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ABSTRACT

The feasibility of developing a method of correlation and
‘prediction for mixtures of two solvents containing a dissolved

salt has been studied. The procedure consisted of arriving at

the interaction parameters for the three binary systems (solvent 1-
solvent 2, solvent l-salt, solvent 2-salt) and using these to
calculate the ternary results. Attempts to generate interaction
parameters for the solvent-salt binaries by means of the Wilson
equation were unsuccessful, whereas, use of the NRTL equation

resulted in a very good fit of the binary data.

In correlating the ternary results, it became necessary to
redefine the liquid phase mole fractions énd activity coefficients
for the binary and ternary systems, by the assumption of full
dissociation of the salt in solution. A further assumption led to
a simplification of the procedure and an improvement of the results
for some of the ternary systems: for certain binaries in which the
activity coefficient of the solvent did not deviate from unity by
more than 10%, the parameters were assumed to equal 0.0 and the

binary to behave ideal.

A study was made of the effect.of C¥12 on the ternary fit.
Prediction of the ternary behavior from binary data appears
possible but additional experimental data is needed for the
development of guidelines for the choice of the appropriate

value afC(fbr the solvent-solvent binary.

For the system MeOH—HQO—Li01'the results are better than

those of the Broul and Hala correlation. Good results were also



obtained for MeOH—HQO-potassium acetate and MeOH—Hgo—CaCl The

o
Johnson and Furter equation fails to correlate the potassium
acetate system. For two additional systems of questionable ex-

perimental accuracy, erroneous predictions were made.

The method of correlation 1s easier to apply than the Broul
and Hala technique. All cther methods of correlation - Broul and
Hala extepted - have dealt only with systems saturated with salt.
The method presented here can be applied for any salt concentration.

The method can be applied to either isobaric or isothermal data.
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INTRODUCTION

The change that occurs on the relative Volatility of
a system consisting of two solvents when a salt 1is intro-

duced into the system is called the "salt effect".

In aqueous solutions, if the intrdduction,of the salt
~results in a higher concentration of the nén— aqueous sol-
vent in the vapor phase, the effect is called "salting out".
If the reverse 1is true, the salt is~éaid to have & ”salting

in" effect on the system.

The magnitude of the salt effect is related to the
concentration of the salt. Thus, the maximum salt effeét ié
obtained at saturation. For this reason a large number of
experimental studies on the salt effect are conducted on

solvent mixtures saturated with salt.

Other studies have been conducted using either con-
stant salt concentration or variable salt concentration.
Systems containing fixed quantities of salt however, can

be more directly applied to industrial processes.

In order to more directly compare the effect of dif-

ferent salts on the vapor-liquid equilibrium of a solvent

mixture, some investigators have reported their findings



on a salt-free basis. In correlating salt-effect data .
these investigators have opted to treat the systemsvas.
pseudo-binaries. To account for the presence of the sélt
an empirical coefficient is incorporated into the corré?
lating equation or the standard state for the activity

coefficient is redefined.

Departing from the traditional treatment of salt-
effect data, Hala (q ) has opted to treat such systems
as ternaries. The effect of the salt on each individual
solvent is expressed algebraically and 1s then'incorpora—

ted into the correlating equation.

Jaques and Furter (]§) have offered the only re-
ported method that permits the calculation of the vapor
phase composition of isobaric systems that éontain a sait
at saturation. However, this method of calculation re-
guires measurement of the temperature, pressure‘and liquid

composition of the solvent-salt mixture.

The theories of the salt effect most commonly en-
countered in the literature are hydration theories, electro-
static theories, van der Waals forces and Iinternal preésUre
concept. These theories are reviewed by Long and McDevitt'Gy).
Furter and Cook have reviewed the literature on the salt

effect with particular emphasis on the use of the salt effect



in extractive distillation (&). Tsiparis has published
a comprehensive work on data of the salt effect on vapor-
liquid equilibrium (4gp). Hala and co-workers have included

systems containing salts in their general bibliographles cn

vapor-liquid equilibrium (o).



SCOPE

The object of this work is to develop a method by
which the vapor-liquid equilibrium of systems consistiﬁg
of two solvents and a salt can be predicted from data oni_

the three binary pairs with little or no knowledge of the

terngry behavior.

Although vapor-liquid equilibrium data on the salt-
effect has been growing in recent years, data‘on the
effect of the salt on the vapor pressure or boiling ?oint_
of individual solvents is scarce. In addition,'sihce maﬁy
of thg studies on the salt effect are.carried out at satu-
ration, data on the solubility of the salt in the solvent.

mixtures of these studies 1s not always available.

Because of these limitations, the findings of this
work willvneed to be confirmed or rejected when more data
becomes available. Nevertheless, the five cases studied
cover a broad spectrum of systems which makes the findings

applicable to a wide variety of cases (See Appendix A).

One isothermal and four isobaric systemé are exémined.
Two of the five systems exhibit a "salting-in" effect. Féur
systems contain inorganic salts.while the fifth contains.an
organic salt. One system contains a salt with comparable
miscibility in both solvents, while the other fouf ha&e pre-

ferential solubility to one of the solvents.



I. BASIC PRINCIPLES.

Theoretical principles which are used in the remainder
of this work are defined and discussed in this section. All

the equations that are cited in following sections are stated

herein.

The general discussion of.Vapor—liquid equiiibrium'
and of correlating equations 1s based on material contained
in the works of Hougen, et al. (/1), and Marina (22). The
works of Wilson (4@) and Renon and Prausnitz (34) are used
to supplement the discussion on the Wilson and’NRTL eqan
tions. The discussion on theories of the salt effect is
based on the reviews by Long and McDevitt (z7) and Coahk

and Furter (@ ).



A) DEFINITIONS.

The term solution refers to a homogénéous_mixtﬁre‘of’
two or more components. The properties of a solution are '
not, in general, the sum of the properties of the pure
components. Properties that are mass dependent, such ds
volume, are called extensive properties. The actual con- .
tribution of a component to an extensive property is desig—'
nated as its partial molal property. The partial molal
property of a given component in solution is defined . as.
the differential change in that property reldtive to a
differential change in the amount of the same compdnent
under condiltions of constant pressure and temperature,
and a constant number of moles of all other components.

The partial molal volume of components 1s given by:

- _fav ) (
Vi o= ) . I-1)
- (5“1 ALY ‘
where,
V; = partial molal volume of component i

= total volume

v
P = total pressure
T

= temperature
n, = number of moles of component 1
nj = number of moles of component j

The partial molal properties of gall other extensive

properties may be expressed in a similar fashion.



A system is said to be in equilibrium when it cannot
undergo spontanedus or unassisted changes. Such a state can
exist only when all forces or potentials that tend to pro-
mote change are absent or when they are exactly balanced
against similar forces or potentials. When such a condition
exists between the vapor and liquid phases of a solution,

the system is said to be at vapor-liquid equilibrium.

Thevmost useful quantity in the study of Vapor-liquid
equilibrium is the Gibbs free energy, G. At constant tempe-
rature and pressure, equilibrium is achieved when the total
Gibbs free energy change is zero if no means of performing

work are present. This can be expressed as follows:.

Gy = Gy (I-2)

Equation (I-2) expresses the criterion for equilibrium.
The partial molal free energy of component i must be the

{
same 1in both phasesfpha.s& and PHQSC ”).

The chemical potential}{i is a quantity related to the
Gibbs free energy of the solution. It can be shown that the

chemical potential of a component is equal to the partial molal

free energy, 4(i = Gy.

The fugacity of a component in solution is defined in
terms of its partial molal free energy, or chemical potential,

as follows:



(a3} = dp = RTdInfi) T (I-3)
Where, T = fugacity of component 1 in solutione‘
R = Idial gasAconstant' |
T = Temperature
and Lm %p='

X0 - '
Equation (I-2) describing the criteria of equilibrium

can be rewritten in terms of the chemical potential of the
fugacity as follows: »

’ " | |
i =P (1=4)

£l = % (I-5)

)

The chemical potentials of any given component ére-
identical in all phases. The fugacity criterion as expressed"
in equation (I-5) is a more useful expression as fugacities
can be expressed in absolute values. At vapor—liquid'equiQ
‘librium the fugacity of component i in the vapor phase is

identical to its fugacity in the liquid phase.

An ideal solution 1s defined as a solution in which
the fugacity of each component i is equal to the product
of its mole fraction and the fugacity f° of the pure com~
ponent at the same temperature and pressure as the solution.-
This can be expressed as follows:

(fg,= Ngfa®) 1o (I-6)
where Ni is the mole fraction of component i in the same

phase. This expression agrees with Raoult's Law for liquid

ideal solutions and Dalton's Law for ideal gas mixtures.



An ideal liquid solution implies that when the compo-
nents are mixed mutual solubility results, that no chemical 
interaction occurs, that molecular diameters are ths same
and that the intermolecular forces of attraction and re-
pulsion are the same between, unlike as between like

molecules.

The ratio of fugacities of éomponent,i. in any state 
to its standard state fugacity at the same temperature is
designated as 1ts activity a;. The activity can, therefore,
be directly related to ideal solution behavior. To describe
the departure of a solution from ideal behavior, an empiri-
cal correction factor termed the activity coefficient (3)
is used. The activity coefficient is the ratio of the
activity to a numerical expression of the composition. The
numerical value of the activity coefficient has no signifi-
cance unless the standard state and the units for the compoj
gsition are specified. In terms of mole fractions the activity

coefficients for the liquid and vapor phases are defined as

follows:
° ’ .
XLL = Q;V:F}. /(‘PL %L) (I-7)
XL
Jiv=oy, = fL /(FL yi) (1-8)
P28
where,

1k,= ligquid phase mole fraction on component 1



| y& = vapor phase mole fraction of component 1.

At atmospheric pressure or below the activity coefficients .
of the components in the gas phase are nearly unity; i.e. theA

vapor phase behaves ideally.

Under these conditions the standard state fugacity of each’

component in the liquild state equals the saturated vapor pressure:

of the component and the fugacity equals the partial pressuré.
That is, |
] © ’

fr =P (1-9)
and :
fi-P-yPfr - (I-10)
where PT equals the total pressure on the system. For low
pressure vapor-liquid equilibrium the vapor phase activity co-~.
efficient can be assumed to equal ﬁnity and the liquid phase‘

activity coefficients become

o -0t (1-11)

If the liguid phase behaves ideally, the actiVity coeffi-
cient latL €quals unity and equation (11) reduces to the well

known Raoult's Law for ideal solutions.

Equation (I-11) is used in the remainder of this work
since all systems studied were reported at pressures not ex-

ceeding atmospheric pressure.

10



For ideal solutions the relative volatility C{ij) of
component i relative to j is given by the ratios of the vapor
pressures. For systems that obey Raoult's Law the relative

volatility is independent of composition.

For non-ideal solutions the relative Volatility is nof
constant but varies with composition. The ratio of the vapor
pressures is multiplied by the ratio of the activity coeffi-
cients wnich varies with composition. Non-ideal solutions éX-

hibit temperature - cdmposition curves substantially different

from those of ideal solutions. An azetropic system is a solution

that exhibits at least one point where the vapor composition
and the liquild composition are identical. At this péint the
mixture continues to vaporize at a single temperature, as doeé
a pure liquid. No further change in the composition of the-
azeotrope occurs. This characteristic is undesirable if é

separation of the mixture into 1its constituents by distillatidn'

i1s necessary.



B. THE. GIBBS-DUHEM EQUATION.

The Gibbs-Duhem equation is a rigorous thermodynamic 
relation that is valid for conditions at constant fempera-i
ture and pressufe. This equation, in its various forms,'ié
~useful in minimizing the number of experimental data neéessary
to evaluate the properties of a system. The equation has alsdl

been used to detect inconsistent or erroneocus measurements.

The Gibbs-~-Duhem eqguation expresses the relationship of
the partial molal free energy of a component in solution to
the partial molal free energy of the other componentsAand
to the composition. For a multicomponent system, the Gibbs-

Duhem equation can be expressed in terms of fugacity as )

follows: ]
X1 oin f1)} 4 X5 Qln f2> + xq d1n f3) +eun :] (I-12)
(o, 3% / 353 oo
For a binary solution, equation ( becomes

[Xl ‘H?qf }PT ) {;2 (éln fg)] BT (I-13)

Equation (13) can also be expressed in terms of activity.

coefficiehts as follows:

[ G5 -(6%)] -



C. - THE CONCEPT OF EXCESS PROPERTIES.

To describe the degree of departure of a real mixture

from ideal behavior the concept of excess properties is used.

An excess property is defined as the difference'between_the
value of this property in the real mixture and the value
this property would have should the mixture behave 1deally.

The excess free energy of a mixture 1s defined by

oE - oM - g (1-15)
where,
GB = Excess Gibbs free energy
GM = Gibbs energy of mixing
G¥ = Gibbs energy of mixing for_an ideal soiution. 

The excess Gibbs free energy can be expressed in terms

of the activity coefficients and mole fractions by

n
gB = RE‘%il xiln5; (I-16) -

The partial molal excess Gibbs energy is defined by

-
G = RT Inq; (I-17)

This equation offers a convenient Way of relating the
aétivity coefficients to the excess properties. The partial
molal excess free energy can oe related to the total excess

Gibbs energy by

o
B

_E E

G; = RT Ind¥, = G -

L33 (1-18)

.I

o
%
I_J

Rl

=1
J
‘Throughout the years, correlations for the Vapor liquid

equilibrium have made use of the excess free energy concept

I3



to derive algebralc relationships describing'the non-ideal
behavior as a funétibn of ' composition. Equation (I-18) is |
used to obtain from experimental data the parameters of suéh'
correlations. Some of these correlations will be .described

in the following section.



