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ABSTRACT

The saturation vapor pressure of ten mixtures of the binary
systems (1l)Acetone~Chloroform, (2)Acetone-Carbon Tetrachloride and
(3)Benzene~Carbon Tetrachloride have been determined, from a temperature
of 100°C to 230°C for system (1) and from 100°C up to the highest
temperature at which liquid and vapor coexist for systems (2) and (3).
The system Acetone-Chloroform could not be studied at higher tempera-
tures because of decomposition.

The gas~liquid critical temperatures of the three binary systems
have been determined by the disappearance of the meniscus method.

The orthobaric compositions of the vapor-liquid equilibria of
the binary systems have been independently measured from 100°C to 180°C
for system (1) and from 100°C to the critical region for systems (2)
and (3) using a specially designed glass bomb enclosed in a stainless

steel bomb.

From the vapor liquid composition curves and the vapor pressure
curves at fixed temperatures (100°C, 150°C, 160°C, 170°C and 180°C)
the existence of an azeotope in the system Acetone-Chloroform at these
temperatures with a composition of 36.2 mole per cent acetone at 100°C
was confirmed. It was observed that the composition of the azeotope
shifted towards lower acetone content as the temperature was raised.
No azeotope was found in the systems Acetone-Carbon Tetrachloride and
Benzene-Carbon Tetrachloride in the range of temperature and pressure

studied in this research.
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The data of the binary systems were treated thermodynamically
to yield the liquid phase activity coefficients, and the Redlich-Kwong
equation in a modified form, as suggested by Chueh and Prausnitz was
used to obtain the fugacity coefficient of a component in the wvapor
mixture.

Several binary liquid phase parameters, such as the binary
interaction constant, Henry's constant and dilation constant have been
calculated using the equation of van Laar as modified by Chueh and

Prausnitz.



GLOSSARY OF SYMBOLS

a, b - constants in van der Waals' equation and Redlich

Kwong equation.

Cv, Cp - specific heat at constant volume and constant pressure.
£y - fugacity of component 1i.

fg - reference fugacity of component 1.

GE - excess Gibbs free energy.

H - enthalpy.

H2(1) - Henry's constant for solute 2 in solvent 1.
13 - characteristic constant for i-j interaction.

n, - number of moles of component i.

N - number of components.

P - total pressure.

PC - critical pressure.

pt - constant reference pressure.

PS - saturation vapor pressure.

_Po - constant reference pressure of zero pressure.
q - effective molal volume. defined by equations 58 and 59.
R - gas constant.

S - entropy.

T - temperature.

TC - critical temperature.

TCM - pseudocritical temperature of a mixture.
TcT - true critical temperature of a mixture.
TM - temperature of disappearance of meniscus.
TR - reduced temperature.
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Subscripts

c -
g -
i —
ij -
L -

R -

Superscripts

E -
id -
L -

(Po)

PY -

Greek Letters

o, B,y -

o}
12

molal volume of the liquid phase or vapor phase.
critical volume.
reduced volume.

partial molal volume of component i in the liquid

mixture.
total volume.
mole percent in the liquid phase.

mole percent in the vapor phase.

critical.

gas.

component i.

i~j interaction.
liquid

reduced property.

excess property.

ideal property.

liquid phase.

constant reference pressure of zero.
constant reference pressure.
reference state.

infinite dilution.

critical exponents.

interaction constant of molecules 1 and 2.
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Qa,0b

self~interaction constant of molecules 2 in the

environment of molecules 1.

activity coefficient of component i,

dilation constant of solute 2 in solvent 1.

surface fraction.

correlating parameter for critical volume.

density.

correlating parameter for critical temperature.
fugacity coefficient of component i in vapor phase.
volume fractiom.

acentric factor.

dimensionless constants in Redlich-Kwong equation.
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THEORETICAL INTRODUCTION

I. CRITICAL PHENOMENA

I(a). The Critical Point

The critical point of a liquid, whether it be a single compound
or a mixture, is a property of considerable practical as well as
theoretical importance. This is because the critical point defines
the temperature and pressure where the liquid and vapor phases have
identical properties and is, therefore, a key point in the construction
of the phase diagram as well as in the development of a theory of the
liquid staté. Also in some cases a knowledge of the critical temperature
and pressure makes possible, by van der Waals' theorem of corresponding
states, the prediction of the thermodynamic properties of the compound
when these properties have not been determined experimentally.

Evidence for the existence of a critical point was first presented
in 1822 by de la Tow (1) who observed that upon heating a liquid in a
stationary sealed tube, at a certain temperature the meniscus between the
liquid and vapor phases disappeared without ebullition, yielding what

appeared by ordinary light to be one homogeneous phase. The meniscus again

appeared on cooling the tube but the temperature of reappearance did not
exactly coincide with the temperature of disappearance.

It was not however, until the quantitative measurements of
Andrews on carbon dioxide (2) that the nature of the transition was
understood. Prior to that time many investigators had tried unsuccess-
fully to liquefy gases by the application of pressure and had come to

the erroneous conclusion that there existed certain '"permanent' gases



which could not be liquefied. Andrews was the first to apply the term
"critical point" to the phenomenon associated with the liquid-vapor
transition and he used the disappearance of the meniscus as the criterion

for the critical temperature.

From his studies on the gaseous and liquid states of carbon
dioxide under various conditions of temperature and pressure, Andrews

concluded that above this critical temperature, a gas phase exists

which cannot be liquefied by pressure, but below this critical tempera-
ture, the vapor is condensable by pressure. The critical temperature
may be defined, in terms of Andrews' classical experiments, as the
temperature at which the meniscus disappears (it being understood that
experimentally it is the average of the temperatures at which the
meniscus disappears and reappears), or as the minimum temperature above
which a gas cannot, as evidenced by the appearance of a meniscus, be
liquefied. The pressure (vapor pressure) required to liquefy a gas

at this critical temperature is called the critical pressure.

In 1879 van der Waals (3) proposed his now famous equation of
state from which it follows that there is but one temperature at which
the pressure and the volume of a gas equal those of the liquid. Besides
its success in explaining the deviation of gas behaviour from the ideal
gas law, the isothermal lines plotted from this equation reproduce well

the experimentally determined isotherms. Successful and widely accepted,

the van der Waals' equation has been the starting point for most sub-
sequent papers dealing'with equations of state (4).
On the basis of this theory, it was concluded, that at the

critical point no discontinuity exists, both liquid and gas phases



becoming identical in all properties. The critical temperature, the

temperature at which the meniscus disappears may be interpreted, in
terms of the above theory, as the temperature at which the density of
the liquid becomes equal to the density of the vapor, or as the

temperature at which the properties of the liquid and gas become

identical, i.e., a homogeneous phase exists at this point.

The conclusion drawn from Andrew's work and the van der Waals'
equation was that the critical point wés a unique point at which the
meniscus separating the vapor and liquid disappeared and the two
ﬁhases became a single homogeneous phase.

THe work of Andrews and of van der Waals seémed not only to
establish the identity of phases at the critical point but to yield the
additional deduction that there could be no liguid above the critical
temperature. These two deductions may be said to represent what has come
to be known as the c¢lassical theory of the critical state. But evidence
which conflicted with the van der Waals' céntinuity theory was obtained
around the turn of the century by several investigators and the concept
of a critical region in contrast to a critical point was used to

explain various anomalous critical phenomena.

I(b). The Critical Region

It was mainly the work of Maass (5) that first raised serious
doubts about the validity of the classical description though many
earlier workers, for example, Cailletet and Colardeau (6), Harnay and

Hogarth (7), and Hagenbach (8) (to mention a few) had produced what seemed



to be evidence that the liquid state may persist above the critical
temperature, i.e., that the critical temperature does not mark the end
of the liquid state. The belief grew that the observed vapor phase

was really only largely vapor with liquid mixed with it and that the

observed liquid phase contained some vapor mixed with it. At the
critical point the two mixtures became identical. Liquid, according to
these observers, persisted far above the critical temperature and

gradually disappeared.

Many different methods were employed to show the persistence of
liquid above the critical point. Harnay and Hogarth (7) added coloring
matter to the liquid and found that above the critical temperature the
substance in the lower part of the tube was more strongly colored than
that in the upper portion of the tube. Others added salt to the liquid
to make it electrically conducting and found that above the critical
temperature the lower part of the tube remained more strongly conducting
than the upper part.

Kuenen (9) stated that nearly all the phenomena observed may be
regarded as transition phenomena which would or do disappear upon
stirring, and that if final states after stirring are dealt with, most
of the abnormalities disappear. Moreover, it has been shown by many
investigators that when the substance is agitated or if time enough is

allowed, nearly all of the abnormalities do disappear.

Maass found that on heating a fluid of two phases through the
critical point, the density gradient persisted after the meniscus had

disappeared. This gradient could not be removed by mechanical stirring



but disappeared if the lower end of the tube was heated to a temperature
higher than that of the upper end. The temperatures at which the
meniscus appeared and disappeared did not always coincide.

It is now very doubtful if any of these observations are
correct descriptions of the true equilibrium behaviour of a real fluid
in a negligible gravitational field. Xuenen (9) in his review of the
older literature discussed the effect of gravity and of impurities om
the critical phenomena. Schneider and coworkers (13) have shown that
gravitational effects could account for a large part of the flat-topped
segment of the coexistence curve. In their studies on xenon and sulphur
hexafluoride they used "bombs" of different lengths, 19 cm. and 1.2 cm.
in both vertical and horizontal positions. They found that the co-
existence curves in the vertical position are flatter than those found
when the "bombs" were in the horizontal position. The latter are un-

"correct" curves, that is, they represent the behaviour

doubtedly the more
of the fluids in a negligible gravitational field, as no density gradient
can be set up in a tube of zero height. Whiteway and Mason (14) have
confirmed this behaviour in their studies on ethylene and ethane.

Apart from the experimental results, Porter (10) furnished a
theoretical basis for a critical region instead of a critical point.
He showed that a surface tensionmay become zero before the densities of
a liquid and its saturated vapor are the same. Mayer (11) has calculated
on a statistical mechanical basis the general form of the pressure-volume
curve for a number of temperatures in the region of the critical

temperature. A review of Mayer's arguments, which are based on the

fugacity and virial expansions, is given in a monograph by Mayer and




Mayer (12). The type of P~V diagram obtained for a pure liquid saturated
vapor system is given in Figure I. Two critical or characteristic
temperatures Tm and TC may thus exist. Tm is interpreted .to correspond
to the temperature at which the meniscus disappears and the surface
tension becomes zero. This temperature is lower than the true critical
temperature TC, the temperature at which the P-V curve has an inflexion
point for only one volume. At and above TC no differences exist

between gas and liquid. Below Tm a definite meniscus exists and the
condensed phase has a surface tension.

