; = -e ’N; [Oi(szl3 X3B12)+(B12+Bl3)]
3N3 D D2 3N3
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(C-38)

(C-39)

(C-40)
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The Debye-Huckel constant at the system temperature and

pressure is given by

A = [2£E9]1/2[£51]3/2 (D-1)
Y 1000 DkT
or
_ 6 .1/2.1 .3/2 _
AY = 1.8246x10 4 [BT] (D-2)
where,

d - density of the solvent

D - dielectric constant of the solvent

The values of the above two properties for the pure

solvent or the mixed solvent mixture are presented below

A. Electrolyte-solvent binary (binary 1-2 or 1-3)
d = di - pure solvent (2 or 3) liquid density at the
system temperature and pressure.
The density data are estimated if experimental data are not

available by the following relationship

Mw
d = —]—: (D'—3)
\Y
T
M =M . .
W W, - molecular weight of the solvent i
V% = V?F’— pure solvent liquid molar volume.

A quadratic equation is used to calculate the pure sol-
vent liquid molar volume, as given in the monograph by Prausnitz

et al. (1967)

V?_ =a' + b'T + c'T (D~4)
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The constants a', b' and c' are obtained, using experimental
liquid volume data at three temperatures, by a method used in
the monograph. In Table D-1, liquid volume data are listed
for the solvents used in this work.

D - D; - pure component dielectric constant at the

system temperature and pressure.

B. Electrolyte (1) - solvent (2) - solvent (3) ternary

d - solvent mixture (electrolyte free) density at the
system temperature and pressure.

I - if the experimental solvent mixture data are avail-
able, a six-constant polynomial is fitted to get the
concentration dependency of the density. The poly-
nomial expression is then used to calculate the den-
sity at different temperatures.

] I2 l3 l4 l5
d = a; + a2X3 + a3X3 + a4X3 + a5X3 + a6X3 (D-5)

In tables D-2 and D-3, liquid density data for H,0-MeOH

at 25°C and H20-EtOH at 25°C, used in this work are tabulated.

IT - if the experimental mixture density data are not
available, the solution density is approximated

using a linear relationship for the volume equation

(D-3). Where,
L _ o'yol "ol _
Vp = X,V + X Ve (D-6)
t L]
M, = X My, + XMy, (D=7)
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Density

0.6

O McGlashan(1976) a3

. Eqns. (D-3), (D-6) and (D-7)

____ Eqgqn. (D-8)

0.5
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MeOH

Figure D.l Comparison of Experimental and Estimated
Densities for the System Hzo—MeOH at 25°C
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Density

(O Perry and Chilton (1973)

A Egns. (D-3), (D-6) and (D-7)

0'6 | — Eqn. ( D-S)

!
0.5

1.0

xEtOH

Figure D.2 Comparison of Experimental and Estimated
Densities for the System H20—Et0H at 25°C
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oL and v°L are calculated, using equation (D-4) for the

2 3

pure solvents. Alternatively,

v

1] ]
d = X2d§ + X3d§ (D-8)

The validity of equations (D-3) and (D-8) for the mixture is

shown in the figures D.l and D.2 for the H20-MeOH system at

250C and the HO-EtOH system at 25°C respectively.

D = Dielectric constant of the ligquid solvent mixture
(electrolyte~-free)

ITI - if the experimental solvent mixture dielectric constant
data are available, a sik—constant polynomial is fitted
to get the concentration dependency of the dielectric
constant. The polynomial expression is then used to cal-

culate the dielectric constantat a different concentrations.

2 '3 '4 '5
+A4X3+A5X + A X

3 6X3 (D-9)

] 1)
D=Al +A2X3 +A3X3

The data given by Akerlof (1932) for the mixture dielectric
constant have been used in this work. The data at a constant
composition has been represented as a function of temperature
by

In D= 2.303 AD, + AD, In(T - 293.15) (D-10)

1

The constants AD. and AD., are listed in the Tables D.4 and

1 2
D.5 for the mixtures considered in this study.
IV - if the experimental data are not available, the dielectric

constant of the solution is approximated using either

equation (D~11l) or (D~12)
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B
i —_ Akerlsf (1932)
AN Eqn. ( D-11 )
—-.— Egn. (D-12)
|
0 0.5 1.0
xMeOH

Figure D.3 Comparison of Experimental and
Estimated Dielectric Constants of the Mixture

H,0-MeOH at 25°C
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Akerlof (1932)

Egqn. ( D-11 )

Eqn. ( D-12 )

Figure D.4 Comparison of Experimental and
Estimated Dielectric Constants of the Mixture
H.0-EtOH at 25°C
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]
D = D, Exp[AX,] (D-11)
where,
D3
A = 1ln [-D—z'] [Note: D3< DZ]
or

D=0D x' + D x' (D-12)

272 373

The experimental dielectric constant data are compared
with the expressions (D-11) and (D-12) in figures (D.3) and
(D.4) for the H)0-MeOH system at 25°C and the HpO-EtOH system

at 25°C respectively.

Effect of Temperature on AY

The Debye-Hilickel constant 'Ay' is a ;575 (equation D-2).
Also, the dielectric constant and the density of the solvent
are functions of temperature. Therefore AY is a strong func-

tion of temperature.

Effect of Pressure on AY

This work is limited only to low pressures. At low pres-
sures, the liquid density and the dielectric constant can be
considered to be pressure independent. Therefore AY has no

effect of pressure.

Vapor-Pressure of the Pure Solvent

A six-parameter equation given in the monograph of
Prausnitz et al. (1967) has been used to estimate the vapor
pressures of the pure components, equation (1-24). Constants

Cl' C2, C3, C4, C5 and C6 are listed in Table D.6.
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Liquid Molar Volume Data at Three Temperatures

Solvent

EtOH

MeOH

Water

Ref:

Prausnitz et al.
T(°K)
273.15
323.15

373.15

273.15
373.15

473.15

277.15
323.15

373.15

(1966)

VO

L

, cc/gmole

57.141
60.356

64.361

39.556
44.874

57.939

18.06
18.278

18.844
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TABLE D.2

Liquid Density Data for the H,0-MeOH System @ 25°C

Ref: McGlashan (1976)

X yeoH d, cc/gmole
0.0 0.99707
0.04085 0.98472
0.06168 0.97919
0.11445 0.96649
0.19739 0.94796
0.24867 0.93658
0.34382 0.91534
0.49446 0.88242
0.61267 0.8579
0.69241 0.8421
0.78454 0.82458
0.89229 0.8051
1.0 0.78663



Liquid Density Data for the H,O0-EtOH System @ 25°C

TABLE D.3
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Ref:

Perry and Chilton (1973)

X

EtOH

0.0

0.0417
0.0891
0.1436
0.2069
0.2813
0.3699
0.4773
0.6102
0.7788

1.00

d, cc/gmole

0.99708
0.98043
0.96639
0.95067
0.93148

0.90985

0.86340
0.83911
0.81362

0.78506



127

TABLE D.4
Constants for Calculating the Dielectric Constants of
Water-EtOH Mixtures at Various Temperatures,

Equation (D-10)

Ref: Akerlof (1932)

*EtoH Ap1 Ap2
0.0 1.9051 ~0.00205
0.0417 1.8727 ~0.00209
0.0891 1.8367 ~0.00214
0.1436 1.7968 ~0.00221
0.2069 1.752 ~0.0023
0.2813 1.7024 ~0.0024
0.3699 1.6500 ~0.0025
0.4773 1.5926 ~0.00262
0.6102 1.530 ~0.00272
0.7788 1.4625 ~0.00268

1.00 1.3979 -0.00264



Constants for Calculating the Dielectric Constants of

Water~MeOH Mixtures at Various Temperatures,

TABLE D.5

Equation (D-10)

128

0.0588
0.1233
0.1942
0.2727
0.3600
0.4576
0.5676
0.6923
0.8351

1.00

Ref:

Akerlof (1932)

Ay
0.19051
1.8799
1.8505
1.8190
1.7865
1.7513
1.7120
1.6658
1.616
1.5648

1.5099

Apy
-0.00205
-0.00208
-0.00212
-0.00218
-0.00225
-0.00234
-0.00244
-0.00252
-0.00248
-0.00242

-0.00234
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TABLE D.6

Constants for the Vapor Pressure, Equation (D-12)

Solvent G 2 €3 €4 s G  Ref
EtOH 123.9120350 -~8754.0896 0.0 0.020198435 0.0 ~-18.1 Prausnitz
et al.
(1966)
MeOH 12.3858228 -3880.50203 0.0 -24.355 0.0 0.0 Hala
(1969)
Water 70.4346943 ~7362.6981 0.0 0.006952085 - -9.0 Prausnitz
et al.

(1966)
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The following two data points are used for the calculation

A

v

of ¢2, ¢i' P.E. and Fi——

[Ref: Hala (1968)]

1 o
Point # System T(°C) X3 Y3 P(mmHg)
1 H20(2)—MeOH(3)‘ 60 0.0343 0.2106 183.64
2 H20(2)—MeOH(3) 60 0.7582 0.901 538.64

Pure component second virial coefficients for HZO and MeOH
and the cross-virial coefficient for HZO—MeOH mixture are

estimated by Pitzer's correlations, [Smith and VanNess

(1973) ]
B° = 0.083 - 2-422 (E~1)
o 1.6
Y
gt = 0.139 - 2:172 (E-2)
o 4.2
r
RT
B.,. = (B° + wBl) —% (E-3)
1j Pc

Pure component liquid molar volumes and pure component
vapor pressures are calculated as shown in Appendix D.
The mixture properties necessary to estimate the cross-

virial coefficient of the mixtures are calculated by

T .., = (E-4)

cij 1

e w
e
=

i“ei
2

(E~5)

L]

[}
g W
3

il

cij 2 ici
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3
= I y;w (E-6)

§ = 2B - B - B

22 (E-7)

23 23 33

Applying equations (E-4) to (E-7) with equations (E-1) to
(E-3) the cross-~properties for the two data points are listed
in Table E.Z2.

The pure component properties listed in Table E.l1 and the
mixture properties presented in Table E.2 are used in equations
(1-5), (1-6), (1-8) and (1-10) to calculate ¢, (P.E.),, $Z
and Fi (see Tables E.3 and E.4 for the two data points).

The values of Fi in Tables E.3 and E.4 for H,0 and MeOH

justifies the assumption that, at low pressures, Fi ~ 1.0.
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TABLE E.1

Pure Component Properties

oL o o} 1
Component v Pl Bi Bi Wy Bii
(cc/gmole) (mmHg) (cc/gmole)
H20 18.364 149.383 -1.13793 -2.6577 0.348 -503.4
MeOH 41.8187 634.315 -0.75793 -0.91993 0.556 -665.9
TABLE E.2

Mixture Properties

Point #1 Wy 3 323 623
(cc/gmole) (cc/gmole)
1 0.3912 -513.0 143.3
2 0.5354 -622.3 -75.3
TABLE E.3
¢9, P.E., ¢. and F., for Data Point #1
i i i
o} N2
Component ¢i (P.E.)i ¢i Fi
H,O0 0.99556 1.00003 0.99562 1.0009
MeQOH 0.99413 0.99909 0.99492 1.0075
TABLE E.4
¢9, P.E., ¢Y and F. forData Point #2
i i i
o v
Component ¢i (P.E.)i ¢i Fi
H.,0 0.98703 1.00034 0.98548 0.9981

2
MeOH 0.98288 0.9998 0.98288 1.0002



APPENDIX F

COMPUTER PROGRAMS

134



135

CORRELATION AND PREDICTION OF ACTIVITY COEFFICIENTS: TOTAL

PRESSURE AND VAPOR PHASE COMPOSITIONS

This appendix contains the following programs:

F.1 Main Program

Calls subroutines INPDAT, LSQ2, FIBN, TITLE. The main
program reads the different indicating markers to perform cor-
relation or prediction of binary or ternary VLE. The comment
cards included in this section explain the different options

used in this program.

F.2 INPDAT

Subroutine reads the input data.

F.3 FITIT [calls POLIFI]

Subroutine fits a polynomial of degree 5.

F.4 POLIFI

Subroutine makes a least-square fit for FITIT [calls sub-
routine DETERM].
F.5 DETERM

Subroutine performs the error analysis for POLIFI.

F.6 VAPPRE

Subroutine calculates the pure component vapor pressures

at the system temperature [Equation (1-24)].
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F.7 TEMPD

Subroutine calculates pure component liquid molar volumes
at the system temperature. This also calculates the dielectric-
constant of the mixtures. This calls subroutine FITIT to ob-
tain the polynomial constants for the concentration dependence

of the dielectric constants at the system temperature.

The following equations are used for the temperature de-

pendence.

For the liquid molar volume
V = A + BT + CT **2

Where A, B, C -~ constants. T - temperature of the system.

For the dielectric constant
DS = EXP [2.303(ADT1 + ADTZ2 (T - 293.15))]

Where ADT1l, ADT2 - Constants for the temperature dependency of
a solvent mixture. T - temperature of the system. DS - di-

electric constant of the mixture (see Appendix-D).

F.8 LsSQ2

Subroutine applies a search technique to find the best
unknown variables that will result in the minimum value of an
objective function [number of variables should be greater or

equal to 2]. Calls subroutine FN.
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Subroutine calls different subroutines to calculate the
different contributions for the activity coefficients in two
models. Finally it calls subroutine MINFUN to set up the ob-
jective function. Calls subroutines NRTL1l, BROML, ADITON,

NRTL2, DEBHUC, VAPPRE, MINFUN.

F.10 FIBN

Subroutine applies the Fibonacci method to find the one
unknown variable that will minimize the non-linear objective

function.

F.1l1l FUNCT

Subroutine calls different subroutines as in subroutine

FN.

F.12 NRTLL

Subroutine calculates solvent-solvent interaction contri-
butions of the activity coefficients in a ternary mixture using
the simplified and the modified form of the NRTL equation in

Model #2 [see Chapter 3; Equation (2-4)].

F.1l3 BROML

Subroutine calculates ion-ion and ion-solvent interaction
contributions of the activity coefficients in a binary or ter-
nary mixture using the Bromley equation in Model #2 [see Chapter

3; Equations (3-8), (3-12) and (C-9)].
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F.14 ADITON

Subroutine calculates salting-out contribution for the
activity coefficients in a ternary mixture in Model #2 [see

Chapter 3; Equations (3-10) and (3-14)].

F.1l5 FUNCB

Subroutine for mixing rule for the Bromley parameter in

a ternary mixture [see Chapter 3; Equation (3-3)].

F.16 FUNCT

Subroutine calculates the Debye-Huckel constant of mix-
tures and derivatives of the Debye-Huckel constant with respect

to the number of moles of solvents [see Appendix-D].

F.17 NRTL2

Subroutine calculates ion-solvent and solvent-solvent
interaction contributions of the activity coefficient in a
binary or ternary mixture using the modified NRTL equation in

Model #1 [see Chapter 2; Equations (2-7), (2-14) and (2-17)].

F.18 DEBHUC

Subroutine calculates ion-ion interaction contributions
for the activity coefficients in a binary or ternary mixture

in Model #1 [see Chapter 2; Equations (2-13) and (2-16)].

F.19 MINFUN

]

Subroutine sets up the objective function.
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F.20 TITLE

Subroutine makes tables for output results.

The comment cards included in the programs are assumed

to make this program self-explanatory.



E vy lvivEvivlvEvEsivlsRrivErivirivsEsivErivivicEy o EolvEyEs Ry Ry NoleEvivisRo N s lv v vl vl v Ny Rl v Re No Ry

- 140‘

ook ok ok ok ok Kok ok ok skeok ok okok ok skokokskok otttk stttk ok skokokokok ok okokokokok R ok ok k ok
MAIN FROGRAM -

THIS FROGRAM IS TO CORRELATE OR FREDICT EITHER EBINARY
OR TERNARY VLE DATA OR BINARY & TERNARY VLE DATA

TOGETHER., THE PROGRAM CAN BE USED EITHER FOR ISOEARIC

OR ISOTHERMAL DATA.
ok ok koK KOk kctoROR R ik KRR SR ROk dOK K A KK KOK KKK KKKk Rk ok ok ok ROk ok oKk K

A RINARY IN THIS WORK IS DEFINED AS A MIXTURE OF
EITHER TWO SOLVENTS OR ONE ELECTROLYTE AND ONE SOLVENT.
A TERNARY MIXTURE IS DEFINED AS A MIXTURE OF ONE
ELECTROLYTE AND TWO SOLVENTS.,

KKK RO R AR KKK KRR 3K KKK K K K KKK K 5Kk KKK KKK K KRR K KoKk KRR KK ok
THIS FROGRAM IS WRITTEN BY ANIL K. RASTOGI AT THE
NEW JERSEY INSTITUTE OF TECHNOLOGY AS A PART OF
DOCTORAL DISSERTATIONs YEAR 1981, .

KKK KKK K KR KK KKK K KR KK K K K K HOK KK Koo K KK oK ook K o ok oo

L3

NSET - % OF SYSTEM DATA TO BE USED

LL - TOTAL ¥ OF TRIAL TO BE USED IN LSQ@2

EE -~ TOLERENCE ERROR FOR THE LSs@2

NAME(J) - INFORMATION ABOUT THE SYSTEM 7 J=107 20 CARDS

XLINM - (MAXIMUM MOLALITY - 1) RANGE OF THE ELECTROLYTE

XLLINM - MINIMUM MOLALITY RANGE OF THE ELECTROLYTE

NAME1»ETC- NAME OF THE SYSTEM TO BE USED

INDF - # OF INCREMENTS TO BE GIVEN FOR THE MAXIMUM
MOLALITY RANGE

KP - = 1 EQUATIONS USED ARE BROOMLEY{SIMPLIFIED NRTL1j

AND SALTINGOUT.(MODEL % 2 IN THE THESIS)
= 2 EQUATIONS USED ARE EXTENDED DERYE-HUCKEL &
NRTL2.¢ MODEL % 1 IN THE THESIS )

NBIN - (WHEN KF=1)
= 1 PARAMETER RO12 REGRESSED
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d

[N

FARNMETER EO013 REGREESED

FARAMETER EB123 OR DELTA REGRESSED (WHEN i=1)
FARNMETERS B123 & DELTA REGRESSED (WHEN M=2)
EN KF=2) .