D. CORRELATIONS FOR THE ACTIVITY COEFFICIENTS.

The concept of excess free energy includes all the
effects that contribute to non-ideal solution behavior,
such as differences in intermolecular forces, pdlarity,
chemical structure, and molecular size. Because of this,
the excess free energy has been empirically expressea as
a function of composition by many correlating eQuatidns

for vapor-liguid equilibrium.

It is the purpose of this section to preSent some of
these correlating equations, particularly those that have

been applled to systems containing a salt.



1. The Wohl Three-Suffix Equation.

The general Wohl equation expresses the excess free energy

as a function of composition, effective molal volume and effective -

volumetric fraction Z; of the separate components; The equation f
permits the use of as many terms as are needed to describe the
complexity of a solution being restricted only by the precision'

of the experimental data.

For binary systems, the Wohl equation in its three suffix

form is given by

16

G~ _ a: o . L
RT “(%1 + q_i_ '12 2122[2'1Q1(2a12+3a112)+ qu1(2a12+3a112)] (I—l9)

when,
dy s q, = effective molal volume of components 1 and 2

7 = effective volume fractions of components 1 and 2 -

215 25

8105 840> a22 = empirical constants.

The effective volume fractions Zl and Z2 are given by

7. =
TS e B

i
By using equations (I-18) and (I-19) the expressions for

the activity coefficients are obtained.

Il

log¥)

i

X3 (1-20)

> ay _
Z, @ vz (B qé.«lA) zJ (1-21)

log¥, 212[B+2 (o L - B)zg] | (I—??) |

where A

gt

2.303 {él (2a12 + 3algéﬂ
2.303 qu (2ayp + 3all2j

i

and B



The constants A, B and ql/q2 are characteristic of each

binary system.



2. The Margules Three-Suffix Equation,

The Margules three-suffix equation as modified by
Carlson and Colburn can be obtained from the'Wohl's equa-

tions for the activity coefficients by setting qg/ql equal

to unity. Thus,

log .61 "%3 2 [A+2(B A %l] 2B—A)%2+2(A—B>%3
log K %J_ B+2 A- B)%12+2(B"A)%12+2(B—A)x 13- '

Where these equations hold, A is the value of logvzﬁ.

at % = 0 and B is the value of log ¥, at % = 0.

The Margules three-suffix equation is suited for sym-

metrical systems where the constants A and B are nearly the 

same. For systems where A and B can be taken as identical,

the Margules two—sﬁffix equation results:

log Y, = 89,2
log 2{2 = A‘ﬁgg

18

(1-25)
(1-26)



3. The van Laar Equation.

The Wohl equation reduces to the van Laar th—suffix

equation if ql/q2 is set equal to A/B. Thus,

A %3 (1-27)

= Az e
log @y = Az [e8) 'x-l ""xz_]a

|

log.xé = B212 = B« (1‘28) h

(21 +(B/p) %2]*

The van Laar equation may be used for unsymmetrical
solutions where the ratio A/B does not exceed 2. The

equation cannot be used where maxima or minima values of

log ]{occur.

Determination of'ﬁi and.]f at a single known comp081tlon
permlts the evaluation of the entire activity coeff1c1ent—
composition curves by using the van Laar equation. The
cohstants A and B can be calculated from the measured .

values of the activity coefficients.

19



20

k. The Redlich-Kister Equation.

The Redlich-Kister equation relates the excess free
energy to composition, at constant temperature and
pressure, by a series fuction using terms sufficient to
fit the experimental data. The excess free energy.for.é‘
binary system ig given by |

¥ = RTxyx, [B+C(x1-xp) + D(xq-%p) +"3P,r (I-29)

The individual activity coefficients are obtained
by differentiation of equation. Thus,
nY] = X1 Xo EE‘S+C(xl—X2)~kD(Xl—x2)2f. . .]+X2 {B(XE—XJ_)

40 (63 x-1)4D(x)-%0 ) (Bxyxp-1) .. ] (1-30)

H

2
Xy Xp @+C(xl-x2)+D(xl—X2) +.. } —X]_EB(XE_X]_>

+C(6xlx2-l)+D(xl—x2)(8xlx2—l)+..J 4(1—31):

lnﬁé

Equations (I-30) and (I-31) cen be combined into a
single equation by subtracting the latter from the former

to give

ln?ﬁ/zé = B(Xp-Xx1 )+C(6xyXo=1)+D(xp-%1 ) (1-8x3%5 )+ .0 - (I—B?).'
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5. The Wilson Equation.

A great advancement in the semi-empirical correlation -

of wvapor-

liquid systems was made by the introduction of the 4

Wilson equatidn.(tﬁg). This equation can be readily expanded

to multicomponent systems and prediction of multicomponent

vapor-liguid equilibrium may be obtained from binary data

alone.
The excess free energy is given by Wilson as
E . N . -
G = _ e in(1-ZXGAN 1-33
RT in ( J d L%) ( ?
where . .
Nji = l-VJé?(kji')ii>/RT (x-33b)
1 g -
\& pure component molar volume of component J

vi = pure component molar volume of component 1

Aii

Aii

The
accuracy

equation

cibility.

= constant proportional to the energy of interaction

between cdmponent i and J

constant proportional to the energy of interaction

il

between molecules of component ii.

two parameter Wilson equation represents with great
vapor-liquid of miscible systems. However, the
fails to correlate systems exhibiting partial mis-

Unlike the previously discussed equations, the .

Wilson equation contains parameters with a degree of built-in

temperature dependency.



6. The Renon-Prausnitz Equation (NRTL).

Renon modified the Wilson equation by introducing the
constant ol as a third parameter. The resulting expression for

the excess Gibbs free energy 1is given by

E
G %% - ex /RT
RT RT [ X]+Xp  exp i—diggl 91157313

. exp (9o~ /RT :
where
sij = residual Gibb energies

X1, Xp = mole fractions of components 1 and 2.

The terms (ﬂij - 333) are fitted to the data and the third
parameter,cﬁ may eilther be fitted to the data or may be set
at a value corresponding to the nature of the system. Renon
suggested a classification of binary system into eight cate-
gories Trom considerations on the polarity and self assoclation
characteristics of the pure components and the value of the
excess free energy of the mixture. The values of OCsuggested<
for these eight types vary in the range from 0.2 to‘O.QT.
These rules, however, constitute an approximation and -curve
fitting with a variable value ofOngﬂmﬂelly gives more accu-

rate correlations.

In general, this equation correlates binary data and

multicomponent phase eguilibria with good accuracy. The NRTL
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equation, although a 3 parameter equation, represents an im-
provement over the Wilson equation because 1t can be applied

to systems exhibiting partial miscibility.

Because of the physical significance attributed to the

parameter « in the original derivation of the NRTL equation,

iJ
the value of this parameter was restricted to the range O‘(Cﬂij <1.
Renon and Prausnitz recommended guidelines for assigning values

of dfij tc reflect the type of system under consideration.

However, in recent years the NRTL has often been used as an
empirical parameter. Marina (23) for instance has shown that
pre-setting the value of K to -1.00 yields equal or better pre-
dictions for the equilibria of multicomponent systems than those

obtained by the recommended A values. Other authors have opted

for variable or regressed values of (8, 27, 42).

Expressed in terms of the activity coefficients, equation

(I-34) becomes:

where,
Tt = (9u-9u) /RT
Gji= exp (-1 'L’Ji/)
oy = OLJL and 91j = %;\,;,,
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E. Theories on the Salt-Effect.

Several theories have been offered to attempt to explaiﬁ
the complex interactions that occur in solvent mixtures con~
taining a salt. These have been classified into four types:
hydfation, internal pressure, electrostatic and van der Waai’s
forces theories. This section offers a summary of these theories.
A more detailgd description can be found in the reviews of Long

and McDevit (2/ ) and Cook and Furter (& ).

The discussion uses the nomenclature generally used in
salt-effect theory. The non-aqueous solvent is referred to as
the nonelectrolyte; water is called the solvent and salt is

referred to as the electrolyte.

According to the hydration theories, the salting-out
effect results from the effective removal of water molecules‘

from their solvent role due to the hydration of ions.

Long and McDevit found this theory to be inadéquate inn
that it does not consider the effect of the salt on the rest
of the solvent or of the ﬁonelectrolyte. This theory indicateé'
that hydration numbers should be independent of the Species of
nonelectrolyte, which they are not. In addition, the tﬁeory
does not allow fof the occurrence of saltingéin and thé order

of ion effectiveness does not correspond to the observed order.

The theory of "internal pressure", which Long and McDevit found
to hold only for strictly non-polar nonelectrolytes, relates

volume contraction to the salt-effect. The "effective pressure"



of a salt is defined as the external pressure'that'would have
to be applied to cause a volume contraction equal.to that caused
by the salt. This parameter has been found to correspond roughiy

to the magnitude of the salt effect.

The electrostatic theories relate salt effect to the in-
fluence of the nonelectrolyte on the dielectric constant of the.
solvent. The amount of work necessary to discharge the ions
in pure solvent and to recharge them in a solution cdntaining
the nonelectrolyte, thus ylelding the electrical contribution
to the free energy, and hence to the activity coefficient, of
the nonelectrolyte is calculated. These theorieé considef only
departures from ideality due to the electrostatic interactions
arising from the lonic charges. The resulting equations aregv
limiting laws since they are derived for infinite dilution.
Attempts to extend these theories to finite electrolyte con-

centrations have been largely unsuccegsful.

The van der Waals forces theory attempts to explain why
a given nonelectrolyte may be salted-in by some electrolytes
and salted-out by others in the same solvent. The theory holds-
that at finite concentrations short range dispersidnvforces_
may also be apprecilable in determihing the salt-effect. In the
presence of large ions having weak electrostatic fields, or in
the presence of relatively undissociated salts, the highly
polar water molecules may tend to associate much more stroﬂgly
with each other than with the salt, forcing the salt into the |
vicinity of the less polar nonelectrolyte molecules With which

it associates resulting in the salting-in of the nonelectrolyte.



Attempts to apply this theory quantitatively'have thus far,

been inconclusive.

None of the theories that have been formulated thus
far to explain the salt-effect have been successful in fe—
presenting the phenomenon. It is hoped that by taking anb
empirical approach, it may be possible to correlate the:
salt-effect by obtaining the binary interaction parametéré
from data on thé constituent binaries (solvent-salt,

nonelectrolyte-salt and solvent-nonelectrolyte).

A
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II. LITERATURE REVIEW

As previously mentioned, the theory and experimental
work on the salt effect have been the subject of bompre—-‘
hensive reviews by Furter and Cook ( 4 ) and Long and Mc
Devitt (2_/ ). This section will serve to give emphaéis.
to the methods of correlation fouhd in the literature

and to cite the more recent publications on the sub’j'ect.

With the exception of the papers by Ritws Miro and
coworkers ( 37 — 4| )» only articles written in

English or translated into English were reviewed.



A, Methods of Correlation.

Ruis Miro, and others, have correlated with partial suc-
cess systems consisting of ethanol, water and a dissolved salt

by means of the Van Laar equations as modified by Carlson'ahdi

Colburn (37 , 38 ).

In attempting to correlate syétems in which the salt is
considerably more soluble in water than in ethanél (NaCl,.
KCl and KNO3), Rius Miro found that although the calculated
.activity coefficients for ethanol were in good agreement with
experimental values, the activity coefficients for watef de-
viated from the experimental values by an average of 22%.
Rﬁis Miro concluded that the Van Laar equation does not

satisfactorily correlate systems saturated with a salt.

To correlate systems in which the salt 1s soluble in
both solvents, Rius Miro and coworkers have modified the Van
Laar equation by introduction of two empirical parameters,

Kl and ko». Thus,

= A II-1la
3 %)
log .62}(2 = +g %P 5 | (II—'lb) .4
(% %

The parameters ki and k, are used to normalize the values



of the activity coefficients. If the values of the'actiVity.'
coefficient for one component are all greater than unity, or
all smaller than unity, the value of the constant‘k for‘that‘
component is set at k=1. If, on the other hand, some values
of the activity coefficient are greater than unity while |
others are lower than unity, the value of k for that compo-
nent is equated to the reciprocal of the lowest Valué of

the activity éoefficient. Assigning such a value to k has

the effect of making the.yk all equal to or greater than '

unity.

This modification is also said to iﬁprove the results
of systems in which the salt is soluble only in water. HOW—'
ever, only the values of the parameters are reported and not
ﬁhe fit of the corfelation. The method failed to correlate

the data for the system containing KBr.

In a later study, Rivs Miro and his coworkerstplotted.
the ratio of the fugaclity of the solvent in the solvent-salt
ternary to the fugacity of the solvent in its standard state |
(saturated with salt against the ratio of the fugacities in -
the absence of salts). The plots were linear éxcept when two
liquid phases occur. The daté was cbrrelated by the following

equation:

%; log (%)- 1log (%f)s kscs (II-é)



where,
fi
£
fio
fio
Rs

Cs

fugacity of component 1 in the ternary system '

standard state fugacity of component 1 saturated
with salt

fugacity of component 1, salt free

standard state fugacity of component 1, salt:
free (pure component) :

solvent interaction constant

Vsalt concentration (moles of salt/moles of com-
“ponent 1)

For the system ethanol-water calcium nitrate Ruis Miro

and coworkers developed a correlation based on solvation

theory. This correlation method, however, cannot be extended

to other systems.

Johnson and Furter have developed from electrostatic

theories a relation that is similar to equation (II-2):

E

ap

where,
Qs
A

%3

Il

RT log Os = f (X3) | o (IT-3)

A

relative volatility in the presence of salt
relative volatility in the absence of édlt'

mole fractions of salt.

