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Isothermal vapor-liquid equilibrium measurements were made at 50°C. for the ternary systems acetone-methanol-chloro-
form, acetone-methanol—carbon tetrachloride, and acetone—methanol-methyl acetate, by means of an improved vapor-recircula-
tion type of apparatus. The complete range of concentrations was investigated, including six of the seven constituent binary
systems. Chemical methods, supplemented by density and refractive-index measurements, were used for analysis.

Results are presented in the form of activity coefficients ¥ as a function of various concentrations. Binary and ternary
constants for the three-suffix Margules equations were determined by plots of (log 7)/(1-x)? as a function of the mole
fraction x. Such equations have been found to represent both the binary and the ternary data adequately except in the
system containing both methanol and carbon tetrachloride. For these mixtures a simplified four-suffix equation, including a
single ternary constant, correlates binary and ternary equilibrium data.

The data indicate that reliable estimates of ternary equilibria can be based on the assumption that the ternary
constant C* is zero for mixtures in which all deviations from Raoult’s Law are positive. This is interpreted as indicating that
the probability of existence of trimolecular aggregates, two- or three-component, in ternary solutions is no greater than the

average of probabilities of existence of trimolecular aggregates in the constituent binary systems.

Based on equations of the Margules type, a procedure is outlined for determining

binary constants rapidly and for

planning experiments whereby a ternary system may be completely investigated with the aid of very few measurements.
The composition changes that the accompany differential distillation of the three ternary mixtures are described
qualitatively in terms of the shape of the vapor-pressure-composition surfaces.

In the design of azeotropic and
extractive distillation equipment,
reliable multicomponent vapor-
liquid equilibria are necessary for
the estimation of heat require-
ments and separation efficiencies.
It would be most helpful to be able
to predict equilibrium relationships
from the properties of the pure
compounds or, failing this, from a
minimum of experimental data.
Such information would be useful,
for example, for the selection of a
suitable third component to facili-
tate the separation of two close-
boiling or azeotropic liquids by dis-
tillation. The use of empirical equa-
tions for extension or prediction
of multicomponent vapor-liquid
equilibria is useful for this pur-
pose but is tedious even for the
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case of ternary mixtures.

A method for treating equilibria
in ternary mixtures which would
reduce the required experimenta-
tion and simplify the fitting of
existing empirical equations to
isothermal ternary data would ap-
pear to be of value. A method for
predicting the constants in these
empirical equations, preferably
from the properties of the pure
compounds or, alternatively, from
data on the binary systems in-
volved, would simplify calculations.
Methods have been proposed for
extending basic data and estimat-
ing values of constants in the
equations for prediction of activity
coefficients, but the literature does
not presently contain sufficient
thermodynamically reliable data to
test these methods thoroughly. Ex-
perimental data have been pub-
lished for several ternary and
quarternary systems, but a com-
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plete test of equations for activity
coefficients has usually not been
possible because the whole range
of compositions was not covered,
because the experimental errors
were too great, or because one of
the pairs was ideal, leading to a
degenerate case.

During this investigation iso-
thermal data were determined for
the systems acetone-methanol-chlo-
roform, acetone-mtehanol-methyl
acetate, and acetone-methanol-car-
bon tetrachloride at 50°C. The first
system has both positive and nega-
tive deviations from Raocult’s Law
and none of ‘its binary mixtures
are ideal. The other two systems
are of the type most frequently
encountered: mixtures of organic
liquids which exhibit only positive
deviations from ideality. Again
none of the binary mixtures are
ideal. Wohl’s Margules-type equa-
tions (12 and 13)were compared
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with the data. A systematic ap-
proach to experimentation and
techniques facilitating the use of
the equations were developed.

MATHEMATICAL
REPRESENTATION OF ACTIVITY
COEFFICIENTS

The equation describing the dis-
tribution of a component, 7, at
equilibrium between liquid and
vapor phases and defining its
activity coefficient, vy,, is

TYize = v Py (1)

Generally either = or the tem-
perature is fixed; P, and z; are
characteristic of the pure com-
ponent. The liquid-phase mole frac-
tion, z;, may be chosen arbitrarily,
and the activity coefficient, v, is
related to it by solutions of the
equations

Inys = (1/RT) (o/on.) 2 ;6% (20)

j
Zz;d(lny) =0 (2b)
1

Equation (2b) indicates a simple
test for thermodynamic consistency
of isothermal vapor-liquid equilib-
rium data.