GFN2 & ZFNZ2 REGRESSED (IF NNRTL=2)

H

i
~ il

Y

[aadie vl 8

= 1 DGA2 & DGBE2 REGRESSED (IF NNRTL=1)
= 2 GFN3 & ZPN3 REGRESSED (IF NNRTL=2)
= 2 IGA3 % DGR3 REGRESSED (IF NNRTL=1)
= 4 DB23 & DG32 REGRESSED
= 5 GFN2sZFN2,GFNZ & ZFN2 REGRESSED (IF NNRTL=2)
= 5 DGA2,DGE2,yIGA3 & DGEB3 REGRESSED (IF NNRTL=1)
NFION - TYFE OF FOSITIVE I0ON FOR THE CRYSTALLOGRAFHIC RADII
= 1 H ION
= 2 LI ION
= 3 NA ION
= 4 CA ION
NNION - TYFE OF NEGATIVE ION FOR THE CRYSTALLOGRAFHIC RADII
= 1 BR ION ’
= 2 CL ION
NREG - = 1 VLE DATA ARE FREDICTED
= 2 VLE I'ATA ARE CORRELATED ’
HIDEN - = 1 EXFERIMENTAL DATA ARE USED FOR THE DENSITY. A
SIX PARAMETER FOLYNOMIAL IS USED FOR THE CONCENTRATI
DEFENDENCY OF THE DENSITY. ,
= 2 AN APPROXIMATE RELATIONSHIF FDR THE DENSITY IS
USED ( = HW/VUS)
NEROM - = 1 DELTA IS FIXED AND ER123 IS REGRESSED (H=1)
= 2 B123 IS FIXED AND DELTA IS REGRESSED (M=1) °
NTTFE - = 1 DATA OF BINARY 1-2 ARE REGRESSED
= 2 IATA OF BINARY 1-3 ARE REGRESSED
= 3 DATA OF BINARY 2-3 ARE REGRESSED
= 4 DATA OF TERANARY 1-2-3 ARE REGRESSED
= 5 DATA OF TERHNARY 1-2-3 & RINARY 1-3 REGRESSED
= & DATA OF TERNARY 1-2-3 & BINARY 1-2 REGRESSED
= 7 DATA OF TERNARY 1-2~3 & BINARY 2-3 REGRESSED
= 8 DATA OF TERNARY 1-2-3 & BINARY 1-2 & BINARY 1-3
REGRESSED
= 9 DATA OF TERNARY 1-2-3 & BINARY 1-2 & RINARY 1-3
& BINARY 2-3 REGRESSED
NIMIN -~ INTEGER FOR THE DIFFERENT OBJECTIVE FUNCTION

SUM OF ((GCAL-GEXF)/GEXFP)X¥*2, IS HMINIMIZED

SuUM OF (DF/FEXF)I%%2, + (DYX10.)%%2., IS HINIMIZED
SuUM OF ((GCAL~-GEXF)/GEXP)>%%2. + (DYX10.2%%2. IS
MINIMIZED

SuUid OF ((DFCAL-DFEXF)/DFEXP)%%2. IS8 MINIMIZED FOR
THE BINARY

IV R

fi
F oS

AlLFA - AL#Q FOR 7HE NON-ELECTROLYTE EBINARY IN THE NRTL
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NG23, 0632

ALFA2sALFER2
ALFA3S»ALFB3

NGA2yDGE2y
IGA3 DGR3

GFN2yZFN2y
GFN3yZFN3

EO12sB112y
ED13sB113

E123
DELTA

ALFHAL
AXT1sBXT1

M

XTX
DXx
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EQUATION

NON-ELECTROLYTE EBINARY FARAHMETERS IN THE NRTL
EQUATION . -

IONIC ALFAS FOR 1-2 & 1-3 ERINARIES (EQ. 2-6 )

TEMFERAURE INDEFENDENT FARAMETERS IN THE HMODIFIED
NRTL EQUATION.FOR THE IONS (ER. 2-6 JHMODEL#1

IONIC PARAMETERS IN THE MODIFIED NRTL EQUATION
MODEL # 1 ¢ EQ. 2~3 )

EROMLEY BINARY TEMFERATURE INDEFENDENT FARAMETRES
MODEL # 2 (CHAFTER 3

TERHARY ADJUSTABLE FARAMETER FOR THE MIXING RULE IN
THE EBROMLEY EQUATION
TERNARY SALTING OUT FARAMETER FOR THE MODEL # 2

TOLERAGNCE LIMIT FOR THE FIBBNAUCHI SUBROUTINE
FaRAMETER LIMITS FOR THE FIBENAUCHI SURROUTINE®

INTEGER TO SFPECIFY # OF FARAGMETER TO BE REGRESSED
1 OHE FARAMETER (BD12 OR RO13 OR EB123 OR. DELTA)
2 MORE THAN 1 FARAMETER

INITIAL VALUES OF THE FARAMETERS FOR THE LSQR2
INCREMENT FOR THE FARAMETERS IN THE LSQZ2

ok AR gRckORSOR R ok ok ekolok ok koekokkkoloks Aok dciolokiolor ook dololokokior i oRoEOoR KOk K

COMMON XXMOL(PP) s XX(3y929) s XXF(3r29)rGG(3v29) rFF(P2)yYY(3+99)
Z BNRT(3s599)s6GEL(3s929)yGCAL(3+92) yANUW(3) yERROR(3¢29)
Z sGIH(3Zs292) s GFHY(3+29)sTTT(29) yEH(?2)»GADD(I+9?)
Z sYCAL(39220sADDCE)yPTC(P9)
COMMON NPy INDFsyFNFsFNMsFZF o FZNsFKyALFAYDG23/DIG32sGFN2y
Z GFN3 s ZFN2yZFN3sRKFPyiis NBINyNFIOHs RNIONYyDELTA
COMMON NDENsyNNRTLsALFA2yALFE2-ALFAZsALFE3sDGA2yIIGR2y
D623y G632y Z223+2Z232 - CAL/SHOLE-K

$K K HOR KKK 3K K R KR KOk ok 38 R RSk K ok K KoK ok Kok ok O R K

Z DGASyDGE3 sy NEROMyNREGYNTYFE Y NMIN
COMMON EBD12yB112yBO13sB113yCP2(46)»CF3(6)CV2(3)yCU3(3)y
Z Bl23sADT (2,200 s NXD»XD(20)
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DIMENSION YU(3r 79I s XL(3122)rF (P9 vy XMOL(P9) s XF(3599)y
G(3sPP) s T(P2I)sFSH(3) DY (2P)y P (?9)

REAL #8 NAME(10)

REAL %8 NAME1lsNAMEZ2sNAMES

DIMEMSION XT(A)rDX(&)pY(7)sX(7510) sy XTX(E) 9 IIXX(S)
READ(Sy9001)HSETsLLSsEE

FORMAT(2I3sF10.1)

WRITE(4y92002)NSETsLLEE

FORMAT(’1’+10Xs’ § OF DATA SET TO RE USED =’,I3y’'TRIAI
I3 'E='sF10.8)

D0 9110 JAN=1yNSET

00 4100 I=1+20

READN(Ss2100) (NANE(J)»J=1510)

WRITE(6s2100) (NAMEC(J)yJ=1+10)

CONTINUE

FORMAT(1048)

READ(Ss2200)XL Iy XLLIM

WRITECSy2200)XLIMs XLLIM

FORMAT(2F10.5)

READ(Sy60B80)INAMEL s NAMER2 s NAMES :
FORMAT(3A8) -
READ(Ss2300) INDF s KF s NEINsNFIDNs NNIONyNREGy NDEN s NRRTL
fNTYFEsRMIN

WRITE(672300) INDFyRKFsyNEINsNFIONsNNIDONs NREGsNDENs NNRTL
s NTYFEsNMIN

FORMAT(11I2)

CALL INFDAT(XLsXFsXMOLsTrAMWsFKyFNPsFNMsFZPsFZNy
GINFTyYVsP sy NCONPsARDCV2sCV3sCR2yCF3yADT » NXDy XIN)
FORMAT(BF10.5)
READ(S»2400)ALFA-DG23,0G32sALFA2ALFE2sALFA3rALFR3
WRITECA692400)ALFASIG23sD6327ALFA2sALFR2yALFA3ZyALFR3
READ(S»2400)YGFH2»ZFN2yGF NI s ZFN3 1 DGA2»IGE2yIGA3 » GRS
WRITE(6s2400)GFN2yZFN2sGFNZy ZPN3 s NGA2 s IGR2s DGAZ » DGR3
REALICSs2400)E012sR112,F013sR113,B1235DELTA
WRITE(&4y2400)E012,B112sR013yR8113,B123yDELTA
REAI(S»9141)ALFHAL s AXTLyBXT1 .
WRITE(S6+9141)ALFPHALsAXT1sEXT1

FORMAT(F10.7+2F10.4)

READ(S»2300) Ms MM

WRITE(&y2300)Hs MM

00 24400 I=1rMH :

READ(Sy24600)XTX(I) s IXX(I)
WRITE(6s2600)XTXC(I) s IXX(I)

CONTINUE .

FORMAT(2F10.4)

INITIALIZATION FOR THE LSQ2
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?901

7202

2003

9004

2005
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2007

[0 4300 KJ=1yINDF
Do 4200 JJd=1+7

0g 4200 JI=1-10
X(JSJJrdIN)=0.0
CONTINUE

D0 4401 IK=1sHMM
XTCIR)=XTX(IK)
DX(IRI=DXX(IK)
CONTINUE
ALFHA=ALFHAL

. AXT=AXT1

EXT=BXT1

THIS FART OF THE HAIN FROGRAM SFECIFIES THE TYFE OF
LaATaA TO BE USED: ALSD DATA

SYMEBOLS FDR MIMIMUM AND

ALIM=XLI¥+1.0
J=0
WRITE(&6:2410)XLIMNM

FORMAT (717 93Xy /30X K MAXIMUM MOLALITY USED='yF10.3)

0 4310 I=1»NFPT

ARE CONVERTED INTO DIFFERENT

MAXIMUM MOLALITY LIMITS.

144

GO TO (2901:,9902,9003+,9004y2005+s2006+900752008,9000)yNTYFE

IF(XL(3,I).EQ.0.0)G0
GO TO 4310
IF(XL(25s1I).EQ.0.0)560
GO TO 4310
IF(XMDL(I).EQ.0.0)G0
GO TO 4310
IF(XMOL(I) .EQ.0.0)GO
IF(XL¢2,1).EQ.0.0)G0
IF(XL(3,1).EQ.0.02G0
GO TO 2000
IF(XMOL(I).EQ.0.0)G0
IF(XL(3,1I).EQ.0.,0)G0
GO TO 2000
IF(XMNOLC(I)EQ.0,02GO
IF{(XL(2+1).EQR.0.0)GD
5O TO 2000
IF(XL(2,I).,ER.0.0)G0
IF(XL(3,1I).EQ.0.0)G0
GO TO 2000

TO
TO
T0
TO
T0
T0

T0
T0

TO

TO

T0
T0

2000
2000
2000
4310
4310
4310

4310
4310

4310
4310

4310
4310
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9008  IF(XHOL(I).ER.0.0760 TO 4310
9000  IF(XMOL(I).LT.XLLIN)GO TO 4310
IF (XMOL (D). LE.XLIN)GO TO 3100
GO TO 4310
3100 J=J41
NF'=J
YY(290)=YV(251)
YY(ZrJ)=YV(3s1)
FF(J)=F (I}
TTT(H=TCD)
XXHOL (J) =XHOL (1)
XX(1rJ)=XL(1,1)
XX(2rJ)=XL(251)
XXC(3rJ)=XL(3 1)
AXF (25 J)=XF (25 1)
XXF (39 J)=XF(351)
G6(1sJ)=6(1s1)
G6(2sJ)=6(2,1)
GG(3sJ)=G(3sI)
4310  CONTINUE
IF (KF,LE.1)N0=2
IF (KRBT 1)H0=1

FROGRAFM FOR THE FREDICTION

Lop BN op B ur B o B o

IF(NREG.GT.1)G0'TO 110

WRITE(&51600HM0 :

150 FORMAT(//s3Xy’ VLE DATA ARE FREDICTED USING MODEL %‘/+I3)
LIC=1

CALL FROYYHsXTsLIC)

GO TO 3300

FROGRRAM FOR THE CORRELATION

aoonoo

110 WRITE(62»170)KF
170 FORMATC(//+SXy’ VLE DATA ARE CORRELATED USING HODEL 27,13)
IF(M.GT.L)Y60 TO 3200
CALL FIEBNC(ALFHAYAXTsEXT)
G0 TO(240,250y260) yNEIN
40 WRITE(6,270)RB0D12
0 FORMATC(//¢10Xy’ EO12 ="sG12.5)
GO TO &300
WRITE(S,280)R0O13
FORMATC(//910Xy’ BO13 =‘+G12.5)
6D TD 3300
GO T0(210,220)»NEBRON

3 R

~N

[N

[xs W]
(e N o)

rJ
o~
O
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‘s
[
WRITE(65290)R123
FORMAT(//910Xy 'B123 =',612.3)
60 TO 3300
WRITE(S6»300)DELTA
FORMAT(//5s10Xy ‘DELTA =/y612.35)
GO TO 3300
L=LL
E=EE
Ml=H+1
H3=HM+3
CALL LSR2(XTsXsDXsYrMrM1lsH3IsLsE)
WRITE(S622800) (I s XT(I)rI=1sM)
FORMAT(///9SXy’ FINAL VALUES OF XT(/sI1I2+7)="»E1G.8)
WRITE(6s2200)(IsY(I)sI=1yH1)
FORMATC(//7/9S5Xy ' Y(/yI257)=',E15.8)
FROM HERE MAIN FROGRAM ARRANGES THE OUTFUT
GCAL(JrI) -~ CALCULATED ACTIVITY COEFFICIENT _
GG¢CJr I ~ EXPERIMENTAL ACTIVITY COEFFICIERNT .
ERRORC( I, I - Z ERRDR IN ACTIVITY CDEFFICIENT
ALL THE SEFARATE FARTS LISTED BELOW ARE IN THE LN FORM. |
GDH(Js I - DERYE-HUCKEL FART OF THE ACTVITY COEFFICIENT
GFHY (Js 1) - EXTENDED D.H. PART OF THE COULOMBIC TERHMS
BESIDES D.H., FART IN THE ACTVITY COEFICIENT
GADD{Jy I - SALTING OUT CONTRIBUTION TO THE ACTVITY COEFFICI
GNRT(Jr I) - NRTL CONTRIBUTION TO THE ACTIVITY COEFFICIENT
YSUM=0.0
FSUM=0.0
RV=0
NYF=0

Do 4530 I=1sNF
IF(XXHMOL(I).EQR.O.,0)G0 TO 3400
IF(XX(3s1).EQR,0.02G0 TO 3401

IF(XX(2+s17.EQ.0.,0)G0 TO 3402

IF(GG{(1+I).EQ.1.,0)GD0 TO 3400

IF(GG6(2,1I).EQ.1.0)GD TO 3405

60 TO 3416

G6(2yI)=1.0 E 38

GG(3»I2=1.0 E 3
ERROR(Z2s1)=1

8
0 E 5
ERFOR(3+I)=1.0 E ©

8
8
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GO TO 3415

( 3401 66¢(3,1I)=1,0 E 58
ERROR(3yI)=1.0 E S8
IF(GG(2y1I).EQR.1.0)G0 TO 3403

C IF(GG(1+I).EQ.1.0)60 TO 3400
GO TO 3415
3403 BG(2,I)=1,0 E 58 .
C ERROR(2,1)=1.,0 E 58
60 TO 3415
3402  6G(2,I)=1.0 E 58
( ERROR(2,1)=1.,0 E 58

IF(GG(3:I).ER.1,0) GO TO 3404
IF(GG(1sI).ER.,1.0) GO TO 3400
¢ G0 TO 3415
3404 GG(3,I)=1.0 E 58
ERROR(3yI1)=1.0 E 58
( B0 TO 3415
3400 GG(1,I)=1.0 E 58
: ERROR(1+1)=1.0 E 58
e IF(XX(2:I).EQ.0.0)G0 TO 3415
IF (XX(3yI).EQ.0.0)GO TO 3415

416  DFC(ID)=FTC(I)~FF(I)

C FSUM=FSUNH+AES (DF (1)) 4
NUP=HNUF+1 .
3410  NV=HV+1 -
¢ DY (I)=YCAL(3sI)-YY(3,s1)
YSUM=YSUN+AES (DY (1)) X
WRITE(5y2110) ‘

C 2110  FORMAT(//14Xs COMFONENT #/»2Xy ‘HOLE-FRACTION’y8Xs ‘YEXF ’y8Xr’
YCAL ’ 510Xy’ YCAL=-YEXP‘s7Xs‘FCAL~FEXF’)

2115  FORNMAT(8XsI2,5(5XsF12.5))

C D0 4520 J=2yNCOHP
WRITE(6y2115) s XXCIrI2sYYC(JrI)»YCAL(JII) DY (I)sDF(I)

4520  CONTINUE
C 3415  WRITE(652120) ,

2120  FORMAT(’=’s2Xy’ COMFONENT #+3Xs’ MOLALITY ‘»2Xs* LOG NRTL “»
2Xs’ LOG COULOWEIC ‘s1iXs‘ LOG FHYSICAL ‘y1Xs ‘ LDG ADDITION ‘»
3Xs’ GAM CAL ‘+2Xy’ GAM EXF ‘s 2Xy’ Z ERROR IN GAMA )

DD 4530 J=1yNCOHP
WRITE(492125)Jy XXMOLCI) s GNRTCJyI) yGIHC(Iy I s GFHY(JsI) yGADDCIsI)y
C % GCAL(JsI)yGB(JrI) yERRORCII)

4530  CONTIMNUE

2125  FORMAT(BXsI2y8X»G10.3y3Xs610.3s5Xs610.354Xs610.375Xr510.354Xy
€ % G10.3y3Xs610,354X%rG10,3)

Y

NN

(™ TABLE FOR THE MEAN MOLAL ACTIVITY COGEFFICIENT

ogoaoOon

e CALL TITLE(HNAMEL»NAMERyNAMEZ»ALFAsDG23yDGI2sGFN2yGFNI»ZFN2y
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ZPN3sB0O12,R013sB112yB113yE123yDELTAYKPYyNTYFPEsXX(2r1)

XXMOL (1) yNNRTLsDGA2yDGA3yIGE2y DGE3yALFA2sALFEB2sALFA3y

ALFR3)

UWRITE(6¢71635) \

FORMAT (/v AXys ‘MOLALITY ' vSXr X2 910Xs X3’ v6Xy 'MEANMOLALGAM' r1Xy
'MEANMOLALGAM  »2Xy ZERROR’)

WRITE(697167) " )

FORMAT (37X "EXPERIMENTAL »2X» 'CALCULATED’)

GSUN=0.0

NS=0

00 8110 I=1sNP

IF(ERROR(1,1).GE.1.0 E 58)GD TO 8110

NS=NS+1

GSUM=GSUM+ARS(ERROR(1+I))

WRITECS»7170)XXMOLCI) #XX(29I)9XX(3sI)sGG(1+1I)sGCAL(L1rI)>»

ERROR(1»1I)

FORMAT (2Xs46612.5)

CONTINUE

IF(NS.LE.O)NS=1

GHEAN=GSUM/NS

WRITE(6»7180)GHMEAN

FDRHAT(//!6X1'AUG ZERROR IN MEAN MOLAL ACTIVITY CDEFFICIENTS
y612.5)

WRITE(6y7181)NS

FORMAT(7Xys’ BASED ON ¥0F POINTS FOR GAMA SALT=’,13)

t

TABLE FOR TERNARY Y & P

CALL TITLE(NAME1yNAMEZ2sNAMEZALFAyDG23»DG32yGPN2yGFN3yZPN2y
ZPN3»E012,B013yB112yB113,RB123yDELTAYKPyNTYPEXX(251)y

XXMOL (1) s NNRTLsI'GA2,GA3syDGB2sDGB3IrALFA2yALFE2yALFA3y
ALFB3)

WRITE(6y7120)

FORMATC(/ /92Xy "MOLALITY’ v3Xy"X27 910Xy ‘X3’ 98Xy YIEXF’ r8Xy "Y3CAL'
rOXs ‘DY 99Xy 'DP )

DO 8220 I =1,sNP

IF(XX¢(2,1I).EQ.0.,0) GO TO 8220

IF(XX(3+,1).EQ.0.0) GO TO 8220
WRITE(G6y7193)XXHOLCI) p XX (27 I) v XX(32I)rYY(3»1)sYCAL(3,1)
yDY(I)sDP(I)

FORMAT(G10.3y4G12.5,2610.,3)

CONTINUE

IF(NVJ.LE.O)NV=1

IF (NVP.LE.O)NVP=1

DYAVG=YSUM/NV

DPAVG=PSUM/NVP

URITE(697200) DYAVE

FORMAT(///+10Xy "AVERAGE DY(YCAL-YEXP)=',G612.5)
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WRITE(6s7201)RV

FORMAT(?Xy " BASED ON # OF FOINTS FOR Y ='»1I3)

WRITE(&97210)DFAVE

FORMATC///y10Xs "AVERAGE DP(PCAL-FEXF)=',G12.3)
WRITE(&697221)RNVF

FORMAT(2Xy "BASED' ON & OF FOINTS FOR DF =7y13)

TAELE FOR THE BINARY DELTA F

CALL TITLE(NAMEL yNAME2sNAME3yALFAYDIG23yD632sGFN2yGFNIvZFN2y
ZFN3sBO12yB013yR112yB113yB1I23sDELTAsKF s NTYFE» XX (2¢1)»
AXHMOLCL) yNNRTLyIGA2y DGAZy DGER2y DGR3 s ALFA2sALFR2sALFAT,

ALFE3)

NI'F=0

XDFSUK=0.0

WRITE(6¢B290)
FURMAT(//V”X:’ﬁULhLITY’!BXv’XSULUENT’!éX,’DPEXP’:éXr’DPCAL’
2Xys'Z ERROR IN DP%)

o 8230 I=1yNF

CALL VAFFRE(CF2sCF3IsFEMyTTT(I))
IF(XX(251.EQ.0.0)G0 TO 82395 .
IF(XX(3sI).,EQ.0.0)G0 TO 8240 '
GO TO 8245

IF(GG{(3s1).EQ.1,0)60 TO 8245
DFEXF=FEM(Z)-XX(3yI)XGG{3»I)%FEM(I) .
DFCAL=FSH(3)-XX(3rIIXGCAL(Zy 1) RFEM(I)
FOF=(DFCAL-DFEXF)/OFEXFX100.0

XOP=XX{3s1)

GO TO 8250

IF(GG(2+1).EQ.1.0)G60 TO 8245
DFEXF=FSHM(2)-XX(2yI)XGG(2sI)%XFSH(2)
DFCAL=FPSHM(2)-XX(2yI)XGCAL(2sIIXFSM(2)
FOFP=(DFCAL-DFEXF)/DFEXFP%X100.0

XDP=XX(2y1)
WRITE(&yB8255) AXMOL (1) » XDF yDFEXP s DFCALyFDF
FORMAT(2XyG10.3+2612,5+610.35G12,5)

NOF=NIOF+1

XOPSUM=XDFSUN+ABS(FLIF)

GO TO 8230

NIF=1

CONTINRUE

FOFAVG=XDFSUM/NLP

WRITE(4698265)FDFAVE

FORMAT(///+6Xy 'AVG Z ERROR IN IF =‘yG12.5)
WRITE(6+,8270)NDF

FORMAT(7Xy “EASED ON ¥ OF FOINTS =’513)
IF(KF.GT.1)G0 TO 4300

WRITE(4r2220)



Y

9230
4300

7202
%110

FORFAT(’1 794Xy "MOLALITY »3Xr X3/ ¢10X» "BHIXTURE ")
WRITECS692230) (XXHOLCI) s XXF(3rI) s BM(I)rI=1rNF)
FORMAT(//+4X+610.3,2612.5)

CONTINUE

WRITE(697202)

FORMATC(’ 1)

CONTINUE

STOF

END

150
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SUBROUTINE INEDATOXsXFoeXHOLs TobiWyFReFNFeFNMirFZFPy
FINyGyNFyYsF e NCONFyADDyCV2sCU3yCP2rCRF3yADT » NXIYy XIN)

Ak kR SR dokokoRok Rckoiolobii R RO Rk ok ke ok o R KRR KK

SUBROUTINE IRFDAT

THIS SUBROUTINE READS ALL INFUT VLE DATA AND FURE
COMFONENT DATA ' .

ook ko sk ok R ook Aok KoKk kokok ok fiokckoolokokolaiok ok ok kokoklor SoRORR K

NCOMF -~ & 0OF COMFONENTS (= 3 FOR THIS FROGRAM )

NF - ¥ OF DATA FOINTS IN A SYSTEM

HXD - 4 DOF SOLUTION DIELECTRIC CONSTANT DATA FOINTS

NXDD - § OF SOLUTION DENSITY DATA FOINTS ‘

CF25CF3 - FURE COMFONENT VAFOR FRESSURE CONSTANTS FOR THE
COMFONENTS 2 & 3 RESFECTIVELY.