Although the existence of a critical region is still controversial,
that is, that Tm and ’I‘C are two distinct and separate characteristic
temperatures, sufficient experimental and theoretical results are
available to substaﬁtiate the view that the molecular state of the
liquid and the vapor is certainly not always identical at the temperature
at which the meniscus disappears. This would be untrue if sufficient time
is allowed for equilibrium to be reached. At this temperature the liquid
and vapor states may be regarded as miscible, the lower phase in the sealed
tube consisting of the liquid molecular species saturated with the vapor
molecular species and the upper phase cpnsisting of the vapor saturated
with the liquid, the line of demarcation between the two phases not being
visible with ordinary light. Since a liquid possesses a more definite
structure (order) than a gas, this structure persists beyond Tm and is
not completely broken (disorder) until TC is reached, at which temperature
the complete disorder, or complete random molecular arrangement,
characteristic of the gas state, is finally attained.

In recent years, considérable attention has been drawn to the
phenomena which occur very near critical points. Several recent conferences

(15,16) have presented new experimental and theorectical results which
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FIGURE I. Plot of Pressure against Volume at Different

Temperatures near the Critical Point
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have established the fact that certain phase transitions, apparently
very different, are in fact very similar to each other. Rice (17,18)
has reviewed the field of critical phenomena several times. A very
thorough discussion of the classical thermodynamics of the coexistence

curve and the critical region has been given by Rowlinson (19).

I(c). Classical Theories

Various early attempts were made to understand the occurrence
of phase transitions and the anomalies in the vicinity of the critical
point. The fact that gases can be condensed to liquids requires that
the picture of gases as given by the perfect gas law (PV = RT) be
modified considerably. The formation of liquids can be accounted for
only by the assumption that attractive forces exist between the molecules,
and moreover, since the volume does not go to zero, the volume occupied
by the molecules themselves must be appreciable. Correction for the
volume occupiedby the molecules themselves was first made by Clausius (20)
in connection with mean path studies. He deduced the equation
p(v-b) = RT for one mole of gas where b is four times the volume of

the molecules themselves.

In 1854 Rankine (21) suggested the equation (p *véf)v = RT
to allow for the attractive forces between the molecules. The greatest
advance in the subject was made by van der Waals (22) in 1873 when
he took account of both of the effects mentioned above and proposed
. . p+ a . .
his celebrated equation ( v@)(v - b) = RT. This equation represented

quite accurately the conditions at the critical point and represented

qualitatively the behaviour of fluids at other points. Specifically



the van der Waals' equation predicts that the coexistence curve should
have a rounded top;that the compressibility should diverge as (T—TC)_l
and that the critical isotherm (p-p.) is of the third degree in the
density PP The specific heat at constant volume increases linearly
with temperature in the two phase region and drops to the perfect gas
value when the one phase region is entered.

It can be shown that all the above facts, viz., (1) the coexistence
curve is quadratic (2) the critical isotherm is of the third degree and
(3) the compressibility diverges linearly are a consequence of a very
general assumption -- that the free energy behaves analytically around
the critical point, and not just consequences of the particular form
of the van der Waals' equation. This means that the free energy is
assumed to have a Taylor series expansion in density and temperature.

In 1907, Weiss with more or less the same reasonings and
assumptions as van der Waals, gave a theoretical explanation of the
ferromagnetic phase transition using the notion of the inner field. The
third inner field theory was proposed in 1934 by Bragg and Williams for
the order-disorder transitions of binary alloys.,

These three classical theories (van der Waals, Weiss and Bragg-
Williams) are very similar to each other though the derivations are
quite different. The first two theories are based on the assumption that
the attractive forces between themolecules which produce the cooperative
effects have a very long range. As a result, the type of singularity

which the critical point represents is in all the theories exactly the

same. For example, as pointed out by Fisher (23), the following theoretical

predictions are similar: (1) At the critical point, the specific heat



makes a finite jump and then decreases. For a van der Waals gas at

the critical density we have

Acv=cv—%li='o for T > Tg
{9 28 T - T :
—Z‘K{l-zs—‘——f-—“ +...}
c
For a Weiss ferromagnet
AC, =(0 for T > TC
5 13 T - T
5 K {1 : —_—T;— + .}

For a Bragg-Williams binary alloy

ACV =f0 for T > TC

3 g§ T.~-T
7 K{l -3 TC+...}

(2) At the critical point the coexistence curve is parabolic.
(3) At the critical point the compressibility or the susceptibility
becomes infinite as (T - TC)_l.

As can be deduced from the above, the classical theories
represented well, at least qualitatively, the observed critical
phenomena but then, since little was known about the intermolecular
forces, it was always thought that the attractive forces had a very
long range.

Later developments showed more and more clearly that the
cooperative forces were not of a very long range and that each atom
was influenced by at best a few shells of neighbouring atoms. This

necessitated the elucidation of the nature of the van der Waals

attractive forces by London and of the Weiss inner field by Heisenberg

which came in the late twenties as a byproduct of the quantum mechanical
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revolution. Partly because of this fact and alsc because the classical
theories, although qualitatively correct, could not be modified so
as to give a precise quantitative description of the phenomena, the

classical theories became more and more discredited in the thirties.

I(d). Recent Developments in Critical Phenomena

The failures of the classical theories were many. For instance,
by the early 1900's it was known that gas~liquid coexistence curves were
roughly of the third degree, in contrast to the parabola predicted by
van der Waals' equation. The best value of the exponent B in
‘D - fjoe T - T} B is 0.35 for a large variety of gases, including
even 3He and “He. In binary liquid mixtures, the precise measurements
of Rice and coworkers (18) indicate that B is close to 0.33. The
behaviour of the spcific heat yielded the most dramatic exampie of the
failure of the classical theory. It was showed that near the A - pbint
the specific heat of helium varies with temperature as log ‘T - TA"
both above and below TA' For the gas-liquid transition, specific heats
at constant volume, calculated from PVT data, as well as the few directly
measured C data, show a large increase of C, near the critical point,
unexplained by the classical theory.

The first step towards modifying the classical theory of van
der Waals was made by Kamerlingh Onnes who represented the experimental
data by a series expansion in the density, the so-called virial expansion.
And the inner field theory of ferromagnetism was replaced by the Ising
model, when it was realized that interactions between magnetic spins

were short range exchange forces rather than long range magnetic dipole

forces. Ising assumed the spins to be localized on the lattice sites
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of a regular array and capable of only two orientations in opposite
directions, so that the interaction is only between neighbouring pairs.
All interactions beyond those between nearest neighbours are neglected.
The Ising model can be applied to the other models for phase transitions.
For example, when upward pointing spins are replaced by molecules and
downward pointing spins by '"holes' or empty sites, the ferromagnetic
Ising model is transformed into a model for the gas=1liquid transition,
the so-called lattice gas.

The summaries of the results of the Ising model theories as
well as the theoretical and experimental values of the critical point
exponents are given in recent reviews by Fisher (23,24), Heller (25),
and Sengers and Levelt-Sengers (26).

A landmark in the history of the Ising model was Onsager's
presentation (27) in 1944 of an exact solution for the two-dimensional
model in zero field. This solution predicts a logarithmically diverging
specific heat, which implies that a Taylor expansion of the free energy
is impossible at the critical point.

The droplet (physical cluster) picture of condensation for a
fluid (L®V) has been used by Fierz (28) and de Boer (29) to develop
a theory of the critical region. Fisher and coworkers (30, 31) have
extended their ideas to describe the critical point of liquids. Rice (17)
had earlier cénsidered the process of condensation of a vapor from the
point of view of associating molecules. That involves the consideration
of the equilibrium between single molecules, double molecules, triples,
and higher clusters or droplets; the molecules within a cluster being

held together by wvan der Waals' or, possibly, dipole forces. As the
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system is compressed to smaller volumes, and more and more of the
larger clusters are formed and, if it is compressed sufficiently, .
clusters of macroscopic size suddenly become stable, that is,
condensétion bhegins.

Recently there has’been considerable discussion about the shape
of the coexistence curve in the neighbourhood of the critical point.

As has been mentioned before, according to the classical van der Waals'
theory 'Tc - T‘ should be proportional to (pL - pv)z near the critical
point,-pL and Py being the densities of liquid and vapor respectively,
T beiﬁg the temperature, and TC being the critical temperature.
Guggenheim (32), however, has collected data on a number of liquid
vapor equilibria, and has found that {TC - T | is more nearly
proportional to (p; - OV)B- (As indicated previously (page 10)).

Rice (33,34) has discussed the shape of the coexistence curve
near the critical #oint very thoroughly, dealing with both the liquid=
liquid equilibrium'and the liquid<==vapor equilibrium. In the case of
the liquid == vapor equilibrium the experiﬁental difficulties are many --
the effect of gravity being of great importance. Many workers, for
'example Murray and Mason (35), have investigated the properties of
different systems near the critical point, taking very special pre-
cautions, but the data which come nearest to penetrating the critical
region are those published by Lorentzen (36) who has claimed a
temperature control within about 0.0001°, and who has made measurements
within about 0.001° of the critical temperature for carbon dioxide.
Using an optical method for his measurements of density, Lorentzen

has concluded that there is no evidence for a truly flat top on the
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coexistence curve.

Widom and Rice (37) and Widom (38) have given a mathematical
treatment of the critical isotherm and the equation of state of liquid
vapor systems. They analysed PVT data on xenon, carbon dioxide and
hydrogen in the region fairly close to, but not in the immediate
neighbourhood of, the critical point. They have shown that in each case
the critical isotherm is of the fourth degree, one degree higher than
that of the coexistence curve, as required by the theorem of Rice (33).

Recently Davis and Rice (39) have deduced two different Taylor
series for pressure to account for a cubic coexistence curve and for
behaviour in the gas and liquid single phase regions. Though their
treatment agrees to a satisfactory degree with the experimental results,
it is still believed that no ordinary Taylor series is valid near the
critical point and that a more general equation of state such as that
proposed by Widom (38) might prove to be correct or nearly correct for
any 'non-classical" region which may exist close to the critical point.

Experimentally, it has proved very difficult to say with
certainty whether the coexistence curve is horizontal or not. There
is no limit to the accuracy of temperature control to which the measure-
ments should be made. Rice (40) has made measurements up to 0.0001°¢
of the critical point and has concluded that there is no truly horizontal

portion of the coexistence curve.