By assuming constant temperature and a linear relatibn—

ship between the excess chemical potential and the concentration,

equation

log g = kg o (II-4)
a : .

where,

k3

= galt effect parameter.



Johnson and Furter showed for 9 systems in which the
salt concentration was experimentally determined the para-
meter ki3 was independent of the solvent concenfration,WXQ.
These results were extended to a total of 24 systems. For"
these systems it was found that the vapor phase compositién
could be calculated to within 1 mole per-cent from a single
experimental determination of k3. This method provides a
simple means of correlating salt effect data provided that.

the paranmeter, k3, is approximately constant throughout the

solvent concentration range.

Meranda and Furter found that large variations of k3
with %> exist for some alcohol-water-acetate Salt SYStems:“
(équ). In addition, Yoshida found that for acetic acid-
water-salt systems the data is correlated with smaller

deviations by:

108 7/¥0 = Ry M (II-5)
where, |
y = mole fraction of organic solvent vapor
Vo = mole fraction of organic solvent vaﬁor in‘salt
free mixture S
hh‘ = correlation parameter
M = concentratidn of salt (g-moles/kg of solvent)

Yoshida's equation, however, cannot be used to correlate

alcohol-water-salt systems.



To improve the correlations obtained from equation (II-4),
Jacques and Furter have superimposed the Redlich-Kister equatibn
for the soclvent-solvent interactions to the power series ex-

pression quoted by MacDevitt and Long (;aa )

log }g :n§;KhnpSnCim ‘(11-6)
where,

)8_ = activity coefficient of component

Cs = salt concentration

Ci = concentration of component 1

Kengy = Interaction parameter.

Substituting x for Ci and z for Cs and expanding for .

n+m 3, Jacques and Furter obtained:

_ ' 2 | 2
log ¥ = kg + ho;x + kioz + kbzx + k“Xz + h“z + |
2 2 ' ey
Royd + R X2 + Ry xz2 + Ry 23 (11-7)

The Redlich-Kister equation can be re-written in the

terms of equation (II-7) to give:

1og ¥ = Ry + Royx + R 0 + kosaa (II1-8)

Equation (II-8) represents the variation bf the'activity
coefficient with solvent concentration in the absence of salt.
If equation (II-8) is subtracted from equation (II47),>the’ré-
sultant expression is a measure of the salt effect. The exéess
chemical potential is given by Jacques and Furter as:

4%&LE = Cyz + szz + C322 + qugz + C5x22 + C6z3. (II-9):



Jacques and Furter reported that equation (II-9) gave
cOnsiderably improved results over equation (II—&).when

applied to 12 systems consisting of ethanol—water—inorganic=

salt(/aﬂ

Rousseau, Ashcraft and Shoenboréﬁ%%rrelated the-alcohol~b
water-salt data of Johnson and Furter by means of the Van
Laar ( /f ), the Wilson (4§ ) and the Renon (3%35) equati»on's'.
The'activity“coefficients of the volatile components were
calculated by using a modified reference fugacity that takes
into account the vapor pressure lowering due to the sait.
Because most salts are more soluble in water and data on the
vapor depression of the alcohols was unavailable to these
workers, the effgcts of thé‘salts on the reference liquid
fugacity of the alcohol was neglected. The activity coeffi-
cients were then calculated by using the depressed vapor
pressure of water as the reference liquid fugacity for water,
while the pure alcohol vapor pressure is used as the referéncer
fugacity for the alcohol. In applying the Renon (NRTL) equa-
tion to these systems, Rousseau and coworkers used a variablé

value of the parameter @{,,.

)

Jacques and Furteg%%ook a similar approach to that of
Rousseau and coworkers in developing a method of calculation
of the vepor composition in iscbaric systems containing

ethanol, water and an inorganic salt. The method permits



the calculation of the vapor composition from data on the
boiling point, total pressure and liquid phase composition

by means of the Wilson equation.

Jacques and Furter, like Rousseau and coworkers, based
their liquid component activity coefficients on the standarad

state of the liqqid*saturated with the salt. Jacques and

Furter, however, corrected for the lack of data on the vapor:

depression of ethancl by multiplying the pure liquid vapor
pressure by the ratio of the vapor pressure of ethanol satu-

rated with salt to the vapor pressure of pure ethanol at the

same temperature. This ratio is assumed to be independent of’

temperature.

The depressed vapor pressure of the alcohol used in the

activity coefficient calculations is then given by

4
P1 (Ta) = P1°(Tg) x P (n,]
- P17 Ty

where,

/
Py (Tg)

1}

saturated with salt at temperature T,

(II-10)

Calculated depressed vapor pressure of ethanol

Plo(Ti) = Vapor pressure of pure ethanol at témperature Ta,

Pi (Ty) = Observed depressed vapor préssure of ethanol
saturated with salt at temperature Ty.

PlO(T,) = Vapor pressure of pure ethanocl at temperature Tz°

The total pressure 1s expressed as follows:

Pp = le:/L.‘ T+ (1-%)%5 P;_,

(Ii-ll) |



where,
Pp = total préssuré, calculated

Pi R Pé = vapor pressures saturated with salt.

By fitting equation (II-11) with the observed total
pressure, the best parameters of the Wilscn equation can bén
found. The vapor phase mole fractions can then be calculated
from these parameters. For systemé exhibiting partial misci-
bility, Jacques and PFurter used the three constant form of |

the Wilson equation.

Halggﬁas developed a method for correlating the salﬁ
effect from data on the vapor depression of the’sblvents. The.‘
method makes use of the assumption of full diséociation of the
salt to calculate the solvent-salt interaction parameters. Thé

depressed vapor pressure is expressed as follows:

Py = P‘i-'Xlt- 'b’l+, (II§12) ,
where, )

Pi = dpressed vapor pressure

Pi ="vapor pressure of pure solvent

Xl+ = mean mole fraction of solvent

«
+
H

mean rational activity coefficients.

The mean quantities are evaluated with the assumption of
full dissociation of the salt. The mean mole fraction X4 is.

defined as follows:

- X |
_, o (11-13) -



where,
Qq_ = analytical mole fraction of solvent
N3 = analytical mole fraction of salt
VU = total number of ions in one mole of'saitr

The mean rational activity coefficient isvdefined in terms’
of the mean mole fraction with the assumption of ideal vapor
phase by equation. (II-12)

| 2
Hala superposed the term - 1/2 C?(33/ to the Margules

three-suffix equation to account for the coloumbic interaétions:
The constant C is evaluated along with the Margules parameters.
The resulting expression is given by -
log Ty, = - 1/20%53/2 + %2 [Al'j + 2% (A31% - A13SJ (II-14)
where, - -
¢ = constant fepresenting coloumbic interactions

Al3: ASl = Margules parameters.,

To simplify the ternary correlation, Hala suggested setting
the constant € to be the same value for the two solvent-salt |
pairs. By combining equations (II-12) and (II-14), the binary
parameters for the solvent-salt pairs are obtained. The Margules
parameters for the solvent-solvent pair are obtained in the |

conventional manner.

To correlate the ternary data from the binary parameters,

the following expressions are used:
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+ . '
10%(%) = 7"22A12 - ‘foz‘l - 2X%p (Alg-Agl)
- ’X,3(QA32'X¢2—2A31”1 + xg, (A23—A13) + (xl—xE)
EVQ (Ao + Aoy + Az + Az + A3 + A3p)

} 0123]) (I.i‘—IB)

!

(512 = (’541-) : R: (II-16)
($22) - B

61L (X"/%z) 3 (I"I_.kl-%_)

Yy
1
[V + G ()]
where;
B, = generalized relative volatility
Aij = binary parameters
0123' = ternary constant.

Hala's method differs in approach from previous methods
of correlation in that it considers the systems‘as true ter—r
naries rather than pseudo-binaries, making use of binary
interactions to correlate the ternary behavior. His method'
is easily modified to correlate different types of mixtures
of electrolytes and nonelectrolytes. For all types of mixtureé,

both the coloumbic and non-columbic interactions are taken

into account ( q > JO ) -

Sada and Morisue ( 43 ) have presented a series of
equations to rigorously describe the salt effect for systems
containing two volatile components and a non-volatile salt. -

These authors have generalized the Gibbs-Duhem equation to
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satisfy such systems. An expression for the salt effect is
derived from this generalized Gibbs-Duhem equation. Unférf
tunately, these authors have not applied their equationé to

any real systems nor shown how these rather compléx expreséions

can be practically applied.

Jacques and Furter have presénted a method of testing
the thermodynamic consistency of data for the eﬂhanol—water'

system saturated with inorganic salts ( [4 ).

The methods of correlation mentioned above cannot bé
used to predict vapor-liquid equiiibria in the absence of
ternary data. The method of Hala provides a foundation for
a4predictive method; however, Hala in his correlation makeé.

uge of a ternary constant.

It is the objective of this study to develop a method
of correlation that may be used as tool for the predictioh
of the salt effect. Such a method would permit calculation
of the vapor phase composition in a ternary solvent—solvent—
salt system from binary data alone. The method would not be
restricted to salt saturated systems but would pefmit,calcua

lations of y for salt concentrations below saturation as well.



B. Experimental Work.

Broul has reported data on the system methanol-water-
lithium chloride at 60°C. His correlation based on Hala's
theories gave an average deviation in the vapor phase mole

fraction of 0.0191 (3 ).

Chen and Thompson reported data on the system glycerol—
water-sodium chloride ( B ). The salt was shown to have a

pronounced effect on the activity coefficient of glycerol.

Johnson and Furter presented data for 24 systems consisting
of an alcohol (methanol,'ethanol or n-propanol), water and a

salt present in the liquid phase at saturated concentrations_
CIT)-

Cook and Furter reported a series of experimental runs
on a pllot plant scale where aQueous ethanol was fractionated
in a 12 tray column using potassium acetate as the separafingv
agent ( 1( ). Small concentrations of salt wére sufficient to
destroy the azeotrope. The overhead product was Qompletely

free of the separating agent.

Johnson, Ward and Furter reported isobaric data on the
system n-octane-propionic acid-sodium propionate ( /8 ). The

salt was found to enhance the relative volatility.

Kato, Sato and Hirata reported isobaric data for the



systems methanol-ethanol-calcium chloride and iso-propanol-
water-calcium chloride ( 19 ). The authors proposed a new ana--

lytical technique based on bubble point and condensation pdinp

measurements.

Lindberg and Tassios reported isothermal data bn'the
systems n-hexane-ethanol and hexene-l-ethanol saturated by
lithium bromide and potassium acetate (2p ). These auﬁhors"
found that the salts cannot be used as extractive agents for

these systems since they do not destroy the azeotrope.

The system ethanol-water saturated by potassium acetate’
is reported by Meranda and Furter (:@V ).'The data was not
satisfactorily correlated by the Johnson and Furter equatioﬁf
in a subsequent publication, this study was exténded to 7.othéf‘
ethanol-water-acetate salt and methanol-water-acetate salts
( 25 ). The methanol-water-potassium acetate exhibited an even

larger deviation from the Johnson and Furter equation.

Meranda and Furter also investigated the effects of halide

salts in the vapor-liquid equilibrium of alcohol-water systems .

(;U%)' The synergistic effects of halide salt mixtures were in-

vestigated.

Ohe and others reported the effect of calcium chloride

on the methanol-ethyl acetate system (;?a ). From the data -

these authors conclude that a solvate 1s formed between the

alcohol and the salt.
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Prausnitz and Targovnik reported data on the salt effects
of various salts on the systems water-pyridine, water-dioxane and
water-isopropyl alcohol (&2 ). They explain their findings in

terms of the various theories of the salt effect.

Ciparis and Smorigalte reported data on the effects of KI;:.
KBr,KC1 and CaCl, on the equilibrium of the system water- A
acetic acidz(1/7’). The salting;out of acetic acid was charac-
terized in terms of concentration, the nature qf the ions and’

the temperature.

Yoshida and others measured the effect of various salts
‘on the vapor-liquid equilibrium of water-methanol and water-
acetic acid systems (4{q ). These authors determined the order
of effectiveness of the ions present. They also found that
for the system water-acetic acid-salt the Johnson and Furter

equation does not correlate the data with sufficient accuracy.
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III. PROCEDURE

The system methanol-water-lithium chloride was éhosen
for the initial analysis for two reasons. First, the system is
isothermal which eliminates the problem of temperature dépeh—'
dency of the parameters. Second, the ternary data is extenéive

~and the binary data is readily available.

The Wilson equation was used to correlate the binary'data.
Since the parameters of this equation have a degree of built-in
temperature dependence which makes it ideal for use in isobaric,

systems where the temperature range 1s broad.

The parameters of this equation for the systems MeOH-LiC1l
-and HoO-LiCl were first approximated by a method similar to

that of Baker. This method will be explained in a later section.

The approximate solutions revealed thatAat least one of
the ﬁwo parameters is negative. In order to confirm this fihding'
a least-squares subroutine was used ﬁo attempt tovfind the”roots
of the Wilson equation. The subroutine failed to converge for
the normal starting Va;ues’for‘the parameters. However,‘whenv
the approximate roots‘developed by the first technique were -
used, the iteration converged to a set of parameters Where onéf“
of the parameters is negati?e. This confirmed the initial

findings.

Since the use of the ternary form of the Wilson equation

requires a set of positive parameters, the study of the Wilson



equation was discontinued. The NRTL equation developed by'-
Renon and Prausnitz was chosen for further study since it .

does not contain logarithmic terms.