AMWCI) ~ HMOLECULAR WEIGHT OF THE COMFONENT I

U21,V22yV23~ FURE COMFONENT LIQUID VOLUMES AT DIFFERENT
V31,V32,V33 TEMFERATURES '

CV2(I)y - TEMFERATURE DEFENDENT LIQUID VOLUME CONSTANTS
CV3(I) FOR THE COMPONENT 2 & I RESFECTIVELY.
ADTC(1+1) — DIELECTRIC CONSTANTS FOR A TEMFERATURE OF THE
ADT(25 1) SOLUTION. )
XD(I) ~ MOLE-FRACTION OF THE SOLVENT(3) IN THE SOLUTION

FOR THE DIELECTRIC CONSTANTS(ELECTROLYTE FREE)
FK .~ TOTAL & OF IDNS OF THE ELECTROLYTE
FNF ~ & OF FOSITIVE IONS IN THE ELECTROLYTE
FNM - & OF NEGATIVE IONS IN THE ELECTROLYTE
FZF ~ FOSITIVE ION VALENCY(ABSOLUTE UNITS)
FZN ~ NEGATIVE ION VALENCY(ARSOLUTE UNITS)
DENS(I) - DENSITY DF THE SOLUTIONC(ELECTROLYTE FREE)
XDodeI) -~ MOLE-FRACTION OF THE SOLVENT(3) IN A SOLUTION

FOR THE DENSITY DENS(I).
YHMOL (I ~- MOLALITY OF THE I TH FOINT
X(Js I -~ LIQUID MOLE FRACTION # J DENOTES COMFONENT

I DENOTES I TH FOINT

Y{Jr 1) ~ VAFOR FHASE MDLE FRALTION
G(JsyI) ~ EXPERIMENTAL VALUES OF THE ACTIVITY COEFFICIENT
FCI) ~ TOTAL FRESSURE OF THE SYSTEM
T(I) ~ TEWMFERATURE OF THE SYSTEM
XF(JrI) ~ SOLVENT MOLE FRACTIONS(ELECTROLYTE FREE)
FEMCD) ~ FURE COMFONENT VAFOR FRESSURE OF THE COHMFONENT

J AT THE SYSTEM TEMFRATURE.

goskspkok ook ok afokok ook ook dok ok dukohoiniook oo otk ok bk or dokor ool keklokokok dok kokok



Al

1000

2000

aooonon

5000

5010
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2800
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DIMENSION X(3r99) 1 XF(3992) s ANU(I) vG(3599)rY(3199)sP(99)
ADD(S) s T(P22) s PSM(T) ¢y XMOL(22) y DENS(20) s XDD(20)
DIMENSION CV2(3)sCVU3(3)sCP2(4)sCPI(8)rADT(2,20) 2 XD(20)

WRITE(6:1000)

FORMAT(’-"y3Xs’ INFUT DATA 2
READ(Sy2000)NCOMF s NF s NXD s NXDD
FORMAT(412)

WRITE(672000)NCOMP y NF sy NXDy NXID
READ(Sy2100)(CF2(1)s1I=1y6)
READ(S5y2100)(CP3(I)sI=1y6)
WRITE(6s2100)(CF2(I)rI=1+6)
WRITE(692100)(CP3(1I)yI=1+64)
FORMAT(F12.7yF11.5sF8.3¢F13.2¢:F3,.1yF10.5)
READN(S»2200) (AMU(I) »I=1sNCOMP)

FORMAT(6F10.5)

WRITE(&9r2200) (AMWCI) s I=1y,NCGHP)
READ(S,2200)V21,T21,V22yT225V23,T23
WRITE(6,22000V21,T21,V22,T225V23,T23 ;
READN(Sy2200)0V31,yT31,V32,T32yV33,T33 '
WRITE(&6y2200)V31yT31,V3E2,T32,V33,T33

CALCULATION OF LIQUID MOLAR VOLUME CONSTANTS USING
THREE VALUES OF LIQUID MOLAR VOLUME AT THREE
DIFFERENT TEMFERATURES.

|
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CV2(3)=((T23-T21 )% (V22-V21)-(V23-VU21)¥(T22~-T21))/((T22%%2.,-

T21XX2)Kk(T23-T21)-(T23I%X2,~T21%k%k2,)%(T22-T21))
CV2(2)=((V22-V21)-CV2(3) X (T22%%2,-T21*¥%2,))/(T22-T21)
CV2(1)=V21-CV2(2)%T21-CV2(3)kT21%%2.0 ’

CV3(3)=((T33-T31)%(V32-V31)~(V33-VI1IX(T32-T31))/((T32%%X2,~

T31XkX2.IK(TIZI-T31)-(TIFXkX2,~TI1%AX2.)¥(T32-T31))
CV3(2)=((V32-V31)-CVUI (3> ¥(TI2k*2,~-T31%k%2,))/(T32-T31)
CV3(1)=V31-CV3(2)%XTI1-CV3(3)%T31%%2,0
WRITE(625000)

FORMATC(//y5Xy’ LIQUID MOLAR VOLUME CONSTANTS’)
WRITE(623010)CV2(1),CV2(2),CV2(3)
WRITE(625010)CV3(1)»CV3I(2)yCVU3(3)
FORMAT(S5X»3(612.5,3X))

FORMAT(GX»6612.95)

DO 10 I=1,NXD
READ(Sy2B800)ADT(1+I)yADT(2sI) 2 XD(I)
WRITE(622800)A0T(15I)2ADTC(2,1) sy XD(I)
FORMAT(3F10.5)

CONTINUE
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2300 FORMAT(6F10.5)
" READ(S5y2400)FKsFNPsFNMIFZFyFZN
WRITE(6r2400)FRKyFNPYFNMIFZP+FZN
2400 FORHMAT(S5F10.9)
DO S0 I=1sNXDD
READ(5,2300)DENS(I) sy XDD(I)
WRITE(6¢2300)DENS(I)»XDD(I)

90 CONTINUE

CALL FITIT(NXDD:XDDOyDENSsyALD)
WRITE(&9S020)CADDCII)»II=116)
EXFERIMENTAL M-P-T-X-Y-MEAN MOLAL ACTVITY COEFFICIENT DATA
FOLLOWING INSTRUCTIONS ARE IMPORTANT

1.IF DATA ARE MOLALITY VS MEAN MOLALITY ACTIVITY
COEFFICIENT ONLY» READ P(I)=1.0

2.1F DATA ARE MOLALITY VS VAFOR PRESSURE ONLYs READ
G(1,I)=1.0

3.1IF A BINARY DATA ARE USED +READ X AND Y VALUES OF THE
OTHER SOLVENT(WHICH IS NOT FRESENT) =0.0 '

L

00 4100 I=1»NP
READ(S s 25001 XMOLCI) s (X(JrI) o Y(IrI) o J=2yNCOMP) syG(1yI)sF(I)+T(I)
WRITE(6y2500)XMOLCTI) v (X(JryId) s Y(JsI) s J=2yNCOMP)»G(15I)syP(I)yT(I
2500 FORMAT(8F10.68)
CALL VAFFRE(CP2yCP3,FSH,T(I))
WRITE(S692501)PSH(2)PSM(3)
01 FORMAT(1X+G610.3y3X+,610.3)

a

CALCULATION OF THE EXPERIMENTAL ACTIVITY COEFFICIENT
OF SOLVENTS. ASSUMING FPOYNTING EFFECT = 1.0 &
FUGACITY COEFFICIENT = 1.0.

iy Ny rErNoNyNolN

SUM=1.0
DO 4200 K=2,NCOMP
SUM=SUM-X(KsI)

4200 CONTINUE
X(1yI)=SUM/FK
XSUK=0.0
DO 4300 K=2,NCONP
XSUM=XSUM+X(Ky1)
IF(P(I).EQ.1,0)60 TO 3100
IF(X(KyI).EQ.0.0)6G0 TO 3100
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G(KeI)m=Y(KrIDEPCI)/X(KyIJ/FSH(K)

GO TO 4300.

G(KyI)=1.0

CONTIHUE

DD 4400 K=2yNCOHF

XFAKyI)=X(KsI)/¥%SUM

CONTIRUE .

CONTIMUE

WRITE(&92601)

FORMAT( =7 518Xs’ X1 “+10Xs’ X2 “y12Xs’ X3 ‘99Xr’ GAMAL ‘+8X:
¢ GAMAZ2 ‘sBXs’ GAMAZ 1)

10 4500 I=1sNF
WRITE(S92400)XC1rI) e X(29I)sX(39I)eBC1sI)sGC2ryI)sG(3sI)
FORMATC(10Xr»4F15.64) |

CONTINUE

RETURN

END
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SUBROUTINE FITIT(NFOINTsX1sAGAMArA)
THIS PROGRAM FITS A FOLYNDMIAL OF DEGREE S

DIMENSION SIGMAY(20)sX1(20)sAGAMA(20)r7A(6) yDELTAY(20)sYCAL(20)
IF(NFOINT.LE.3) GO TO 99

DO 2 I=1sNPOINT
SIGHMAY(I)=0.

CONTINUE

NCODE=0 -

MAXORD=5

IF(NFOINT.LE.4) MAXORD=2
IF(MAXORD.GT.6) MAXORD=6
NNK=1

B0 3 K=5sNNK

K1=K+1

CALL FOLIFI(X1,AGAMAYSIGMAYrNFPDINT,K1,0,AsCHISAR)

ERROR=0.0

DO 4 J=1sNFODINT

SUM=A(1)

DD 5 I=2sK1
SUM=SUM+A(II X1 (D %X%k(I~1)
CONTINUE

YCAL(Jy=8UNM ‘ .
DELTAY(J)=YCAL(J)-AGAMA(.))

ERROR=ERROR+DELTAY (J)%%2

ERROR=ERROR/NFPOINT

CONTINUE

RETURN
END
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SUBROUTINE FOLIFI(XrYsSIGHAYsHFTSsNTERMSyMODEsArCHISAR)

EXTRACTEDR FROM: BEVINGTON+F., Rer "DATA REDUCTION ARND
ERROR ANALYSIS FOR THE FHYSICAL SCIENCES®",» MCGRAW HILLs1269

SURROUTINE FOLIFIT FURFOSE

MAKE A LEAST-SQUARES FIT TO DATA WITH A4 FOLYNOMIAL CURVE
Y = ACL) + A2XEX + ACIIXXX%X2 + ACAYRXEET + ..

DESCRIFTION OF FARAMETERS
X -ARRAY OF DATA FOINTS FOR INDEFENDENT VARIARLE
Y -ARRAY OF DATA FOINTS FOR DEFENDENT VARIABLE
SIGHMAY - ARRAY OF STANDARD DEVIATIONS FOR Y DATA FOINTS
NFTS -NUMBER OF FAIRS OF DATA FOINTS
NTERMS -NUMBER OF COEFFICIENTS(DEGREE OF FOLYNDMIAL + 1)
MODE -DETERMINANTS METHOD OF WEIGHTING LEAST-SQUARES FIT
+1 (INSTRUMENTAL) WEIGHT(I)=1./SIGHAY(I)*%2
0 (NO WEIGHTING) WEIGHT =1.
-1 (STATISTICAL? WEIGHT(I)» = 1./Y(I)
i ~ ARRAY OF COEFFICIENTS OF POLYNOMIAL
CHISRR - REDUCED CHI SQUARE FOR FIT

SUBROUTINES AND FUNCTIDN SUEBFROGRAMS REQUIRED !

DELTERM (ARRAYNORDER)

EVALUATES THE DETERMINANTE OF A SYMMETRIC TWO-DIMENSIONAL
HATRIX OF NORDER .

DOURLE FRECISION SUMXsSUMYsXTERMsYTERMsARRAYsCHISA
DIMENSION X(20)r Y(20)sy SIGHAY(20)y A(S)
DIMENSION SUMX(20),8UMY(20)5sARRAY(Bs8)

ACCUMULATE WEIGHTING SUMS

NMAX 2ANTERHMS - 1
D0 13 N=1»y NHAX
SUMXIN) = 0.

D0 15 J=1sy NTERMS
SUMY(JI= 0.

CHISAQ =0.

no S0 I=1» WFTS
XI=X(I)

YI= Y(I)

IF (HMODE)Y 32+37+39
IF(YI) 35+37+33
WEIGHT = 1./Y1

GO TO 41

WEIGHT = 1./(-YI)
GO TO 41

WEIGHT = 1.
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75

76
77
80

GO TO 41
WEIGHT = 1. / SIGHAY(I)*#*2
XTERM=WEIGHT

D0 44 N=1sNMAX

SUMX(N) = SUMX(N) + XTERM
ATERM = XTERM % XI

YTERM = WEIGHTH¥YI *

DD 48 N=1, NTERHMS . .
SUMY (N)=SUMY(N) + YTERHM
YTERM = YTERM %XI

CHISR = CHISQ + WEIGHT#YI®&2
CONTINUE

CONSTRUCT MATRICES AND CALCULATE COEFFICIENTS

OO0 5S4 J=1» NTERMS

0 54 K=1y NTERMS
N=J+K-=-1

ARRAY (JsK) = SUMX(N)

DELTA = DETERM (ARRAYsNTERMS)
IF(DELTA) 61557561

CHISQR = 0.

Do 5% J=1s NTERMS

ald)y = 0.

GO TO 80

g 70 L=1s NTERMS

ng &6 J=1, NTERHMS

o 65 K=1,NTERHMS

N = J+RK-1

ARRAY (J s KI=8UMX{N)
ARRAY (Jy L) =8UMY (J)
ACLI)=DETERM(ARRAY y NTERME) /DELTA

CALCULATES CHI SQUARE

g 75 J=15 HNTERHMS

CHISQA = CHISQ - 2.X%A0J7¥SUMY (D)
DD 75 K=1s NTERFS

N=J+K~1 _
CHISQ=CHISQATA{SIXA(KIXSUNX(N)
FREE=NFTS-NTERMS
CHISAR=CHISQ/FREE

RETURN

BND
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FUNCTION DkTERH(ﬁRRﬁYvNORUER)

EXTRACTED FROM: BEVINGTOMsF. R.» "DATA REDUCTION AND

158

ERROR ANALYSIS FOR THE FHYSICAL SCIEINCES®yMCGRAW HILL»1969

FUNCTION DETERM

PURFOSE ' )
CALCULATES THE DETERMINANT DOF A SQUARE MATRIX

USAGE
DET = DETERM(ARRAY sy NORDER)

DESCRIFTION OF FARAMETERS
ARRAY -MATRIX
NORDER -ORDER OF DETERMINANT (IIEGREE OF MATRIX)

SUERDUTINE AND FUNCTION SURFROGRAMS REQUIRED
NONE

COHMENTS .
THIS SUBFROGRAM DESTROYS THE INFUT HATRIX ARRAY

DOUELE FRECISION ARRAY»SAVE '
DIMENSIDN ARRAY(8:8)

DETERM =1.

Do 50 K=1y NORDER

INTERCHANGE COLUMNS IF DIAGNOL ELEMENT IS ZERO

IF(ARRAY(KsK)) 41r21541
0o 23 J=Ky MNORDER
IF(ARRAY(K»J)) 31+23,31
CONTINUE

DETERM = 0.

60 TO &0

DD 34 I=Ks HRODER

EAVE = ARRAY(Is.))

ARRAY (I¢JI=ARRAY (1K)
ARRAY (IyR)=5AVE

DETERM = -DETERHM

SURTRACT ROW K FROM LOWER ROWS TO GET DIAGONAL MATRIX

DETERM = DETERMYXARRAY{(K¢K)

IF(K - NORDER) 43+350s30

Ki=K+1

DO 46 I=Kir» NORDER

D0 46 J=K1sNORIER

ARRAY (I J)=ARRAY (I+J)-ARRAY(IsKIX¥ARRAY (KyJ)/ARRAY {KyK)

CONTINUE
RETURRN
END
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SUBROUTINE VAPPRE(CP2sCF3sFSHMsT)

KKK KKK KK K KKK K KKK K k0K 0k Kok ok koK ok ok ok ok skskok ok ok ok kokokokokok ok kokok gk skokok ok Kok Kk

SURROUTINE VAFPRE
THIS SUEBROUTINE CALCULATES FURE COMPONENT VAFOR-FRESSURES

OF THE SOLVENTS AT THE SYSTEM TEMPERATURE.

SHOK 3K 3K K K 33K KK oK 0K AOK KKK KKK 30K KKK K K O K KKK KK KoK KK OKRR KRR A KK K KK KKKk

DIMENSION CP2(6)sCF3(6)sPSM(3)
FSH(2)=(EXFP(CF2C(1)4CF2(2)/(CP2(3)+T)+CP2(4)%T+
CP2(T)XTXX2.+CP2(6)X¥ALOG(TI)II%R760.
PSM(3)=(EXP(CP3(1)4+CPI(2)/(CP3(3)+TIHCPI(4)%T+
Z CP3(S)%XT*%2.4CP3(6)XALOG(TI»IX760,

RETURN

END

™
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SUBROUTINE.TEMPD(CU27C03rNXDyXDrADT:ADrUU:T)
***********************************#*********#**************#
SUBROUTINE TEMHFD

THIS SURROUTINE CALCULATES THE TEMPERATURE DEPENDENCY OF

THE LIQUID MOLAR UOLUME AND DIELECTRIC CONSTANT.

yirBrivEvEvisieNelo Ny Ry

CALLS SUBROUTINE FITIT FOR CONCENTRATION DIEFPENDENCE
OF DIELECTRIC CONSTANT.

K HOK R KKK KRRk sk Kok ok ok ok sk Kok stokokok ok sk ok skokokokok sekokok sokokokkorokok sk ok ook okjokok ok Kok

o NeNylwlely

DIMENSION CV2(3)sCV3(3)»XD(20)sADNT(2y20)5AD(6)yVO(3),DSXD(20)
V0(2)=CV2(1)+CV2(2)XTH+EV2(3)XTX%2.0
V0(3)=CV3(1)+CV3(222TH+CVI(3IXT%%2.,0
[0 10 I=1,NXD )
DSXD(I)=EXP(2.303%{ADT(1yI)+ADT(2yI)X(T-293,15)))

10 CONTINUE
CALL FITIT(NXDyXDsIOSXDsAD) .
RETURN
END
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SUEROUTINE LSQ2(XTeXsDXrYsMerM1rM3sLsE)

3K KK KK K K oK 3K K ok kK 383K KOk KKK oK K 3 300k K 3K0Kok 0k ok K0k K KK ok 3K K Kok K0k oKk K k0K K KOk Kk Kok ok kX

SUEROUTINE LSQ2
NON-LINEAR REGRESSION SUEROUTINE CALLS SUBROUTINE FN FOR

THE OBJECTIVE FUNCTION.,

AR KKK KKK K O KOKRRROK KRRk Kok ok R kR skok sk sdok kb ok ok ok ok ok R kokokok ok kR kokok kokokkok ok ok X

DIMENSION XT(8)sDX(6)rX(7910)9Y(7)rJU(3)rA(3y3)
IL=0
IH=0
LIC=0
IF(L.LE.O) GO TO 590
IHC=M1+1
EN=M :
EN=EN¥1.5 '
Li=L
L=-~L
L2=(3XH)/2+5 .
K3=2
IF(M.GE.3)K3=3
K4=K3-1
G6=K3%2
6=1.0/6
Do 100 I=1rH
X(Is1)=XT(I)
CALL FN(Y(1)sXTsLIC)
DO 106 J=2sM1
XT(J-1)=XT(J-1)+DX(J-1)
Ng 104 I=1sH4
X(IrJ)=XT(I)
CALL FNC(Y(J)sXT»LIC)
XT(J-1)=X(J-1+1)
CONTINUE
L2C=0
FLG=1.0
GO TO S0
LIC=LIC+1
IF(LIC.GE.L1)G0 TO 400
YL=1.0E38 '
YH=-YL
Y2=YH



1091

109

1101

110

45

111

Y3=YL .

0 110 J=1,kit

IF(Y(D) .LT.YHIGO TO 1091

Y2=YH '

I2=IH

YH=Y ()

IH=J

GO TO 109 ‘
IF(Y(J)LT.Y2)GO TQ 109.