Carlson and Colburn(2) gave
methods of extending and predict-
ing binary vapor-liqnid equilibria.
They pointed out the utility of end
values of log y, at infinite dilution
of component ¢ as constants in the
development of empirical equations
applicable to binary mixtures.
Wohl (12 and 13) presented a series
of equations of varying complexity
to describe activity coefficients as
functions of concentration in bi-
nary, ternary, and quarternary
mixtures using as constants the
end values of log y; for the com-
ponent binary pairs. The simplest
of Wohl’s equations to fit a wide
variety of binary mixtures is the
three-suffix Margules type ex-
pressed in mole fractions. In this
case the excess free energy of
mixing is assumed to be given by

GP/23 RT = 2122 (Ani 31 + Ase T2)
A =x11_l_ﬂj>0 (logm ’Y]) (3)

From Equation (3), by application
of Equation (2), the equations for
logarithms of activity coefficients
are

logioy: = 22 [A12 + 2 (Ay —
Au) 2?1] (4)
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Iogm Y2 = xf [A21 +2 (A12 -
An) 1132] (5>

These equations fitted each of
the binary systems investigated in
this study with the exception of
mixtures of methanol and carbon
tetrachloride, in which the devia-
tions from ideal behavior were ex-
tremely large. The function (log
v)/(1-x)2, hereafter called J, was
used for evaluation of the data.
From Equations (4) and (5)

Ji=An+2(An — A1)z (6)

Jr=An+2(A1—An)z2 (7)

At x]_:(), J1:A12; at x2:0,
Jo = Ay Similarly, at =z, =0.5,
J1=Ay; and Jy = Ay,y. J is a linear
function of xz. The linearity of this
function for binary systems de-
scribed by Margules-type equations
is also noted elsewhere(8).

In Equation (1) the quantities
%, 2, P, and temperature may be
measured or calculated accurately.
J is very sensitive to errors in
measurement of concentrations and
consequently is a good function
with which to check adequacy of
equilibrium experiments and ae-
curacy of analyses. However, In
the region 0.5<x;<1.0, J becomes
very erratic even for good data.
The most significant values of J;
are those observed in the region
0<z,;<0.5.

For more complex binary mix-
tures, particularly those involving
very large deviations from ideality,
the four-suffix Margules binary
equation of Wohl(12) may be use-
ful. These equations, when plotted
as J vs. x, result in curved lines,
as for ecarbon-tetrachloride-meth-
anol, as shoyn in Figures 19 and
20.

In Wohl’s nomenclature, recent-
ly revised(13), the three-suffix
Margules ternary equation, writ-
ten in mole fractions, is derived
from

G*/2.3 RT = m122 (trAaitz2 A1) +
z1x3 (1 Asr + s A1) +
22 25 (22 Ase + 23 Ass) +
nzexs [ (A +An -+
A+ Asi + Ax + Asg)

—C% @®
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In this new method of representa-
tion Wohl has used a new ternary
constant, C¥*, that is independent of
the numbering of components. It
is related to the older definition of
C(12) by the equation

C* —C=13%(Ar2— A2+ An —

Ase 4+ Az — Ag) (8a)

By use of Equation (2), it follows
that

logioyi=2: [A124221 (Ao —Ar2)]+
3 [Ass + 2m1 (Asy — Avs)] +
zaxs[ 3 (A + A1 + Aa +
Au—As—As) + 21 (Ao—
A+ An—A4i) + (22—13)
(A2 — Agg) — (1 — 221) C¥

(9)

Log y. and log v3; may be deter-
mined from Equation (14) by
cyclic permutation of subseripts
according to the scheme

£
3 2

<—

Let R, be defined as xo/ (25 + @5),
the mole fraction of component 2
on a one-free basis; then J; may
be expressed as

Ji=(loguv1)/(1 — z1)’= Ri[Auz +
221 (Au—Aw)] + (1—R:) [Ad s+
221 (Asi—Aw)] + Re (1 — R2) [ 3
(AntAn+An+Ais—An—A)
4o (An—Ant+An—An) 41—
21) 2Rz — 1) (A2s — As) — (1 —

22,) C*] (10)

As in binary systems, J, is a linear
function of x, for R, constant. At
R, =1, Equations (4) and (9) as
well as (6) and (10) are equiva-
lent and describe the activity
coefficient of component 1 in bi-
nary mixtures with component 2.
At R, =0 the activity coefficient
of component 1 in binary mixtures
with component 3 is obtained.
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Equations (8), (9), and (10)
fit the data of the first two ternary
systems investigated with sufficient
accuracy that use of more com-
plicated equations was not re-
quired. The experimental data for
the third ternary system were also
fitted satisfactorily but the slight-
ly more complicated four-suffix
equations of Wohl(18) showed a
statistically significant improve-
ment, owing to the fact that the
binary system methanol-carbon
tetrachloride required the use of
the four-suffix binary equations.