IT. THERMODYNAMIC PROPERTIES FROM P-V-T DATA

It is well known that the thermodynamic properties of a pure

fluid can be computed with reference to a particular standard state



14

from the usual thermodynamic differential equations provided that
(1) the heat capacity ét constant pressure (or volume) is known as a
function of temperature for some one pressure (or demsity) and,
(2), an equation of state exists with determined values of the para-
meters, or there are available extensive pressure-volume-temperature
or equivalent data over the entire-range of temperatures and pressures
involved. The properties of a fluid mixture of invariant compositioh
can be evaluated with reference to a particular standard state of the
mixture from the same relations used for pure fluids provided thermal
and compressibility data of that particular mixture are given.
However, the problem of importance to be solved in the treatment
.of the thermodynamic properties of mixtures, is the computation of the
properties of all pbssible mixtures from thermal and compressibility
data of the pure constituents alone, and a knowledge of certain
integration constants of the pure components. The solution of the
problem involves the use of both thermodynamic and statistical methods.
Tﬁe thermodynamic properties calculated from PVT data are
obtained in the form of deviations of these ﬁroperties in dimensionless
form from ideal behaviour. For example, the dimensionless form of

P id& id
ﬁﬁi(v -V ); that of enthalpy by (H - H )/RT etc.

volume is given by
Thermodynamic functions as function of pressure. can be written
down making use of the compressibility factor Z. A single chart of the

compressibility factor Z defined by Z = PV in terms of reduced

RT °
quantities, represents adequately the behaviour of most pure gases.

The fugacity coefficient ¢ defined by ¢ = é- is obtained by integrating

the equation
Z -1
. dp (1)

In $

BN

% which'is -V -1 =2 -1
RT
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P-V-T data wili give values of Z as a function of P, at a given

R
Using the equation

id P

H - Hy
7 = ~T / ()/Pdp (2)

o
the enthalpy deviation, that is the difference between the enthalpy
of an ideal gas and that of an actual gas, can be obtained.

Once the values of 1In ¢ and H - Hid are obtained the other
thermodynamic functions are calculated from well known thermodynamic

relationships. Table I gives a summary of the thermodynamic functions.

Table T.

Summary of Reduced Thermodynamic Functions Pertaining to:

Volume

Fugacity Coefficient exp j// Z——

P
Enthalpy J/ BT P
0
Pz-1
Gibbs Free Energy '/( "ET'dP
o
p p

3z

Entropy - T /// (aT Gre - J/’ ZPl dp
, 0

Internal Energy - T ( w) dp - (2-1)

B

All the above equations apply to gases from zero pressure to the pressure

at which condensation occurs, that is, the dew point. When this pressure
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is reached along an isotherm, the thermodynamic property changes from
that observed for the vapor phase to that observed for the liquid phase.

The Clapeyron equation for example

dp _ sH'?P
dT ~ TAV vap (3

gives the enthalpy of vaporization of a pure material. In equation (3)

d . .
E%- is the slope of the vapor pressure curve at the temperature considered;

AHvap’ the latent heat of vaporization is given by

vap _ _
AH = H, - H , (4)

and Avvap’ the volume change of vaporization is given by

wVap _ _
AV vg v (5)

Hence from PVT data and certain equations of statistical mechanics
the thermodynamic properties of pure fluids in the gaseous and liquid

regions can be calculated.

ITI. VAPOR-LIQUID EQUILIBRIA

Although it has been common practice for many years to subject
vapor~liquid equilibrium data to thermodynamic analysis, in the past this
practice has been largely confined to low or moderate pressures. While
many experimental studies of high pressure vapor-liquid equilibria have
been published, li%tle work has been reported on the reduction: of such
data to thermodynamic functions, but such a reduction is necessary for
interpreting and correlating experimental data; thermodynamic analysis

is the essential tool whereby experimental data can be generalized:to
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FIGURE II. Plot of Equilibrium Mole Fraction of Low Boiler in

the Vapor, y, against Mole Fraction in the Liquid x.

Curve System Conditions

A Chloroform~-Ethyl Alcohol 35°¢C

B Acetone-Chloroform 35.l7OC
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the same data are calculated in terms of deviation factors from Raoult's

law by the equations

Pyq Pyo

= ——— Y = e—e——
11 P1xq and 2 Poxo (3)

where P = total pressure

Py

partial pressure of component 1

and P2

partial pressure of component 2,

and the deviation factors are plotted on semilog paper against the
composition of one of the components - in the liquid, characteristic
curves like those in Figure III are obtained.

These plots are orderly, consistent and more valuable than a
mere graphical representation. The term introduced as deviation factor
from Raoult's law is equivalent to the thermodynamic property, activity
coefficient. There is a definite relation between the values for the
several components, which, according to Lewis and Randalil (41) follows

from the Gibbs relation between the partial molal free energies Gl’ @2, etc.

tle 3G
x7 (D) ox (D) + o =0 6)

ong DT ) P,T

Since él = RT In £ + Kl’ at constant temperature 3§l= RT 9 In fl

and equation (6) becomes

9 3
Xl(__ In fl)P,T + x26~— In f + ... =0 (7

)
BXl ‘ Bxl 2 P’T

In this equation £, the fugacity, can be regarded as the "ideal"
partial pressure, and is identical with the partial pressure P for

conditions under which the ideal gas laws hold.
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FIGURE III. Plot of Activity Coefficients against Mole Fraction.

Curve System Conditions
A Isopropyl ether-Isopropyl Atmospheric pressure
Alcohol

B n-Propyl alcohol-water Atmospheric pressure.
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Lewis and Randall (41) define activity a as the relative fugacity,

or the ratio between the fugacity of the substance in solution and its

£ £
fugacity as a pure liquid. Thus, a; = —5 and a, -2 where ap and
£ £
a, are the activities of components 1 and 2 respectively and £2 and £°
2 P 1 2
are the fugacities of the pure liquids.
The Gibbs-Duhem equation (7) can be more conveniently used in
terms of activity coefficients.
X C—é— In v,) + x (—é-ln Y,) + + =0 (8)
1 0%, rr.p 2 Bxl 2’T.P e
For binary mixtures 0Xq = -0x9 so that
X C—é— In v.) = X (—§-ln Y2)
1V8x] 1°T,P 20x, 2’7 P (9

Equations (9) and (8) are of immediate value in studying
experimental data on vapor-liquid equilibria by relating the slopes of
such curves as those of Figure III. Since the magnitudes of the slopes
are difficult to determine precisely, studies have been made to obtain

convenient mathematical solutions of this differential equation.

Van Laar Equations

Perhaps the most useful of the solutioms are the equations
derived by van Laar (42) from a thermodynamic study.
A
1+ Axp\2
Bx, ¢

24
B

(i + Bx,y\2
Axy

In this symmetrical form, constants A and B have the property of

log Yq (10)

log v, (11)

being equal to the terminal values of log Y of the two curves. Thus,
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at = 0, log Yl = A and at x; =1 when x, = 0 log Y, = B. At

*1 2
Xq = 0 log Yo = 0 or Yp = 1 and at x1 = 1 log Yl =0 or Yy = 1, and
these satisfy the limiting condition that Raoult's law holds for a

component whose concentration approaches 100 mole per cent.

Margules Equations

Margules (43) integrated the Gibbs-Duhem equation in terms of
a pair of exponential series with unlimited numbers of terms and then
derived the constants for one of the equatioms from those of the other

by applying equation (9). The Margules two-term equations are

log Y, = (2B - M)x,” + 2(A - B)x,> (12)

1

log Yp = (24 -B)x,;” + 2(B - Nz, (13)

The Margules equations become identical with those of van Laar

when A = B.

Scatchard Equations

Scatchard and Hamer (44) extended the methods of van Laar to

obtain equations which can be represented by

ZBVl 9 BVl 3
log Y, = A (——— - 1)z% - 2A(—— - 1)z (14)
1 AV2 2 AV, 2
2AV AV
2 2 2 3
log 'Y2 = B('*B“—]']—- - l)Zl - ZB(EX-H - l)zl (15)

where Vl’ V2 are molar volumes.

and, zq and z, are volume fractions of the components given by

zq = VlXl and z, = V2x) (16)
lel + V2x2 lel + V2x2
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III B. General Equilibrium Equation

A vapor phase and a liquid phase are in equilibrium when both
are at the same temperature and when f4, the fugacity of any component i

in the vapor phase, is equal to that in the liquid phase, that is,
£V = £F (17)

where superscript V stands for vapor and superscript L stands for

liquid. Equation (17) will not be very useful unless the fugacity of
each component is related to the temperature, pressure and composition;
fiv must be written as a function of T,P and y, where y is the vapor
phase composition in mole fractions. Similarly, fiL must be written

as a function of T,P and x, where x is the liquid phase composition in
mole fractions. Three auxiliary functions are requiréd to enable us

to achieve the above relations: (1)the vapor phase fugacity coefficient
¢, (2)the liquid phase éctivity coefficient y and (3) the liquid phase
standard state fugacity £°. The fugacity coefficient ¢ relates the vapor

phase fugacity fiv to the mole fraction y; and to the total pressure P.

Itis defined by

<

fi
i (18)
;P

i

¢,

1

~

The activity coefficient Y relates the liquid phase fugacity fiL

oL
to the mole fraction X, and to a standard-state fugacity fi ; itis
defined by L
fi
i = TF oL (19)
iv1i

A A
But for phase equilibrium £, = fiL (Equation 17); therefore, the

equation of equilibrium for any component i is given by

oL
¢iyiP = YiXifi (20)
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As indicated in equation (19) the activity coefficient is
completely defined only if the standard state fugacity fgL is
clearly specified. The definition of fgL , however, is quite arbitrary
and is dictated only by convenience but it must apply to the same
temperature as that of the solution and to some arbitrary but fixed
composition and pressure. It is desirable that Ys be of the order of
unity and therefore the standard state should be chosen accordingly.
To ensure that Yi be near unity, the standard state fugacity fg
should be chosen such that to a first approximation ffd = xifg .

It is common practice to define fg for every component i as the
fugacity of pure liquid i at the temperature and preséure of the
solution. When this definition is adopted for all components, the
activity coefficients are normalized symmetrically; for every

component i
| T as x. > 1 (21)

While the above definition is useful for mixtures of liquids
at low pressures, it has serious disadvantages for high pressure
vapor-liquid equilibria. First, whenever the system temperature T
exceeds Tci, the critical temperature of»componenti, the fugacity of
pure liquid i at T is a hypothetical quantity which is experimentally
inaccessible; it must be found by arbitrary extrapolation. The next
disadvantage comes when we consider the relation between activity
coefficients as given by the Gibbs-Duhem equation. This leads to the
definition and use of adjusted or pressure independent activity
coefficients (I have more to say about them in the section "The

Liquid Phase').
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Because of the ébove difficulties the equation for characteriza-
tion of vapor-liquid equilibrium (Equation 20) at high pressures was
obtained by using fugacity coefficients only for the vapor phase and
activity coefficients for the liquid phase. The fugacity coefficient
represents the deviation of gases from ideal behaviour and is by
definition dependent on pressure, vapor composition and temperature.

Its values are practically always derived from an equation of state.