‘The Renon and Prausnitz parameter, d; was'regresséd
for the three binary pairs. In addition, the binary»dataiwas
fitted by using various preset values of ¢~ and regressihg
the other NBTL parameters A and B. The ternary data»Was
then fitted 'solely by the use of the binary parameter thus

derived.

An adaptation of Hala's method of correlation was also
examined. Hala's term, -1/2 C)L33/2, describing thekcolo—
umbic interactions, was superposed on the NRTL equation;‘
This procedure yesults in a four parameter equation for
the binary solvent-salt systems. Since the same value of
the parameter, C, is used for both binary sélvent~salt_
pairs, its value cancels out'andvthe origihal ternary form

of the NRTL equation is retained. The parameters.obtained

by this technique are different in value from those obtained

by the previous method. The use of a four parameter equation can -

only be justified where the number of binary data points is

large.

To correlate the isobaric systems, a bubble point sub-
routine was incorporated into the computer program. This sub-

routine was found to converge only when full dissociation of

43



the saltvwas assumed in the definition of the mole fraétiohs
and activity coefficlents. The activity coefficient of'the 
solvent calculated by the assumption of full dissociation

of the salt was called the ionic activity coeffiéient;’while
the mole fractioné of the sclvent and salt calculated by.:
‘this assumption were called ionic mole fractions. These ionic.

gquantities are strictly defined in a later section. .

For certain binaries it was observed that the ionic
activity coefficients were approximately unity throughout
the solubility range. In order to determine whether the
accuracy of the ternary predictions would be reduced by
assuming such binaries to be ideal, the parameters for suchvv
binaries were preset at 0.0. When the ternary results obtained
by this assumption were compared to the results obtained
without the assumption, i1t was observed that the results’

were comparable or better.

To obtain the value of dig that would best fit all tﬁe
ternary systems, the value ofcﬁl2 was pre-set at incremental
values in the range from -1.0 to 1.0. The values of X313 and
c&23 were pre-set at either 0.30 or 0.0 depending'dniwhether
the assumption of ideality in the‘respective‘binarieé had

reasonable validity.

The more extensive isothermal data of Broul for the

system methanol-water-lithium chloride was then examined by

7
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using the ionic quantities defined for the isobaric systems.

A study was carried out to determine the type of ternaryi
fit that would be obtained from two different seté of binary

solvent-solvent data.

‘For the system methanol-water-potassium acetate, which
exhibits large temperature variations, a study was carried
out to determine if the use of temperature dependent para;
meters would result in an improved correlation of the ternary

results.
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RESULTS

I. The W:lson Equation;

‘The system methanol-water-lithium cthride.Wgs first
examined by using a parametric method adapted from Bakerks.'
technique ( / ). It was hoped that this method would providé
a graphical means of studying the behavior of the roots of
the Wilson eqpation for the binaries methanol-lithium chloride
and water-lithium chloride. The method of Baker uses the |
Wilson equation for both activity"coefficieﬁts, but since: the
Wilson equation cannot correlate the activity coefficients of
the salt in the binaries in question, only the aétivity co—. |
efficients of the solvents are considered here. The complete ‘
derivation of the modified technique is given in the Appendix,

a brief summary of the derivation and its use follows.

The Wilson equation is solved for one of its.parameters

/\21 in terms of the other, /\ the mole fractions Xl and X2

12°
and the activity coefficient of one data point 25’. The final

expression gives

- 3T o
ney e g

where, T = "‘1 + Alz 'X2

The substitution of the expression to the fight of the
equal sign in equation (TN-l) for /\21 in the Wilson equation
results in an expression for the activity coefficient,]ﬁz,

for a subsequent data point in terms of the parameter /\lé
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and the activity coefficient for the previous data point. Thus,
from knowledge of one observed activity coefficient, a curve.
of activity coefficients against /\12 is generated for each

solvent-salt pair.

The family of curves thus obtained show a minimum poinﬂ
in the range from /\12 = 10 to,/\gl = 20. When a horizontal
line is traced from the value of the observed activity co- .
efficient to the curve, two roots to the Wilson equation afe'
found - one root on each side of the minimum point of the curve.
However, both of these roots resulted‘in negative values for

the dependent parameter, /\21.

The curves show a point of discontinuity at high Values_
of’/\lg. The existence of this discontinuity cdn be predicted
from the parametrié,expression derivation as shown in the
appendix. The existence of - this discontinuity presented the
possibility of a set of positive roots to be fouhd in afeaé
where /\21 is very large. However, a systematic seafch for éuch
a set of roots failled to find them. The branch of the family of
curves to the right of the point of discontinuity leveled off L
‘and did not approach the values of the observed acfiVity”oo--

efficients.

Negative parameters of the Wilson equation are considered
to be physically impossible. Because of this difficulty, it was
necessary to examine the system by a more powerful method.
Marina has used a nonflinear least squares regression subroutiné
to arrive at the roots of the NRTL equation for a wide variety

of systems. (22.).
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.In using a regression subroutine different solutions of
the correlating equation can be found if different starting 
values for the parameters are used. Silverman and Tassios'@ﬁﬂ)
have shown that for negative deviations of Raoult}s law, thrée: 
sets of parameters can be obtained for the Wilson equation as a

function of the starting values of the regression subroutine.

An init%al trial was made uéing /\12 = /\21'= 0,00‘as
starting values for the solvent-salt binaries, but this choice'
resulted in a failure of the computer program to work. This
failure occurred because /\12 1s contained within a logarithmicf
term and by using 1\12 = 0.0 as the starting Vaiue the sub-
routine attempted to assign a negative vélue to /\lg-TO pre-'
vent this problem from occurring, a restraint was used to
force the regression to positive values of</\12. Whenever the
subroutine returned a negative value of /\12, the minimizing
‘function was arbitrarily set at a very large value and the

activity coefficient calculation by-passed.

This procedure prevented a premature break down of the .
program but did not assure convergence; in fact, it resulted 
in a poor fit of the data for the starting values of /\12'=:
Aoy = 0.0. A change in the starting values to /\12 =:20.0
and /\21 = 0.0 resulted in ardramati¢ improvement in the fit
of the data. A further improvement was obtalned when /\12 was
initially set at 20.0 and /\21 was set at -10.0. The regreséed‘
roots for this last set of starting values agreed well with the

findings of the parametric technique.



The inability to find sets of positive rocts for the
Wilson equation prevented the use of this equation'for corre-
lating the ternary data from the binary parameters. The binary

results are tabulated in Tables 1 and 2.

The only set of positive parameters waé obtained when
the stac¢ting values were set at /\12 = /\21 = lOOO for the
methanol-lithium chloride binary. However, the fit'dbtainéd,
was poor and'when the same procedure was applied to the
water-lithium chloride binary, a negative value of /\12 was
obtained with a poor fit of the data. At this point it
became necessary to abandon the Wilson equation and to eXaminé :

the Renon & Prausnitz (NRTL) equation.



Table 1

System Methanol-Lithium Chloride

Correlated by the Wilson Egquation

Restraint

50

A12 : ’\21 /\12 /\21 Max.% Sum of
Start Start Begr. Regr. Error in}f Squares
0.0 0.0 -2.9 2LEhl. Y¥n=YYold 2l 0.225
0.0 0.0 -2.9 56454,  Y¥Yn=2YYold ol 0.225
0.0 0.0 ~ =2.9 56454, YYn=100" 2L 0.225
20.0 0.0 18.9  -.163  YYn=2%YYold 18 0.08
20.0 -10.0 9.3 -.ho YYn=2*YYold. 5 0.007
1000.  1000.  13.2 1288.8 YYn=2¥YYold 15 0.060 "

YY¥n= Arbitrary new value of sum of squares. Used

returns negative value of /\12.

YYold = 01d value of sum of squares..

whenever subroutine



Table 2

System Water-Lithium Chloride

51

Correlated by thé Wilson Equation.

Az Aoy Az Al Restrains
Start Start Regr. Regr., - »

0.0 0.0 -3.13 9996  YYn=2%YYold
20.0 0.0 . 20.6 -0.011 YYn=2*YYold
20.0 -10.0  10.4 -0.34  YYn=2%YYold
1000 1000  -34.5 1298.2.

Y¥Yn = Arbitrary new value of sum of squares.

YYold

YYn=2*YYold

0ld value of sum of squares.

Max. % _ Sum of

Lrror inzr SquareS»
24 : O.26f' f“
25 - 0.11 ¢

3 10.003

109.6 - 0.16

Used whenever sub-

routine returns negative value of /\12.



II. The NRTL Equation.

Due to the difficulties encountéred in correlating the
kbinary solvent-salt data with the Wilson equation, it was
necess%ry to take a different approach. The NRTL equation
seemed;a reasonable alternative as its parameter can be either
positive or negative. This equation derived by Renon and
Prausnitz has been shown to correlate a wide variety of binary
systems and can serve to predict vapor-liquid equilibrium in
ternary systems from the three sets of binary parameters 34 .
The equation as initially conceilved consists of two regressed
parameters and a constant parameter O which is set at a value

determined by the nature of the binary system.

In all the work with the NRTL equation, the starting values
of the parameters were set at 0.0 as suggested by Marina for the
NRTL equation. Figures | and 2 show the plot of the sum of the
_-squares (the value of the minimized function against ¢ for the
solvent-salt binaries). It can be observed from these plots that
Mthe fit resulting from Marina's recommendation of O{ = -1.00 is

very poor. Marina, however, did not investigate systems containing

salts.

Prausnitz and Renon have not investigated the application
of their equation to systems containing a salt. No precedent
’exists for assigning a value to (. Renon and Prausnitz have
suggested a value of O of 0.30 for systems that exhibit small
deviations from ideality. Since the activity coefficient for the
solvent-salt binaries varied from 0.50 to 1.0, this suggestion
was tested. It can be seen from figures | and 2 that the fit
for O{ = 0.3 is much better than for & = -1.00. However, both

5L



binary systems were correlated best by values of d( close to’
‘0.0. The minima of the curves corresponded to the regressed
values of &K . Therefore, the first attempts to fit the ternary

data were made by using the regressed values of K ‘for the

solvent-salt pairs. It must be noted though that using the Value

cﬁ’G( that gives the best binary fit does not always result in

a good ternary fit.

Three possibilities initially existed regarding the value

of OK for the solvent-solvent binary:d(l2 - 0.30, OC12 = ~-1.00

andC(lE regressed. It was observed that the error in calculating'

ternary]ﬁLvmre large positive errors (largest 85%) for the case
C‘lg = -1.00. The errors in calculating 2& for the cases |
og12’= 0.30 and Gcl2 regressed were large negative errors
(largeét: -59% and- -38%, respectively). As other values of‘O(lg
were tried, the pattern seemed to indicate that a better fit
existed in the range -1.00 0(12 <:~O.15. By trial and error

it was found that OC12 = -0.40 resulted in an extremely good

fit for}fl. Figure 3 shows the plot of the average absolute
error in.zﬁ_plotted against acag. As shown in Table 3, the error
in the calculated vapor phase mole fraction.(yl) ié lowes£ for
Osig = -0.40. The error in y; for the case 0(12 regreséed is
considered to be acceptable. For the cases C‘hg = 0.30 and

Oclg = -1.00 the errors are high.

The activity coefficient and vapor phase mole ffactioﬁAof
methanol. appear to be very sensitive to the value of Oclé; The
activity coefficient for water, on the other hand, aﬁpears to
be insensitive té the value of CK&E and the error inicalculating‘

this coefficient 1s small regardless of the value of 0(12.
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Throughout this work, the ternary vapor phase mole fraction

is calculated in terms of the ratio of the calculated activity

coefficients (¥ 1/ 5)-

As mentioned earlier, in this section the regressed values
of Cxl3 and Qy23 were used. This procedure however, can only

be Jjustified where sufficient data points exist to permit the
regression of three parameters. In later sections it will be
found more convenient to use preset values of & for the solvent-

salt pairs.

From the work in this section the possibility of correlating
vapor-liquid equilibrium data for systems containing a dissolved

salt by means of the NRTL equation has been demonstrated.

The next section willl consider the possibility of adapting
Hala's superposition method to the NRTL equation. The same sets

of data used in this section will be used in the next.
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Table 3

51

Ternary Results NRTIL Equation for

Methanol (1)- Water (2) - Lithium Chloride (3).

€12
0.30%*
-1.00%*
~0.15%
~0.L40o%*

-0 .50**

* = Regressed

*¥

i

Pre-set

0
0
0.
0
0

Lo3"
.01
.01

01

.01
.01
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III. Modification of the NRTL Lquation by the Hala Technigue.

As previously mentioned, Hala has correlated the system meﬁhanol;f
water-lithium chloride by superposing an expression er théfcolﬁmbi¢ f:
interactions on the Margules equation. An analogous method was used_ 
in this study. Tﬂe expression for the coloumbic interactions»dn -

the NRTL equation.

The mean rational activity coefficient as defined by Hala'isz

_ Pr
XI: (7‘1;!_' i P,o ) (IV-2)

where,

F% = total pressure

= pure solvent vapor pressure

mean rational mole fraction of solvent

R
"+
i

XitVvXs
QL,‘: analytical mole fraction of solvent -

analytical mole fraction of salt

&
l

Y = number of ions in one mole of salt, for LiCl, \15‘2.