PLANNING OF EXPERIMENTS

Use of J as a correlating func-
tion, as shown in Equations (6)
and (7), suggests a procedure for
taking ternary vapor-liquid equilib-
rium data which will reduce ap-
preciably the number of experi-
ments required to investigate a
system adequately. All composi-
tions at constant R lie on a straight
line on a ternary diagram such as
Figure 1. From Equation (9) the
ternary constant contributes most
to the value of log y; in the region
x;==0, x;=1u;~=0.5. One such re-
gion is found in Figure 1 for each
of three components; these are the
regions in which experimental ter-
nary measurements should be con-
centrated once the binary data are
fully known.

Chemical analysis for the dilute
component should be accurate if
the J value is to be significant;
analytical accuracy need not be so
great for the other compounds, al-
though greater accuracy is re-

eenzIIIIRIIIIIILD [ 17

SIDE VIEW SHOWING
REAR WELL AND FRONT
SAMPLING NECK

Fig. 2. Isothermal equilibrium apparatus.

quired if these other compounds
have very different molecular
weights. Ternary equilibrium de-
terminations in each of the re-
gions 1, 2, and 3 of Figure 1, plus
data on the three binary systems,
are sufficient to evaluate all the
constants in the equations. In their
most general form the four-suffix
equations contain three different
ternary constants; consequently,
three independent ternary determi-
nations are required. A single
ternary determinmination may be
sufficient, however, if the binary
systems are satisfied by the sim-
pler three-suffix equations; even
when the more involved equations

Fig. 1. Ternary compositions experimentally investigated
for vapor-liquid equilibria.
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are needed, the three C¥* values
may often be equal.

For rapid comparison of data
with calculated J values based on
Equation (10), it is useful to
know particular values of J; at
strategically chosen compositions.
For example, at x; = 0 and R, = ¥4,
J1 becomes

Ji=3BA+ As) + A+
Az) — (A + Asz) — 2C* (11)

for the three-suffix ternary Margu-
les equation. The equivalent func-
tion for the other components are
obtained by cyclic permutation of
subscripts. Moreover, at R, = %,
x; = 0.5, Equation (11) is altered
to

Ji=1[2Au+ 4n) —
3 (A + As)l (12)

This latter equation does not in-
clude a term containing C* and
consequently the value of J is in-
dependent of C* at = 0.5. Thus it
ig clear that data taken at nearly
equal mole fractions of the mole
components give little information
regarding ternary contributions to
nonideality. Data plotted as J vs.
z may be easily and sensitively
checked for self-consistency and
those taken at R = constant rapid-
ly compared with the three- and
four-suffix Margules equations. By
use of Equations (11) and (12)
from those data taken with z dilute
and R ==, C* may be accurately
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Fig. 8. Vapor-liquid equilibria for
system acetone-methanol at 50°C.
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Fig. 4. Activity coefficients for binary
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Fig. 5. Comparative plot of activity

coefficients for acetone-methanol at

50°C. with three-suffix Margules equa-
tion.

and rapidly determined from the
plot. Equations (11) and (12) give
values of J calculated from ternary
equations at the liquid-phase con-
centrations which are at the limits
of the practical significance of the
function. The J-plot procedure is
equally applicable to three- and
four-suffix equations of Wohl(13)
in ¢ or volume fractions. These
modified equations, however, were
not required to fit any of the sys-
tems investigated here.