IIT C. The Vapor Phase

When well removed from critical conditions, the vapor phase is
characterized by relatively low density. It is then a common simpli-
fication to assume that all the non-ideality in vapor-liquid equilibria
exists in the liquid phase and that the vapor phase can, to a very close
approximation, be treated as an ideal gés. This simplification is most
attractive because then the fugacity of i is given by the product of
y;, mole fraction of i in the vapor and P, the total pressure, but
unfortunately this simplification is limited to moderate pressures and,

as mentioned before, the fugacity coefficient ¢; is introduced to
£y
account for the deviation from ideal behaviour (¢; =—).
yiP
The fugacity coefficient is a function of pressure, temperature

and gas composition; it is related to the volumetric properties of

the gas mixture by either of the two exact relations (45, 46).

Pl av RT |
RT 1n ¢; = f ) p o - p dp (22)
fo) L~ 3EoMy =
A { op R |
RT In ¢; = | |(—) - — | &V -RT 1nz  (23)
ongy T,V,n, \Y B
V AN
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Where‘V is the total volume of the gas mixture and Z is the compressibility factor
of the gas mixture at T and P; n; stands for the number of moles of
component 1i.
To obtain numerical results from equations (22) and (23) an
equation of state is needed. Since most equations of state are

explicit in pressure, equation (23) is more convenient than equation (22).

III C. (I) Equation of State

Since the classical work of van der Waals in 1873 a large number
of equations of state have appeared in the literature. Their degree of
complexity, as indicated by the number of constants, has been deliberately
increased to represent better the PVT behaviour of substances over wide
ranges of temperature and pressure. For example, the equation of state
proposed by Martin and Hon (47) requires nine constants to predict the
PVT behaviour of a substance.

‘One of the main reasons why so much work has been done to obtain
a well-behaved equation of state concerns the exceptional power and
utility of én equation of state. When combined with appropriate thermo-
dynamic relations, a well-behaved equation can predict with precision,
isothermal changes in heat capacity, enthalpy, entropy and fugacity,
vapor pressure, latent heat of vaporization, activity coefficients, and
vapor liquid equilibria in mixtures. Unfortunately, even though the
useful applications of an equatioh of state are so extensive and
attractive, the development of a high performance equation proves to
be so involved that to date no one has come close to discovering a

single relation which is truly good over a wide range of density.
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There are two main approaches to the development of an equation
of state. One is the theoretical approach based on either kinetic
theory or statistical mechanics involving intermolecular forces and
the other is the empirical approach. A thorough review is given by
Martin (47A). It has been proved that the empirical or semitheoretical
approach has the greatest success in representing data with high
precision over a wide range of density.

There are three decisions to be made before embarking on the
task of finding an equation of state. The first concerns the amount
and kind of data that will be required to obtain the parameters in
the equation, the second concerns the range of density to be covered and
the third concerns the precision with which the PVT data are to be
represented.  For some applications, it is desirable to have an equation
which can be obtained from a minimum of data, that is, the critical
temperature, pressure, and volume, or the boiling point, or some
molecular parameter.

The merits and limitations of fourteen of the most common
equations of state have been thoroughly discussed by Shah and Thodos (48)
for the subcritical, critical and hypercritical regions.

The Redlich-Kwong equation proposed by Redlich and Kwong (49) in
1949 was found to be quite satisfactory and is the one adopted by Chueh
and Prausnitz (50) in their calculation of wvapor phase fugacity
coefficients. The Redlich-Kwong equation is somewhat empirical in

nature and no rigorous justification can be made in its presentation.



The Redlich~Kwong equation is

: a
L (24)
v-b 0.5
T "V (V+b)
where, according to R~-K -
= o220 (25)
& 7 Mattey
Pey _
b = 2, RTcy | (26)
Peg

i.e., a and b are adjustable constants.

The dimensionless constants 5 and Qp gre 0.4278 and 0.0867

respectively if the first and second isothermal derivatives of pressure
with respect to volume are set equal to zero at the critical point. But
in vapor-liquid equilibria one is interested in the volumetric behaviour
of saturated vapors over a relatively wide range of temperature, rather
than in the critical region only. Therefore, {5 and Qp for each
component are evaluated by fitting equation (24) to the volumetric data
of the saturated vapor.

The Redlich-Kwong equation has been shown by Shah and Thodos (48)
to be quite satisfactory up to a reduced pressure of P_ = 50 for

R

certain substances but the eight parameter equation of Benedict, Webb

and Rubin (51) does have advantages. The B-W-R equation is of the

following form

2
P = RTd + (BoRT - Ay - Co)d® + (bRT - a)d3 + aad® + cd? 14yale” 4
““““ 2 2
27

where the empirical constants Ag, By etc. are different for

different substances.




In an effort to improve the two parameter Redlich-Kwong equation,
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Redlich et al (52) introduced Pitzer's acentic factor (53) as a third

parameter but because of their inflexible mixing rules the equation

failed for mixtures.

Though only the virial equation has a sound theoretical

foundation for representing the properties of pure and mixed gases,

Chueh and Prausnitz (50) have shown that for application at densities

higher than the critical density, the Redlich-Kwong equation (24) is

quite reliable.

are

N
b= :E:Yibi
i=1

where bi = QbiRTci

Pey

N N
das= E S: y.a, . . [“.. iy
and a ylyjal:J (a:LJ ﬁh allaJJ )

i=1 =1
where a.. = Q .R2T .2'5
11 ai Ci
Pei
_ 2.. 2.5
aij = (Qai -+ Qaj)R T ij
2P ..
cij
P _.,=2z .. RT ..
cij cij Tei]
cij
/3 _ 1,.1/3 1/3
Veis = 30ei” + Vi)
zCij = 0.291 - 0.08 (wi + uﬁ)
2

where w is the acentric factor.

\

The mixing rules for a mixture containing N components

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)
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Teiy = Teii Teij 1 - Kij) (36)

The binary constant Kij is a constant characteristic of the
i-j .interaction and represents the deviation from the geometric
mean for Tcij : Kij must in general be obtained from some
experimental information about the binary interaction and is, to a
good approximation, independent of the temperature, density and
composition. Information about Kij is provided by second virial
cross coefficients (54) or by saturated liquid volumes of binary
systems (55). Chueh and Prausnitz (50) have reported the best
‘estimates of Kij for 115 binary systems. There are two aspects in
which the mixing rule for Aij proposed by Chueh and Prausnitz differs
from that proposed by Redlich. The first one is the introduction
of the binary constant Kij and the second one is the combination
of critical volumes and compressibility factors to obtain aij
according to equations (32) through (35).As a result of the latter, the
proposed mixing rule does not reduce to Redlich's original rule even
when Kij = 0, except when Vci/ch is close to unity.

A comparison of Chueh and Prausnitz's correlation with a few
others which have been discussed recently shows that the former, because
it takes account of the deviation from the geometric mean rule, is the
most satisfactory. Fender and Halsey (56) for example, suggested a
harmonic mean combination which has been used by Dantzler, Knobler and
Windsor (57). They obtained too weak an interaction with the harmonic
mean combination and too strong an interaction with the geometric mean

rule.
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IIT C. (2) Fugacity Coefficient

As mentioned earlier (equations (22) and (23)) the fugacity
coefficient, which is a function of pressure, temperature and gas
composition, is related to the volumetric properties of the gas

mixture by either of the two exact relations (45,46):

P
B 3V RT
RT In ¢, = / [(Bni TP, " ~P—j] dp (22)
0 -
00
= oP RT -
RT 1n ¢i = //' [(Bni)T,V,nj ‘7] dv - RT 1nz (23)
g .

where V is the total volume of the gas mixture and z is the
compressibility of the gas mixture at T and P. Equation (23) is the
one used more often since most equations of state are explicit in
pressure.

If sufficient volumetric data are available for a gas mixture, the
fugacity coefficient of component i in the gas mixture can be calculated
from either equation (22) or equation (23),. Unfortunately, such
volumetric data are lacking, especially for multicomponent systems and
therefore calculations of fugacity coefficients are most often performed
using an extension of the theorem of corresponding states or with an

equation of state.

I will discuss only the calculation of fugacity coefficients
using an equation of state —- the Redlich~Kwong equation in particular.
The method based on corresponding states has been discussed thoroughly

by Joffe (58) and Leland et al (59).
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The Redlich-Kwong equation has been found to be satisfactory for
fugacity coefficient calculations though it is well known that only the
virial equation has a sound theoretical foundation for representing the
properties of pure and mixed gases. When truncated gfter the third term,
the virial equation is often useful up to a density just slightly less
than the critical density. Methods for estimating second and third
virial coefficients of mixtures have been extensively discussed (60,61,
62,63,64,65).

Substitution of the mixing rules (28) to (36) in the Redlich-
Kwong equation (24) yields the following expression for the fugacity

coefficient of component K in the mixture.

b N
\i K
Mgy g -2 E ey
St In V+b
RTB/Zb v
el ]
+o Inv+5b - b PV
rr3/2p2 v vibd T P RT (37)

where V, the molar volume of the gas mixture, is obtained by
solving equation (24) and taking the largest real root of V.

Chueh and Prausnitz (50) have carried out calculations for
various systems (for example, nitrogen-n-butane at 3lOOF, carbon
dioxide~n-butane at 34OOF, n-pentane-hydrogen sulphide at 160°F) and

the very satisfactory agreements obtained between calculated and

experimental fugacity coefficients at high pressures led them to conclude

that the revised Redlich-Kwong equation can be used for mixtures

containing non-polar or slightly polar gases.
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IIT D. The Liquid Phase

The thermodynamic properties of liquid mixtures have been
investigated for many years, the basic problem being to relate the
properties of a mixture to those of its components with a minimum
amount of experimental information on the mixture itself. The final
goal is to predict the properties of the mixture using only pure
component data. This goal has not been reached, even for the simplest
mixtures, but for a few types of mixtures it is now possible to make
good estimates of mixture properties using approximate theories of
solutions. These theories have been developed and discussed by
Rowlinson (19), Guggenheim (66) and others.

As mentioned before, in the case of liquids a new function, the
activity coefficient Y is introduced. For any component i in solution,
the activity coefficient Yy relates the fugacity f;J at mole fraction xj,
temperature T and pressure P, to that at some other condition where its
value is known accurately, that is, the standard state, which must be
at the same temperature as that of the solution and at some arbitrary
but fixed composition and pressure. At this time a discussion of

reference states seems appropriate,

III D. (1) Reference States

The case for condensable (subcritical) components, that is for
components whose critical temperatures are above the temperature of the
solution has been discussed earlier (see section III B). TFor every

component i we have

\ o 1 as X, = 1 (38)
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In such a case we say that the activity coefficients are normalized
symmetrically.