The coloumbic interactions for a solvent-salt system in which~'

the salt consists of two ions are represented by a function

2
C--12¢%q Y (IV-3)
where X, 1s the analytical mole fraction of the salt and @ is a
constant. By adding this expression to the NRTL equation and

fitting the modified equation to the observed mean rational activity



TABLE L4

Ternary Results by Modified NRTL Equation
by the Addition of Hala Term for Methanol (1)

- Water (2) - Lithium Chloride (3).

zi%ﬂé

O<é3 K31 Ay max
-1.00 -1.00 ~1.00 0.23 .057
0.20 0.20 0.20 0.24 .051
0.30 0.30 0.30 0.28 .058
0.30 0.00 0.00 0.11 .029
0.00 0.00 0.00 0.028 .008
-1.00 0.00 0.00 0.24 112
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coefficients (2ri* ) defined by equationg it was hoped to

obtain an improved correlation:

Hala recommended for the sake of simplicity that the same . 
value of ¢ be used for both solvent-salt pairs.'This'proceduré
has the effect of eliminating two parameters, CiB and Co35

from the ternary‘expression. This recommendation was followed

in this study.

The binary methanol-lithium chloride was it using a pre-
set value of O and three variable parameters, 1413, /“Bl and
c. Using the same value of K and the regressed value of ¢, the

water-lithium chloride system was fit to obtain the regressed -

values of /423 and l&32.

For the binéry methanol-water, the value afogvms pre—set‘
at four different values, -1.00, 0.30, 0.20 and 0.0. Using . .
the regressed values of the parameters, the ratio ZFD/2r2 is
calculated for the ternary data and from this ratio the caléu-
léted values of the vapor phase mole fraction are derived. Since
the parameter ¢ cancels out in this expression, the ternary form
of the NRTL equation remains intact in form and only the‘values
of the binary parameters are affected by this treatment. However,
if the fit of the activity coefficients is of interest, the

terms including €13 and o3 must be retained in the ternary form

of the NRTL equation.

The results obtained for this method are tabulated in
Table 4. It can be seen that the fit of the vapor phase moie

fraction was very sensitive to the pre-set values of theO('s.



The best results were obtained for the case ™ = Ol = a = 0.0.
12 13 23

However, acceptable results were also obtained for the case

1o = 0.30, D3 = N3 = 0.0.

At this point the study of this method was discontinued
because the superposition of the Hala correction did not provide
better results, as a comparison between Tables 3 and 4 indicates.
In addition, in the currently available sets of data, the number
of points for the solvent-salt palirs is seldom large gnough to

Jjustify the regression of more than two parameters.

The remainder of the work in this study concentrated on the
use of the NRTL equation for the type of systems under consideration.

The next section will deal with several isobaric systems.

Further work on the isothermal methonal water-lithium chloride
system was carried out at the conclusion of the investigation on

isobaric systems. This work is reported in a later section.



IV. The NRTL Equation for Isobaric Systems.’

A) Methanol-Water-Calcium Chloride.

To investigate the applicabili%y of the NRTL equatidn to
isobaric systems containing a salt, the systenm methanol;Watér—
calcium chloride was studied. The binary parameters of the’NRTi:
equation were derived as before and the Antoine equation was
used to find thé vapor pressure of the pure solveﬁt at. the

various temperatures. The Antoine constants are given in the-

Appendix.

The first attempt was to use the NRTL equation with- re-
gressed Oc's. However, 1t was found that the regressedc‘ for
the solvent-solvent binary was very sensitive to the particular

set of data used. Omission of one data point resulted in a cém—'

pletely different value cﬁ‘OCig. For this reason, the regression

of&was discarded in favor of the method of pre—settingda‘c

a specific value while regressing the other parameters.

The value afoC'was initially pre-set at three values 0.0,’
-1.00 and 0.30, The parameters generated were used to attempt
to fit the ternary data. A bubble-point subroutine was incorpo4

rated into the computer program for the ternary system. Thév'

bubble point calculation was based on the analytical mole fractions

as follows:

Y ox 20+ W ok B0 = Q (zv-4)

The value of the temperature was iterated until the function

(Q - PT) where PT = total pressure reached a Value'of less than
1 mm Hg. The bisection iteration method was used in this sub-
routine. This method assumes convergence of the iteration pro-

vided that the function has a root within the interval chosen.
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vIt was found, however, that the errors in the activity coefficients
were so large as to make the function (Q'Pt) always a large posi=-

tive number for a broad temperature range (0-200°C).

The second approach taken was far more suécessful. The’saltf
was assumed to fully dissociate in the binaries and ternary-systems;;

The ionic mole fractions were defined for the binary systems as

follows:
%Xy = ____.zz.l__.
x“fvxa,} (IV-S)
,
/ .
X2z | -2 ,,
{v-0) -
where, : .
7 ‘ ’
Ay = ionic mole fraction of solvent in liquid
/

g = ionic mole fraction of salt in liquid
A, = analytical mole fraction of solvent in liquid

analytical mole fraction of salt in liquid .

Y = number of ions resulting from dissociation of -

one molecule of salt.

The activity coefficlent. of the solvent in the binary was -
defined as follows: . ‘ . 4 '
By = Pr /(%\ 'P‘) (V-7

where,

il

ionic activity coefficient

i

total pressure

ionic mole fraction of solvent

Z’
|
R
%= |
P,°= pure solvent vapor pressure ét the tempei"ature of

system
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The observed ionic activity coefficients-as defined by
equation (IV]) were fit by the NRTL expression for B’l using the
ionic mole fractions instead of the analytical mole fraction_é. A
The parameters generated were used to fit the ternary ionic

activity coefficlents which are defined by

X\' = "‘d. P /('x.’ . P,°) (av-g)a
% =—%s

and . AKXt VI3
, | |
Yo = i3 & /(es - Pa) (N-8)b
7
= X2 |
where, ?62' Kz +V¥3

¢ '
"6."6'_ = jonic activity coefficients Qf solvents

L
‘ ¥ = total pressure

’ o/ . : _
x'l‘x’z = ionic-1liquid phase mole fraction of solvents 1 and 2

vapor phase mole fractions of solvents

P,o_, Pgo_ = vapor pfessure of the pure solvents 1 and 2 at

temperature of system.

The ionic mole fraction of the salt is defined by
/ / ’/
Xa =1 — %y ~%a. xv-9)

The ionic mole fractions are used to generate the 'cal'culated
values of Xli and 521 with the NRTL equation. The bubble point -

is calculated by
‘ ! [} / ! o _ .
B, % P +‘62.’f’(»'2. P = Q (xN-10)

This method resulted in convergence for all data points.
However, the average error in the vapor phase mole fraction was

large for all the parameters tried. For &K, = -0.10 the mean .
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error in ¥y was acceptable'but the maximum error in'yl was 0.09

‘mole which wasﬁlought to be unacceptable. Table 5 summarizes

these results.

In the previous section, the regressed values of ©f for the
two solvent-salt pairs were used. However, since for most solvent-
salt pairs the number of data points would not justify the re-
gression of three parameters, the decisionvwas made to pre-set
the values of 0&13 and 0123. Table‘5 shows a comparison of the results
obtained by setting the values of ¢¢ for the solvent-salt pairs at
0.30 and 0.0. The value of CX‘z 0.30 gave considerable better re-
sults. This value was arbltrarily assigned to 0(13 and OC23 to
arrive at the other values on Table 5. No attempt was made to

arrive at optimum values of O for the solvent-salt pairs.

By examining the variation of the activity coefficient in
the methénol-calcium chloride binary, it was proposed that this
binary could be treated as an ideal solution and its parameters
set to 0.0. The values of ?fl varied from 1.009 to 1.046. The
agssumption of ideality, although not strictly valid, is acceptable
for this particular case. In effect, this assumption is similar
to the treatment given by Rousseau and co-workers in neglecting
the effect of the salt on the vapor pressure of the alcohol for

water-alcohol-salt solutions.

With the assumptioﬁ of ideality for the methanol-calcium
chloride binary, the ternary system was examined for values of
Q“lg in the range -1.00 to 1.50. The results are tabulated in
Table 6. A comparison of Tables 5 and 6 indicates that for this
gsystem better results are obtained by assuming the methanol-

calcium chloride binary to behave ideally.



Table 5

Non-Ideal Treatment of the Methanol-CaCly,
Binary in the System Methanol-Water-

Calcium Chloride *.

O(l2 __Q_(-__Z_Lj S‘_‘_@i \A ﬁ\‘mean

0.30 0.00 0.00 142

0.30 0.30 0.30 .065

0.60 0.30 0.30 .085

-0.40 0.30 0.30 .088

-0.10 0.30 0.30 .039
* The values of K were pre-set while all other binary pavameters

were regressed. Data for 1-2 binary from Perry (3}).



Table 6

Results for Methanol-Water-Calcium Chloride
Assuming Ideal Behavior for the Methanol-

Calcium Chloride Binary¥.

(cxl3 = 0.0, CY23 = 0.30)

‘Ay\mean Max.Error Max.Temp. Max.BError Max.Error
12 1 b

in y, Lirror in &7 in ¥o
-1.00 .053 .068 10.2 53.°7 15.3
-0.80 .oSo .100 10.1 52.6 15.5
-0.60 .ouT7 .091 9.9 51.3 15.7
-0.40 .043 .081 6 49.8 15.9
-0.10 .029 .048 .6 b4y, 3 17.0
0.00 .033 .051 9.2 47.9 16.2
0.10 .C50 .100 10.0 52.5 15.3
0.20 .0l3 .080 9.4 48.9 15.8
0.30 .037 .070 9.1 47.0 16.1
0.40 .033 .066 8.9 15,5 16.4
0.50 .031 .056 8.6 4l 2 16.4
0.60 .028 .049 8.0 42.8 16.6
0.70  .025 eyin 7.6 41.5 16.7
0.80 .023 - .045 8.0 4o.2 16.9
0.90 .023 obl 7.7 38.7 17.0
1.00 .023 .043 7.5 37.3 17.1
1.50 .023 .05 5.8 8.4 17.8

Data for the 1-2 binary from Perry (3| ).
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The errors for the vapor phase mole fractions were considered
acceptable for & ;5 = -0.10 and 0(12 in the range 0.60 to 1.00.
The efror in calculating the activity coefficients is high. The
maximum error in the temperature calculation for these values
of (X;, is high (7.5—8;600). The error in temperature, however;

is less than 5° C for 13 out of the 15 data points for these

values of 0612.

To test the effect that different sets of binary'solvent—
solvent data will have on the correlation of the ternary data, the
data of Ramalho et al. (3%) for the methanol-water system was com-
pared to the previously used data of Perry (3)). Figure 4 shows
the plot of ‘A\A,\mean VS. 0"12 for the ternary results obtained
using both sets of finary data. Figure 5 gives the error in tempe-
. rature calculation against 0(12 for both sets of data. It can be
seen from these figures that the two sets of binary data result‘in
very similar ternary results. The more accurate data of Ramalho,

however, gives improved errors in the mole fraction calculation.

Figure 6 gives the plot of Y1eg1 a&2inst yi . for K2
= 1.0 using the binary data of Ramalho. It can be seen from this

plot that the correlation for this system is very good.

A final trial was made by assuming that the salt dissociates
fully in the ternary system and in water-calcium chloride binary
system but does not dissociate at all in the methanol-calcium
chloride binary. Althdugh this assumption is reasonable, it

yielded Very'poor ternary results.

The assumptions made in this section will be tested for

12
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three other isobaric systems in the sections that follow. The
;redefinition of the mole fraction and activity coefficient
undertaken in this section will also be tested for the isothérmal
system methanol-water-lithium chloride discussed in the previous

section.



B) Methanol-Water-Potassium Acetate.

To investigate the validity of the preliminary conclusions
reached for the system methanol-water-calcium chloride, the

system methanol-water-potassium acetate was studied.

The first trial was made using the analytical mole fractions.
The same difficulty was encountered in the bubble-point calcu-
lation as with the methanol-water-calcium chloride system. The
subroutine failed to converge due to the large values of the

function (Q-Pp) for values of O{y, of -1.00, and 0.30.

A second trial was made using the ionic mole fraction as
defined in tha last section. This method was tried for two
values of 0112,.0;30 and -0.10 while setting 0(13 = C¥23 = 0.30.
Although convergence was obtalned in the bubble-point sub-
routine, the errors in calculating the activity coefficients
were very large. The corresponding errors in the bubble-point
temperatures were also very large. An explanation for the large
errors encountered in this system is offered in the discussion

section. The results are given in Table 7.

Iﬁ was observed that the ionic activity coefficients for
the water—potassium acetate binary varied from 0.65 to 1.00,
while the lonic activity coefficients for the methanpl—potassium
‘acetate binary varied from 1.014 to 1.065 throughout the solu-
bility range. Although the departure from unity of the activity
coefficients for the methanol-potassium acetate system was greater
than in the methanol—CaCl2 system discussed in the last section,

it was decided to investigate the predictions that would occur
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if the methanol-potassium acetate binary was considered ideal.

Setting all the parameters of thé methanol-potassium acetate
binary equal to 0.0 and &,y = 0.30 the value of (¢, Was varied
between -1.0 and +1.0. The results are given in Table 8. It can
be observed when comparing the values of Table 8 to those of
Table 7 that assuming the methanol-potassium acetate binary to

behave ideally results in a reduction in the maximum error in yq.:

As evidenced by Table 8, large errors were encountered in the
calculation of the temperature for this system. A possible expla-
nation for these errcors is offered in the discussion section. An
attempt was made to improve these errors by use of parameters that
were linear functions of temperature, to account for the large
temperature variations encountered in the three binary and the

ternary systems (up to 61°C). These functions are described in the
Appendix. This approach failed to yield an improvement in the

temperature error.

. A -
Figure 7 shows the plot of \ TQANNAXS. C‘12 for the tempera
ture dependent parameters as well as for temperature independent

parameters using the binary data of Perry and Ramalho. Figure 8

shows the plot of ‘AT\M&S. 0(12.