EXPERIMENTAL PROCEDURE

A modification of the wvapor-re-
circulation equilibrium still described
by Jones, Schoenborn, and Colburn
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(5) was used for the equilibrium de-
terminations. The present apparatus,
shown in Figure 2, differs from the
original model in two essentials. To
provide better temperature control,
the equilibrium chamber was sur-
rounded by a water bath. Increasing
the liquid-chamber volume to 3 liters
increased the condensate volume and
yvet greatly reduced the condensate-
to-liquid volume ratio. This permit-
ted larger condensate samples to be
taken for analysis and yet kept small
the required time for attainment of
equilibrium. In addition, several runs
could be made at or very near the
same composition with a given charge
of components. The reprodicibility of
successive samples provided an esti-
mate of the accuracy of the experi-
mental technique. Further, by start-
ing with a binary charge and adding
only the third component to change
the composition between ternary de-
terminations, successive experiments
could be made at constant E.

A magnetic stirrer was used for
agitation in the liquid chamber. This
improved the rate of response to ad-
justments in total pressure. Both the
liquid and condensate were sampled
with a hypodermic syringe provided
with a special long needle. The tem-
perature of the liquid was compared
with that of the water bath by means
of a double-junction copper-con-
stantan thermocouple. A small in-
ternal heater was useful for adjust-
ing the vapor circulation rate to be-
gin an experiment but was turned
off after circulation had commenced.
If the pressure became too high dur-
ing operation, circulation promptly
ceased; if the pressure was reduced
below the equilibrium value, the cir-
culation rate increased until the flash
boiler flooded. The range of pressures
over which steady circulation oc-
curred was about 1 mm. Hg.

The pressure in the system was
adjusted by introducing nitrogen into
the condenser and was measured by
means of a temperature-compensated
mercury barometer. The temperature
of the water bath was controlled and
measured by standard apparatus.

For analysis of ternary mixtures,
measurement of at least two inde-
pendent properties is necessary.
Chemical methods specific for acetone
and methanol were supplemented by
densities sensitive to the amount of
chloroform, methyl acetate, or carbon
tetrachloride present. A modification
of the hydroxylamine hydrochloride
method of Huckabay, Newton, and
Metler (4) was used for acetone, and
the acetyl chloride method proposed
by Smith and Bryant(10) was used
to determine methanol. Density was
determined by the pycnometric meth-
od described by Langdon and Keyes
(6). Refractive indexes were meas-
ured with a Bausch and Lomb dip-
ping-type refractometer and were
used instead of density for analyses
of the acetone-chloroform and chlo-
roform-methanol binary systems. In
acetone analyses, results were repro-
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ducible to about 0.5 mole 9% of the
acetone present in the sample and
the methanol results were reproduci-
ble to about 1.0 mole 9% of the
methanol present. Density and re-
fractive-index measurement were re-
producible to a precision equivalent
to 0.1 mole % chloroform or carbon
tetrachloride or 0.2 mole % methyl
acetate. This high precision was
possible because the two physical
properties were found to be almost
a linear function of the volume frac-
tion of chloroform, carbon tetra-
chloride, or methyl acetate present.
A calibration curve of deviations
from additivity of density or re-
fractive index when plotted vs. ideal
volume fraction permitted precise de-
termination of composition. To obtain
complete analyses of ternary sample,
check measurements were made by
use of both chemical methods and
density in practically all cases.

Large quantities of the pure com-
ponents were required both for the
vapor-liquid measurements and for
the establishment of analytical meth-
ods. Baker and Adamson technical-
grade chloroform was dried over
phosphoric acid anhydride, then dis-
tilled batchwise at an 8-to-1 reflux
ratio through a large-capacity, 24-
theoretical-plate packed column. A
heart fraction was collected having
a boiling range of 0.2°C. Reagent-
grade acetone and methanol were
distilled in a similar manner. Techni-
cal-grade methyl acetate was dried
over silica gel for 48 hrs. and a heart
cut with a boiling range of 0.2°C.
was collected. Technical-grade car-
bon tetrachloride was distilled batch-
wise in the fractionating column.
The middle 60% of a batch was col-
lected; the distillate temperature did
not vary more than 0.1°C. during
collection of the heart cut.

EXPERIMENTAIL RESULTS

Vapor-liquid equilibrium deter-
minations were made on the three
ternary systems acetone-methanol-
chloroform, acetone-methanol-car-
bon tetrachloride, acetone-metha-
nol-methyl acetate and on six of
the seven constituent binary sys-
tems. All activity coefficients were
corrected slightly for nonideality
of the vapor phase by the method
described by Mertes and Colburn
) .*

The acetone (1)-methanol (3)
binary system is common to all
the ternary groups. Figures 3 to
5 show, in order, the z-y diagram,
curves of logyey vs. x, and J plots
for this system. End values were
computed from the J plots by the
method of least squares. The values
compare favorably with the results
of Uchida et al.(11).