The above definition fails at high temperatures because whenever
the system temperature T exceeds Tci, the critical temperature of
component i, the fugacity of pure liquid i at T is a hypothetical
quantity which is experimentally inaccessible and must be found by
arbitrary extrapolation. If the component in question is not excessively
above its critical temperature, extrapolation is allowable, but for a
highly supercritical component the concept of a hypothetical liquid is
of little use since the extrapolation of pure liquid properties in this
case is so excessive as to lose all its physical significance. We
therefore have a different normalization for a non-condensable
component:

y? —% 1 as X, 0 (39)

From equation (39) the fugacity of component i becomes equal to
the mole fraction times the standard state fugacity of i when component i
is infinitely dilute. The concentration region where the activity
coefficient of a dilute component is equal to unity is called the ideal
dilute solution or Henry's law region. The characteristic constant for
the ideal dilute solution is Henry's constant H which is defined by
H = Limit f;

x, —> 0 —
i Xs

(40)

In a binary liquid solution containing one non-condensable and
one condensable component, the first is referred to as the solute and the

second as the solvent. Equation (38) is used for the normalization of
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the solvent activity coefficient. The standard-state fugacity of the
solvent is the fugacity of the pure liquid and the standard state
fugacity of the solute is Henry's constant.

The use of Henry's constant for a standard state fugacity means

that the standard state fugacity for a non-condensable component depends
not only on the temperature but also on the nature of the solvent.
Since H depends on the solvent, a difficulty arises in the case of a
mixed solvent. The most convenient correlation and the one adopted by
Chueh and Prausnitz (50) is to define the standard state fugacity of
a non-condensable component as Henry's constant for that component in a
pure reference solvent r which is a constituent of the solvent mixture.
Thus, in a multicomponent solution, for each condensable component

Y; T 1 as xi-—+ 1 and f?L = fugacity of pure liquid i,

and for each non~condensable component

)

®
Yi —3 1 as X, -3 0

and f?L = H, (in pure 1)
. i i
and Xt —_— 1

where Hi(in pure r) = Limit fL
< i
x, — 0 —
i X,
i
X —3>1
T

The second disadvantage of equation (38) concerns the effect of
pressure on the thermodynamic properties of condensed phases. At low
pressures the effect of pressure on the thermodynamic properties of
condensed phases is negligible but at higher pressures this is no
longer the case.

The pressure at which standard state fugacities are most

conveniently evaluated is suggested by considerations based on the
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Gibbs-Duhem equation, which says that at constant temperature and

é x, dlny, =0 (41)

i

pressure

If, however, we wish to vary the composition of a two-phase
mixture over all possible composition values at a constant temperature,
the pressure will not remain constant. Therefore, if integrated forms
of the Gibbs-Duhem equation are to be used to correlate isothermal
activity coefficient data, it is necessary that all activity coefficients
be evaluated at the same pressure. Hence, experimentally obtained
isothermal activity coefficients must be corrected from the experimental

total pressure P to some constant reference pressure PTL.

When the standard state fugacity is defined at a constant pressure,

for any component i, the pressure dependence of the activity coefficient

yi is given by
9 _ V3
G ln Yrx = w7 (42)

where Vi = partial molal volume of component i.
By integration of equation (42) experimentally obtained activity

coefficients are corrected to the constant reference pressure PTY, thatis,
pr

YgPr) = exp J/' _idp (43)
i i
P RT

<31

The above leads to the introduction of constant pressure activity
coefficients.

III D. (2) Constant-Pressure Activity Coefficients

Consider a binary liquid mixture at temperature T such that
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component 1 is the (liquid) solvent and component 2

Tcl > T > TCZ;
. . @®H
is the (normally gaseous) solute. For component 1 Yy is
defined by pT -1,

() £ ) V1

T RT
< 0B
171 P
-L

where PY¥ is a fixed reference pressure, V. is the partial molar

1
volume of component 1 in the liquid mixture at system temperature 'I‘l

o(PT) _ f(Pr)

and f , the fugacity of pure liquid 1 at reference

1 pure 1
pressure PY and temperature T.
r
For component 2, yg(P') is defined by
r ~-L
%(PT) £ -,
Y2 = —— exp ’ — dp (45)
<« 585 RT
272(1) P

where PT is the same reference pressure as that used in equation
-L
(44), V2 is the partial molar volume of component 2 in the ligquid

. pt
mixture at system temperature T, and H( )

* 1
1 2(1) is Henry's constant for

solute 2 in solvent 1 at reference pressure P’ and temperature T.

T
The reference fugacity Hé(i) depends on the solvent 1 and is
defined by r .
Limit £, A
(P5)
H = — | exp — dP (46)
2(1) x2~A?O Xz_j RT
pS
1
where P° is the saturation (vapor) pressure of solvent 1 and

1

6; is the partial molar volume of solute 2, infinitely dilute in

solvent 1, both at system temperature T.

At constant temperature, constant-pressure activity coefficients
*(Pr)

r
v (1)
1 and Yo

are functions of composition only; they do not depend
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on the total pressure. At constant temperature, these constant-

pressure activity coefficients satisfy the Gibbs-Duhem equation

L * L
iP‘) + x.d In YéP ) 2o (47)

x,dInY 9

1

where for the solvent, component 1

—z 1 as X, —» 1 (48)

‘Y(Pr) s
1 1

and for the solute, component 2

LFED) :
5 —> 1 as x, =3 0 (49)

The reference pressure P! is arbitrary and is most conveniently

set equal to zero.

IIT D. (3) Excess Gibbs Energy

Constant-pressure activity coefficients depend on temperature,

and on composition; the composition dependence is conveniently expressed

kS

through the molar excess Gibbs energy gE defined by

E "<~ r e %/pl
T Lo ®In Y] + .Z x.In Y, (50)
All solvent All solute
components components
%
The individual activity coefficients are related to g by
by dn,. |*
RT 1n YgP') = Cf;E g7 ) for solvents (51)
1 dng T,P,n,
% (pl on %
or RT 1n Y.(P') (ffz'gE ) for solutes (52)
i Sni T,P,nj

where n. is the number of moles of component i, N is the total number

of moles and the subscript n, denotes that all mole numbers except n,

are held constant.
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%
In view of the unsymmetric normalization, gE vanishes at

infinite dilution with respect to component 2 but not with respect to
component 1, that is,

ate
w

E

g =~ 0 as X, —s 0
E:‘: ) (53)
but g :?E 0 as X, —7 0
x
With the above definition, the ideal solution (gE = 0) is one where

at constant temperature and pressure, the fugacity of the light
component is given by Henry's law and that of the heavy component by

Raoult's law.

In a manner analogous to that used by Wohl (67) the excess Gibbs

energy can be represented by summing interactions of molecules:

*

g” 2
= - )
RT(x,q, + %.q.) 22(1) "2 o
191 T %29
where @2 is the effective volume fraction given by
v, = *29 (55)
*19p F X
is the

where q, is the effective size of molecule 1 and o
1 22(1)
self-interaction constant for molecules 2 in the environment of

molecules 1.

Activity ccefficients can be found from the exact relations

3
@5 _ Or g%
In v = (—-—anlg /RT)T’,P_’HZ (56)
* ]
ehH nT gk
ln v, = <_a'n2 /RT)T’P’nl (57)

where oy stands for the number of moles of component 1 and Dp

is the total number of moles.
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*
A dilated van Laar model is used to express gE as a function

of composition and temperature. The van Laar model provides a good
description of the effect of composition for mixtures of non-polar or
slightly polar components up to the critical region. Since the effect
of temperature is not given explicitly by the dilated van Laar model,
it is absorbed in the temperature dependent parameters which appear in

that model.

IIT D. (4) A Dilated Van Laar Model for Binary Liquid Mixtures

Equations (54) and (55) yield the classical van Laar equations for
unsymmetric normalization. It has been shown by Muirbook (68) that
these equations, containing two adjustable parameters, are unsatisfactory
for describing the properties of some systems which are at a temperature
much above the critical temperature of the light éomponent, or near the
critical temperature of the heavy component.

Van Laar's assumption that 4 and q, are constants independent of
composition is one of the reasons for the failure of the classical
treatment. The q's are parameters which reflect the cross-sections,
or sizes, or spheres of influence of the molecules. At conditions remote
from the critical region it is reasonable to assume that the q's are
composition independent since then the liquid molar volume is close to
a linear function of the mole fraction, but for a mixture of a non-
condensable component and a subcritical liquid near the critical point,
the molar volume of the mixture is a non-linear function of the mole
fraction and hence the classical van Laar treatment has to be modified.

Chueh and Prausnitz (50) in their modification of the van Laar
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equations assumed that whereas q; and 45 depend on composition, their
ratio does not. Assuming that 4 and q, are given by a quadratic
function of the effective volume fraction of the solute, we have

qy = Ve, (L+ny(1) 93) , (58)

a, = Ve, (L + ny(1) 03) (59)

where @2 is defined by equation A%,
From equations (58) and (59) it can be deduced that at infinite

dilution when @2 = 0, 9, = Vcl and q, = ch, that is, the molecular
cross sections at infinite dilution are equal to the bure component
critical volumes. The dilation constant n2(l) is a measure of how
effectively the light component dilates (swells) the liquid solution.
Solving equation (54) with the help of equations (58) and (59,

the constant pressure activity coefficients are given by:

(Px) _ 2 4
Iny; ) =Ae, + B (60)
. Ve » Ve
“(Pr) _ __g' 2 _ . '-g 4 _ é_ 3
in Y2 = A Ve, (@2 2 ®2) + B(Vcl) (®2 3 ®2) (61)
Where A= %5 (1) Vcl (62)
B =3n, (1) %991y VO1 | : (63)

Equation (60) can be deduced from Wohl's treatment (67) for the
%
dependence of g E on the composition of the liquid phase. The final

form of the Wohl equation of the third order for a binary system 1is

v =ol a+2e BLoa+ (64)
1— 2 l qz . s s
£ 2 42
inY, =20 B+2¢®, (A—-B)+ .... (65)
2 1 2 q
1
' . , 91 _a .
If now we introduce the assumption that a—~= 7 ve obtain the
2
x,V
2°¢2
% = -
MR

X VCl + x2VC

1 2
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van Laar equation for Yl as

2
In Yl = A @2 + ... (66)

. .3
where, as seen, the cubic term @2

disappears and only even
powers are left.
Chueh and Prausnitz (50) did not use the Gibbs-Duhem equation (47)

to find 1n Y;(Pr)

but they observed that equations (60) and (61) provide
accurate representation of the pressure-independent activity coefficients
of non-polar binary mixtures from the dilute region up to the critical

composition.

ITI D. (5) Partial Molar Volume from an Equation of State

As indicated by equation (42) the effect of pressure on liquid
phase activity coefficients is given by the partial molar volumes in

the liquid mixture through the equation

5 Vi
Gz In Ty =1 (42)

At high pressures in the critical region, §i is usually a strong
function of composition, especially for heavy components where ?i
frequently changes sign as well as magnitude. There are very few
experimental data for partial molar volumes of binary systems and,
because thermodynamic analysis of high pressure phase equilibria requires
partial molar volumes, a reliable method for calculating them from a
minimum of experimental information is needed.