Y2=Y(J)

I2=J

IF(Y(JY.GT.YLIGD T0 1101

Y3=YL

I3=1L

IL=J

YL=Y ()

60 TO 110
IFCY(J>.6T.Y3)GO0 TO 110
Y3=Y(Jd) .

13=0

CONTINUE
L2C=L2C+1
IF(L2C.LT.L2)6G0 TO 111
L2C=0 .
JJ{1)=IL '
JIJ(2)=1I2

JI(I)=1I3
0 60 Ki=14K3

J1=JJ (K1)
g 60 K2=K1:K3
J2=JdJL{K2)
5=0.0
0 S5 I=1vH
S=8+ (X (IsJ1)-X(IyIHY IR (X(TIyJR27-X(IsIH))
A(K1sK2)=8 )

D=AC1y1)%XA(2+2)-AC1Ly2)%%2

GO TO (&82+61)sK4

D1=AC1sy1)XA(2,32-AC1»2)%A(1,3)
IF(A(1+1).,EQ.0,0)ACLy1)=1.,0E-5
D=((A(1s1)XAC(Is3)-ACL1y3)RE2)RD-01%XD1)/C(A(1,y1)%9.0)
IF(D.EQ.0.0)G0 TO 65

IFCDWLE.Q.0)D=ARS (D)

D=(0/4,0)%%G

IF(n.LT.EX>GO TO 45
FLG=1.0

GO TO 111

IF(FLG.LT.0.0)G0 TO 400
FLG=-1.0 ~

D0 115 I=1st

XT(I1)=0.0

162
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140
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167

168
173
174

175

180
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DO 112 J=1sM1
IFCI NESJIHIXTC(I)=XTCII X (T )
CONTINUE

ATCIY=C3, OXXTCII4XCI»I2)-X(IsIL))/EN-XCIyIH)

CALL FN(YTsXTsLIC)
IF(YT.GE.Y2)G0 TO 167
IHC=F1+1 p
IF(YT.GE.YL)GO TO 140
YTT=YT
D0 135 I=1,H

XTCI) =1, SUT(I)-0 SHX (I IH)
CALL FNCYTyXTsLIC)
IF(YT.LE.YL)GO TO 140
D0 138 I=1sM

K(IyIH)=(2, 0%XTC(I)+X(I+IH)I/3.0
Y(IH)=YTT
GO TO 108

D0 142 I=1sM

X(IsIH)=XT(I)
Y(IHY=YT
GO TO 108

IHC=IHC~-1
IF(IHC.ER.0YGD TO 300 .
IF(YT.GE.YH)GO TO 173

00 168 I=1sHM
XG=XT(I)
XT(I)=X(IsIH) :
XK(IyIH)=XS

DO 174 I=1,H
XTCI)=0,75%X(IyIH)+0.25%XXT(I)
CALL FN(YTsyXTsLIC)
IF(YT.GT.YH)GO TO 180
Y(IHY=YT
00 175 I=1sHM
X(IsIHY=XT(I)
GO TO 108
Do 185 J=1s41
IF(J.EQ.IL)GO TO 185
00 182 I=1,H4
XTCII)=(XC(Iy ) 4XCIyIL))I/2.0
X(IyJ)=XT(I)
CALL FNC(YC(D) s XTsLIC)
CONTINUE '
GO 10 108
IHC=2%H1
IF(M.GE.3)GO TO 350
S=0.,0
00 302 I=1,H4 .
XCIsM+2)=X(IsIH)-X(I,IL)
XCIsM43)=X(IsIH)-X(Is1I3)
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305
306
307

309

397

3460

362

365

S=84X(IyM+2) %42

S=8QRT (S}
IF(S.EQ,0,0)8=1.0E-5
U==-X{2sM+2)/8
X(2/M+2)=X(1,441+2)/8
X(C1sM+23=U
S=X(1sM+2IKX (L MEII XN (22 HF2I XX 2y M+3)
0 305 I=1sH4 .
X(IoM+2)=X(Is1H+2)%8

N0 307 I=1y¥
XTCII=X(IsIH)+X(Isii4+2)
CALL FNC(YT«XTsLIC)

Do 309 I=1sHM ’
XTCI)=X(IsIH)-X(Isii+2)
CALL FMN(YTTy+XTsLIC)
IFCYTTL.LE.YT)GO TO 320
DO 311 I=1sHM
XT(I)=X(IsIH)+X(Iyii+2)
YTT=YT

Y(IH)=YTT

Do 321 I=1sM
X(IsIHY=XT(I)

GO TD 108

Do 352 I=1sM
XT(IL)=X(IsIH)-X(IsIL)
X(I:M+2)=X(IsyIH)-X(I-1I2)
XC(IsM+3)=X(IsIH)~-X(I513)
5=0.0

51=0.0

0 335 I=1+M
S=G+XT(I)%%k2 :
S1=S1+X(IsiM+3)%%2

S=8RRT (S)

S1=8QRT(S1)

52=0.0

L0 357 I=1s+M
IF(S.EQ.0.,0)8=1.0E-5
XT(I)=XT(I)/S
SR=82+XT(I)AX{I»ii+2)
IF(51.EQ.0.,0:51=1.0E~-T
X(IsMit+3)=X(I:M+3)/51

Do 360 I=1+M
XCIsM+2)=X(IyM+2)~-XT(II%S2
51=0.,0

D0 362 I=1sM
S1=814+X(TsM+2I%%2
S1=5QRT(<S1)

00 365 I=1,M
IF(S1.EQ.0.,0)81=1,0E-5
XCIvH+2)=X(I,H+23/51

164
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§1=0,0

§2=0.0

[0 3467 I=1sH
§1=S1+XT(I)#X(IsM+3)
S2=824X (I sM+2) XX (IsH4+3)
00 370 I=1sH .
Y(IsM+2) =5 (S1EXT(I)+S2%X (I yH+2)-X(IsM+3))
GO TO 306

S=Y (1)

Y(1)=Y(IL)

Y(IL)=§

[0 402 I=1sM
XT(II=X(IyIL)
X(IyIL)=X(Is1)
X(Is1)=XTCI)
WRITE(6y772) LIC
FORMAT( /=’y LIC="715)
RETURN

END
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SUBROUTINE FN(YYyXTsLIC)
b3S 2222220002202 2202023830022 02300 22223003 038232003203200¢%22"

SUEROUTINE FN

KKK KK KKK KK HOKR KKK KKK KKK KKK KKK KKK KKK KKK K KK K KK KKK kKoo Kok KK K
THIS SURBROUTINE IS CALLED BY SUBROUTINE LSQ2. THIS
SUBROUTINE ESTABLISHES THE OBJECTIVE FUNCTION BY CALLING
SUEROUTINE MINFUN,

KoK ok sk ok K ok sk sk ook ok oK ok K R K ok ok KOk sk KOk sk ok ok ok skok o ok ok ok sk ok ok koK Kk ok ok sk ko ok ok Kok skokk

GCAL(J»I) - CALCULATED ACTIVITY COEFFICIENT

GADD(JrI) - LN OF THE SALTING OUT CONTRIBUTION TO THE
ACTVITY COEFFICIENT.

GEL(J»I) - LN OF DEBYE HUCKEL CONTRIBUTION AND THE

ADDITIONAL TERMS FOR THE COULOMBIC INTERACTION
TO THE ACTVITY COEFFICIENT. )

GNRT(Js 1) - LN OF THE NRTL CONTRIBUTION TO THE ACTVITY
COEFFICIENT.

PTC(I) - CALCULATED TOTAL FRESSURE OF THE SYSTEMH

YCAL(J 1) - CALCULATED VAPOR PHASE COMFOSITION. -

% Ok sk K ok ok Kk okok ok ko ok ok oKk ok KoK ks ok ok kkok kR KOk R KR KR Kok kR Rk kKR KKk Rk kK

COMMON XMOLC(22)9X(3292)9XF(3r99)+sGG(3sPP)rP(PP)sYV(I»P9)sGNRT(
3199)rGEL(32992)2GCLAL(3299) s AMUW(3) yERROR(3y99) yGDH(3+99)
s GFHY(3999)»T(99) s BMM(99) yGADD(3y99) 1 YCAL(3+29) yADD(6)
'PTC(29)

COMMON NPy INDFsFNFsFNMsFZPsFZNsyFRKrALFAYDG23sDG32y
GFN2yGPN3»ZP2yZP3sKPsMsNRINsyNPIONs NNIONsDELTA -
COMMON NDENsNNRTLsALFA2yALFR2yALFA3yALFRI»DGA2yDGE2y
DGA3yIGB3 » NEROM s NREGYNTYFE s NMIN

COMMON EO12,F112,B0O13sB113sCP2(6)sCP3(6)sCV2(3)CV3(3) >
B123yART(2¢20) yNXD,XD(20)

DIMENSION XT(8)r»PSH(3)

IF(NREG.LE.1)GD TO 1070

G0 TO (1040+1050,1060,1080,1085)yNBIN

60 TOC102,20) yNNRTL

DGA2=XT(1)

DGR2=XT(2)

GO 70 1070

IF(XT(1)LT+0.0)XT(1)=0.0



1050
30

40

10460

1680

1085

30

60

1070

3100

2010
32C0

NN

I.N

NN

B

N 167

GFN2=XT(1)

ZF2=XT(2)

60 70 1070

GO TO(30s40) s NNRTL

NG6A3=XT(1)

DGE3I=XT(2)

GO TO 1070

IF(XTC1)LT.0, O)XT(“) 0 0

GFN3=XT(1)

ZF3=XT(2)

GO TO 1070

NELTA=XT(2)

BE123=XT(1)

GO TO 1070

NG23=XT(1)

0G32=XT(2)

GO TO0 1070

GO TO (90y460)sNNRTL

DGA2=XT(1)

NGER2=XT(2)

nGAa3I=XT(3)

LGER3=XT(4) ;
GO 70 1070 .
IF(XTC(1) LT 0.0)XT(1)=0.0
IF(XTC(3)Y LT 0,0)XT(3)=0.0

GFN2=XT(1)

ZFN2=XT(2)

GFN3=XT(3)

ZFN3I=XT(4)

IF(KF.6T.1) GO T0 3100

CALL NRTL1I(XsT»GNRTsFKsyFHFsNFsALFASsDNIG2306G32)

CALL BROML(XMOLyXFsAMWsFNFsFNMyFRKYFZFsFZN» T2 GELY
NPyB123sGDHyGFHY yEMM sy ADDy NOENYCV2sCVUIyNXDy XDyADTBO12,EB112
sED1L3,R113) .
CALL ANITON(XFsTrAMW e XMOLsFKyFZFyFZNyFNFyFNMsGADD Yy
DELTAsNFIONsNNIONyNFyADDyNOENYCVU2:CVIsNXDy XDsADT y
EO12sR112+sB013sE113)

60 TO 3200

CALL NRTL2(X»TrGNRTsyFRyFNFyiNFsGPN2yGFNIyZF2¢ZF3rALFAY G223y
D32y FRMsNNRTLYALFA2 ALFB2yALFA3-ALFEIyNGAZyDGR2y
nGAZYyDGR3)

CALL DEBHUC(XMOL s XFsXsFRsFNFsFNMyFZFsFZNsGEL » Al
Ty NFvGDHyGFHY,QDDyNDEN!CUZ!CUS?NYD!XD:QDT)

ng 8010 IJd=1sNP

GaDbD(1:,1J)=0.0

GADNC2,IJ0=0,0

GADN(3+1J4)=0.0,

CONTINUE

"Y5=0.0

g 4000 I=1sNP
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IF(AF(2,1).EQ.0.0)60 TO 1000

IF(XF(3yI),EQ,0.,0)G0 TO 1010

GO TO 1020

GNRT(291)=0.0

GEL(2y1)=0.0

GALDDI(2y1)=0.,0

GADD(15I)=0.0 :

GO TD 1020 : v

GHRT(3+1)=0.0

GEL(3sI)=0.,0

GADD(ZyI)=0.0

GADD(1sI)=0.,0

AMS = XF(2yI)XAMWC2IHXF (32 1) XAMWC(I)

CaLt VAFFRE(CF2yCF3sFSM,T(I))
GCAL(1sI)=EXF(GNRT(1,I)+GEL(1yI)+GADN(L1sI)-ALOG(O.001XFRKXAMSH
XHMOL(I>+1.0))
GCAL(2yI)=EXF(GNRT(2,I)4+GEL(2,1I)+6GADD(2yI))
GCAL(3sI)=EXF(GNRT(3yI)+GEL(3yI)F+GADD(3+I))
FTC(IN)=X(2yI)XGCAL(2yIIXFESM{(2)+X (I IIXGCAL(I» I)XFSN(3)
YCAL(25I)=X(2yI)XGCAL(2yI)AFSM(2)/FTC(I)

YCALC3 s I)=X(ZyI)RGCAL(3 s I)EZFSM(3)/FTC(I)
ERRORC1sI)=(GG(1,I)-GCAL(1,I))/66(1,1)%100,
ERROR(2yI)=(GG(2+yI)-GCAL(2yI))/GG(2+1)%100. ~
ERROR(3»I)=(GG(3sI)-GCAL(3+I))/6G(3s13%100, !
IF(XMOLC(I)L.EQ.0.0)ERROR(1yI)=0.0
IF(X(2+1I).EQR.0.0)ERROR(2y1I2=0.0 .
IF(X¢(3:1I).EQR.0.0JERROR(3+I)=0.0 .
IF(GG(1+1).EQ.1.0)ERROR(1yI)=0.0
IF(GG(2+I).,EQ.1.0ERROR(2+1I)=0.0
IF(GG6(3+1).EQ.1.0)ERROR(3+I)=0.0
DIF1=ABS(ERROR(1,I)/1080.)
DIF2=ARS(ERROR(2,I)/100.)
DIF3=ABS(ERROR(3»1)/100.)
DIFA=ABS{(YCAL(3yI)~YV(3,1))
DIFS=ABS((FTC(I)-F(I))/F(I))

IF(NMINJGT.3)GO TO 2000

60 TO 2010

IF(X(2+s1).,EQ.0.0)G0 TO 2020

IF(XA(3»1).ER.0.0)G0 TO 2030
DIF3=ABS((F(I)-FTC(I))/(FEM(3)-F(I)))

IF(FCI)JEQ. 1g0)DIF3 0.0

GO TO 2010

DIF2=ABS((P(I)- PTC(I))/(FSh(7) FCI)))
IF(P(I).ER.+1.0)DIF2=0.0

CALL MINFUN(NTYFEyNMINDIF1 DIF2sDIF3sDIFAyDIFSyYrX(29I)y
X(3s1))

YE=YS+Y

CONTINUE

YY=YS

IF(LIC/20%20.NE.LICYGO TO 301

’



303
301

WRITE(S5y302)LIC

FORMAT(10Xy’ TRIAL ¥ USED = ‘914)

WRITE(Er303)YYy (XT(I}rI=1y M) -
FORNATC(///+S5Xs’ YY= “2F18.790Xs " XT VALUES ‘v6F15.6)
RETURN

END

169
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SUBROUTINE FIEN(ALFHAsAsE)

OO0 00n

aO00

3KOK KK OK KOK FOK KK HOKR K KKK KKK K kKK ok 0k K0k ok Kok K ok ok Kok ok Kok ok sk Sokokkok k ok kkok k
SUBROUTINE FIBN
THIS SUBROUTINE USES THE FIRONACCI METHOD TO FIND THE
MINIMUM VALUE OF A NON LINEAR FUCTION.
Aok kR Ok K Kok ok ook 3k 3K % sk g ok 30K ok kK ok ok ook ok ok ok KK K K ok SORROKCR K KOR KoKk Rk kR Ok ROk oKk
DINMENSION FIR(SO)
SUBROUTINE FOR FIEBONACCI PROCEDURE
DEL=B~A
WRITE(6,001)
001 FORMAT(///710Xy35HFIBONACCI SINGLE-VARIABLE FROCEDURE )
c
c DEFINE THE FIRST THREE FIEONACCI NUMEBERS
C 1
FIBO=1.0
FIR(1)=1.0
FIB(2)=2,0
c s
€ CALEULATE THE REMAINING FIBONACCI NUMERERS
C
5 EB=1.0/ALFHA
IF(BE~2.)10+10s11
10 GO TO 14
11 CONTINUE

JJ=2

12 JI=JdJ+1

FIB(JI)=FIBR(JI-1I+FIR(JII-2)

CC=FIBC(JII)

- IF(CC-BE)Y13s15+105

13 GO TO 12
14 WRITE(65002)
002 FORMAT(///v10Xs " ACCURACY SPECIFIED IN FUNC NOT SUFFICIENT.’»

Z //210Xy’ FROGRAM RESET ALFHAsALFHA=0.01")

ALFHA=0.01

GO TD S
c
c FIRST STEP IN THE TABLEAU
15 I=0 '

KRK=JdJ-2

IK=dJ-2

BL=E-A



(
( 003
C, - 004
.~ 006
c
( C
c
.
( 20
¢
C
C
28
' 29
(
22
C
C
C
{ 30
31

N

ALL=FIB(INISEBL/FIECID)
W=A+ALL

U=B-ALL

CALL FUNC(UWsT)

CALL FUNC(V,U)

JK=1

WRITEC(S6003)

171

FDRMﬁT(//rin1HK75X12HLNv12Xy2HAKvi3X72HBNy12X13HLLK!9X!1HX1

78Xy 1HY)
WRITE (46r004)JKeELrAsBrALL YW, T

FORMAT(/sI3:6G11.4)
FORMAT(41XsE12.4,2XyE12.4)

SUCCEEDING STEFS IN THE TAEBLEAU

IK=IK-1

JJ=JdJ-1

0 70 I=1:KK
IF(U-T)Y20520,22
A=A+aLL

EL=H-4

W=V

CALL FUMC(WsT)
ALL=FIBCIK)XEL/FIRBCIS)
U=E-ALL

CALL FURNC(VUD

II=1I+41

IK=IK-1

Jd=dJ-1
IF(IK-1)28:292+29

IK=1

CONTINUE
WRITE(S670Q004)1II+BLsAsByALLsWsT
URITE(670056)0VsU

GO T0 70

B=p-ALL

BlL=FR-A

V=4

CaLlL FUNC{VsU)
ALL=FIB(IK)XEBL/FIBC(JI)
W=a+alLL

CaLl FUNC(W,T)

II=1I+1

IK=IK-1

JJ=JdJ-1
IFCIK-1)30+s31,31

IK=1

CONTINUE . ‘
WRITE(S5+004)IIsRBLyAsByALLsVrU
WRITE(&sOQ&I U T
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GO TO 70
CONTINUE

CALCULATION OF THE FIMNAL RANGE OF THE DEFENENT VARIARBRLE

EFS=0.001%W

DL=W+EFS

CaLL FURCCDLsYL)D

IF(YL-T)80+80s81

CALL FUNC (BsEF)

WRITE(S6s0072UWe R

FORMAT(///+25HTHE FIMNAL FEASIBLE REGION +2Xy2HX=rE15.4y2Xs2HX=>
Z E15.4)

WRITE(6s008)TsBF

FORMAT(/ y20HWITH FUNCTION VALUESs7Xs2HY=yE10.4y2Xy2HY=yE10.4)
G0 TO 87

CALL FUNCC(AsAF)

WRITE(6009)UWsA

FORMAT(/// s 25HTHE FINAL FEASIEBLE REGIONs2Xs2HX=sE13.4y2Xy2HX=,
Z E1S.4)

WRITEC6:017)TsAF

FORMAT(/ y 20HWITH FUNCTION VALUESy7Xy2HY=yE10.492Xy2HY=yE10.4.
ACC=(W-A Y/(DEL) ‘
WRITE(4,018)ACC )

FORMATC(/ y 1SHTHE ACCURACY IS»12XyE10.4)
WRITE(6:0192)ALFHA

FORMAT(/ y 'THE REQUIRED ACCURACY WAS ='yE10.4) .
RETURN
END
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SURROUTINE FUNC(XT»sYY)

KKK KK K KK K KK K OKOK K KOk 0K K KOk 0k 3k ok ok ok ok sk ok sk ok sk ok ok sokokok sokok ok Kok Kok Kok kokk ok ok

SURROUTINE FUNC
3K KoK oK 3K 3K K K KKK K 3K OK 3K 3K 3K 3K ok Kk KK KoK K 3K 3K ok K 3K KK KKK K KKK KK KKKk A Kok K

THIS SUBROUTINE ESTABLISHES THE OBJECTIVE FUNCTION

SIMILAR TO SUBROUTINE FN. THIS IS CALLED BY
SUEROUTINE FIBN. ALL SYMEBOLS ARE SAME AS IN

SUBROUTINE FN.
33K 3K OK oK 2K 3K 3K 3K oK 0OK oK KOK K KK 3K K K oK oK K KoK 0K K0k Kok B0k sk ok 0k 0k K0k 0K ok K Kok ok ok ko ok Kk okok ke k

COMMON XMDL(92) ¢ X(3192)9XF(39292)rGG(I129)sFP{(P9)rYVU(3r99)+sGNRT(
3199)rGEL(3,99)yGCAL(3299)yAMW(I) yERROR(3y99) yGDH(3+99)
yGFHY(3992) 2 T(292) s BHM(99) +yGADD(I»29) y YCAL(3599)r ADD (&)
yPTC(29)

COMMON NFyINDFsyFNPsFNMsFZPFZNIFRyALFAYDG23+yDNG32y
GPN2yGPN3sZPN2s ZPN3yKPs My NEINsNPIONNNIONDELTA

COMMON NDENsNNRTIL.»ALFA2yALFB2,ALFA3yALFB3sDGA2sDGR2y
DGA3 s DGB3 s NEROMsNREGYNTYPE»NINMN

COMMON EBO12sB112,E013yB113yCP2(8)yCP3(46)2CV2(3)sCVI(3)
E123yADT(2y20) s NXDy XD(20)