*Experimental data may be obtained as docu-
ment 4510 from the Photoduplication Service,
American Documentation Institute, Library of
Congress, Washington 25, D.C., for $1.75 for
microfilm or $2.50 for photoprints.
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6.0

The system acetone (1)-chloro-
form (2) shows negative devia-
tions from ideality; Figures 6 to
8 represent the results.

Figures 9 to 11 show the char-
acteristics of the system chloro-

form (2)-methanol (3), which is
/ interesting because of the great
asymmetry of the log y-x curves.
/ The data used for the carbon
T tetrachloride-methanol system are
those of Scatchard, Wood, and
Mochel(9), who recommended a
four-suffix equation for represent-
\ ing the excess free energy.
A\, Table 1 lists the Margules con-
( stants for each of the systems.
% o Observed vapor-liquid equilib-
N rium compositions for the ternary
A{ o systems acetone-methanol-chloro-
10 o form (A-M-C or 1-3-2), acetone-
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Fig. 11. Comparative plot of activity
coefficients for chloroform-methanol at
50°C. with three-suffix Margules equa-

coefficients for acetone in the ternary
system acetone-methanol-chloroform
at 50°C., with three-suffix Margules

tion. ternary equation.

TABLE 1--MARGULES CONSTANTS FOR CONSTITUENT BINARY SYSTEMS

End values, A i

System Three-suffix Four-suffix Azeotropic
Margules Margules composition

Acetone (1) An =-0.36 x; =0.38
Chloroform (2) A, =-0.30
Acetone (1) A = 0305 x1=0.81
Methanol (3) An = 0225
Chloroform (2) Ay = 031 x; =0.66
Methanol (3) Ap = 078
Acetone (1) A1 = 0.065 x =078
Methyl acetate (27) Ayy = 0.050
Methyl acetate (27) Azz = 0.465 x,=0.32
Methanol (3) Asy = 0.445
Acetone (1) Ay = 041 x=y in range
Carbon tetrachloride (2/7) Aoy = 031 0.89 <x, <1.0
Methanol (3) Az = 0.765 Ag3=0.891(9)
Carbon tetrachloride (2'7) Az = 110 As2-=1.132(9)  x;=0.45(9)

D23=0.483(9)

A.ICh.E. Journal Page 405



TABLE 2-—EXPERIMENTALLY OBSERVED
TERNARY CONSTANTS FOR THE SYSTEM
ACETONE-CHLOROFORM-METHANOL

Run Dilute Component c*
145 Acetone (1) 0.61
121 0.63
122 0.59
141 Chloroform (2) 0.37
142 0.53
117 0.53
120 043
132 Methanol (3) 0.37
133 0.34
144 0.52
Mean: 0.49

Standard deviation of mean: 0.10

methanol-carbon tetrachloride (A-
M-CT or 1-3-2"), and acetone-
methanol-methyl acetate (A-M-
MA or 1-3-2') are also on file.*
Multiple equilibrium determina-
tions were made at each of the
points 1 to 138 of Figure 1 for the
systems A-M-C and A-M-MA.
About a third of the data on each
system were taken near regions
1 to 3 of Figure 1. For the system
A-M-CT, determinations were made
only at points 1 to 3.

J plots for each component of
the A-M-C system are presented
in Figures 12 to 14. Curves for
the three-suffix Margules equations
with C* = 0.5 are plotted. Values
of C* were calculated from the
three-suffix Margules equations by
use of data from individual runs
in the region R = 1 z dilute. The
results are shown in Table 2. Cal-

LEGEND
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(CHLOROFORM-FREE BASYS)
O 28 "

v so - "

05 (s} 0.2 04 06 08 1.0

MOLE FRACTION CHLOROFORM IN LIQUID.