Figure 9 shows the plot of y; vs. X, for C!lg = -0.20. It can
be seen from this plot that in spite of the large temperature errors
observed, the NRTL can correlate the vapor phase mole fraction with

good accuracy. Figure 10 shows the plot of y; .57 VS. YViobs for

qlg = “0.200

Two additional isobaric systems will be examined next.
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Table 7

Non—Ideal.Treatment of the Methanol-Potasslum
Acetate‘Binary in the System Methanol-Water-

Potassium Acetaté (0(13 w 0(23 = 0.30).

' Max.BError Max.Error Max.Error Max.Error'
0(12 lAylmean in yq in 11 ing > in Temp.

-0.10 .026 .085 234.6 285.0 36.6
0.30 .056 264 625.7 329.1 32.2



Table 8

Results for Methanol-Water-Potassium Acetate
Assuming Ideal Behavior for the Methanol-

Potassium Acetate Binary*(ok 5 = 0.0, 0C23 = 0.30).

Max.Error Max.Error Max.FError Max.Error

°§l2 ‘Ay‘ mean| in yq in ¥y in ®o in Temp.
~1.00 0.042 0.077 211 374 35.4
-0.80 0.041 0.076 201 370 34.9
-0.60 0.040 0.076 190 365 34,2
-0.40 0.040 0.075 178 360 33.5
-0.20 0.036 0.072 154 355 31.9
0.00 0.036 0.066 147 357 31.4
0.30 0.074 0.133 14k 118 35.9
0.40 0.074 0.135 142 416 35.7
0.50 0.075 0.139 139 415 35.4
0.60 0.075 0.139 135 hi2 35.4
0.70 0.076 0.142 132 1o 35.2
0.80 0.040 0.073 137 327 30.9
0.90 0.041 0.075 132 323 30.4
1.00 0.042 0.073 127 318 30.1

¥ Data of Perry (31) for the 1-2 binary.



C)  Methanol-Water-Mercuric Chloride.

The method developed for the previous isobaric systems was
also tried for this system. Certain reservations exist regarding
the accuracy of the binary data used for the correlation of this

ternary system. These reservations will be the subject of later
discussion.

Because of the low solubility of mercuric chloride in water
theis solvent-salt pair was assumed to behave ideally. Full dis-
socilation of the salt in methanol and in the mixed solvent was
assumedf The parameter 0113 was pre-set at 0.30 while 0(12 was

varied in the range from -1.00 to 0.80. The results are .given in

Table 9,

Figure 11 compares the behavior of “syi‘mean vs. CKlg

using
the data of Ramalho for the 1-2 binary to that obtained. The more

accurate data of Ramalho gives a minimum near &, = -1.00.
Figure 12 shows the same comparison for the behavior of (sz \ nean

against 0(12. A minimum is observed fdr this curve near 0(12 = -0.10,

Figure 13 shows a plot of Y1 opg VS. Xq for 0(12 = -1,00

using the parameters developed from the binary data of Ramalho.

Figure 14 shows a plot of Y1 ca1l VS+ Y1 obs for the same value

Of'Cxlg- Figure 13 shows a failure of the method to predict the

salt-effect for this system.



Table 9

Results for Methanol-Water-Mercuric Chloride

Assuming Ideality for the Water-Mercuric Chloride

Binary* (Of 5 = 0.30).

. Max.Error-Max.ErrOr Max.Error Max.Error
A 12 | Ayll mean in y, in 'b’l in ¥, in Temp.
-1.00 0.043 0.0716 14.5 1.7 h.o
-0.80 0.043 0.0720 = 13.9 72.1 L.o
-0.60 0.042 0.0722 13.5 72.3 L.l
-0.40 0.042 0.0717 13.9 72.1 h.1
-0.30 0.043 0.0695 15.5 70.7 4.0
-0.20 | 0.042 0.0689 15.0 69.6 3.8
-0.10 0.047 0.0679 14.8 67 .4 3.4
0.00 o.o44 0.0761 7.3 71.8 3.5
0.10 0.041 0.0832 13.7 78.0 5.2
0.20 0.040 0.0810 11.8 T7.5 4.6
0.30 0.040 0.0804  11.4 77.1 5.0
0.40 0.040 0.0802 1.4 76.9 b7
0.50 0.040 0.0804 11.7 77.0 4.9
0.60 0.041 0.0804 11.6 77.0 4.9
0.70 0.041 0.0811 | 12.6 7.2 4.8
0.80 0.041 0.0816 13.2 7.3 4.8

Data of Perry (31)

for the 1-2 binary.
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D)  Ethanol-Water-Mercuric Chloride.

The same proéedure used for the last sysﬁem was repeated
for the ethanol-water-mercuric chloride. Again the water-.
mercuric chloride binary was assumed to behave ideally. The

results are summarized in Table 10.

Figure 15 shows the behavior of lA yl‘ VS. ()(,12 for the

mean

binary data of Ramalho and Perry. Figure 16 shows the behavior

of \AT \ VS, 0(12 for the two sets of data. Figure 17 shows

mean
the plot of yq vs.'){.l for Cilz = -0.30 using the binary data of
Ramalho. This plot shows that effect has been incorrectly pre-

dicted as salting-out. A reasonable explanation for the failure

of the method in this system is offered in the discussion section.

Figure 18 shows a plot of yq .41 VS. ¥] opg for &ip = -0.30.
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Table 10

Results for Ethanol-Water-Mercuric Chloride
Assuming Ideallity of the Water-Mercuric

Chloride Binary* (Dly5 = 0.30).

Max,BError Max.Lirror Max.Error Max.Error

P P \a yl| mean in yj inYy in Yo in Temp.
~1.00 .058 .100 17.1 73.3 3.9
-0.40 .057 .102 18.8 Th.T b1
-0.30 .055 .097 16.6 72.9 h.o
-0.20 .057 .692 17.9 70.3 3.4
-0.10 .060 .083 19.3 65.5 2.8
0.00 071 .103 35.9 70.2 4.0
0.30 .070 .123 33.6 81.§ 4.9
0.40 .071 .125 34.1 81.5 h.9
0.50 .072 .126 34.9 81.3 h.9
0.60 .073 .127 36.2 81.2 4.9
0.70 .075 .129 37.7 81.1 4.8
0.80 .083 .138 Lo,1 79.9 4,9

* Data of Perry (1) used for the 1-2 binary.
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E) The Use of Ionic Quantities in the System Methanol-

Water-Lithium Chloride at 60° C.

Due to the difficulties encountered in éorrelating the
isobaric systems by the use of analytical mole fractions, the
ionic mole fractions were defined and used iﬁ correlating
those systems. In order to determine if the use of ionic mole
fractions would generate good ternary results for isothermal

systems as well, the system methanol-water-lithium chloride

was reexamined.

For this ahalysis, the extended data of Broul et al.

(40 data pointé) was used ( 2 ). Values of &1, in the range from
-2.0 to +1.0 were examined while the values of 0¢ 3 and cQ23
were set at 0.30. Table 11 compares the results obtained for
various values of Cxlg to those of Broul and Hala. The best
results were obtained for &X;, = -1.00. At this value of &5
the results are considerably better than those obtained by the
Bfoul correlation and slightly better than those of the Héla
correlation. Figure 19 shows a combined plot of 'A 8 “ mean.and

\453>lméan (the average absolute error in the calculation

of pressure) against &X;,.



TABLE 1|

COMPARISON OF RESULTS OBTAINED FOR THE SYSTEM
METHANOL-WATER~LITHIUM CHLORIDE TO THE RESULTS
OBTAINED BY BROUL AND HATA.

' NRTL Correlation of
0;5=-0.10 ©byo=-0.40 Qf),=-1.00 Broul Hala

VA obs. Yy calc. yy1 calc. vy calc. ¥ calc. yi calc.
0.093 0.060 0.066 0.079 0.083 0.083
0.114 0.079 0.087 0.104 0.107 0.107
0.042 0.063 0.065 0.070 0.067 -
0.103 0.098 0.102 0.110 0.104 0.105
0.166 0.130 0.141 0.163 0.161 0.162
0.155 0.148 0.153 0.164 0.157 0.158
0.245 0.189 0.204 0.232 0.263 0.229
0.156 0.165 0.166 0.168 0.170 -
0.243 0.216 0.224 0.239 0.229 0.230
0.335 0.288 0.306 0.339 0.332 0.334
O0.414 0.361 0.379 0.412 0.407 0.408
0.340 0.336 0.345 0.362 0.351 -
0.340 0.345 0.347 0.351 0.353 -
0.499 O.ul7 0.464 0.496 0.492 0.493
0.432 0.423 0.432 0.448 0.431 O.441
0.725 0.612 0.631 0.667 0.748 0.742
0.499 0.490 0.497 0.512 0.506 -
0.588 0.546 0.560 0.587 0.589 0.597
0.490 0.489 0.490 0.49L 0.495 -
0.571 0.559 0.566 0.579 0.575 0.575
0.801 0.746 0.758 0.778 0.847 -
0.673 0.645 0.656 0.676 0.687 0.686
0.616 0.604 0.611 0.622 0.620 0.620
0.646 0.638 0.643 0.653 0.653 0.653
0.729 0.719 0.726 0.738 0.754 -
0.709 0.697 0.701 0.710 0.715 0.714
0.849 0.833 0.837 0.846 0.904 -~
0.776 0.781 0.784 0.791 0.812 0.809
0.761 0.766 0.768 0.773 OL785 0.783
0.752 0.761 0.762 0.764 0.766 -
0.877 0.884 0.884 0.885 0.933 -
0.808 0.819 0.820 0.822 0.843 -
0.810 0.823 0.823 0.825 0.843 -
0.826 0.838 0.838 0.839 0.857 0.855
0.850 0.862 0.861 0.861 0.882 0.878
0,900 0.914 0.912 0.910 0.943 -
0.876 0.890 0.889 0.887 0.915 - -
0.846 0.856 0.856 0.856 0.861 0.860
0.895" 0.909 0.907 0.904 0.928 -
0.942 0.953 0.951 0.948 0.967 0.965
c;ymean 0.021 0.016 0.011 0.019 0.012
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DISCUSSION.,

The purpose of this work has been to develop a method of
correlation for ternary systems containing a salt that

could be used as a tool for the prediction of the vapor
liquid equilibrium of such systems in the absence of(ternary
data. Previous methods of correlation have treated such
systems as pseudo-binaries, thus being unsuitable for

use as a predictive tool.

The Wilson equation was initially chosen because of
its ability to make good ternary predictions from binary
data alone. The parameters of this equation have a degree
of bullt-in temperature dependency which makes tLie equation

particularly suitable for isobaric systems.

The isothermal system methanol water-lithium chloride
was chosen for the initial trials. This system being iso-
thermal eliminated the consideration of the temperature de-
pendency of the parametefs. The binary data was recent and

of good guality.

Since the activity coefficlent of the salt cannot Le
correlated by the Wilson equation, only the activity co-
efficient of thé solvent was used to derive the parameters
for the solvent-salt pairs. Thus, only the Wilson equafion

applying to'31 was used for these binaries.

To investigate the behavior of the calculated activity

coefficients with the parameters/ﬁl2 and/\gl, a parametric
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technique was used. One parameter,,A?l, was expressed as a
funétion of the other parameter and the activity coefficient.
This method generates a family of curves for the activity co-
efficients vs./&uy When each observed activity coefficient
is compared to the value on the curve, a locus of all such
points is obtained for each region where a solution to the

Wilson equation for the particular system can be obtained.

According to Silverman and Marina, three sets of positive
roots exist for the Wilson equation for systems that exhibit
negative deviations from Raouwlt’s Law; that is, systems where
the activity coefficients are less than unity (). The para-
metric method failed to show the existence of a set of posi-
tive roots for either binary system. By inspection of equations
@33) and (193h) that define the parameters Ao and Aoy it can
be seen that negative values for these parameters are physi-
cally impossible. Yet, the parametric method yielded roots

for which the value of the parameter Ael is negative.

The two binary systems were then examined by meané of a
non-linear regression subroutine. The initial trials resulted
in a breakdown of the regression subroutine. This failure —o-
curred because of attempts to assign negative trial values to
the parameter4A12 which is contained within a iogarithmic term.
To prevent this type of failure, a restraint was placed on the
trial values of /\12 in the main program. This restraint per-
mitted the program to print results prior to the breakdown but
did not result in convergence. A change in the starting wvalues
of the parameters permitted the program to converge to reason-

ably low values of the sum of the squares function. However,



for both binaries tried,'the best results were obtained for
negative values‘of}\gl. It is interesting to note that the
best regressed values were obtalned when the starting values
of the parameters were set in the neighborhood of the region
obtained by the parametric method. However, as discussed
above, negative values of the Wilson parameters are physi-
cally impossible. One trial resulted in a set of positive .
recressed parameters for the mathanol-lithium chloride binary.
The fit of the data, however, was not as good as in the case
wilth the negative value of AQl‘ When the same set of
starting values was used for the system water-lithium chloride,

- the regressed value of A21 was negative.

Because of the difficulties encountered in the use of
the Wilson equation, it was decided to discontinue efforts
with this equation. The NRTL equation was examined next as
it does not contain any logarithmic terms that would result
in premature breakdown of the program. No restrictions exist

as to the values of the parameters of the NRTL equation.