The partial molar volume of component K in a mixture of N

components is defined by
oV
= (—

(67)
ong P,T,n, (i # K)

VK
Given a suitable equation of state, the partial molar volume can

be calculated from equmation (67). Equation (67) is transformed to

- 9P
Vg = - (anK)T,V,ni(i # K)

57 = f (x,T,V)
(3V)T,n.
i
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since most equations of state are explicit in pressure rather than in
volume. In vapor-liquid equilibria what is required is partial molar
volumes at saturation; that is, we need the saturated molar volume of

the liquid mixture. This can be calculated by extending to mixtures,
the corresponding—states correlation of Lyckman and Eckert (69) who
revised Pitzer's tables (70) for the saturated liquid volume of pure
substances for the reduced temperature region 0.56 - 1.00. Before
discussing equation (68) thoroughly, attention is turned to a method for

calculating the molar volume of a saturated liquid mixture.

III D. (5) a. Saturated Molar Volume of Liquid Mixtures

Up _to a Reduced Temperature of 0.93

The corresponding-states correlation developed for saturated
liquids by Lyckman and Eckert (69) gives the following expression for

the reduced saturated volume

vR=v1§O) + mvél) + wzvlgz) (69)

QIO

where @ is the acentric factor (70,71) and VR » Vg R

are functions of the reduced temperature which have been tabulated for
TR ranging from 0.560 to 0.990 (69).
Chueh and Prausnitz (50) modified equation (69) so that the

calculations can be facilitated using an electronic computer.

Their relation is

. . . . . (3 .
(3 _ (1) (3) .2 (3,3 _E™ (1) _
VR = A + B TR + C TR + D TR + TR + F 1n (1 TR)
(70)
where A(J) to F(J) are coefficients for Véo), Vél) and V§2> and

are tabulated in their publication (50)
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Relatively good agreement has been observed between tabulated

values of V<O) V<l) and V(z)

R R R and those calculated from equation (70).

For pure components, equations (69) and (70) may be used from a reduced
temperature of 0.56 to a reduced temperature of 0.995. For reduced
temperatures above 0.995, the reduced volume may be obtained by first

calculating the reduced volumes at TR of 0.990 and 0.995 and then

= 1.0; by definition V_= 1.0 and T_ = 1.0.

interpolating to T R R

R

For application of equations (69) and (70) to mixtures, mixing

rules for the pseudo-critical volume and temperature have been suggested

(55,54,59,72,73,74).
i
Ty = = > 9, 0T (72)
i 3
wM = @iwi (73)
i
where @K = %X VcK (74)
<
LeTiVed
i
and TCij = TCii chj (1 - Kij) (75)

In equations (72) and (73) volume fractions rather than mole
fractions are used since, because of the small separation between
molecules, molecular size is a more important factor in the liquid
phase than in the vapor phase.

We now have a reliable method for calculating the volumes of

saturated liquid mixtures. With the help of an equation of state and
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equation (68) we should be able to calculate partial molar volumes.

IIT D. (5) b. Equation of State for Liquid Mixtures

The Redlich-Kwong equation (24), with certain alterations, has

been found to provide a reasonable description of volumetric properties

of liquids. The universal constants Qa = 0.4278 and Qb = 0.0867 are not

used since adoption of these values is equivalent to fitting the equation

of state to derivates in the critical region which, although the most

sensitive, does not provide the best fit over a wide range of conditions.

It has been proposed (50) for each pure liquid to fit the Redlich-Kwong
equation to the P-V-T data of the saturated liquid and to evaluate the
best Qa and Qb values for each component.

For application to mixtures, the same mixing rules as given by
equations (28) to (36) are used except that the cube root average for
VCij is replaced by the arithmetic mean of VCi and ch so as to weight

the larger molecule slightly more heavily in the liquid phase.

ITI D. (5) c¢. Partial Molar Volumes

Using equations (24) and (68) and the mixing rules (28) to (36),

the partial molar volume is obtained in the following form:

N
5 . __RT by _ MZ -
VK = WoD) (1 + V:B) 2 : XiaKi abK/V + b
1
T
V (V+b) T
(76)
RT , - N 2V + b
- T
(V-b) T2 V2 (v+b) 2

where V is the saturated liquid molar volume of the mixture. Once

the partial molar volumes are known, the effect of pressure on liquid-



45

phase activity coefficients can be taken into account.

1V. Critical Properties of Mixtures

Much attention has been given to the critical properties of

pure fluids both theoretically and experimentally (2,75) but the critical

properties of mixtures are not known nearly as well, although experimental
data are available for a large number of binary mixtures (19).
Thermodynamic analysis of vapor-liquid equilibria is difficult
in the critical region because thermodynamic properties in that region
are strongly sensitive to small changes in temperature, pressure and
composition. To establish rational methods for calculating vapor-
liquid equilibria, including the critical region, it is necessary to
know where the critical region is or, more precisely, to express the
critical temperature, critical volume and critical pressure as a
function of composition. The literature reports several correlations
(76,78,78,79) of the critical temperature or critical pressure of
mixtures but these have been largely confined to a particular chemical

class of substances (usually paraffins).

IV A. Critical Temperatures

Rowlinson (19) has shown that the true critical temperature TCT
of a binary mixture is, to a good approximation, a simple quadratic

function of the mole fraction x, provided components 1 and 2 consist of

simple, spherically symmetric molecules of nearly the same size.

Rowlinson suggests the following expression:

TCT=X1TCl + Xthfz + 2X1X2AT12 (77)
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where AT is a known function of T T

12 c1’ and VC2 and a

Co’ VC1
parameter which depends on the two exponents used in the potential
function for describing the intermolecular forces.

Rowlinson's treatment is not useful for mixtures whose components
differ appreciably in molecular size. The thermodynamic properties of
such mixtures are quadratic functions of the mole fraction only at
moderate densities; at liquid-like densities the thermodynamic
properties of such mixtures are commonly expressed in terms of volume
fractions. It has been suggested by Chueh and Prausnitz (50) that

experimentally determined critical temperatures could be correlated as

a quadratic function of the surface fraction 0, defined by
2/3
Si = XiVCi
N 2/3

ji:xivci

(78)

i

For a binary mixture, the critical temperature is then given by

T =8

or 1Te; + 8,Tc, + 26,8,1 (79)

172712

where 112 is a parameter characteristic of the 1-2 interaction.

IV B. Critical Volames

The critical volume of a mixture can be expressed as a quadratic
function of the composition if it is assumed that the configurational
thermodynamic properties of a dense system are due to two~body nearest
neighbour interactions, but, as in the case of the critical temperatures
it has been found that the surface fraction is the best parameter for

components of significantly different molecular size. The critical
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volume of a binary mixture is therefore written as

Ver = 0Vc; + 8¢, + 2008,v, (80)

where Vigo is a correlating parameter characteristic of the

1,2 binary system.

IV C. Critical Pressures

The critical pressure cannot be correlated as quadratic functions
of the surface fraction because it has been observed (79) that the
dependence of the critical pressure on composition is much more strongly
non-linear than that of the critical temperature and the critical volume.
Both critical temperatures and critical volumes can be related directly
to the intermolecular potential but critical pressure can be related to
the intermolecular potential only indirectly through critical temperature
and critical volume.

It is proposed to use the correlations for critical temperature
and critical volume coupled with the Redlich-Kwong equation of state to
express the critical pressure as a function of composition. The
dimensionless parameters Qa and Qb are determined from experimental
data available in the region of temperature and density where the
equation of state is to be used. The mixing rules are the same as
given by equations (28) to (36). Good agreement has been observed for

several binary systems between experimental and calculated results.
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CHAPTER IT

NATURE OF THE PROBLEM AND REVIEW OF THE LITERATURE

Although most of the common liquids have been investigated at
high temperatures, thermodynamic treatment of their mixtures has been
limited to a particular class of substances, such as for example, the
paraffins at relatively low temperatures and pressures. This has been
so because the problems in high pressure, vapor liquid equilibrium
thermodynamics are different from those encountered in phase equilibria
at pressures near or below atmospheric.

Acetone, chloroform, benzene and carbon tetrachloride were chosen
in this study because these materials-have been intensively investigated
at low temperatures (the vapor liquid equilibrium compositions at
temperatures ranging from 10°C to 55°C have been determined for the
binary systems and the vapor pressures of several mixtures of the
binary systems have been determined at 25°C) and recently Chatterjee (80)
has determined the orthobaric densities and vapor pressures of the pure
liquids up to the critical regiom.

As well as the vapor pressures and the vapor liquid equilibrium
compositions of the binary systems, I also determined the gas liquid
critical temperature of each system as a function of composition since
as pointed out by Rowlinson (19) the critical temperature of a simple
mixture (L V) is one of the most direct sources of information on the

energy of interaction of two unlike molecules.

The System Acetone~Chloroform

This system has been thoroughly investigated at low temperatures:
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Campbell et al (81), who reported HE values for this binary system at
25°C, also showed (82) the existence of a compound between acetone and
chloroform in the liquid state and calculated the energy of the hydrogen
bond from the heats of mixing data. The vapor pressure and the vapor
liquid equilibrium compositions at temperatures ranging from 15°C to
55°C have been studied by many workers including Zawidzki (83), Rock

and Schrgder (84). A complete review of the work dome on this binary

system has been compiled by Chatterjee (85).

The System Benzene-Carbon Tetrachloride

The vapor liquid equilibrium compositions of this binary system
at temperatures ranging from 25°C to 45°C have been determined by at
least twelve different investigators including Young (86), Scatchard
et al (87) and Fowler and Lim (88) and each has reported a somewhat
different result. The existence or non-existence of an azeotrope has
been a question for more than 50 years. Young (86) first suspected
the formation of an azeotrope in this system and gave its composition
as 91.65 mole percent carbon tetrachloride at 760 mm Hg. Scatchard
et al:(87) investigated the system under isobaric and isothermal
conditions at 760 mm Hg and at 40°C but failed to find an azeotrope.
Campbell and Dulmage (89) have stated definitely that the vapor phase
is never richer in benzene than the iiquid phase, over a range from
1 to 99 percent benzene; that is, there is no reversal of composition

as there would be in passing through an azeotropic point.