DIMENSION PSH(3)

GO 7O (1040,1050+10460) +NBIN

RO12=XT

DELTA=0.0

Bi12=0.0

BE123=0,0

GO0 TO 1070

B013=XT

IELTA=0.,0

B112=0,0

B123=0.0

GO TO 1070

GO TOC10,20) yNEBROM

B123=XT

GO TO 1070

DELTA=XT

IF(KP.GT.1) GO'TO 3100

CALL NRTL1(XsTsGNRT+sFKyFNPsNPyALFA»DG23+DG32)

CALL EBROML(XMOL » XFsAMWIFNPyFNMsFKsFZFPsFZNyT»GEL»
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NFyB123,0D0HsGFHY y BNMsADD y NDENSCVU2sCU3yNXDy XDy ADTyRO12,R112
yBO13sB113) '

COLL ADITON(XFyTrAMWy XMOLsFKesFZPyFZNyFNFyFNMsGADD)
DELTAsNFIONsNNIONsNFsADDsNIENsCVU2sCUZ s NXDs XDy ADTy
ED12yE112,H013,E113)

GO TO 3200 , :
CaALL NRTL2(XsTyGMRTyFRyFNFsNFsGFN2yGPNIrZFN2» ZFN3YyALFAYIG23y

DG32yFNMyNNRTLYALFA2,ALFR2yALFA3yALFRZyIGA2» IGE2yIGA3rDGE3)
CALL DEBRHUC(XMOL s XFyXrFRKyFNFsFNMsFZFsFZNsGEL yAMUWy
TyNFsGDHs GPHY y ADD s NIENsCU2y CUIy NXDs XDy ADT)

0 8010 IJ=1sHNFP

GADDC(1yIJr=0.0

GADD(2,IJ)=0.0

GADD(3sIJ)=0.0

CONTINUE

Y5=0.0

D0 4000 I=1sNP

IF(XF(2,I).EQ.0.,0)G0 TO 1000

IF(XF(3,I),EQ.,0,0)G0 TO 1010

GO 70 1020

GNRT(29I5=0.0

GEL(2+sI)=0.0 .
GNRT(1-I)5=0.0 '
GADDC(2,1)=0,0

GADD(1+I)=0.0

GO 70 1020 .
GNRT(3+1)=0.0

GEL(3,I)=0.0

GNRT(15s1I)=0.0

GADD(3+1)>=0.0

GADD(191I)=0.0

AMS = XF(2yI)XAHMW(2)+XF (3 I)XAMW(I)

GLALC1 s I)=EXF(GNRT(1sI)+GEL(1,I)+GADDC1yI)-ALDG(O,001%kFRAAMEX
XMOLCI)+1.0)) o .
GCAL(2,I)=EXF(GNRT(2yI)+GEL(2yI)+GADD(2,1))
GCAL(3yI)=EXF(GNRT(ZsI)+GEL(3+I)+GADD(3+1))

CALL VAFPFRE(CF2sCF3-,FSHsT(I)) .
FTC(I)=X(2,I)XFSH(2I¥GCAL(2syI)+X(3yIYKFESM(3)XGCAL(3I)
TCAL(2yI)=X(2yI)AFPSM(2)XGCAL(2yI)/PTC(I)
YCAL(3»I)=X(3yI)XPESM(IIXGCAL(3»I)/FTC(T)
ERROR(1yI)=(66(1sI)-GCAL(1,I))/GRC(151)%100.
ERROR(2yI2=(G6(2y1)-GCAL(2y1))/GG(2,1)%100.,
ERROR(Zy I =(GG(3sI)-GCAL(3+»I))/GG(3+I)%100.
TF(XMDL(I).,EQ.0.0)ERROR(1yI)=0.0
IF(X(2yI).EQ.0.0)ERROR(251)=0.0
IF(X(3+I2.EQ+O0+O0OIERROR(39I)=0.0
IF(66(1+I).EQ+1.0)ERROR(1:-T2=0.0
IF(GG(2sI),EQ.1,"*ERROR(2+1)=0.0
IF(GG(3,»I) "0, 1.,0)ERROR(3+1)=0.,0
nTE1=ABS(ERROR(1+1I)/100.)
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HIF2=ARS(ERROR(25I)/100.)
DIF3=ARS(ERROR(3+1I)/100.)
DIFA=ARS(YCAL(3yI)~-YV(3,1I))
DIFS=ABS((FTC(IY=-F(I))/" "1I))
IF(NMIN.GT.3)G0 TN ~""0
GO TO 2010

2000 IF(X(2yI),EQ.0.,0)G60 TN ~""0
IF¢(X(3+yI).EQ.0.0)G0 TO 20"

2020 DIF3=ABS((FP(IX=FTC(I)Y/(FSH(™" =(I)))
IF(F(I).EQ.1.0)DIF3=0.0
GO TO 20190

2030 DIF2=ARS((F(I)=-FTC(IX)/(PSH(2)~-F(I)))
IF(F(I).EQ.1.0)DIF2=0.0

2010 CALL MINFUN(NTYFEsNMINsDIF1sDIF2yDIF3sDIF4sDIFSsY -V "2¢1)

Z e X(3:1I))

YS=YS+Y

Aqaon CONTINUE
YY=YS
FfF‘THC-M

ENT
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SUEROUTINE NRTL1(XrTyGNRTsFKsFNPsNPyALFAYDIG23yD632)

KKK 3ok oK KKk koK KoKk ok ok ok Kok 3k ok ok ok sk ok sk sk sk okok ok sk dk sk ok sk ok ok kokok Kok Kok skakok ok ok ok ok

SUBROUTINE NRTL1
THIS SUEBROUTINE CALCULATES SOLVENT-SOLVENT INTERACTION

FOR A TERNARY MIXTURE IN HMODEL # 2.

okokokoko koK ok sk ROR K KOK sk Kok KK KoK ok ok Kok sk kokoR ok R kK sk ok sk kR sk KKk kR R R ROR K KOk Rk X X

DIMENSION XA(29)sX(3729)sGNRT(3+29)2T(929)
R=1,987
DO 4001 I=1s+NP
G32=EXP(-ALFAXDG32/R/T(1))
Z232=DG32%G32
G23=EXP(-ALFAXDG23/R/T(I1))
223=DNG23%G23
XA(I)=FNF¥X(1s1I)
FNT1=(FK¥XACI)/FNP+X(2sI)+X(3»I)%XG32) %X%2.,
FNT2=(FRKXXAC(I)/FNP+X(3sI)+X(25yI)%G23)%X%2.,
FNT3=X(2yIX)1X(3:10X%G32
FNTA=X(3sI)+X(25I) %623
GNRT(19I)=(-Z32/FNT1-Z23/FNT24+Z32/(FNT3%%2.)+Z23/(FNT4%X2.,3)%
X(2yI)%¥X(3+I)/R/T(I)
AT2=XAC(IIXX(3Is IIXFRKX(Z32/FNT1+Z23/FNT2+Z32/ (FNT3%%2.)+
Z23/(FNTAX%X2.) )/ (FNFXRXT(I))
ATI=XAC(IIXkX(2yI)XFKX(Z32/FNT1+Z23/FNT2+Z32/ (FNT3%%2,.)+Z23
/(FNTA%X%2,))/(FNFX¥R%T(I))
BT3=X(2sI)%X%2,%(Z32/FNT14+Z23%G23/FNT2)/(RXT(I))
BT2=X(3yI)X%2,X(G32XZ32/FNT1+Z23/FNT2)/(RXT(I))
CT2=—-2 , XFRKXX(27I)XX(3sI)XXACIIXR(ZI2/(FNT3%%3.:.)+623%Z23
/CFNT4%%3.) )/ (FNFPXRXT(I))
CT3=-2 . AFKXX(2sI)XX(3sIIXACIIR(Z32XG32/(FNT3I%%x3.)+
Z23/(FNTA%%3.) )/ (FNPXRXT(I))
GNRT(2,1I)=AT2+BT2+CT2
GNRT(371)=AT3+BT34+CT3
CONTINUE
RETURN
END
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SUBROUTINE BROML(XMOLsXFrAMWIFNPyFNMyFRKyFZPyFZNsTyGBMy
Z NPyB123+sGDHyGFHY sBMsADDsNDEN>CV2,CV3yNXDs XDrADT»EO12y
Z Bi12,E013+B113) )

Ak 50K K oK KKk ok sk sk ok ok ok ok kok ok sk sotokok sk okokcsk sk kotok sk okokok kokok ok ok ok Kok kR Kok ok
SUEROUTINE EROML

THIS SUBROUTINE CALCULATES ION-ION INTERACTION &
ION-SOLVENT INTERACTION ACCORDING TO THE BROMLEY

EQUATION, IN MODEL # 2.
KRR R AOK IO KRR KR OK KRR K Kk KK kKR K kokoK Kok R oKk bk ok koK ok R Kok ok ok

GDH(J» I) - CONTRIBUTION OF THE DEBYE-~HUCKEL TERM

GPHY(J» 1) - CONTRIBUTION OF THE B TERMS IN THE EQUATION
(i.e. ION-SOLNENT INTERACTION )

GBM(J»I) -~ COMBINATION OF THE AROVE TWO TERMS

THIS SUBTOUTINE CALLS SUBROUTINES FUNCT & FUNCB.

3KOK KK K KKK K K K K KK 3K KKK KK K KKK KK K K KKK KK KK KKK KKK KKK KKK KKK KKk kX

DIMENSION XMOL(92)sXF(3+22)rANU(I) »T(99)
DIMENSION SIG(99)sSAI(29)ySIG1(99)ySAILI(99)GBM(3199)y
AI(99)sF2(99)F3(22)9sBM(F9)yV0(3)rAD(6)
yGDH(3,929) »GPHY(3+99)

DIMENSION ADD(4)sCVU2(3)»CVU3(3)+XD(20)yADT(2,20)
ROU=1.0

D0 4001 I=1,sNP :
IF(XMOLCI).EQ.0.0)G0 TO 2010
R12=RO12¥%ALOG((T(I)-243.)/T(I))+R112/T(1)
B13=BO13XALOG((T(I)-243.)/T(I))+R113/T(1)
CALL TEMPD(CV2yCVU3syNXDsXDyADTyADVO»T(I))
AA=1.S/7(FZPXFZN)
AI(I)=(FNPXFZFXX2 +FNMXFZNX X2, ) XXHOL(I) /2.
XT1=1,.,+ROUXAI(I)%XX0.5

XT2=AAXAI(I)

XT3=1.+XT2

XT4=1.4+2.%XT2

AMS=XF (2 I)XAMUW(2I+XF (I 1) XAMUW(3)
TNS=1000./ANMS

XTS=(ROWXKAI(I)X%X0e SI%k%k3.
XT6=0.001%FKXXMOL(I)

XT7=XTo6*¥ANS+1.

NN
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IF(XF(2,I%.EQR.0.0)G0 TO 1000
IF(XF(3y1).EQ.0,0)60 TO 1010

CALL FUNCT(XF(2y1)sXF(3rI)rTCI)rTNSsF2(I)rF3(I)y
ADEsFD2yFIZ ANy DSy ADT» VO s NDEN s AMW)

CALL FUNCEB(XF(2sI)sXF(3,I)sEB12yR13+EM(I)

yFED2sFE3, TNSyE1239AICI) rFHFyFNMyFZEsFZNyAHSy AMW(2) y AMW (3)
yFE1sXMOL(I))

0 TO 1020

EH(I)=H13

n30= ﬁh(l)+nD(“)#XF(3vI)+Hh(3)*XF(3rI)P*2.+GD(4)*XF(371)**3.
+ADCEYRXF (3, ID)X%4 . +AD (L) XXF (35 1) %%5,

DO3=AKW(3)/V0(3)

ADE3=1,8246%10 4% (6. 0) ¥ (DOIHKO0.5) K ((IBZOKTCI)Ik*(~-1.5))
FE1=0.,0

FE2=0,0

FE3=0.0

F2(I1)=0.,0 \

F3(I1)=0.0

FD2=0,0

FOZ=0.,0

ALOE=ADES

GO TO 1020

EM(I)=ER12

I20=AD(1)+AD(2) ¥XF(3sI)+AD(3)KXF (312 %42, 0+AD(4) ¥ XF (35 1) kX3,
TADCEIRXF (3o I Xt +ADCEI ¥ XF (35 I ) XRS5, -
D02=AMW(2)/V0(2)
ADE2=1,8246K10, %% (6, 0)K(DO2%E%0, 5 % ( (DIOXT(I) IXK(-1.5))
FE1=0,0 A )
FE2=0,0

FE3=0.0

F2(I)=0.0

F3(I1)=0.0

FI'2=0.0

FO3=0.,0

ADE=ADED

SIG(IN=3,K(XT1-1.,/XT1-2.%ALOG(XT1))/XTS

CSAI(IN=2,. % (-ALOG(XTI) /XT24+XTA/ (XT3%X2,))HI/XT2

SIGL(I)=2 % (XTi%k%2,/2, -2, ¥XT1+ALOG(XT1)+1.5) /XTS5
SAT1(I)=0.6%2.,0%FZFXFZN¥ (ALDG(XT3)/XT2-1,/XT3)/XT241.0
YET1=XT6%X2,303KADEXSIG(I)XAT(IIX%(0.5) /3 X (FZFAFZN)
YET2=2,303%FZFKFZNXXTE% (0. 0640, 6XEM(I))IXSAI(IIRAI(I) /2,
YET3=2,303%XToXEH(IYXAI(I) /2,
YET4=2,303%XTEX TNSKAMSKEIGL (1) KAT (I X% (0, 5)K(FZFAFZN)
YBTS5=FE3

YET7=FE2

YET6=2,303%XTEXANSKTNSKAI(I) /2.0

FT1=-YET2-YBT3

FTS=XTéXAMNS

FT6=ALOG(XT7)

FT7=FT6~FTS
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GIH(1sI)==-2 , Z03ANDREAFZFAFZINAAIC(II L0, 3/XT1

GIH(2s I)=YRT1XAMW(2)-YBTAXF2(1I) '
GIH(IyI)=YRTIXAMW(3)~YBTA%XF3 (1)

GPHY(12I)=((0.06+ 0 .&EFBM(INIXAI(I)/ (XT3XX2,)
KFZPHFZN+EM (I XAIC(I) I %2.303+2,3034XMOL (I XATI(I)XTNSHAMEXSATL(I)
¥FB1/72.0/1000.0

GFHY (2 1) =FTIX¥ANW(27+YRT7XYRTEXSATL(I)

GFHY (3 s 1) =FTiXaNW(3ItYRTORYRTEXEATI(I)
GEM(1»I)=GDH{1sI)+GFHRY (1 I)+ALOG(XT7)
GEM(2,I)=GDH(2yI)+GFHY(2yI1)+FT7

GEM(3 s I)=GDH(3sI)+tGFHY(3+I)+FT7

GO TO 4001

GEM(1yI)=0.0

GEM(2y1I)=0,0

GEM(3»12=0,0

GDH(1+15=0.0

GOH(25I)=0.0

GDH(3+13=0.0

GFHY(1+1I)=0.0

GFHY(2+1)=0.0

GFHY{(3+I)=0.0

CONTINUE

RETURN ‘
END '
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SUEROUTINE ADITON(XFsTrAMWsXMOLYFKsFZPyFZN»FNPyFNMy

KK KO KK 3K 3K K 3Kk oK ok oK ok sk ok 3Kk ok ok ok ok Kok ok ok oK ok ok K ok KK K K K KK 3K K KKK K A kKoK ok ks ok ok ok

SUERDUTINE ADITON
THIS SUBROUTINE CALCULATES THE SALTING OUT CONTRIBUTION IN A

A TERNARY MIXTURE IN MODEL # 2. DELTA IS THE SALTING OUT

PARAMETER.
KoKk ok Kk koo ok ok RoR KRk ko kokokkokok sk sokskokok ok kokok okl kKR Rk Rk kKRR KRR Kk k¥

7 GADDyDELTAsNPIONsNNIONsNPsADDsNDENsCV2yCV3I/NXDsXDyADTBO12

Z +B112,B013sR113)
DIMENSION XMOL(2%9)rXF(37929)¢T(29)yANW(3)»AD(S)yGADD(3,99)
DIMENSION RP(&) sRN(6)VOC(3)yADT(2,20),CV2(3)yCVI(3)rADD(6)

DIMENSION XD(20)

RP(1) = H IODN '

RP(2) = LI ION

RP(3) = NA ION

RFP¢(4) = CA ION

RN(1) = ER ION ¢
RN(2) = CL ION

RF(1)=2,08%10.%%(-8.0)
RP(2)=0.60%10.,%%X(-8.0)
RP(3)=0.95%10.%%(-8,0)
RP{4)=0.929%10.%X%(-8.0)
RN(1)=1.95%10.%%(-8,0)
RN(2)=1.81%10.%X%(-8.,0)
CONST=1.,46710383%10.%%(~-3.0)
DO 10 I=1sNP
ALFA=2,0
AN1=XMOL(I)
IF(XF(2,1I).EQ.0.0)GD TD 20
IF(XF{(3+I).EQ.0.0)G0 TO 20
AMS=XF(2rI)XAMUW(2)+XF (3¢ I)%AMU(I)
TNE=1000./4MS
CALL TEMPLOC(CU2syCUIyNXDyXOsADT»AD VO T(I))
B12=BO12%ALOG((T(I)-243.)/T(I))+R112/T(1)
B13=BHO13XALOG((T(I)-243,)/T(I))+B113/T(1)
CONST1=FNFXFZF%%X2.,/RP(NPION)+FNM¥FZN¥%2./RN(NNION)
CALL FUNCT(XF(25I)sXF(3yI)sT(I)»yTNSsF2¢F3»
% ADByFD2sFD3sADsDSsADID, VO NDEN» ANW)
TNI=XF(3sI)XTNS
TN2=XF(2sI)¥TNS
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D=EXF (-ALFAXANLIXX0.5)

A= (TN2EATN3)I$%0.5

B=XF(2yI)XB13-XF(3,yI1)%H12

C=EXF(2,0%XF(2s1))

AX=(1.0~ALFAXXMOL(I)/ (4., 0%ANL1XX0.5))

GADDCLy I)=DELTAXDKCONSTXCONSTIXAXEBXCKXMOL (I)XAX/ (FRK&T(I)XDS)
GADD(2y I)=DELTAXDYCONSTHCONSTIR (XHOL(I) K42, 0) X (TNI/TN2IX%X0,3
KBXC/240-AXEBXCKFD2/0S+ (RI2+R13IRXF(3yI)XAXC/TNE+AXEXCK2.OX
XF(3yI)/TNS)/(DSXT(I)%2.,0)

GADD(3 s I)=DELTAXDYXCONSTHCONSTLIX(XMOLCI)X%X2,0) % ((TN2/TN3)%*0.3
FEXC/2,0-AXBXCKRFDI/DS-(RI2+BI3IRXF (25 I)XARC/TNS~AXBXCK2 . OX
XF(2+sI)/TNS)/(DSKAT(II*2.,0)

GO 70 10

GADD(151)=0.0

GADD(2,I)=0.0

GADD(3+I)=0.0

CONTINUE

RETURN

END
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SUBROUTINE FUNCE{(A2+X3yBL12yB13-BrisFR2,FRER3»TNSsRB123y

Z ALyFNFyFHHsFZFsFZNy AMS s AMWZ2 » AFWI s FER1 » XMOL)

**********1%#****#*****#******k***#***************#*****##***
SUEROUTINE FUNCE

THIS SUBROUTINE CALCULATES THE MIXTURE TERNARY BROHLEY
CONSTANT *EM" . Bf23 IéiTHE TERNARY ADJUSTARLE FARAMETER.

ok ook Ok b ok RORORRRROR 0K SOR NOROR 0% R oo okt ook o okokokek e ok ook dor g

AN1=XMOL

D23=R123

A= (X2%XB)X%0.25

HLFA=2,0

D=(1.0+ALFAYANLIAXO.S)X%X3,0
Di=¢(1.0+ALFAXANLIXXO0.3)%X%4. 0% (ANLX*0,5)

B=EXP {(-aLFAXX3)

FOEN2=OLFAXX3IXB/TNS

FOENI=-ALFAXX2¥RB/TNE )
FOAN2=( ((X3/X2)X%0,25/(A2%%0.5)1/2.0-A)/TNE/2.0 :
FIMN3=( ((X2/ X3V %¥%0.25/(X3¥%0.32)1/2.0-A)/TNE/2.0
BHM=B12%X2+B13%X3T4+D23%AXR/D
FE2=(B12-B13AX3/TNSH+L23¥ (AXFLEN2LRBEFDANZ2)Y /1 .
FEI=(R13-B12)XX2/TNE+N23 4 (AXFDENS+EXFIANI /I
FE1=-3,0%ALFAXN23FAXR/ (2., 0XD1)

RETURN .

END
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SURROUTINE FUNCT(XF2yXF3+TyTNS»F2yF3yADEB
sFO2+FD3sADyDSyADD s VD NDEN, AMW)

KK Kok K 3R 30R00K % K 0K 3K KR OKOKOK 30K ok ok ok ook koK ok ok sk sk kokok dkokok Kok 3Kk sk ok ok Kk ok Kk k Kk kokok

SUBROUTINE FUNCT - _
THIS SUBROUTINE CALCULATES THE DEBYE-HUCKEL CONSTANT
AND THE SLOFE OF D.H., CONSTANT WITH RESPECT TO # OF

MOLES OF SOLVENTS IN A TERNARY MIXTURE.