As initially conceived, the NRTL equation consisted of
two variable parameters A and B and a parameter &12
that could be preset at various values in the range 0.2 to
0.47 depending on the characteristics of the binary system.
Theoretically, the value of @& should be greater than O.and
less than +1. Marina has shown, however, thatxﬂun1o(12 is
pre-set at a value of -1.0, a good binary fit is obtained and
better ternary predictions from the binary parameter are
attained than by using the values of 6(12 recommended by the

rules of Renon and Prausnitz (#\). This finding makes the NRTL



equation empirical in nature and permits the variation

Ofdl2‘

Other authors have used variable values of €Gp (7, ).
Rousseau and co-workers used a varlable value OfcijE in
correlating ternary systems containing a salt as pseudo-

binaries.

As with the Wilsdn equation,‘different sets of para-
meters can result from the use of different sets of starting
values. Marina has recommended the use of Agp = BST = 0.0
as the starting values of the parameters of the NRTL equation
when using the LSQ2 subrouting for their evaluation. This

recommendation was followed.

The two binary solvent-salt binaries were correlated
by using values of 0K13 and K p3 in the range from -1.00
to 0.30. The results for the two binaries were similar.
The value of OQEP 0C23 = -1.00 suggested by Marina re-
sulted in the poorest fit of the binary data. The value
of ch3, 0(23 = 0.30 resulted inva better fit. When the
sum of the squares of the difference between the observed
and calculated activity coefficients is plotted ajoinst
0L13 and 0(23 it was noted that the curves had sharp minima
at values of 0115 and chj close to 0.0. These minima cor-
responded very closely to thq%alues obtained when 0C13 and

c£23 were regressed rather than pre-set. These regressed

values were used in correlating the ternary data at this stage.

The ternary data was correlated by using values of 0@2

in thq&amge from -1.0 to 0.30. It was found that a value of
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™, in the neighborhood of - 0.40 yielded the best fit
.of the ternary data. The average absolute error in the
vapor phase mole fraction for 1o = -0.40 was 0.0076
which compares favorably with value of 0.012 réported’by
Hala for his correlation. The regressed value of cllg =
-0.15 yielded a somewhat poorer fit of the ternary data,

the average absolute error in y; being equal to 0.021.

Hala has correlated this system by superimposing
an expression for the coloumbic interactions on the Mar-
gules equations. A series of trials were made to determine
if a better fit could be obtained if the expression for
the coloumbic interaction is superimposed on the NRTL
equation. Only two of the six trials yilelded acceptable
results. One of these trials, for the case ¢, = C¥23 =
Cxl3 = 0.0 gave an exceptionally good fit. It can be
shown that for the case where all the parameters equal zero,
the NRTL equation reduces to the Margules two-suffix equation.
Since this form of the Margules equation works best for
symmetrical systems and the methénol-water system is nearly
symmetrical, these results cannot be generalized to noh—

symmetrical systems.

From the brief testing of the superposition technique,
it was concluded that the method offered no advantages over
the original NRTL when the latter is interpreted as an
empirical equation. The larger number of parameters re-
quired by the superimposition cannot be Jjustified in cases
where the binary solvent-salt data is not extensive. Two

different types of programs were required for the input of
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data. The first type of prOgram was one in which the para-
meter ¢ was regressed while the second type used the re-
gressed value of ¢ for the first binary as input data for

the second binary. This procedure is somewhat less convenient
than the procedure for the original NRTL equation, where

the parameters for both solvent-salt systems can be gene-

rated co-currently.

The study of this ternary system was temporarily dis-
continued to investigate how the NRTL equation can te used
to correlate isobaric systems. The binary solvent-galt systems
were correlated as before using only the expression for the
activity coefficient of the solvent in the NRTL equation.
Boiling point elevation data was used in correlating the
binary solvenﬁ—salt systems and the Antoine constants for
the solvent were used to describe the change of vapor

pressure with temperature for the pure solvent.

A bubble—point subroutine was written for the ternary
program. This subroutine consisted of an iterative method
for the systematic search for the temperature that would
solve the bubble-point equation. Due to the large crrors in
the calculated activity coefficients, the bubble-point sub-
routine féiled to converge. It was observed that by redefining
the mole fractions and activity coefficients by thé assumption
of full dissociation of the salt in the binaries and binary
systems. This assumption was previously made by Hala. Although
the validity of this assumption for water-salt binaries is
generally accepted foﬁiigorganic salts, its validity for

non-agqueous solvent-salt mixtures cannot be readily proven.



The redefinition of the mole fractions and activity co-
efficients based on the assumption of complete dissociation
of the salt resulted in convergence of the bubble-point
subroutine. It was observed that the binary ionic activity
coefficients derived from boiling-point elevation data did not
deviate greatly from unity for such binary systems where the
salt was not very soluble in the solvent. It was shown that by
essuming such binaries to behave ideally, the quality of the
ternary fit was either unchanged or improved. This assumption
resembles the treatment given to the data by Rousseau and co-

workers in correlating systems containing a salt (42).

A study was made of the effect of the parameter Q(lglon

the quality of the fit. For this study the value of the other
O were pre-set at either 0.00 or 0.30 depending on whether
- the particular binary could be assumed to behave ideally from
inspection of the activity coefficients. Table VA shows the
optimum value of C¥12 for the negative and positive regions for
all five systems investigated. It can be seen from these results
that no single value of Cvlg can be chosen to give optimum
results, but in general better results are obtained for values
of cylg in the negative region. The results are extremaly «ond
for the system methanol-water-calcium chloride. For the systems
methanol-water-potassium acetate, methanocl-water-mercuric
chloride and ethanol-water-mercuric chloride, the calculations

are of lesser accuracy.

In the previous section mention was made of the large
temperature errors observed for methanol-water-potassium
acetate system. A modification was made on the computer pro-

gram to provide an additional degree of temperature dependency



OPTIMUM VALUES OF X 1o IN THE POSITIVE A_ND. NEGATIVE

REGIONS BASED ON TERNARY VAPOR MOLE FRACTION CALCULATION

Table V3,

NEGP\T\VE REGION POSiT;WE REGION

SYSTEM oGy DY mean | & 1A Ylwean
MeOH-water-CaCl, -0.1 0.024 1.0 0.019
MeOH-water-Pot.acet.| -0.2 0.038*% 0.2 0.040*
MeOH-water-HgClo -1.0 0.037 0.4 0.042
MeOH-water-LiCl -1l.1 0.010 none
EtOH-water-HgClp -0.3 0.056 none
%= For Az 0.0, IA*!Ailmean = 0.036
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‘to the NRTL parameters. It was hoped that this modification,

;which is described in the Appendix, would improve the tempera-
ture fit for this system. Although a slight improvement was ob-
served in the y; fit by the use of temperature dependent para-

meters, no appreciable improvement was observed in the tem-

perature fit.

Meranda and Furter ( 24 ) reported great difficulties in

- obtaining the data for this system due to the high solubility

of the salt. These difficulties may have resulted in experi-
mental errors. However, it is also very likely that the assumption
of full dissociation of the salt is not entirely wvaiid for

this system. Nevertheless, it must be remembered that neglecting

this assumption prevented convergence of the bubble—point

subroutine.

For the systems methanol—water—mercufic chloride and
ethanol-water-mercuric chloride erroneous predictions as to the
type of salt effect were obtained. Both systems exhibit a
saltihg—in effect while the method predicts a slight salting-out
effect for the ethanol-water-HgCl, system and no appreciable
effect for the methanol-water-HgCl, system. Uncertainties et
about the accuracy of the data used for the two HgClo systems.
The maximum boiling point elevation for the EtOH-HgCl, 1s only
0.755°C and for the MeOH-HgClo 1s 1.27°9C with most of the data
points falling within 0.2°C. The data were obtained in 1896 and
1890 respectively. One additional point for each system, con-

sisting of the alcohol saturated with HgCl,, was obtained

from the Johnson and PFurter data. The concentration of mercuric



chloride in the ternaries had to be calculated from the

Johnson and Furter solubility equation as the numerical data
was not given in their tabulations. In addition, Jaques and
Furter ( 14 ) indicate that the ethanol-water-mercuric chloride
data failed to meet their thermodynamic consistency test.
Therefore, the data for these two systems have been used with

some degree of reservation about their validity.

Aside from these reservations, however, the erroneous
predictions of the type of salt-effect obtained for the mer-
curic chloride systems may be explained by the possible inade-
quacy of the full dissoclation assumption. Data on the true
degree of dissociation of this salt in the pure solvents and

in the mixture are not currently available.

To determine the effect that the particular set of
solvent-solvent date has on the ternary fit, a second set of
isobaric methanol-water data was examined. The systems methanol-
water-CaCl, and methanol-water-potassium acetate were used for
this particular study. The data of Ramalho (33) - considered to
be of better quality than the initial set obtained from Perry
(31) - resulted in improvements in the ternary y; fit for the
three systems considered. The minimum absolute mean error in Y1
was reduced from 0.022 to 0.019 for the CaCl2 system, from 0.040
to 0.036 for the potassium acetate system, and from 0.040 to 0.037
for the mercuric chloride system. The data of Ramalho, however,
did not appreciably improve the ternary temperature fit [for the

methanol-water-potassium acetate system.

To test the effect of the redefinition of mole fractions

and activity coefficients on the fit of the isothermal system



methanol-water-lithium chloride, the system was re-examined by
- using the extended data of Broul. The ternary fit was obtained
for the range —2.O‘<Cx12(v+2.0. It was seen that the optimum
results were obtained in the neighborhood of C¥12 = -1.00. The
ionic quantities defined for the isobaric systems seemed to
hold for this system as well. As seen in the previous section,
the results compared very favorabiy with those of Hala and

Broul.

W



CONCLUSIONS:

A method has been developed for the correlation of
vapor-liquid equilibrium data for solvent mixtures containing
a dissolved salt. The method could be used for predictive
purposes once sufficient data becomes available to determine
the optimum value of Q[ for the solvent—soivent binary.
Further refinements in the technique such as a more rigorous
treatment of the degree of salt dissociation could lead to

improvements in the ternary data fit.
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APPENDIX A

Data Sources

I. Ternary Systems

1.
2.
3.
L.
5.

Methanol-water-lithium chloride @ 60°C

Methanol-water-calcium chloride @ 752 mm Hg.

Methanol-water-potassium acetate @ 764 mm Hg.

Methanol-water-mercuric chloride @ 758 mm Hg.

Ethanol-water-mercuric chloride @ 750 mm Hg.

*

II. Binary Systems

W N N WM =W N R

—
O

11.
12,

. Methanol-water @ 600C

Methanol-water @ 760 mm Hg.

Ethanol-water @ 760 mm Hg.

. Water-lithium chloride @ 60°C

Water-calcium chloride @ 760 mm Hg.

. Water-potassium acetate @ 760 mm Hg.

. Water-mercuric chloride @ 760 mm Hg.

Methanol-lithium chloride @ 60°C

Methanol-calcium chloride @ 760 mm Hg.

. Methanbl—potassium acetate @ 760 mm Hg.

Methanol-mercuric chloride @ 760 mm Hg.

Ethanol-mercuric chloride @ 760 mm Hg.

III. Antoine Constants

IV. Parameters for the Solubility Equation

(Used for the mercuric chloride systems.)

(2)
(17)
(25)
(17)
(17)

(2)
(31), (33)
(11)
(2)
(45)
(L45)
(45)
( 2)
(45)
(45)
(45)
(45)

(11)

(17)
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3.

APPENDIX C

CONSTANTS FOR ANTOINE'S VAPOR -
PRESSURE EQUATION,
A ' B ' C
Water  , 7.96681 1668.21  228.00
5

Methanol  8.07246  1574.99 238.86

Ethanol ‘_8.16290 1623.22 228.98

5

Reference

Broul et al.. (1969)

Broul et al. (1969)

Hala (1968) .
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APPENDIX E

The LSQ2 Subroutine

This subroutine designed by Gardner (7) and used by
Marina (22) in correlating VLE data minimizes a function of
several indepsndent variables. In this study the minimized
function is the sum of the squares of the differences between
the calculated and observed values of the activity coefiicients.
The independent variables are the parameters of the equation
for the activity coefficients.

The LSA2 subroutine is called by the Main Program. The
L3Q2 subroutine then calls the FN subroutine which contains
the equation for the activity coefficients and the sum of the
squares function. From the value of the minimized function
LSQ2 generates a new set of parameters. This cycle is repeated
until the sum of the squares falls below a specified limit or
until a predetsrmined number of iterations have been performed.
The following arguments must be specified by the calling program:

XT (1), XT (2)5+.4, a vector containing the
values of the independent variables ( para-
meters of the NRTL equation, for instance)
starting values must be specified in the
calling program.

X, a strong matrix containing the values of XT.

DX, increment applicable to each independent variable.
May be expressed as a vector if different increments
are desired for each variable.

Y, a vector of M1 components containing the values
of the dependent variable, the sum of the squares
in this study. One exit from LSQ2, Y (1) is the

values of the sum of squares for the optimum values

of the parameters.
M, the number of independent variables (paramecters)
Mi= M+
M3= M+3
L, the maximum number of iterations

E, the allowable error

nt
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2)
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APPENDIX F

Description of Main Programs

PROGRAM NRTL
This program calculates the optimum values of the

parameters A and B of the NRTL equation for a solvent-
salt system with a preset value of&X. The program uses
the assumption of full dissociation of the salt.

PROGRAM SOLSOL
This program calculates the optimum values of the

parameters A and B of the NRTL equation for a solvent-
solvent system with a preset value of 0¢,

PRCGRAM IMNFT

This program calculates the ternary results from
binary paraneters of the HRTL equation for an isobaric
solvent-solvent-gsalt system. The program uses the
assumption of full dissociation of the salt.