Fig. 13. Comparative plots of activity
coeflicients for chloroform in the
ternary system acetone—methanol-
chloroform at 50°C. with three-suffix
Margules ternary equation.
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TABLE 3-—EXPERIMENTALLY OBSERVED
TERNARY CONSTANTS FOR THE SYSTEM
ACETONE—METHYL ACETATE—

METHANOL
Run Dilute Component Cc*
52 Acetone (1) -0.16
53 -0.16
69 -0.02
70 0.00
59 Methyl acetate (27) -0.05
60 0.00
61 +-0.04
62 +0.11
57 Methanol (3) +0.14
58 +0.12
82 +0.04
Mean: 0.00

Standard deviation of mean: 0.09

culation of three different ternary
congtants, C*;, C¥%,, C¥; for use
in the four-suffix Margules equa-
tion of Wohl was also carried out,
but the resulting values did not
differ significantly from each other
or from the single C¥* average
listed in the table.

For the system A-M-MA, J plots
are shown as Figures 15 to 17.
The lines correspond to the three-
suffix Margules equation with C¥ =
0. Values of C¥ were calculated
from individual runs as indicated
in Table 8. Again a single ternary
constant was found adequate to
describe the system.

J plots for the system A-M-CT
are presented in Figures 18 to 20.
The lines are calculated from the
four-suffix Margules equation with
C* = 0. Calculations of C* from
each of the six experiments are
summarized in Table 3. The two
sets of C* wvalues correspond to
the three- and the four-suffix equa-
tions. Based on the latter, the

*See footnote on page 404.
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Fig. 14. Comparative plots of activity
coefficients for methanol in the tern-
ary system acetone-methanol-methyl
acetate at 50°C. with three-suffix
Margules ternary equation.

A.1Ch.E. Journal

TABLE 4—EXPERIMENTALLY OBSERVED
TERNARY CONSTANTS' FOR THE SYSTEM
ACETONE-CARBON TETRACHLORIDE-

METHANOL
C*

Dilute Three- Four-
Run component suffix suffix
1 Carbon —0.13 +0.07
2 tetrachloride (2'") —0.28 —0.09
3 Acetone (1) +0.26% +0.38¢
4 —-0.17 . +0.05
5 Methanol (3) —0.07 +0.17
6 —0.13 +0.06
Mean: —-0.16 +0.05

Standard deviation
of mean; 0.04 0.04

fAssuming C*1 = C*2 = C*s = C* in the
four-suffix equation of Woh! (13).

$This value omitted from average, based on
statistical rules.

average value of C* is not signifi-
cantly different from zero. This
is in agreement with data from
other ternary systems and the
slightly more complicated equa-
tions are therefore preferred.
Whenever one or more of the
binary systems require the use of
four-suffix equations, the multi-
component equations should also
be of the four-suffix variety, but
the ternary effects may be no more
complicated in these cases than
they are for systems with simpler
binary component systems.

This is in accord with a recent
study by <Carlson{(1), who ex-
amined published data for twelve
different ternary systems and con-
cluded that C* =0 is satisfactory
for all systems of which the devia-
tions from ideal behavior are
either zero or uniformly positive.

DISCUSSIONS OF RESULTS

Figures 21 to 23 are isothermal
plots for the three ternary systems.
In each case the isobars were cal-
culated by use of the appropriate
Margules equations.

In each system a steep gradient
of vapor pressure is evident in the
region of high methanol concen-
trations. The cause of this posi-
tive deviation from ideality prob-
ably is the decomposition of meth-
anol aggregates brought about by
dilution with either one of the
other components. The methanol-
carbon tetrachloride binary system
is very strongly nonideal and
causes very large vapor pressures
over the whole range of compo-
sitions in the A-M-CT system.
Figure 23 shows that the isobars
for this system are nearly sym-
metrical about a line representing
equal amounts of methanol and
carbon tetrachloride. The A-M-MA
system is dominated to a lesser
degree by the methanol-methyl
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Fig. 15. Comparative plots of activity

coefficients for acetone in the ternary

system acetone-methanol-methyl ace-

tate at 50°C. with three—suffix Mar-
gules ternary equation.

acetate binary system; the mix-
tures of methanol and acetone
show only moderate positive devia-
tions from ideality.

The extent of positive deviations
from ideality of binary mixtures
of acetone, methyl acetate, and
carbon tetrachloride, respectively,
with methanol is in inverse rela-
tion to their ability to accept pro-
tons in the formation of hydrogen
bonds. In the order listed, they
show decreasing ability to form
aggregates with methanol and,
consequently, are decreasingly
compatible with it in mixtures.