The System Acetone-Carbon Tetrachloride

Vapor-liquid equilibrium compositions on the system Acetone-
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Carbon Tetrachloride have been measured at 0°C by Gerritz (90), at

50°¢C by Severns et al (91) and by many other workers at relatively low
temperatures. Brown and Smith (92) carried out vapor liquid equilibria
measurements at 45°C and concluded that there exists an azeotrope at a
mole fraction of acetone 0.964 and a pressure of 513.2 mm Hg. Ellis
and Rose (93) have measured the vapor pressure of this binary system

over a temperature range of 5 ~ 25°¢.
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CHAPTER 111

EXPERIMENTAL PROCEDURE AND APPARATUS

I. Purification of the Materials

A. Acetone

Spectranalysed Acetone (ACS) from the Fisher Scientific Company
was dried with anhydrous calcium sulphate and distilled to remove any
water present: Calcium Chloride could not
be used as a drying agent because it forms an addition compound.
Organic impurities were removed from the distillate by treating it
with silver nitrate solution, followed by sodium hydroxide solutiom.
The solution was shaken vigorously, filtered and then distilled over
anyhdrous calcium sulphate. The portion distilling between 56.1 to
56.2°C under an atmospheric pressure of 746 mm Hg was collected. A

fresh sample was prepared every week.

B. Chloroform

A fresh sample of chloroform was prepared every three days

because it reacts slowly with oxygen when exposed to air and light.

The principal products of this decomposition are carbonyl chloride
(phosgene), chlorine and hydrogen chloride. Chloroform (ACS) from the
Fisher Scientific Company was treated, to remove ethanol, by repeated
extraction with concentrated sulphuric acid and final washing with
distilled water. The chloroform was then dried with calcium chloride
and distilled over phosphorus pentoxide. The final distillate was
stored in a brown container wrapped in black paper and kept in a closed

cupboard to prevent decomposition by light.
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C. Benzene
Thiophene free Benzene (ACS) from the Fisher Scientific Company
was shaken successively with concentrated sulphuric acid until tﬁe yellow
color in the acid layer disappeared, then with water, dilute sodium
hydroxide and finally with two portions of water. It was then dried

over phosphorus pentoxide and distilled over pieces of sodium.

D. Carbon Tetrachloride

Carbon tetrachloride (ACS) from the Fisher Scientific Company
was boiled with dilute alkali, potassium hydroxide to remove carbon
disulfide. %t was then shaken with a mixture of sodium hydroxide
solution and potassium permanganate solution and distilled over barium
oxide.

The physical constants, refractive index, and density of the
purified materials compare well with the literature values. Table II

gives a comparison between measured values and a few literature values.

TABLE II
Substance Refractive Index at 25°C Density at 25°¢ Investigation
Acetone 1.3561 0.7880 This research
1.3562 0.78799 Schwers (94)
1.35609 0.7880 Rosin (95)
Chloroform 1.4433 1.4805 This research
1.4433 1.4806 Campbell et al (96)
1.4431 1.4789 Reinders and de
Minjer (97)
Benzene 1.4979 0.8734 This research
1.4980 0.8738 Reinders and de
Minjer (97)
- 0.87365 Brown and Smith
(98)
Carbon Tetrachloride 1.4576 1.5842 This research
- 1.5840 Rosin (95)
1.4576 1.5843 Fowler and Lim

(88)
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IT. Method of Analysis

Generally the analysis of the compositions of the liquid mixtures
is made from physical properties like density, refractive index, viscosity,
eétc. The determining factors for the suitability of a certain physical
property for analytical purposes are (1l)the accuracy and reproducibility
of the measurement, (2) the degree of variance of the property with
concentration and, (3)the requirement of small amount of the sample
in order to finish the measurement.

I tried analysing the vapor liquid compositions using gas
chromatography, since only a very small amount of sample was required,
but I abandoned this procedure for various reasons,for example,tailing
encountered. Refractive index measurements using an Abbe Refractometer
maintained at 25.00 * 0.05°C and the monochromatic light of a sodium
lamp (5893A°) were found to be the most suitable. The accuracy of
the refractometer made by Officine Galileo of Italy is #0.0001 unit
of refractive index. An uncertainty of *0.0001 in refractive index

means an uncertainty of 0.001 in the values of mole fraction.

IIT. Determination of Temperature at which Meniscus Disappears

The critical temperature, being the easiest to measure of the
three critical constants (Té’ Pc’ and Vc) has been measured for at
least 200 pure substances. A very thorough review has been made by
Kobe and Lynn (99). Most of these measurements have been carried out
by observing the temperature at which the meniscus disappears in a
system maintained at an overall density nearly equal to the critical.

If a sealed tube containing liquid and vapor is heated uni-

formly, then, depending on the conditions, one of three things may occur.
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If the overall density is less than the critical, then the liquid
evaporates and the meniscus falls, If the overall density is greater
than the critical, then the meniscus rises and liquid completely fills
the tube.. And finally, if the density is nearly equal to the critical
then the meniscus becomes flatter and fainter until the critical
temperature is reached when the meniscus disappears at the centre of
the tube. It has been observed by many workers including myself that
the overall density does not have to be exactly that of the critical to
observe the fluctuating striae characteristic of critical phenomena.

The above method was the one I chose for the study of the three
binary systems (1)Acetone-Chloroform (2)Benzene-Carbon Tetrachloirde
and (3)Acetone-Carbon Tetrachloride. The experimental tubes were 15 cm
long and had an internal diameter of 2mm. They were sealed at one end
and had a slight constriction, to permit easy sealing off, near the
open end.

The apparatus for degassing the samples and for transferring
a degrassed sample to the experimental tube is shown in Figure IV.
A mercury diffusion pump B backed by a mechanical oil pump A was
used to produce a vacuum with a residual non-condensable gas pressure
of less than lO_Smm.of mercury. The samples were degassed by a series
of operations which included freezing with liquid nitrogen and
pumping off the residual gas over the frozen liquid. The freeze-
pump-~thaw operation was carried out several times to remove as much

dissolved air as possible.
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FIGURE IV. Apparatus for Degassing and Preparing Mixtures.
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Pure liquid 1 was contained in flask b which was attached to
the vacuum line by means of a ground joint. The sample was frozen in
liquid nitrogen and the air above the frozen liquid was pumped off
with stopcock 6 open. After half an hour, when the pressure would be
less than lO—Smm Hg, stopcock 6 was closed and the frozen liquid melted
when entrapped bubbles of air escaped. Flask b was again put in liquid
nitrogen to freeze the sample and stopcock 6 opened so that the flask
could be evacuated. This process was carried out several times to
ensure that most of the air had been removed from the sample. Then a
calibrated 1 mm internal diameter capillary tube d was connected to
stopcock 7. With all stopcocks except 6, 14 and 7 closed, flask b
was warmed and the tip of the capillary tube d was cooled with liquid
nitrogen so that liquid 1 would distil into d. Using a cathethometer
(accurate to 0.05 mm) to measure the length of the tube occupied by
liquid 1 at room temperature and knowing the density of the liquid
at that temperature, the mass of component 1 was determined. The
sample tube was connected to stopcock 8 and compartment F and the
sample tube were evacuated. The material in d was then totally vacuum
distilled into the sample tube. Stopcock 8 was then closed.

Flask b was then removed and cleaned thoroughly. Component 2
was then introduced in b and the same process as described for
component 1 was carried out. Finally a known length of component 2
from d was distilled into the sample tube. Knowing the weight of each
component in the sample tube, the composition was calculated. The
sample tube was then sealed off at the constriction with the sample

kept frozen in liquid nitrogen.
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The tube with a sample of known composition was then placed
in the thermostat (for a description of the thermostat see section IIT
(a)) which was initially keptat 200°C. A rough guess of the critical
temperature of a mixture could be made, and for the final few degrees
before reaching it, the rate of heating of the sample was very slow
(a very small heater was used to heat the silicone bath). The
meniscus which becomes faint and hazy as the temperature is raised
was observed through the glass window by means of a telescope placed
two metres away from the thermostat. As soon as the meniscus disappeared,
the temperature, measured by a copper constantan multiple junction
thermocouple, was noted. The thermostat was allowed to cool down
slowly and the temperature at which the meniscus reappeared was noted.
The mean of the two temperatures was taken as the correct reading. The
reproducibility of the observations of the critical points was 0.05°¢C
to 0.10°C er the mixtures. The above procedure was carried out over

the whole range of concentration for each binary system.

ITII a. The Thermostat

The thermostat is shown in Figure V. It consists of a glass jar
of 5 litres capacity lagged with vermiculite and contained in a metal
container except for a glass window 3 inches wide by 9 inches high. A
bulb placed directly behind the window in the vermiculite insulator
illuminates the thermostat and allows clear observation of the sample
tubes. The thermostat liquid was stirred gy a paddle rotated by a
powerful motor and the temperature was controlled by a solid state

Proportional Temperature Controller manufactured by Athena Controls Inc.,
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FIGURE V. The Thermostat.



s8a




59

Pennsylvania. To prevent corrosion by the thermostat liquid the
temperature sensor was a thermistor sheathed in stainless steel and
the heating element was encased in non-corrosive ''Nickel-Chrome-Iron"
alloy. The temperature was measured using a multiple junction copper
constantan thermocouple in conjunction with a Tinsley vermier
potentiometer (Type 4363A) measuring to a microvolt for the emf
measurements. The thermocouple was calibrated with the standard
temperatures of the ice point, steam point, melting points of tin,
bismuth and cadmium with the cold junction in a bath of melting ice.
The thermostat liquid was Dow Corning Silicome 0il 550 up to
a temperature of 225°C and a eutectic mixture of potassium, sodium
and lithium nitrates was used for temperatures higher than 225°C.  When
using the fused salt bath the glass container had to be changed every
month or so because of corrosion. The temperature control was better

than +0.03°C up to 225°C and #0.03°C above that.

1V. Measurement of Vapor-Liquid Compesitions

In the measurement of vapor-liquid equilibrium compositions one
is interested in separating the vapor and liquid phases and determining
their compositions at equilibrium. This can be achieved by the following
methods (a)Distillation Method, (b)Circulation Method, (c)Static Method,
(d)Dew and Bubble Point Method and, (e)Flow Method.

I used the static method, which is very satisfactory at high
pressures and temperatures, in my study of the three binaries. The
apparatus used is shown in Figure VI. The cylindrical glass bomb,

16 cms. long and 5 cms diameter, made from thick walled pyrex was

divided into two compartments by a ring seal such that the upper




FIGURE VI.

Sectional View of the Glass and Metal Bombs for

Vapor-Liquid Equilibrium Composition Determinatiom.

60



 METAL
. BOMB




61
compartment was twice as large as the lower one. The liquid could
initially be introduced into the lower compartment through the centre
tube. The ring seal had vents through which the vapor could escape to
the upper compartment. These vents were bent so that there was no
possibility of the condensed vapor mixing with the liquid phase.

A sample of about 30 ml volume, whose composition was made up
by weighing, was introduced into the lower compartment and frozen
using liquid nitrogen. The centre tube was attached to the vacuum
pump and the glass bomb was evacuated. After a couple of hours the
centre tube was sealed off so that a closed system was obtained.