IF NDEN = 1 EXPERIMENTAL CONCENTRATION DEPENDENT DATA
ARE USED FOR DENSITIES.,
IF NDEN = 2 AFPFROXIMATE RELATIONSHIP IS USED FOR DENSITIES

%K KK KO KKK KK KKK K ok oK ok oK sk ok ok Kok oK ok ok koK oK skok dkok sk ok ok ok okok sk sk ok sk sk ok ok koK ok KR K KR KK K

DIMENSION ADC(S) yADIDN(E) 2 VO(3) r AMW(3) ;
DS=AD(1)+AD(2)XXF3I+AB(I I AXF3IXX2.+AD(4IXXF3X%3« +tAD(S) XkXF3% %4,
+ADCO ) XXFI%%KS .

FT1=AD(2)+2 . XAD(IIXXF3+3 «XAD () XXF3%%2,+4,. XAD(D)I XXF3%X%3,
+5.¥AD(S) XXFI%*%4.0 .
FD2=-FT1%XF3/TNS

FD3=FT1%XF2/TNS

GO TO(10520)yNDEN
DSS=ADD(1)+ADRD(2)XXF3+ADD (3 XXF3%X2,+ADD(4) X XF3%k%k3 . +
ADD(S ) XXF3%%4 . +ADD(6) ¥XFI%%*5.0
FOT1=ADD(2)+2,0%¥ADD(3 I ¥XF3+3 . 0XADD(4) XXF3%%2.+4.,0%ADD(T) %
XF3%¥¥3 o +S5.XADD(O6)IXXF3%X4.,

DOS2=-FDT1%XF3/TNS

DNS3=FDT1%XF2/TNS

GO TQ 30

ANWW=AMW(2) XXF21+ANW(3)%XXF3

VUS=V0(2)XXF2+VD(3) %XF3

DSS=ANWW/VS

DROS2=( (AMW(2) -AMW(3) ) -ANWWX(VO(2)-VD(3) ) /VS)XXF3/TNG/VS
PRS3=( (AMW(I) -ANW(2) ) -ANUWWX(VOD(I)-V0(2))/VS)IXXF2/TNS/VS
ADB=1.8245%10.%%(6.0)%(DSSkX0.S)IX((DSXTI¥%(~1,5))
F2=ADBX(DDS2/DSS/2.~-3.%FD2/2./11S)
F3=ADBX%(DDS3/DSS/2,-3.0%FD3/2./D8)

RETURN

END
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SUBROUTINE NRTL2(XsTsGNRTsFKyFNPyNPyGFN2yGPN3rZP2+ZF3sALFA>
NG23yDG32yFNMsNNRTLYALFA2sALFB2yALFAZsALFB3y
DGA2,0GB2sDGA3 s DGB3)

ok SR KK OK KK KoK K KR K Kok ok ok Kok okok ok ok sk ki skokok ko ok kokok ok ok kok ok kok ko ok ook sk ok ok ok

Ly

SUBROUTINE NRTL2 °
THIS SUBROUTINE CALCULATES ION-SOLVENT AND SOLVENT-
SOLVENT INTERACTIONS OF THE ACTIVTY COEFFICIENTS IN

MODEL # 1.
THIS SURROUTINE IS USED FOR BOTH BINARY & TERNARY MIXTURES

SRR 3 3K KK KK oK o K3 KK K K 3K o KoK 3k KK KK K3k KoK oK KK R R KKK oK o K K oK oK K ok K K ok

N623,0632+223,232 - CAL/4MOLE-K
ZP2yZP3 - K Joules/ 4HMOLE

LGA2,DGR2,06GA3yDGB3 - K Joules/gMOLE-K

-

b2 3222222 P LIS T L2222 22222222322322222322022020020222229202%9:

DIMENSION X(3,9292)sXA(99)rGNRT(3+99)T(99)

R=1.987

R1=8.3143%10.%%(-3.,0)

D0 4001 I=1,NP

GO TO(10+,20) s NNRTL
GFN2=EXP(-ALFAZXDGA2/R1/T(I))+FNMXEXP(-ALFE2%XDGB2
/R1/TCI)Y)/FNP

ZF2=DGA2XEXP (-ALFA2XDIGA2/R1/T(I))+FNHXDGEB2XEXP(-ALFB2%XDNGB2
/R1/TCI))/FNP
GPN3=EXP(-ALFA3IXDGA3I/R1/T(I))+FNMKXEXP(-ALFB3%XDGB3
/R1/TC(I))/FNP
ZP3=DGA3IXEXP(~ALFA3XDGA3/R1/T(I1))+FNHXDGBIXEXP(-ALFB3XDGB3/
R1/T(I))/FNP

ZPN2=ZP2%238.862

ZPN3=ZF3%238.862

G32=EXF(-ALFAXDG32/R/T(I))

232=DG32%632

G23=EXFP(-ALFAXDG23/R/T(1))

Z23=DG23%6G23
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YA(I)=X(1sI)4FNF .

DT1=C(XACI)*GPNI+X(2y I M6234X (T2 1)) %%2,0
DT2=(XACIYXGFN24X(3y I AG324+X (29 I) ) %%2,0
DT3=X(3yI)%XG324+X(251)

OTA=X(25I)%XGR23+X(3+1)
TT1=ZFN2XGFN2EXA(TI X2, +XACIIAN (3 s IIRZPN24GI24+XACII XX (3 1)
KZI2UGFPN2+ZI2H6I2AX (I y I XX2,
TT2=XACI)¥X(Ir 1) HZ2TLGPNIHZ2IRX (I 1) %2,

“XACIIAX(3y 1) RZFPNIXG23 ,
TT3=X(2y )X (A (T IINCI2HZFN2FX (2 IIXZFN2-X (3 I)XZ32XBFN2) .

TTA=X(3s D)X (X(2sI)¥G2IHXZFNI+X (T s IIXZFNI-X(2y I XZ23XGFN3)

TTS=ZFN3¥GPNIRXACIIRA2  +XACI)XZPMNIKG2THX(2yI)+XA(TI)

X2y I)XZ23XGPNIHZ23K623XAX (2T X%X2, '
TT6=XACI)EX(2y I)RZI2AGPN2+Z32%X (2 1) XX2,~XA(I) X

X2y IIXZFN2XG32

GNRTC1s D) =(TT3/DT24TTA/DTL-X (2, I)XZFN2/DT3-X(Iy IIXZFN3/T4
X2 I)AX(Zy IIRZIZHGFN2/(DTIXK2, ) +X (29 DI RX(3y I I XZ2IXGPNI/
(DTA%X2 ) IXFNF/R/T(I)/FK

TT7=(Z32%6GFN2-ZFN2X632)/(DT3IRX2, I+ (Z23¥GFNI+ZFNIXG23)

Z(DT4%%2,) :
TT8=2.,%XACIIAX(R2 s IIXX(Zy 1)K (ZI2AGFN2/{DTI%XB I +Z23%GFNIXG23/
(DT4%%3.)) :

TTO=2 %XA(IIAX (2, IIAX(Zy I (GI2HZIIHEFN2/ (DTIAK3T ) FZ23XGFNI
/(DTAa%%Z,.))
TT10=(Z32+GFPN2+ZFN2RG32) /(DT3%%2, )+ (Z23%6FN3-623
HZPN3)/(DT4%%2,)
GNRT(2sI)=(TTL/DTR24TT2/0TL4+XACIIAX (3 I)XTT7-TT8)/R/T(I)
GNRT(3sI)=(TTS/DTI4TTE6/DT24+XACI) A X (2 I)XTT10-TT?)/R/T(I)
CONTINUE '

RETURN

END

&
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SUEROUTINE DEEHUC(XMOL»XFsXesFKsFNPsFNMsFZFyFZNyGEL
AMWs Ty NPyGDHyGFHY »ADDyNDENYCV2yCU3IyNXDy XDrADT)

sk ok oK 3K ok ok ok ok ok ok ok ok ok Kok ok ok sk ok okok skok Kok ok sk sk kok ok sk ke k stok sokokok 3ok sk kokok Kok KoKk Kok K kok

SUEROUTINE DEEHUC
THIS SUERROUTINE GALCULATES ION-ION INTERACTION USING

THE EXTENDED DINEBYE-HUCKEL EQUATION, IN MODEL # 1.

GDH(JrI) - D.H CONTRIBUTION IN EQUATION
GFPHY(JsI) - EXTENDED PART OF THE D.H EQUATION
GEL(JyI) - COMBINATION OF AROVE TWO TERMS

**************************************************************

DIMENSION UD(3)1XF(3799)1X(3799)rXMDL(??)rGEL(3799);GDH(3199)1
GFPHY (3:922)rAI(P9) rAMW(3) » T(99)sAD (&)

DIMENSION F2(99)yF3(99) '
DIMENSION SIG(99)ySIG1(99)sSAI(29)rSAIL(P?)

DIMENSION ADDC(S) yCV2(3)sCVI(3)yXD(20)sADT(2+,20)

AA=1 .S/ (FZPXFZN) .
00 4001 I=1sNP

IF(XMOL(I).EQR.0.0)GD TO 2010

AMS=XF (2 I)XAMW(2)+XF (3 1) XANUW(3)

TNS=1000./AMS

CALL TEMFD(CV2,CVU3sNXDsyXDsADTsAD,VO,T(I))
IF(XF(2yI).EQ.0.0)G0 TO 1000

IF(XF(3+1).EQ.0,0)G0 TO 1010

CALL FUNCT(XF(2sI)sXF(3rI)sTC(I)s»TNS»F2(I)sF3(1)>y
ADByFD2,F0O3sADyDSyADD Y VO NDEN AMUW)

GO TO 1020

F2(1)=0.0

F3(I)=0.,0
130=AD(1)+AD(2)XXF(3yI)+AD(3IIXXF (3> 1) %X2,+AD(4)%XXF(3s1)
kA3 HADCTIXXF(Ir I %%4 . +AD (L) RXF (39 1) %%T,

GO TO (10,20)rNDEN

ng3= ADD(I)+ADD(°)+ADD(3)+ADD(4)+ADD(5)+ADD(6)

GO TO0 30

No03I=ANW(3)/V0(3)

FD2=0.0

FD3=0.0
ADB=1.,8246%10.%%(6.0)%(DO3%%0.F)K((D30OXTCI))IX%(-1.5))
GO TO 1020

F2(I>=0.0
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F3¢I)=0.0
0= ALCL) HADC2) KXF (3T HAT (Y KXF (3y 1IRAD 0 FALICAIRXF (35 1)
AT HADCSYAXF(ZyIIkKA HAD(SIXXF (I I EXS,

GO TO (40550)sNIEN

D02=ADN(1)

GO TO 60 ‘

D02=AHW(2) /V0(2)

FI2=0.0

FOZ=0.0
ADE=1,8246%10, %% (&, 0) % (D02%%0 . 5)H((D20XTCID I (K (~1,5))
ATCIY=XMOL (I)R(FNFAFZFEE2, sFNHAFZN %2.)/2.
XT1=0.001XFK¥XMOL (I)%AMS

XT2=ALOG(XT1+1.)

ROW=1.0

FT1=ROWXAI(I)XX0.5

FT2=1,+FT1

FT3=AAKAI(I)

FT4=1.4FT3
SIG<I>=3.x(FTz—2.mﬁLoG(FT2)—1./FTQ)/(FTl*#z.)

SIGI(I)=0, % (FT2%%2., /2, -2 KFT2+ALOG(FT2)+1.5)/(FT1%%3,)
SAI(I)=2. »(2.»<FT3 2.;1((1.+FT7)*#0.4)/FT3+4 /FT3-(FT3-2.)/
(1 HFT334K0.5)~2. % ( (1 4FT3)%%0.,5)3/3./FT3

SATI(II=2 k(2 K (FT3-2,)%( (1 +FT3)%K0.5) /FT 44, /FTB) /3, /FT3
BEL(1sI)=—2,303kADEKFZPXFZNAAL (1) X0, 5/FT2+3, 303%A1 (1)
KFZFAFZNAADEXXD, 0/ (FTAXE0 .5 +XT2
TT1=2.303%FK$XMOL(I)¥ADRESIGCID*ATI(I)X%0,5/3./1000, .
TT2=2, 302 4FKAXMHOL (I YA TNSXAMSXAT (I )%#0.S¥SIG1(I1)/1000.
TT3=2.30ZKFKEXMOL (I)*ATCI)XSAL (I )XADRKKR /2471000,

TT4=2 ,303KFKAXMOL(I) R THSXAHSKAT (1) XADEBXSAI1(I) /1000,
GEL(2sI)=((TT14TTI)KANW(2) +(TTA~TT2)HF2 (1)) KFZFHFZN+
XT2-XT1

GEL(3sI)=C(TTL+TTI) KAHW(3) + (TTA-TT2)#F3 (1)) XFZFXFZN+
XT2-XT1

GOH(1sI)=-2,303KADBXFZFAFZNKAI (I 1%%0.5/FT2
GOH(2yI)=(TTIXANRW(2)-TT2XF2(I) y*FZF4FZN

GOH(3 I =(TTLIRAKW(3) -TTIXFI (1)) XFZFXFZN

GFHY (15 1)=2.3024AICI)EFZF¥FZNSADESYD ./ (FTAXK0.5)

GPHY (25 1) =(TTI3LAMW( 2+ TTAYF2(I) ) LFZFRFZN

GRHY (ZsID=(TTIANN () +TTAKFICI) ) SFIFHFZN

GO TO 4001

BEL(15I)=0.0

GEL(2sI)=0.0

GEL(ZsI)=0.0 °

GIH(1+sI)=0.0

GOH(2sI)=0.0

GDH(3513=0.0 .

GFHY(171)=0.0

GFHY(2+s1)=0.0

GFHY(3s1)=0.0

CONTINUE



RETURN
END
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SUEROUTINE MINFUNC(NTYFEsNMINsDIF1sDIF2yDIF3syDIFA4sDIFSy

Z YeX2yX3)

ok Kok ok koK KK ok K ok ok skok sk sk sk ok ok ok ok sk sk ok ok sk kok sk s ko ok okok ok Kok ok ok koo ok ok ok KoKk k Kk KK

.

SUBROUTINE MINFUN
THIS SUERROUTINE SETS UP DIFFERENT OBJECTIVE FUNCTIONS USING
A SYMBOL "NMIN®". THE EXPLANATION HAS BEEN GIVEN IN

MAIN FROGRAM.

oK oK K 3Kk K 3K K 3K KoK 3Kk ok ok Kk Kok K sk okok Kok ok ok S ok skokokok sk ok s Kok sk skokokok ok sk skokok sk sk ok R ok kKoK

GO TO(10,10¢10+20y20+20+20+20,20+20)NTYPE
DIF4=0.0

DIFS=0.0

GG T0 60

GO TO(30,40¢50+40) y NMIN
IIF4=0.0

DIFS=0.0

GO TO 60
IF(X2.,EQ.0.0)G0 TO 70
IF(X3,EQ.0.0)G0 TO 70
IIF1=0.0

DIF2=0.0

IIF3=0.0

DIF4=DIF4%10.0

GO TO 60

DIF4=0.0

DIFS=0.0

GO TO 40
IF(X2.EQ,0.0)G0 T0 80
IF(X3.EQ.0.0)G0 TO 80
DIFS=0.0

DIF4=DIF4%10.0

GO TO &0

DIF4=0.0

DIFS5=0.0
Y=DBIF1%¥%X2,+DIF2%XX2,+DIF3%X2,.+DIF4%x%2.,+DIFSXX2,
RETURN

END
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7100

7110

7130

9041

9082

9070
2081
110
120
130

2065

20
7084

10
100

2075
30

%
%
%

N

SUBROUTINE TITLE(NAMEL1sNAME2/NAHEIYALFA»DG23yDG32yGPN2y
GFN3syZFN2yZFN3sBO12,R013,B112,B113yB123yDELTAYKPINTYPE,
XX29s XMOL s NNRTL»DGA2y'GA3yDGE2yDGB3»ALFA2yALFB2,ALFA3y

ALFE3)

190

KK S 3K 3K 0K KoK 3 KRR oK K OF oK K K HOK KK K KKK K KK HOKAOKOKOF 5 KKK K Kok R KK KoK Kk koK

SUBROUTINE TITLE
THIS SUBROUTINE MAKES TITLES FOR FINAL TABULAR RESULTS

3K KKK 3K KRR KKK K KKK 0K HOK KKK KK AR 30K RORROR KRR K AOKRORHOKFORROK KK KR KoK K kKA

REAL %8 NAME1,NAME2sNAME3

WRITE(6+7100)

FORMATC(’1’s30Xy ' TARLE®') ;
WRITE(6,7110)NAMEL» NAMER2y NAMES
FORMAT(// 135X “SYSTEMI ' r 3A48)

WRITE(4&27130) ‘

FORMAT(/ 925Xy’ %% VALUES OF THE FARAMETERS X%‘)

]

GO TO(9041y%2041,9061,92061+9061+9061+206199061+9061)NTYPE

IF(KP.6T.1)60 TO 9065

WRITE(69120)

IF(XX2.EQ.0.0)G0 TO 92070

WRITE(4,9082)E012sB112

FORMAT(/ 210Xy “RO012= ’,G12.5y° Bl1l2= ‘+G12.3)

GO TO 9052

WRITE(6,9081)R013,B113

FORMAT(/+10Xy ‘BO13= ‘»yG612.5¢’ B113 =/»612.3)
FORMAT(/+10Xy ‘ EXTENDED DERBYE-HUCKEL + MODIFIED NRTL‘)
FORMAT(/»10Xy "BROMLEY —~ BINARY -~ EXFRESSIONY)
FORMAT(/»5Xs "BROMLEY & SIMPLIFIED MODIFIED NRTL &>
/ SALTING~-0UT EQUATIONS’)

60 TO 9052

WRITE(62110)

IF(XX2.EQ.0.0)G0 TO 2075

GO TOC10y20)yNNRTL

WRITE(&692084)GFN2yZFN2

FORMAT(/210Xy " GFN2 =’9G12.5s3Xr"ZPN2="y612.3)

GO TO 2052

WRITE(6y100)ALFA2sALFR2,DGA2yIGE2

FORMAT(/»3Xy "ALFAL="yG12.5s ALFB2="'yG12.5y 'DIGA2="
G12.5y/DGB2=',612.5)

GO TO 2052

G0 TO(30s40) yNNRTL
WRITE(&r150)ALFA3YALFBRIsDGAZ GBI

-~



130

40
2086

2061
7140

71460

~0
<
n
g% ]

4

N

FORMATC(/»3Xy "ALFA3='yG12,5y ‘ALFRI='»612.5y ‘IIGA3="
G12.5y ‘IGE3='y612.5)

GO TO 9052

WRITE(S6y9086)GFNIsZFN3 .

FORMAT(/ 10Xy ‘GPN3='yG12,.5y3Xy ‘ZFN3='+G12.5)

GO TO 9052

WRITE(627140)ALFAIIG23,DG32

FORMAT(/+3Xy* NONELECTROLYTE BINARY ! ALFA='yG12.5y
‘DB23='9612.55‘D63I2="y512.5)

IF(XMOL.EQ.0.0)G0O TO 9052

IF(KF.GT.1)G0 TD 9051

WRITE(6:130)

WRITE(697150)R012yR112,E013sR113

FORMAT(/ 95Xy ‘BO12="9y610.3y"R112="yG610.3y‘B0O13='9610,3
y ’B113="3G10.3)

WRITE(&6s200)R1I23yDELTA

FORMAT(/»15Xy* B123=’yG12.5’DELTA =‘sG12.5)

GO TO 9052

WRITEC(6:110)

GO TO(70s80) s NNRTL
WRITECSO»100)ALFARsALFR2sGA2yIGR2
WRITE(6y150)ALFA3Z»ALFE3GAZsIGE3

GO TO 9052

WRITEC(Ay7160)GFN2yZFN2sGFN3yZFN3 .
FORMAT(/ 26Xy 'GFN2="9612.5¢“ZFN2='yG12,5¢ 'GFN3="y .
G12.5¢ ZFN3='y612.5)

RETURN

END
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24

25
26

27

28
29
30

31-(30+NXD)

42

INPUT DATA SEQUENCE
Variables
NSET,LL,EE
INFORMATION
XLIM,XLLIM

NAMEL1l,NAME2,NAME3 (name of the
system)

INDF,KP,NBIN,NPION,NNION,NREG,NDEN,
NNRTL, NBROM, NTYPE, NMIN

NCOMP, NP, NXD,NXDD

cp2(1I), I=1,6

CpP3(I), I=1,6

(pure component vapor pressure con-

stants)

AMW(I), I=1,3

v21l,7T21,v22,T22,v23,T23

v31,731,v32,T32,V33,T33
ADT(1,I),ADT(2,I),XD(I) (total #
of data are nxd) (if NXD = 11,
card #31-41)

FK,FNP,FNM,FZP,FZN

43- (42+NXDD) DENS(I),XDD(I) (only two data on

56-(55+NP) XMOL(I), X¢,I),Y(J,I),J=2,3),G(1,I),

90

91

92

93

a card,total # NXDD) (if NXDD=13,
card #43-55)

P(I),T(I) (8 data on a card, total
card = NP) (IF NP=34, card #56-89)

ALFA,DG23,DG32,ALFA2,ALFB2,ALFA3,
ALFB3

GPN2, ZPN2,GPN3,ZPN3,DGAZ2,DGB2,DGA3,
DGB3

BOl12,B112,B013,B113,B123,DELTA

ALPHALl,AXT1,BXT1

192

Format
2I3,rl0.1
8Al10
2F10.5

3A8
1112

412

Fl2.7,F11.5,F8.3,
F3.1,F10.5

6F10.5

6F10.6

3F10.5

5F10.5

6F10.5
8F10.6

8F10.5
8F10.5

8F10.5

F10.7,2F10.4



94 M, MM 2I2

95- (94+MM) XTX(I),BXX(I) (two data on a card, 2F10.4
total cards = MM) (i1f MM=4 cards 95-98)

193



1.