The replacement of one chlorine
of carbon tetrachloride by hydro-
gen, resulting in chloroform,
makes a very large change in the
deviations from ideal behavior in
ternary systems with acetone and
methanol. Chloroform and acetone
have a strong tendency to form
hydrogen-bonded aggregates in
their binary mixtures. This re-
sults in negative deviations from
Raoult’s Law. Methanol, on the
other hand, shows moderate posi-
tive deviations from ideality when
mixed with either acetone or chlo-
roform. Hydrogen bonds are
formed also in these cases, but
positive deviations result from the
decompogition of methanol aggre-
gates. This is particularly notice-
able (Figure 9) in the activity of
dilute methanol in chloroform.

In spite of positive deviations
in the A-M and M-C binary sys-
tems, ternary mixtures nearly equi-
molar in acetone and chloroform,
regardless of methanol concentra-
tion, exhibit a vapor-pressure de-
pression relative to the methanol-
containing binary systems that
may be partially attributed to the
formation of ternary aggregates
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Fig. 16. Comparative plots of activity
coefficients for methyl acetate in the
ternary system acetone-methanol-
methyl acetate at 50°C. with three-
suffix Margules equation.

(Figure 21). The excess free
energy of the A-M-C- system is
successfully represented by an
equation in the third powers of
mole fraction, suggesting that ag-
gregates no more complex than
trimolecular are responsible for
the deviations observed. In addi-
tion, the value and the positive
sign of C* observed experimental-
ly for this system enter Equation
(13) in such a way as to lower
the excess free energy. From this
it seems likely that ternary aggre-
gate of acetone, chloroform, and
methanol exist in the molar ratio
1:1:1. 1t appears unlikely that
significant negative values of C*
in Equation (13) will occur in any
ternary system.

The Margules equations success-
fully predict that, owing to the
strongly positive deviations in the
methanol-carbon tetrachloride sys-
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Fig. 17. Comparative plots of activity
coefficients for methanol in the tern-
ary system acetone—methanol-methyl
acetate at B50°C. with three-suffix

Margules equation.
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tem, the activity coefficients of
acetone in ternary solutions should
fall outside the region between the
two binary lines on Figure 18.
Slightly negative deviations are
predicted for a limited range of
compositions. Apparently, even
though acetone is “repelled” or
made abnormally active by the
presence of either methanol or
carbon  tetrachloride molecules
alone, when these latter substances
are present together they repel
each other so strongly that a few
molecules of acetone find ample
free space in the solutions. Prob-
ably the partial entropy of acetone
is therefore abnormally large,
owing to this greater degree of
freedom to occupy free volume in
the liquid, resulting in a decreased
free energy without necessarily in-
volving energy effects.

The distillation characteristics
of the three ternary systems are
of interest because of their ex-
tremely nonideal behavior. The
triangular oplots of total wvapor
pressure can be used to bring out
some general features of this be-
havior. With reference to Figure
22, for the A-M-MA system, for ex-
ample, the location of the calcu-
lated ternary azeotropic composi-
tion is shown by the small circle
inside the diagram. The binary
azeotropes are located on each of
the three sides of the triangle.
The dashed lines (called *“path
lines”) on the figure show the pre-
dicted gradual change of the liquid
residue away from the azeotropes
in a differential batch distillation.
These lines were constructed by
drawing straight tie lines on the
triangle, each joining a pair of
compositions representing liquid
and vapor phases in equilibrium.
If a liquid mixture is differential-
ly distilled in apparatus having an
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Fig. 18. Activity coefficients for ace-
tone in the system acetone—-methanol—
carbon tetrachloride at 50°C.; lines
are four-suffix ternary Margules
equation.
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efficiency equivalent {o one theo-
retical plate, the residue will move
for a short distance along the tie
line through its original composi-
tion but in a direction away from
the vapor end of the tie line. The
path lines on Figure 22 therefore
are constructed so that the tie
lines are their tangents.

When the path lines are nearly
straight, as they are near the bot-
tom of the triangle or in the cor-
ners, the liquid and the equilibrium
vapor are greatly different in com-
position, and vice versa. The path
lines form a family of curves
radiating from the dotted lines
that join the three binary azeo-
tropes to the ternary azeotrope.
These dotted lines are called “char-
acteristic lines” of the system be-
cause they cannot be crossed by
any path line. A liquid whose in-
itial composition falls on a dotted
line at any point other than the
azeotropic point will move along
the dotted line to the nearest bi-
nary azeotrope. When it reaches
this limiting eomposition, the resi-
due will not change, but if a trace
amount of one pure component is
added to this residue it will move
in a direction toward one of the
pure-component vertices of the
triangle, provided the azetrope has
a minimum boiling point. The
characteristic lines and the sides
of the triangle are therefore path
lines of singular characteristics.