PROGRAM ISOTH S

This program calculates the ternary results from
binary parameters of the NRTL equation for an isothermal’
solvent-solvent-salt system with the assumption of

full dissociation.
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ST X200 ), B DRI, 0028, GAMMAC25) s ALF A, ITK(29)

R

J A0, P3728rKT)Y)

YA AT 287K (])Y)
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A FORTRAN IV (VER 1 43) SOURCE LISTING:

OO SNV B W

{
D N
NN B NN D

NN
[alite= TN o]

22

i
13

1
WWNI NN NN NN
OO BN W

32
33

100
101
164
165
166
168

130

—
o

10

20

_35..u

36
- 37
38
39

41

42
43
44
45
e 46
47
48
49
50

15

PROGRAM S0O1 501,
INTEGER SysT
INTEGER
INTEGER H

04/19/75

PAGE

2/

COMMON X1(25),X2(25), YI(ZQ).YE(ZS).ERROR(PS) FRRORZ(ZS) PAMMA(Eg),

1GAMMA2(25),G(25),02(25) ALFA,TK(25),N

DIMENSION PT(25).Q(4,7).Y(S),XT(4);YlCAL(?5),DTFF(25)rPn1125)¢ﬁMAWE

1P02(25), TEMP(25)

FORMAT (2G10.5,2610.3 )

FORMAT (12) o
FORMAT (F9.4)

FORMAT (5G12.5)

FORMAT (9X.2F8.4,4F11.4,278.2)
FORMAT (///F10.5)

FORMAT (3G10.5)

_READ. 101,N .. S

READ 130,AA1»ABL, ACL A
READ 130,A22,AB2,aC2

DO 10 I=1,N

READ 100,%1 (1), Y1 (1), PTCI1, TEMPC])
X2(1)=1.000-X1C¢D)

e e Y2012 000 =YL (D) o

TK(I)=TENP(1)+273.1
PO1(I)=10,0##(AAL-ABI/C(TEMP(I)Y+AC1)Y)
PO2(1)=10,0%*%(AA2~AB2/(TEMP(I)+AC2)) . ..
GAMMACI)=PTC(I)#YL (1) /Z(FOLCII=X1(1))
GAMMAR (D) =pT () ayYo () /(PO2C1)%X2(1))
LCONTINUE R e
DO ?l) H= 1,4

DO 20 F=1,7

XS ) 2000

CONTINUE
XT(1)=0.000

L XT(2)=0,000 e e

XT(3)=0.,00
XT(¢(4)=0,00

o M=4 . SR

Mi=M+1
MIaM+3

Xm0 0 e e e ]

L=1000
E=0.00001

CCALL LSQ2 (XT,X,D¥sY, MaM1.M3,.L,EY .

PRINT 164, al.FA
PRINT 165, XT(L) X120, XT(3),XT(4),Y(1)
D0 15 Jd=1a.i

PRINT 166,%1(J),Y1(J), CAMMACJ),G(J),GAMMAD (J) a2 (), ERROR(J],

1ERROR2(J)
CONTINUE e e
YSUM=0.000




A FORTRAN Iy (VER L43) SOURCE LISTING- SOLSOL

51 no 38 I=1,H
52 YACALCD) = (0 (T)y#X1 ¢ 1)2PC1CT))/PT(T)
53 DIFFCI)=YLCALCI)-vL (D)

54 YSUM=YSUM+ABS(DIFr (1))

55 38 CONTINUE

56 YMEAN =YSUM/N

PROGRAM

04/19/75 PAGE
22

57 120 FORMAT (4F12.5) A PP UUU
58 PRINT 120+ (X2(I),v1C1),Y1CALCD),DIFFCI),I=21,N)
59 PRINT 168, YMEAN
60 - 8T0P R R
61 END .

]




A FORTRAN IV (VER L43) SOURCE LISTING® FN. SUBROITINE 04/19/75 PAS

1 SURROUTINE FN(YY,xT)
2 COMMAON Xl(zb).X?(?5)»Y1(2>).Y2(25)-ERROR(?5) EQROQJ(?W),FAM”A 23».
3 1GAMMA7(23).5<25).G2<L5).A FA»TK(25),N
4 DIMENSION XT(4). S S
5 ALFA=~,10
6 YS=0,0
7 DO 30 I=1,N e
8 Ul—(XT(1)+Xr(2)*TK(I))/(1 9872*TK( ))
9 U2=(XT(3)+xT(4)#TK([))/(1.9872+TK(1)) .
- 10 S Te(XL Y2y sE e (~ALFAS2)Y Y Reu2 e e e
11 P=EXP(~ALFA%U1) .
12 R-(X2(1)+X1(I)*FXP(-ALFA*li))**Z
13 A=EXP(-22A1 FA&U?2) PR . e e e et e e o et e s e e e
14 Sz ((X2(1))#%2)#(yp*Q/T+U1=P/R)
15 G(I1)=EXP(S) ) :
——e 16 T2 (X2 1) XL I REXP(=ALF A=Y Y0 — —
17 PR=EXP(=ALFA®#U2) A
18 R2=(X1 (1) +X2(1)#ExP(-ALFA=U2) ) %25
19 Q2=FXP (=221 FA®ULYy. . - .- - e e s e
20 . 82-((x1(1))**2)*(U1*QC/T?+U2*P2/R?)
21 G2(1)=EXP(S2)
WMwmgszmw~WMERROR(I)~(G(I)—GAMMA(I))*}OOTAGAMMA(lQ
23 ERROR2(IN=((G2(1)~GAMMA2( 1)) %100, /GAMMA2(T))
- 24 FY1=(G(I)-GAMMA(T)) %=2
e 25 . FY2=(G2(1)-CAMMAR (L) )RR o
26 Y=FY1+FY2
27 YS=YS+Y
.. 28 .30, . CONTINUE IS e e s S
29 YY=YS
: 30 RETURN
e B L END e e .




A BURTRAD |y

(VER LAY 80 Cr LISTING

SUARGUTLE L5022 (XTaXa X, ¥,
NTHE ST

PTL3Y (B )aY (0,

: ’

L502

ULa ML, E)
JJaY 8 (hs4)

SUARGUTINE

U3/ 14/74

PAGE
12

L1C = ©

CIF(LGLEL2) G TR 50

LS’

CIHC = M1+] LS*
6 EM =M . _ LSt
7 EN = EN¥Y L5 LSt
3 L1 = | LS
= L = -L 3"
10 L2 = (3f’)/2+$ LSt
R 3= g LSe
12 TR, GE,3) K3=3 . LS.
13 K4 = Kﬁ 1 - LS
14 oz K3kg LSe
15 G = 1o/l LS
14 B 100 Isl,h L5e
17 100 A(1,1) = X1(I) LS
)4 CALL FNIY(1)axT) 1
AT R 106 953, M T e o st
24 YT(J=1) = xT(J=1)+0X LS7
21 Y 1G4 T=1.0d LST
22 b x(Tad) = XT(1) ) Lse
23 CALL Fhly{J)axT) LS«
24 AT(J=-1) = X(J=1,1) - e ~ LS«
25 106 CoNTNUE LS™
2h .2C = LS¢e
27 FLG = 1, Lse
2h GOoTH S0 LSce
29 13 L1C = (16 +1 R LSo
39 IFLLIC,GELLL) GO TH ann LSe
3“ l 5 Y L ;"""l"'wﬁ" 3 '»s T e o T L S ("
32 Yl = =Y LS
33 V2 = YH LSt
A4 Y3 = Y, e _ks%

CHATTLE

Yoo

J=1,it0

TF(Y D), LT, yti) G 79
YH

IH

12

1091

42 1 91

e

Y
I+

AR

R A

i1 1173

() eLTay2) 67 T
(J)

Ip
Y2
12

w9

TF( 1711 1101

¥3

(n,oT,v0) G

).
L
L

PP P

‘ill""ﬂ(!l"‘ﬁﬂﬂ“"

T4 (3 Lso
g TL LSn.
B YL (J) Lsa
50 GILTi g1 LS7.




A FUPTRAL (VER L47) SUURCE LISTING:  L§72 SURROUT [HE 03/14/74 rﬁg;
; /.
TTUUURL LT TRV L TLY3) GDTh 1100 o LS
57 Y3 o= Y{J) LS
53 I3 = LS
B4 110 CoNTInve oo R _ LS
TTUUUBR T L2 = L2 LS
56 CIF(L2C,LT.L2) GU TD o111 3 LS
57 LoC = ¢ LS
57 JJ(1) = 1L LS
59 JI(2)Y = 12 LS
60 JJ(3) = 13 LS
T ey N A0 Ki=]1aK3 LS
62 J1 = gytely ¢ LS
62 LI 60 k2=Kiphs LS
&4 J2 = JJ(u2) LS
65 5 = 040 LS
50 Dl 50 I=1,0 L LS
6755 S = S+{(X(Ia J1)~X(I»1'))*(X(I;J?)—A(I:I i) LS
68 b A(K12K2) = 5 , - LS
68 TR S A s YRR (a2 SR 1,2 ) RS L3
70 O TH(6261) 214 LS
71 61 D1 = Al(ls1)%A(2s2)~A(122)%0(1s2) 1S
72 D m (A S1DFA(3,3) A () 3) #¥2)%0=DI%NL)/(A(LsL)%D,0) LS
73 62 TF(O WFd, ceL)G0 TU 55
T4 TF(D SLE. w0 = ABS(D)
75 D= (D /g, 0) %%
76 IF(DLLTeF) Gi' TU 65 LS
77 FLE = 1.0 LS
70 ¢ooTo 111 L5
TR RE I R(FLEL LT, W0 BT TU a0 T - LS
&0 FLE = =1, . . Ls:
R1ITL1L DD 118 I=1.4 LS
52 XTC1) = 4 LS
h3 M1 112 J=1s171 LS
§4 TFCJLHELTH) XT(I) = XTI +X(14) B LS
8 [y CCANTIAUE T T T A o LS
A6 115  ATUI) = (3, RXT(I+X(1a12) =X (1o L)) /EN=X(T, 1) LS
57 121 CALL FU{YT,XTy LS
3 IF(YT,GE,Y2) 60 TN 167 LS
8% [4C = Hl+1 LS
I IFCYTLCE,YL) G0 To 140 LS.
) UNTY = YT LS
92 D) 135 I=1,: LS
TGN TS ATL) = )R BEXT(I ) BuX ([ IH) LS
G4 CALL FI'(YT,xT) LS.
XS TFOYTLLE.YL ) Gl 707 140 .S
9h DD138 I=l,.v , - LS
TG T7 138 X(IaIH) = (2e0RXT(L)AX (LA TH)) /R0 LSt
9n YOIH) = Y77 LS
Ty G0 oTH 10 LS
100 14t DY 142 1=1, LS
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PAGE

CFORTRAD PV (VER LAY AURe LINTING: LSu2
P 12
T101 1az  x(QIsLily = XTCOL) LSo2
1lp2 Y{IH) = VT LSn2
103 LT e LS02
Lloa a7 THC = MO~ o Lsn?
S105 TF(THC, B2 ) GOTH 3 LSG2
_loe6 IEf YT,GE, v~> 60 Too17a Lsoe
107 DO 168 T=1, Lsu2
108 XS = xT{(1l) LSG?2
109 XT(IY = X{Is14) Ls02
110 A6R  X(I.110) = 45 ) Lsu2
111 173 ‘W 174 1= 1,. 1§07
_liz2 174 XT(l) = XCTaT ) +0,28%XT (1) LSo2
113 CALL F(y T,xr) o 1502
114 TROYTLGT, Vi) GROT Len LSn?
115 Y(TH) = YT Lsuz
116 b 175 1= 1,1 LSu?
TTIT LTS X (T IH) = X7 (D) LSae
113 LI Th 10e A o - Ls02
IS U G A S RN ES P LS02
120 IFCJ EZ LY 67 Tii 184 LS02
121 AU o1 e2 I=1aeh LS02
122 0 ATUI) = (XUT,J)+x(l,110)/2,0 LSG2
123 1Az K(IaJ) = XTI LS02
124 CALL FIy (W) e XT) i LS0?2
125 135 COWNTTUHUE R
126 G T 1on LSGZ
127 3 ) 1IHC = 2%:.1 LSe
12n IF(M,GE,2) GU T 359 Lgn7
1259 S = 0.0 o - Lso2
130 i 3ee =1, - Lsa2
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NOMENCLATURE

& = relative volatility in the absence of salt
23= relative volatility in the presence of salt
az= activity of component i

empirical constants in Wohl equation

empirical constant in several equations

empirical constant in several eguations

empirical constant in several squations

salt concentration (moles of salt/moles of component
fugacity of component i in solution

fugacity of pure component &

parameters of NRTL equation

partial Gibbs free energy

excess Gibbs free energy

Gibbs free energy of mixing

Gibbs frige energy of‘mixing for an ideal solution
functioh ‘6f NRTL equation

empirical parameters

salt effect parameter

selt concentration (g moles/kg of solvent)

number of moles of component i

134

1)

generaliéed mole fraction of cdmponént~~i in any phase

total pressure |

saturated vapor pressure of pure coﬁponent i %
partial pressure of component: i< é
depressed vapor pressure

effective molal volumes in Wohl equation

ideal gas constant
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Ox

temperature,
molar volume of component 1

total volume

%nalytical mole fraction of component 1 in liquid phase

ﬁonic mole fraction of component 1 in liquid phase

‘mole fraction of component 1 in the vapor phase

effecuvive volume fractions in Whol equation
parameter of the NRTL equation

generalized relative volatility

activity coefficient of solvent 1

ionic activity coefficient of solvent 1

mean rational activity coefficient of solvent 1
difference between observed and calculated valueé
parameters of Wilson equation

parameters of Wilson equation

chemical potential of component i

excess chemical potential

number of particles resulting from the dissociation of
one mole of salt
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