3.
4.
3.
6.
7.
8.
P
10.
i1,
12,
13,
14,
135,
16,
17,
18.
19.
20.
21,
22,
23,
24,
25,
26.
27,
28,
29,

30.

31. -

32,
33.
34.
33
36,
37
38.
3%
40.
41.
42.
43.
44,
43,
46 .

SAMPLE

0014000.0000010
R K KRR KRR KRR ROk KRk ROk K Kok K kok Kok sokok Rk okk dokok

X

X
X
X
X
b 3
X
X
*
X
X
X
X
X
X
X
*

4
i

3

FILE NAME - LICLH20.MEOHAT2S5.COMBINED

BRINARY 1-3%

TERNARY 1-2-33

INPUT

SKABICHVESKKI

CIPARIS

Rk R doRRRRRIORR KRRk kKRR R RRRRK KK

3.000000000.0
LICL -~ H20 - MEOH
12522112142

3341113
0070,4346243-7362.698100000.000000,0069520850.0

0012,3858228~-3880,50203 -24.355000.0000000000.0 00.000

2.4
8.06
?.596
1.9051
1.8799
1.8505
1.8190
1.7865
1.7513
1.7120
1.6658
1.6160
1.5648
1.5099
2.000
0.99707
0.98472
0.,97919
0.26649

i8.,0

277413

273.15
~0.00203
~-0.00208
~0,00212
~0.00218
-0.00225
-0.00234
-0, 00244
-0.,00252
-0.00248
-0.00242
-0.00234

1,000

00.0
00.04085
00.06168
00.11445

32,0
18.278
44,874

0.0
0.03588
0.1233
0.1942
0.2727
0.3600
0.43576
0.5676
0.6923
0.8351
1.0
1.000

323,15
373.15

18.844
97.939

194

-2.0

373415
473.15
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47. 0.947%96 00.19739.

18. 0.,93658 00.24867

49, 0,91534 00.234382

50, 0.88242 00.47446

51, 0.85790 00.61267

52. 0,84210 00.69241

53. 0,82458 00.78454

54. 0,80510 00.,89229

55. 0.78663 01.0

S56. 1.0 0.815184 0,395 0.146118 0,605 1.0 47.3 298.15

57, 1,0 0.672192 0.235 0.285347 0.745 1.0 65.3 298,15

58. 1.0 0.505166 0.14 0.447977 0.86 1.0 80.0 298.195

99. 1.0 0.284199 0.07 0.66313 0.93 1.0 96.3 298,15

60, 1.0 0.039517 0.007 0.901372 0.993 1.0 115.3 298.15

61, 0.328 0.0 0.0 0.979440 1.0 1.0 125.0818 298.15

62, 1.340 0.0 0.0 0.921014 1.0 1.0 116.4291 298.15

63. 1.933 0.0 0.0 0.889%08 1.0 1.0 109.5579 298.15

64, 2.560 0.0 0.0 0.859225 1.0 1.0 101,9232 298.15

45, 2.971 0.0 0.0 0.840234 1.0 1.0 9641972 298.15

66, 3.667 0.0 0.0 0.809921 1.0 1.0 85.3814 298.15

67. 0.100000 0.996413 1.000000 0.000000 0.000000 0.790000 23,475820298.149900
68, 0.200000 0.992852 1,000000 0©0.,000000 0,000000 0.757000 23.595910298.149900
69, 0.300000 0.989316 1.000000 0,000000 0.000000 0.744000 23.514770298.149900
70. 0.400000 0.985805 1.000000 0.000000 0.000000 0.740000 23,431860298,149900
71, 0,500000 0.982318 1.000000 0.,000000 0.000000 0.739000 23.347740298.149900
72, 0,400000 0.978857 1.000000 0.000000 0,000000 0.743000 23,2461910298.149900
73. 0.700000 0.975420 1,000000 0.000000 0,000000 0.748000 23.174160298.149900
74, 0.800000 0.972006 1.000000 0,000000 0.000000 0.755000 23,0848%90298.149700
75. 0.900000 0.968617 1.000000 0,000000 0.000000 0.764000 22.994150298.149900
76, 1,000000 0.965251 1.000000 0.,000000 0.000000 0,774000 22.901130298.149900
77. 1.2 0.958589 1.0 0.0 0.0 0.796 22.711330298.15

78, 1.4 0.952018 1.0 0.0 0.0 0.823 22,513356298.15

79, 1.6 0.945537 1.0 0.0 0.0 0.853 22,309082298.15

80. 1.8 0.9239144 1.0 0.0 0.0 0.885 22.098690298.15 .
81, 2.0 0.932836 1.0 0.0 0.0 0.921 21.880828298.15

82, 2.9 0.917431 1.0 0.0 0.0 1.026 21.301025298.15

83, " 3.0 0.902527 1.0 0.0 0.0 1.156 20.,675445298.,15

84. 3.5 0.888099 1.0 0.0 0.0 1.317 19.999737298.15

835, 4.0 0.874126 1.0 0.0 0.0 1.510 19.282137298.15

86. 4.5 0.860585 1.0 0.0 0.0 1.741 18.531818298.15

87, 5.0 0.847457 1.0 0.0 0.0 2.02 17.750526298.15

88. 5.5 0.834724 1.0 0.0 0.0 2.34 16,949615298.15

89. 6.0 0.822368 1,0 0.0 0.0 2,72 16.134811298.,15

90. -1,00000-150.9000003346,470000000,20000 00,000000000.,20000 00.0

?1. 12,664600 06B.1660 075.8180 -11.239000135.11000 -4.12000 -17.800000134.9

?2. -0.07341 0.00000 -0,1707460000,00000 -18.800000000.016




93,
4.
?5.
26,
97
78,

N 156

00.0000005 ~—1,0000001.,0
4 4
0012.,666000000.,01
68.166000000,10
00075.818000000.1.
-11,239000000.1
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SAMPLE OUTPUT

# OF DATA SET TO BE USED = 1TRIAL #400E=0.00000100
KRRk kK 0k KOk Kok KKK Rk KoKk Kok dokokokok ok ok sk ok dokokok ok ok kokokok

FILE NAME - LICLH20.MEOHAT25.COMBINED

BINARY 1-3: SKABICHVESKKI

TERNARY 1-2-3! CIPARIS

I 3% P& & I 3 I & I I I IE 3¢ I € I ¢

1323383202322 3233232232232222222820 2200284

3.00000 0.0
12522112142

INPUT DATA .
3341113
70.4346924-7362.69531 0.0 0.00469520850.0 -9.00000
12.3858223-3880.50195 -24.355 0.0 0.0 0.0

42.39999 18.00000 32.00000
18.,06000 277.12988 18.27800 323.14990 18.84399 373.14990

39.55600 273.14990 44.87399 373.14990 57.93900 473.14990

LIQUID MOLAR VOLUME CONSTANTS
22,887 ~0.36416E-01 0.68557E-04
64.510 -0.19716 0,38735E-03

1,90510 -0.00205 0.0

1.87990 -0.00208 0.05880

1.85050 -0.,00212 0.12330

i.81900 -0.00218 -0.1%2420

- 178650 -0,00225 0.27270

1.75130 -0.00234 0.36000

1.71200 -0.00244 0.45760

1,61600 -0.00248 0.69230

1.56480 -0.00242 0.83510

1.50990 -0.00234 1.00000
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8C94VT'BACETBSLPEC 0000640
04664 T B6TE6ETBE'GB 000000
C0446VT*BETABTLET 94 000000°T
COA6VT ' BETLBIEZS°TOT000000Y
C066VT*BLETEBLES601000000°Y
C064bT186C2H06CY*FTT000000°T
2064Y1°842484180°G21000000°T
TOL6VT*BACABAL6C°S5TT000000"T
C0646VT°B4TBBLL6E 6 000000
C046611842000000°08 000000°T
C044LT1°84CBBAKSC 'GP 000000°T

20464601 B6EBBLLGC LY 000000°F
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00
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000000°Y
000000°Y
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0000£6°0
000098°0
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YA 2 ¥-T- 34"
E¢9£00°7
PvCB6L°0
?8E£T190° 7T
89490C*'1
4c854E° T
IET4ES T
EYHYO

000000°1
0000001
000000°T
£LL658°0
L8VBL6°0
P0£££6°0
01019460
CIBY96°'0
CURYO

000000°T
0000001
000000°1
000000 ¥
000000*Y
000000°?Y
0000001
000000°T

TOHYG

CO66VT'BETIELYET 2T
C0646VT°BLTO046VE T
CO066VT*BATALTROSL LT
2064601°8625181851'87
C066LT1°BOESETCBT 6T
C066FT°B4CECL6666T
C066¥T1°8620EVSLT°0C
20466V T°B4ZOTOTOE TC
c0466bT1°862VT18088° 12
C046VT1°B426L98B60CE
20646V T'BEELTF060EEC
€066V T BLCISERETS CE
2046601 'B6THTIETITLCE
859264 1°842ECTT06CE
8576F1 ' BoCTIVIVESL 2T
8596v1°846E5688¥BOEC
BSP6V T BLEEVTRLTET

8694k 1'86TC06TPCEC

8064688°0
bI0TZ6°0
Ovb6Ls 0
CLET06°0
0g£1£99°0
LLELVEO
LVESBZ*0
8TI9vT°0
£X
6666TL°C
666688
000020°C
6660041
6666051
66691E°T
Y-Y-1:10 B ¢
666G20°T
000126°0
0005880
000£58'0
000£CB*'0
0009&L°0
Q00vLL°0
000¥9£°0
000854°0
0008vL°0

000EVL*O

00
0°'0
0'0
0'0

0°0

0
o.
0*

OO O

L15680°0

661482°0

991505°0

caT12L9°0

v8ISTIB*0
(44

00

00

00
00
00

0'0

9v05850°0
£6V4LEQ O
082010°0
9556C0°0
9££920°0
4CVEZO0°0
1£2120°0
6ve610°0
X

243

000000°T B9£CZB°0
A

000000°T b2LVER'O
tLet

000000°'T /L5¥WLVE°O
*Let

000000°T SB85098°0
‘L2t

000000°'T 92T¥iB*'O
*LET

000000°‘T 6460888°0
XA

000000°Y LE&206°0
‘LTt

000000*T TEVLTSO
‘42T

000000 9£8ZE6°0
2

000000*T &HT6ESL’O
*L2T

000000°T LESSVS'O
‘LTt

000000°T 8T0256°0
‘LET

000000°T 4B5B56°0
‘LET

000000t 152596°0
A4

000000°T £19896°0
*Lat

000000°'T 9002460
*Lel

000000°T OQC¥SL6'0
'AA

000000°T (£588L6°0
*LET

8*'€ge
000000°9
g ge
000005°S
g'ge
000000°S
8'€e
000005V
8'€C
000000°Y
B'gec
00000S°E
8°ee
000000°%
: 8°gc
000005°2
B'ge
000000°2
8°ge
6666641
8°£g
666665°T
. g'ge
00000¢°*1T
8°'£g
000002°1Y
B'ge
000000°17
8'tge
000006°0
g°ge
000008°0
g'tce
0000040
B*EC
000009°0
8°ge



200

6S 30071°0
YWHYS NI ¥OMM3 %

65 3001°0
dX3 Wv9

10-3421*0

V3 W9
£0600°*9
£0600°*9
dX3d-vad

000000°¢Y
000000°*T
000000 Y
000000°1
000000°7
000000°7
000000}
000000°T
000000°Y
000000°¢
000000°* %
000000'T
000000
000000°'T
000000°T
000000°T
000000°T
000000°T
0000001
000000°T
000000°T
000000°T
000000°7
£8vB8C8° 0
£52648°0
EVECEL*O

00°1
ALIVION
ZI9¢T1°0
BIGIB*O
NOILOUNA-3I0H #

1

# LN3NOJWAD

£

4

IN3INQJHOD

T # T1300H GNISN J312Xd3¥4 ¥y viva 3n

0'0 ?L5°0 ves o~ AR
NOILIQQV 907 TYIISAHd 9071 314W0IN0Y 907 JLNN 807
T46€00°0 164090 005090
16200°0 60C46E*D 005680
dX3IA-TV3A AY3A dX3A
00000°'¢
: 00910°0 6666481~ 0°0
66668 VET b6L6L LT~ O00CT*Y— 6L660T°SET Q04ECT°YIT-
0'0 000020 0*'0 0000C'0
0265280 6666TL°C 00 8eg2z8*0
?84v58°'0 bbb66ER"C 0'0 veivee o
9241880 000020°*¢E 0*'0 LSVLYB° O
P&L2046°0 L6604 T 0'0 5850980
SB85826°0 6666051 00 CIVLB* O
686LVSE* 0 66691IE°T 00 6408880
0SEV?6°0 6668617 00 £CSC06°0
68ELL6°0 6665C0°'1 0*0 TEVLTE0
£TIVL86°0 0001246°0 0*0 PEBLESLO
Fr5066°0 000880 0*'0 br1686°0
?1CE66*0 0008580 00 LEGEV6°0
L{BVS46°0 000£28°0 00 810C56°0
LSELLELO 0009640 0°*0 486856°0
P948646°0 000VLL O 00 IGZ2596°0
8EE666°0 000v?L°0 0'0 4198960
¥8L666°0 000652°0 0*'0 900E46°0
P£T1000°1 0008VL°0 0*'0 0C¥5L6°0
&6£000° Y 000EVL* 0 00 £588L6°0
c55000°1 00046EL°0 00 BIEZ86°0
209000°T 0000VZL°0 0'0 508586°0
€85000'1 ooovvLc O 0°0 ?21£686°0
65¥000°T 000452°0 0'0 €58T46'0
652000°1 0000464°0 00 £IV966°0
000000°T 000000°7 1C6608°0 00
000000 000000°1% veeovs* o 00
000000°T 000000°¥ E2C658'0 00

00010
000T1°0
00010
0010°0

0000°1
L0410~
664185

0000° ¥~
- 00
ommeﬁ.mc

=03SN ALITVI0OH HARIXYRRRKKKKKKRKK

04ET TT~-
0818°SL
099189
0999°C1
14 4
50000000
Tvel0°*0-
0099921

L6690 8L 664648°05T-00000°T-

218880°0
8£9280°0
1429400
B0LL&T70°0
LE6ETF00
156550°0
L848V0°0
582100
28SELO0 0
8Ek0£0°0
cEgLT00
T46EC0°0
20£0€0°0
8484100
£69510°0
LELETG O
0622100
€L48010°0
1¥8800°0
860400°0
cre500°0
YLSE00°0
v6L100°0
4£0540°0
£886£0°'0
£8T0L0°0Q



201

66°¢ 846°0 616°0 0'0 €010~ 10-3Lv2°0 £0-39¢vZ°0- 00°%¥ £
£°87 098°0 £02°0 0'0 LvE*O- S0t1°0 601°0- 00°T Z
65 3001°0 6S 3001°0 1°0S 0°'0 ve'ey L6° 1~ vo'T 00°'1 ¢
UHUO NI HOMN¥3 % dX3 HY9 vd WYH NOILIQAV 907 IWIISAHd 901 314H0IN0I 907 TLYN 807 ALITTVION # IN3INOJHOD
V16T 6- 8£000°0 84£646°0 00£66°0 LET06°0 £
U162 6- 8£000°0 22900°0 00£00°0 254800 4
dX3d4-19ad dX3A-TVIA J0aA dX3A NOILJUVH4-3T70H # LIN3NOJHOD
9EL- 90°1t Vil 00 10-3811°0- ¢0-3051°0~ (44552 -00°%1 £
vc'9 846°0 9£6°0 00 9910~ 10-~3659°0 10~3VSE°0 00°'1 4
6S 3001°0 65 3001°0 AR 0°'0 Tv'e av°1- vi8°0- 00t ¢
VHYS NI yOo¥y3 % d4X3 HYO Ivd WY9 NOI1IG4dv 9507 TUIISAHS 901 J14W07IN0I 801 J1YN 007 ALITVIOH # LNINOJHDI
9£S80°9 £2800°0 L2BE6°0O 000£6°*0 £1£99°0 £
9£580°9 4¢800°0 £4190°0 000400 oZvec o 4
: dX34-19ad dX3A-TVIA TWAA dX3A NOILJVH4-3T0H # LN3INO4HOD
4
0g*8- LA ¢ (370 ¢ 0°0 10-3€kT1°0 10-38271°0~ £92°0 00°%¥ £
L°ET- FE£6°0° 90°1 0'0 10-3899° 0~ TO-3LVE'O 10-32¢6°0 00T 4 .
65 3001°0 65 3001°0 10-3156°'0 00 Sg'y T i~ 65 e~ 001 I ~
VHYO NI 30Y¥3 % dX3 HY9 v He9 NOILiIday 801 TYIISAHd 901 318H0N03 801 q14N 8907 ALITTVI0H + L1N3NOJ4HOD
I8491°L £0900°0- L4£58°0 00078°0 86LVP 0 I
184914 £0900°0- £09¢T°0 000vI*0 L1505°0 4
dX34-1Wad dX3A-TWIA T90A dX3A NOILJVY¥4-3T0H ¢ LIN3NOJKOD
(Tt L- 8g°1 gl 0°'0 10-3591°0 10-3551°0- 682°0 00°t £
0 gt~ 196°0 60°1 00 10-350£°0~ 10-3£61°0 10-34v6°0 00°7Y [4
6S 3001°0 6S 300T°0 10-3592°0 0'0 9580 £88° 0~ 09~ 00} T
UHUYO NI H0¥¥3 % dX3 Wv9 Wy WY NOILIAay 907 TYIISAHd 901 314107n03 901 J18N 901 ALITVIOH ¥ LN3INOJKOD
056C9°S o 6v400°0- 168G4°0 008940 SgS8C*0 £
05629°S 6v600°0- &vvve' o 00S£C°*0 61CL9°0 4
dX3d4-Wad dX3A-1924A AWIA dX3A NOILOUY4-3T0W & LN3INO4HOD
i o 8 vl vity 00 10-38v1°0 10-3851°0- £55°0 00°7Y £
611~ 596°0 80°1Y 0°0 10~368¢1° 0~ 10-3401°0 10-3018°0 00°'1 4




202

TABLE®S

SYSTEMS LICL - H20 - MEOH
% VALUES OF THE PARAMETERS XX
NONELECTROLYTE BINARY ¢ ALFA= -1.0000 DG23= -150.90 D632= 336.4
EXTENDED DEBYE—HUCKEL + MODIFIED NRTL

6PN2= 12,666 ZPN2= 68,166 GP&3= 75.818 ZPN3= -11.239

MOLALITY X2 X3 Y3EXP Y3CAL DY DP

1.00 0.81518 0.14612 0.60500 0.60791 0.291E-02 6.01
1.00 0.67219 0.28535 0.76500 0.75551 -0.949E~02 5.63
1,00 0.50517 0.44798 0.86000 0.85397 -0.603E-02 7.17
1.00 0.28420 0.66313 0.923000 0.93827 0.827E-02 6.09

1.00 0.39517E-01 0.90137 0.99300 0.29378 0.,779E-03 -9.29

AVERAGE DY(YCAL-YEXP)= 0.54%953E-02
BASED ON # OF POINTS FOR Y = S

AVERAGE DP(PCAL-PEXP)= 6.8366 .
BASED ON # OF POINTS FOR DP = O
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TABLES AND FIGURES FOR MODEL I
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TABLE G.1l2

Functions [Equations (2-19),

(2"'20) r’

A Comparative Study of the Three Objective

216

(2-21)] in Correlating

Ternary Isothermal VLE Data with the Four Parameters

[Gypr Z,9r Gygr Z,5], Presetting Ag,; and Agz, from

Table G.3 Corresponding to Oy = -1.0
System ¥a§ E o (mﬁgg)

m (°C) Max Avg Max Avg
Objective Function #1
LiCl—HZO—EtOH 1.0 25 0.035 0.011 5.6 2.2
LiCl-H,0-MeOH 1.0 25 0.022 0.012 8.0 4.8
NaBr-H,0-MeOH 6.2 40 0.023 0.012 11.5 5.1
NaBr-H,0-MeOH 7.1 25 0.047 0.017 15.0 8.8
LiCl-H,0-MeOH 6.0 60 0.04 0.015 33.2 13.8
Objective Function #2
LiCl-H,O-EtOH 1.0 25 0.034 0.009 3.1 1.2
LiCl-H,0~-MeOH 1.0 25 0.009 0.0055 9.3 6.8
NaBr-H,0-MeOH 6.2 40 0.022 0.01 17.7 5.6
NaBr-H,0-MeOH 7.1 25 0.02 0.0088 11.4 4.8
LiCl-H,0-MeOH 6.0 60 0.023 0.009 54.3 11.7
Objective Function #3
LiCl-H,0-EtOH 1.0 25 0.035 0.01 6.1 2.3
LiCl-H,0-MeOH 1.0 25 0.011 0.0066 10.2 5.6
NaBr-H,0-MeOH 6.2 40 0.022 0.011 15.2 5.4
NaBr-H,0-MeOH 7.1 25 0.021 0.0092 11.3 5.0
LiCl-H,0-MeOH 6.0 60 0.025 0.0097 50.3 11.6