In a ternary system with two
binary azeotropes a characteristic
line will join the two correspond-
ing points on the sides of the tri-
angle. Any possible ternary azeo-
trope will lie on this characteristic
line. If the third binary pair is
nonideal but does not have an
azeotrope, owing to a large dif-
ference in the vapor pressures of
the pure components, a ternary
azeotrope still may exist. This may
be the situation of the A-M-CT
system, shown by Figure 238, in
which it is not clear from the data
whether a binary azeotrope exists
or not. (Along the acetone—carbon
tetrachloride side binary mixture
containing more than abhout 90%
acetone have very nearly equal
liguid and vapor compositions. It
does not appear to be essential
that three binary azeotropes be
present in a ternary system in
order to have a multicomponent
azeotrope; two binary azeotropes
would appear to be sufficient if
the third system ig sufficiently non-
ideal.

The A-M-C system has mixed
deviations from ideal behavior,
owing to negative deviations in the
A-C binary system (a maximum-
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boiling azeotrope) and positive
deviations in the A-M and M-C
binary pairs( minimum-boiling
azeotropes). This results in an in-
flection point of invariant compo-
sition called by Ewell and Welch
(3) a “saddle point,” which is
neither maximum- nor minimum-
boiling with respect to other possi-
ble ternary compositions. Figure
21 shows the location of this sad-
dle. The residue in a differential
batch distillation tends to move
across this saddle-shaped surface
in a general down-hill direction,
as indicated by the path lines on
Figure 21.

CONCLUSIONS

Ternary vapor-liquid equilibria
of nonideal liquid mixtures exhibit-
ing only positive deviations from
ideality can be predicted in many
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cases from data on the binary
pairs alone by use of the appropri-
ate Margules equation. Selection
of the three- or four-suffix forms
of the Margules equation is de-
termined by the most complicated
binary system involved, usually the
one with the highest activity co-
efficients. Mixtures having uni-
formly positive deviations from
ideality in the binary pairs may
frequently be represented by C* =
0, as indicated by two ternary
systems described here and con-
firmed by an extensive evaluation
of literature data by Carlson(1).
Only one ternary system including
both positive and negative devia-
tions has apparently been investi-
gated to date: the system A-M-C
investigated here. This system ap-
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50°C.; lines are four-suffix ternary 50°C.; lines are four-suffix ternary
Margules equation. Margules equation.
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pears to require a value of C*%
that is significantly different from
zero in order to be accurately de-
scribed by the three-suffix Margu-
les equation, but whether this
behavior will also be found in
other mixtures having both nega-
tive and positive deviations simul-
taneously is not yet known.
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NOTATION

A, = logarithm to base ten of
activity coefficient of com-
ponent ¢ at infinite dilution
in binary mixtures with j

C* = ternary constant in three- or
four-suffix meodified ternary
Margules equation. Also, co-
efficient of term in equation
for excess free energy of
mixing expressing effect of
triple aggregates of unlike
compounds

D = constant in four-suffix Margu-
les equation for description
of complex binary mixtures

A.L.Ch.E. Journal

Ry =5/ (22 + 3) ;

GP = Gibbs’s free energy per mole
of mixture in excess of that
of an ideal mixture of the
same composition

J,=log v,/ (1-x;)2

P; = vapor pressure of pure com-
ponent ¢

q = arbitrary multiplier to w,
originally molecular volume
in liquid phase

R = gas constant

By =2/ (x5 +
©1); By =21/ (%, + 25)

T = absolute temperature, °K.

2 = mole fraction in liguid phase

y = mole fraction in vapor phase

z = correction factor for nonideal-
ity of vapor phase, ratio of
fugacity to partial pressure
of component in vapor mix-
ture

v = activity coefficient, ratio of
thermodynamic activity to
mole fraction in the liquid
phase

© = total pressure

Subscripts

1 refers to component 1, the most
volatile in the pure state

2 refers to component 2

3 refers to component 3, the least
volatile

t refers to any component

4 refers to any component includ-
ing ¢

k refers to any component except
1 orjg
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