TABLE G.13
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Values of the Parameters Obtained with the

Three Objective Functions for Isothermal Ternary VLE Data

System (fé) Gi2 Zi2 Gi3 Zi3

Objective Function #1

LiCl—HZO—EtOH 25 6.3977 76.681 0.1946 1346.3
LiCl—HZO—MeOH 25 5.4754 124.08 0.0 930.92
NaBr—HzO-MeOH 40 23.21 20. 24 3.653 52.82
NaBr—HZO—MeOH 25 22.76 1.56 0.2243 316.1
LiCl—HZO—MeOH 60 22,32 0.025 1.5917 131.0
Objective Function #2

LiCl—Hzo—EtOH 25 12.666 68.166 0.1983 2076.1
LiCl—HZO—MeOH 25 12.666 68.166 75.818 -11.239
NaBr—HZO—MeOH 40 20.762 21.419 3.4156 55.672
NaBr—HZO—MeOH 25 13.657 13.023 0.1382 601.16
LiCl—HzO-MeOH 60 15.463 5.1261 0.2639 531.88
Objective Function #3

LiCl-HZO-EtOH 25 13.644 53.324 0.1282 2122.4
LiCl—HZO—MeOH 25 13.644 53.324 59.022 -11.455
NaBr—HZO—MeOH 40 21.205 20.357 3.364 53.684
NaBr-H,0-MeOH 25 14.979 11.67 0.1367 604.9
LiCl—HZO—MeOH 60 17.929 4.017 0.2525 634.78
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TABLE G.l1l4 A Comparative Study of the Three Objective Functions
[Equations (2-19), (2-20), (2-21)] in Correlating Ternary Isobaric
VLE Data with the Four Parameters [A9A2' Agpyr Agpg & AgB3]
Presetting A923 and Ags;, Corresponding to On3 = -1.0 [Table G.3]
and Opy = 0.2; Opy = 0.0; Op3 = 0.2; Opg3 = 0.0

Max p AY AP
System 't (mmHg) (mmHg)

Max Avg Max Avg
Objective Function #1
LiCl-H,0-MeOH 3.8 760.0 0.04 0.0135 39.0 15.7
NaBr—HZO—MeOH 3.8 760.0 0.053 0.021 35.1 14.9
KCl—H20—MeOH 2.0 760.0 0.055 0.016 34.3 14.4
NaF—HZO—MeOH 1.0 760.0 0.051 0.01 35.6 13.9
Objective Function #2
LiCl—Hzo—MeOH 3.8 760.0 0.036 0.0136 39.7 16.2
NaBr—HZO—MeOH 3.8 760.0  0.052 0.02 35.1 13.1

KCl—HZO—MeOH 2.0 760.0 0.056 0.0155 38.9 15.7
NaF-H,0-MeOH 1.0 760.0 0.051 0.01 35.5 15.6

Objective Function #3

LiCl—HZO—MeOH 3.8 760.0 0.036 0.0136 40.0 l6.1
NaBr-H,0-MeOH 3.8 760.0 0.051 0.02 53.3 19.1
KCl—HZO—MeOH 2.0 760.0 0.056 0.0155 35.3 14.9

NaF-H,O0-MeOH 1.0 760.0 0.051 0.01 34.4 15.0
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TABLE G.15 Values of the Parameters Obtained with the Three

Objective Functions for Isobaric VLE Data

System (m&%g) Agpo Agg, Adp3 A9p3
Objective Function #1
LiCl-H,0-MeOH 760 142,84 -19.8 ~35.0 319.10
NaBr-H,0-MeOH 760 0.0506 12.009 99.65 -303.26
KC1l-H,0~MeOH 760 105.8 -44.06 ~-40.16 340.5
NaF-H,0~MeOH 760 -11.81 40.08 4916.8 -2559.8
Objective Function #$2
LiCl-H,0~-MeOH 760 125.35 -26.6 -33.52 334.05
NaBr-H,0-MeOH 760 -5.695 23.0 111.3 -320.36
KC1-H,0~MeOH 760 124.21 -79.67 -41.151 446.55
NaF-H,0~MeOH 760 104.95 -176.71 12394.0 -2932.0
Objective Function #3
LiCl-H,0-MeOH 760 153.03 -24.3 -35.571 336.4
NaBr-H,0-MeOH 760 65.9 -21.77 89.295 -454.8
KC1-H,0~MeOH 760 50.72 -50.618 -40.88 432.38
760 21.952 -79.58 3674.4 -2767.1

NaF—H20~MeOH
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—— Experimental, Harned & Owen(1958)

Correlated ( Opg = -1.0)
Predicted ( a23 = -1.0)
{ |
0 0.05 0.1
m

Figure G.3A Comparison of Experimental Mean Molal Activity
Coefficients with those Predicted and Correlated by Model
I up tom = 0.2 for the System HC1-H,0-EtOH at 25°C and
Constant X = 0.5 2

XEtOH
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——  Experimental , Harned & Owen (1958)
O Correlated ( a23 = -1.0)
O predicted ( o,, = -1.0)
23
O Predicted ( u23 = 0.3 )
d
O
YA
VAY
A
4 A
{ i
1 2
m

Figure G.5 Comparison of Experimental Mean Molal Activity
Coefficients with those Predicted and Correlated by Model
I for the System HCl1l-H,0-MeOH at 25 °C and Constant XM

= 0.1233 2 Oft
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O Predicted ( u23=—1.0 ) 3 [ Predicted ( a23=0.§ )

Eﬂ‘““{js\\\gg Constant m = 0.02

Constant m = ‘0.05

Constant m = 0.1

i

0.5 1.0
wt. fraction of MeOH (LiCl free)

Figure G.6 Comparison of Experimental Mean Molal Activity

Coefficients with those Predicted and Correlated by Model
I for the System LiCl-H20-MeOH at 25°C - . . . oo
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Tigure G.7 Comparison of Experimental Mean Molal Activity
Coefficients with those Predicted and Correlated by Model
I for the System LiCl-H,0-MeOH at 25°C and Constant m = 0.5,
1.0. Experimental,” Akerlof (1930) ; (Q Correlated ( o

-1.0) ; A Predicted ( Oy 5= -1.0) ; [0 Predicted ( Oy 5= 0.%3)
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Constant m = 0.02

O
O

O

0.4 -

Constant m = 0.05

0.8 |

0.4 |

o 0.5 1.0
wt. fraction of MeOH (NaCl free)

Figure G.8 Comparison of Experimental Mean Molal Activity
Coefficients with those Correlated for the System NaCl =
H90 - MeOH at 25°C and Constant m = 0.02 , 0.05

Experimental, Akerlof (1930) ; O Correlated ( a23=—1.0)
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Figure G.9 Comparison of Experimental Mean Molal Activity
Coefficients with those Correlated for the System NaCl=
H,0-MeOH at 25°C and Constant m = 0.2 , 0.5.

2
Experimental , Akerlof (1930) ; (O Correlated (0L23=-1.0)
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"Figure G.10 Comparison of Experimental Vapor Phase Compo-
with those Predicted and Correlated by Model I

0-EtOH at 25°C and Constant m = 0.5

O Correlated ( a23 = -1,0)

(J Predicted

A\ Predicted

( oc23 = 1.0)

(oc23= 0.3 )

'

yEt OH ,exp

1.0

232



233

Figure G.1ll Comparison of Experimental with Predicted
and Correlated Vapor-Phase Compositions Using Model I

for the System LiCl—HZO-EtOH at 25°C and Constant m = 1.0

i.0
O  Ccorrelated ( u23 = -1.0)
J Predicted ( Gyq = =1.0 )
0\ Predicted ( G,y = 0.3 ) tj
o o
Qo055
.~
o
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>'u
0.0 1
0 0.5 1.0
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Figure G.12 Comparison of Experimental with Predicted
and Correlated Vapor-Phase Compositions Using Model I
0-MeOH at 25°C and Constant m

O Correlated ( Oyq = -1.0)
N  Predicted ( Gypq = 0.3 )
A
O Predicted ( a23 = ~1.0 )
'_‘
B
]
0.5
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Figure G.13 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System

NaBr-H,0-MeOH at 40°C
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Figure G.14 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System

NaBr-H,0-MeOH at 25 °c
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Figure G.15 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System

LiCl—H20 at 60°C
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@
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a23 = -1.0
O m=0.04 - 0.9
D m= 0.09 - 1.9
0 m=0.14 - 3.8
D
A
@)
1
0.5 1.0
y
MeOH exp

Figure G.16 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System

LiCl—HZO—MeOH at P =1 atm
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Figure G.17 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System

NaBr—Hzo—MeOH at P =

1 atm
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Figure G.18 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System
KCl-HZO-MeOH at P = 1 atm
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Figure G.19 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model I for the System

NaF—HZO—MeoH at P =1 atm
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Figure G.20 Contribution of the NRTL Term to In Yi for the

System LiC1l-H9O0-EtCH at 25 C in Model I
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TABLES AND FIGURES FOR MODEL II
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TABLE H.5 Aqueous Electrolytic Binary Data Correlation

with the Bromley Equation

System

# of

Max

% Error in

% Error in

12 Y4 DP

Points 'm' (°C) Max ~Avg Max Avg
CaCl,-H,0 21 5.0 25 0.1000 11.0 5.5 3.6 2.10
HCl—HZO 15 2.0 25 0.13963 0.9 0.6 - -
LiCl-HZO 19 4.0 25 0.12366 2.5 0.9 2.0 0.5
LiCl—HZO 11 6.0 60 0.12049 - - 1.9 0.9
NaBr—HZO 4 10.3 40 0.06607 - - 13.0 5.5
Naﬁr—Hzo 19 4.0 25 0.07376 0.5 0.1 1.1 0.2
NaCl-H,O 10 1.0 25 0.05586 0.1 0.04 1.0 0.3

2
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TABLE H.6 Isothermal Ternary Yy, Data Correlation with Model II

Ternary Parameters

% Error in

$# of Max Y
System . P + .
Points m Max Avg
HCl—HZO—EtOH 25 0.1 -0.0245 13.8 2.4
44 2.5 -0.0245 92.1 13.1
HCl—Hzo—MeOH 48 2.0 0.57215 -0.0498 11.6 1.4
NaCl-H.,0-MeOH 35 0.5 -11.967 -0.0286 28.0 7.4

2



TABLE H.7

[Equations (2-19),
Isothermal VLE Data with Model II

(2-20),

(2-21)] in Correlating Ternary

253

A Comparative Study of the Three Objective Functions

System (e ()
Max Avg Max Avg
Objective Function #1
LiCl—HZO—EtOH 1.0 25 0.034 0.0145 4.7
LiCl-HZO—MeOH 1.0 25 0.015 0.0087 11.7
NaBr-HZO-MeOH 3.0 40 0.035 0.0165 9.0
6.2 40 0.026 0.014 8.0 4.4
NaBr-H,0-MeOH 3.0 25 0.028 0.01 4.9 1.9
7.1 25 0.066 0.015 3.9 1.5
LiCl—HZO—MeOH 2.0 60 0.054 0.026 16.8 7.4
3.0 60 0.05 0.028 12.6 6.6
Objective Function #2
LiCl—HZO—EtOH 1.0 25 0.023 0.009 8.9 3.3
LiCl—Hzo—MeOH 1.0 25 0.011 0.007 4.4 3.1
NaBr-H,0-MeOH 3.0 40 0.021 0.012 11.4 3.9
6.2 40 0.021 0.011 11.4 4,6
NaBr—HZO—MeOH 3.0 25 0.013 0.0064 5.0 2.0
7.1 25 0.042 0.0096 12.7 4.5
LiCl—HZO—MeOH 2.0 60 0.038 0.018 40.0 27.7
3.0 60 0.036 0.02 46.4 30.2
Objective Function #3
LiCl—HZO—EtOH 1.0 25 0.025 0.01 8.0 3.0
LiCl-HZO-MeOH 1.0 25 0.011 0.008 10.2 8.0
NaBr—HZO—MeOH 3.0 40 0.02 0.012 13.2 3.8
6.2 40 0.02 0.011 12.1 4.8
NaBr-H,0-MeOH 3.0 25 0.014 0.007 5.1 2.0
7.1 25 0.048 0.011 10.5 3.4
LiCl-HZO—MeOH 2.0 60 0.042 0.019 31.0 19.6
3.0 60 0.036 0.02 46.4 30.2
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TABLE H.8 Values of the Parameters Obtained with Three
Objective Functions for Model II
system ¥;§ (3;) zernary Paramezers
123 123
Objective Function #1
LiCl—HZO—EtOH 1.0 25 -117.68 0.0604
LiCl-HZO—MeOH 1.0 25 -145.85 -0.0612
NaBr-H,0-MeOH 3.0 40 -60.53 -0.182
6.2 40 -68.105 -0.1582
NaBr-H,0-MeOH 3.0 25 -93.462 -0.1135
7.1 25 -81.45 -0.11248
LiCl—H2O—MeOH 2.0 60 -21.409 0.0282
3.0 60 -32.164 0.03745
Objective Function #2
LiCl—HZO—EtOH' 1.0 25 -152.94 0.0899
LiCl-HZO—MeOH 1.0 25 -64.026 -0.1587
NaBr-HZO—MeOH 3.0 - 40 -59.76 -0.1246
6.2 40 -64.96 -0.113
NaBr-H,O-MeOH 3.0 25 -93.2 -0.0235
7.1 25 -99.38 -0.0102
LiCl—Hzo-MeOH 2.0 60 -72.477 0.0759
3.0 60 -80.63 0.0847
Objective Function #3
LiCl—HZO—EtOH 1.0 25 ~145.91 0.08379
LiCl—HZO—MeOH 1.0 25 -133.37 -0.0573
NaBr-H,O0-MeOH 3.0 40 -51.02 -0.1674
6.2 40 -62.74 ~-0.1292
NaBr—Hzo—MeOH 3.0 25 -93.997 -0.0507
7.1 25 -95.00 -0.0483
LiCl-H,0-MeOH 2.0 60 -59.4 0.0639
3.0 60 -68.70 0.0724
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Figure H.2 Test of the Bromley Equation
System: CaClZ-HZO |
° Robinson and Stokes (25°C)

Weast (100°C)

<X

' X are defined in equation (3.15)



0.

0.0

v |
© 0
(o]
©
000
A
R
O]
o) o
o
(0]
o]
A
o]
.'\
(o]
1 ]
-10
X

Figure H.3Test of the Bromley Equation
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X are defined in equqtion (3-15)




* 260

10
0.8
1£3
" 4/L ‘
0.6}
a 4
i i 1
i 2 3 4
m

Figure H.4 Activity Coefficients as a function of con-
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Figureu.5 Test of Temperature Dependency of Bquuation ( 3-20)

. KCl (Snipes et al., 1975)

® KCl (Weast, 1969) .
a KBr (Robinson and Stokes, 1955)

+ Mgso4 (Snipes, et al,, 1975)

® MgS0, (Weast, 1969)

» NaCl (Robinson and Stokes, 1955)
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Figure H.8 Test of the Bromley Equation, System : LiCl-

MeOH at 60°C

Y,x are defined in equation (3-15)
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Figure H.9 Test of ths Bromley Equation, System : CaClz-
MeOH at 25°C

Y,x are defined in equation (3-15)
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Figure H.15 Comparison of Experimental Mean Molal
Activity Coefficients with Those Correlated by
Model II for the System HCl-H,0-MeOH at 25°C and
Constant m = 0.02, 0.05, 0.5

271



0.8

0.4

0.8

0.4

- Experimental , Akerlof (1930) ; (O Correlated ( Opq = ~-1.0)
Constant m = 0.02
O
O
O
@)
O
1
Constant m = 0.05
|
1.0

0.5
wt. fraction of MeOH ( Nacl free)

Figure H.16 Comparison of Experimental Mean Molal
Activity Coefficients with those Correlated by
Model II for the System NaCl—HZO—MeOH at 25°C and

Constant m = 0.02 and 0.05
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Figure H.17 Comparison of Experimental Mean Molal
Activity Coefficients with those Correlateddby
Model II for the System NaCl—HZO-MeOH at 25 C and

Constant m = 0.2 , 0.5
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Figure H.18 Comparison of Experimental and Correlated
Vapor-Phase Compositions Using Model I1 for the System
LiC1-H,0-EtOH at 25°C and Constant m = 0.5
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Figure H.19 Comparison of Experimental and Correlated
Vapor-Phase Compositions Using Model II for the System

LiC1-H,0-EtOH at 25°C and Constant m = 1.0
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Figure H.20 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model II for the System

LiCl—HZO—MeOH at 25°C and Constant m = 1.0
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Figure H.21 Comparison of Experimental with Correlated
Vapor-Phase Composii;.ions Using Model II for the System
LiCl—HZO-—MeOH at 60 C
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Figure H.22 Comparison of Experimental with Correlated
Vapor-Phase Compositions Using Model ITI for the System

NaBr-H,0-MeOH at 25°C
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NOMENCLATURE

activity of solvent i

Debye-Hiickel constant, (Kg/g mole)l/z,
Appendix-D

a constant used in equation (D-11)
constants defined in equation (D-5)
constants defined in equation (D-9)
constants defined in equation (D-10)

pure component liquid molar volume con-
stants, equation (D-4)

constants used in equation (1-25)

binary 1-2 or 1-3 parameter in the
Bromley Equation

second virial coefficient of component
i, cm3/gmole

cross second virial coefficient, cm3/gnwle
constants defined in equation (3-18)

ternary adjustable parameter in the
Bromley Egquation

molar concentration of the electrolyte,
g mole/cm3 equation (A-4)

pure component vapor pressure constants,
equation (1-24)

constants defined in eguation (3-19)

density of the solvent/solvent mixture
(electrolyte free), gm/cc

dielectric constant of the solvent/sol-
vent mixture (electrolyte free)

fugacity of the component i, in the mix-
ture

a factor used in equation (1-10)



GAi and GBi

AgAi and AgBi

281

molar excess Gibbs free energy, cal/g mole’
total excess Gibbs free energy, cal

binary 2-3 adjustable parameter, in equa-
tion (2-4)

temperature independent parameter in
equation (2~4), cal/g mole

binary adjustable parameter, defined in
equation (2-6)

binary adjustable temperature independent
parameters, defined in equation (2-6),
K joules/g mole

adjustable parameters for binary 1-2 or
1-3, in equation (2-5)

Henry's constant, mmHg-Kg solvent/g mole

ionic strength = % z mkzi, g mole/kg of
solvent k

23

Boltzman constant, 1.38054x10 -~ J/K

(molecules)
total # of points in a system

total # of moles of the solvent or sol-
vent mixture (electrolyte free)

molality of an electrolyte, g mole/Kg of
solvent

molecular weight of the solvent/solvent
mixture, gm/gmole

total pressure of the system, mmHg

vapor pressure of the pure component i,
mmHg

poynting effect defined in equation (1-15)
gas constant, 1.987 cal/gmole-°K

3

gas constant, 8.314x10 - KJ/K-gmole

temperature, °K
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- molar volume, cc/gmole

- liquid~phase mole fraction of component
m, defined in equations (1-22) and
(1-23)

- liquid~phase mole fraction of solvent i,
electrolyte free

- vapor-phase mole fraction of component m
- defined in equation (3-15)
- valency of cation and anion, respectively

- binary 2-3 constant, defined in equation
(2-4 )

-binary parameters defined in equations
(2-5) and (2-6), K Joules/gmole
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GREEK LETTERS

0g3 - a constant used in equation (2-4) (= -1.0
or 0.2, 0.3, 0.47)

Opir Opi - constants defined in equation (2-6)

Yi - activity coefficient of solvent i

Y4 - mean molal activity coefficient

*

Y, - mean molar activity coefficient

¢i - fugacity coefficient of the solvent i,
in the mixture

¢? - fugacity coefficient of the pure component i

0 - osmotic coefficient in a binary (1-2 or
1-3) mixture, as defined in equation
(1~20)

1/2 . . .

ol(pI ) - defined in equation (A-12)

wl(aI) - defined in equation (A-13)

oi(pll/z) -~ defined in equation (B-35)

wi(al) - defined in equation (B-36)

1/2

0, (pI / )i, (al),

1 1/2 1 . . .

02(pI ) & wz(aI) - defined in equations (C-24) to (C-27),
respectively

VarVg - number of cations and anions, respectively

\Y - total number of ions (= va * vB)

£ - charge of an electron

6123 - salting out ternary parameter, in equation
(3-5)

623 - a constant in equation (E-7)

§' - defined in equation (3-6)

W - acentric factor



SUPERSCRIPTS
pure component
liquid-phase
vapor-phase

SUBSCRIPTS

electrolyte, solvent 2 and solvent 3, respectively
cation and anion, respectively

critical property

calculated property

experimental

solvent 2 or 3

cation or anion

binary 1-2 or 1-3

solvent-solvent binary

ternary 1-2-3

ions or electrolyte or solvent 2 or 3
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