The bomb was allowed to warm up to room temperature and then placed

in a metal container which had a glass sleeve, containing some of the
sample, in the inside. This was done so that the pressure inside the
glass bomb could be equalised by the outside pressure and hence

prevent explosion. The glass sleeve was used because the organic
materials underwent extensive decomposition when heated, with the metal.

The metal container had a screw cap which fitted tightly on
the cylinder. To get a very good seal a copper O ring was used between
the cap and the collar of the cylinder. The Allenhead bolts were
then screwed down so that the O ring sat tightly on the groove made
on the collar of the cylinder. A pressure-tight system was thus
obtained.

The metal container was then attached to a shaking device and
lowered into the thermostat which was kept at a required temperature.
The shaking device is shown in Figure VII. It consists of a powerful

motor mounted in a horizontal position and bearing on its shaft an
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FIGURE VII. The Metal Bomb in the High Temperature Bath with the

Shaking Mechanism.
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eccentric cam A which was in turn mounted on another eccentric annular
disk B. The disk B consisted of a thrust bearing C mounted inside an
aluminium collar which had an annular aluminiumcover D resting on the
thrust bearing and overhanging the outside of the collar. The metal
extension E of the metal container protruding upwards was screwed on

to an aluminium disk F which fitted and rested on the annular aluminium
aluminium disk B of the shaker. The whole apparatus was kept

immersed in the thermostat and shaken for twelve hours to allow
equilibration.

The bomb was then removed from the bath and immediately chilled
using a mixture of ice and water. The cap was taken off and the glass
bomb removed and chilled in cold water. The vapor condensed on the
walls of the bomb and collected over the ring seal. The seal on the
stem of the bomb was broken and the liquid and vapor phases were
withdrawn from the lower and uppercompartments respectively using
separate syringes. The two phases were then analysed using an Abbe

. . 0
refractometer maintained at 25.00 C.

V. Measurement of Vapor Pressure

I used a closed manometer, whose operation is based on the
compression of a known volume of air, to determine the vapor pressure
of the three binary systems over the whole concentration range. The
apparatus is shown in Figure VIII. The section of the manometer
containing the bulb A was made of thick 3 mm diameter capillary tube
and the rest of the apparatus was 1 mm diameter capillary.

The tube C, around 80 cms long, was initially calibrated every

1 cm along its entire length. The calibration was carried out at
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FIGURE VIII. Mercury-Air Manometer.
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25.00°C using pure distilled mercury. Bulb A and about 12 cms of

3 mm interval diameter capillary on each side of it were then calibrated
so that the volume of vapor and the volume of liquid could be measured.
The two tubes were then joined taking care to avoid much distortion in
the glass.

Pure mercury was added to the manometer in such a way that bulb
A was filled. The apparatus was then attached at both ends to the
vacuun pump and the mercury was warmed slowly so that all entrapped
air could be removed. The manometer was tapped lightly to help the
degassing process.

A sample of known composition was then vacuum distilled on top
of the mercury in bulb A by the process described earlier. The
mercury and the sample were then frozen using liquid nitrogen and
evacuated. The process of freezing-pumping and thawing was continued
until all residual air had been expelled. The top of the 3 mm tube
was sealed off while the sample was still frozen. The whole manometer
was thendisconnected from the pump and allowed to warm up when the
mercury would push the liquid up to the end of the tube. The end of
C was then sealed off and the atmospheric pressure was read. The
volume of air in C under atmospheric pressure and at a temperature of
25°¢C (tube C was enclosed in a glass mantle which was kept at 25.OOOC)
was obtained using a cathethometer accurate to 0.05 cm.

The apparatus was thenplaced in the high temperature bath making
sure that the 3 mm tube was completely immersed. The thermostat con-
taining silicone fluid 550 was initially kept at lOOOC and its temperature

was raised to about 5 degree intervals after each reading. The
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salt bath kept initially at 200°C was used for the temperature range
200°C to 280°C. The volume of vapor, volume of liquid and volume of
air in C were read using a cathethometer. Van der Waals' equation
was used to calculate the pressure from the compressed volume of air.
The correct vapor pressure was obtained by adding to the calculated
pressure, the hydrostatic pressure of the mercury column. It has
been shown (80) that the van der Waals' equation is quite satisfactory
to calculate the vapor pressure.

Thirty minutes were allowed for establishment of equilibrium--
I could not allow more time because the samples decomposed on heating.
Two sets of experiments were carried out. The temperature was raised
from 100°C to 190°C in one set and using a completely separate filling
the temperature was raised from 200°C to 280°C for the other set. It
was assumed throughout this work that the composition of the liquid did
not change appreciably as the temperature was raised. The vapor phase

was always much smaller than the liquid phase.
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CHAPTER IV

EXPERIMENTAL RESULTS

I. Critical Temperature

I. (A) Pure Liquids

The temperature at which the meniscus disappears (that is, the
mean of the temperatures at which the meniscus disappears and reappears)
has been obtained for each pure liquid. They are given below in

Table III. The uncertainty of the measurements is +0.1°¢C.

TABLE TIII

Critical Temperature of the Pure Liquids

Substance Critical Temperature (°OC)
Acetone 235.0
Carbon Tetrachloride 283.2
Benzene 288.0
Chloroform 263.2

I (B) The System Acetone-Chloroform

The gas liquid critical temperatures for this binary system have
been determined over the whole concentration range. The results are given
in Table IV,

Figure IX represents the variation of the critical temperature
with composition in mole per cent. It was observed that chloroform and
mixtures having relatively high chloroform content developed a yellowish
color on prolonged heating. For this reason the tubes containing these

mixtures were introduced in the bath when the temperature was only a few
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TABLE IV

Gas Liquid Critical Temperatures of the System Acetone-Chloroform

Composition of the Mixture

Experimental Critical

Mole 7 Acetone Mole % Chloroform Temperature (OC)
100 0 235.0
95.98 4.02 236.50
86.50 13.50 239.70
76.94 23.06 243.05
70.60 29.40 245.00
60.57 39.43 248.15
53.00 47.00 249.75
39.85 60.15 254,15
22.50 77.50 257.50

7.71 92.29 261.05

0 100 263.20
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FIGURE IX. Gas-Liquid Critical Temperatures of the Acetone-
Chloroform System as a Function of Mole percent

Chlorofornm.
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degrees from the critical point.

I (C) The System Acetone~Carbon Tetrachloride

The gas liquid critical temperatures of this binary system are

given in Table V. The data are plotted in Figure X.

TABLE V

Gas Liquid Critical Temperatures of the System Acetone-Carbon Tetrachloride

Composdtion of the Mixture

Experimental Critical

Mole 7% Acetone Mole ¥ CCl, Temperature (°C)
0 100 283.20
6.50 93.50 279.50

12.50 87.50 276.40
20.90 79.10 271.70
27.60 72.40 268.40
39.50 60.50 262.50
52.90 47.10 255.60
64.50 35.50 249.90
78.20 21.80 243.55
95.25 4.75 236.65
100 0 235.0

I (D) The System Benzene-Carbon Tetrachloride

The gas liquid critical temperatures of this binary system have
been obtained for the whole concentration range. The results are given
in Table VI, and Figure XI represents the variation of the critical

points with composition.
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FIGURE X. Gas~Liquid Critical Temperatures of the Acetone-Carbon
Tetrachloride System as a Function of Mole percent

Acetone.



3NOL3JV % 210N

09 0§ a% o€ 02 ol 0
i ! i | | 1 mMN

572

o

/ | -GSZ

-GS¢




72

TABLE VI

Gas Liquid Critical Temperatures of the System Benzene-Carbon Tetrachloride

Composition of the Mixture

Experimental Critical

Mole % CCl4 Mole % CeHe Temperature (°c)
0 100 288.0
5.90 94.10 287.4

16.25 83.75 286.9
26.40 73.60 286.5
38.22 61.78 285.7
47.33 52.67 285.3
56.00 44,00 285.0
76.50 23.50 283.9
90.42 9.58 283.5
100 0 283.2
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Gas-Liquid Critical Temperatures of the Benzene-Carbon
Tetrachloride System as a Function of Mole percent

Carbon Tetrachloride.
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II. Vapor Liquid Equilibrium Compositions

IT (A) The System Acetone-Chloroform

The vapor liquid equilibrium compositions of the binary system

Acetone-Chloroform have been determined at 100° s 150° y 1600, 170

0
and 180°C. As mentioned earlier this binary system could not be
studied at higher temperatures because of decomposition. The

results are given in Table VII, and the data are plotted in Figures

XII, XIII, XIV, XV and XVI.
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Experimental Vapor Liquid Equilibrium Compositions of the System

Acetone-Chloroform at Different Isotherms

Mole 7 Acetone Mole % Acetone Mole 7 Acetone Mole 7 Acetone
in Liquid in Vapor in Liquid in Vapor
T = 100°C T = 170°C
15.5 13.4 9.2 7.2
21.2 17.8 15.0 14.8
29.6 26.8 18.9 17.0
35.7 35.4 23.5 23.5
46.2 51.5 28.1 29.1
52.7 61.5 31.9 34.0
54.8 63.9 36.3 39.0
63.8 74.2 37.8 40.8
72.5 83.5 45,4 51.0
86.99 93.22 50.6 57.0
59.6 66.2
T = 150°C 70.6 76.8
2.0 1.0
9.4 6.1 T = 180°C
16.6 13.4 4.6 3.6
25.0 22.6
9.4 7.9
31.1 29.8
14.4 13.3
38.5 39.5
21.6 23.0
42.5 45.4
29.3 32.4
51.5 56.0
39.8 L4 4
60.5 65.0
46.4 52.9
70.0 75.5
53.0 60.0
77.5 84.0
85.5 89.5 60.7 68.4
: 68.0 75.2
78.1 84.8
T = 160°C 87.4 92.1
7.0 6.4
19.2 17.6
23.2 21.0
29.8 31.5
31.8 33.0
38.4 41.4
40.8 44 .9
46.0 53.4
67.4 75.8
79.2 85.8
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FIGURE XII. Vapor-Liquid Equilibrium Composition Curve of the
System Acetone-Chloroform at 100°cC.
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FIGURE XIII. Vapor-Liquid Equilibrium Composition Curve of
the System Acetone-Chloroform at 150°¢.



FIG. X1l . THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF
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FIGURE XIV. Vapor-Liquid Equilibrium Composition Curve of the

System Acetone-Chloroform at 160°C.
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FIGURE XV.

Vapor-Liquid Equilibrium Composition Curve of the

System Acetone-Chloroform at 170°¢.
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FIG. XV : THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF
THE SYSTEM ACETONE -CHLOROFORM AT (70° C.
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FIGURE XVI. Vapor-Liquid Equilibrium Composition Curve of the
System Acetone~Chloroform at 180°¢.



FIG. XV! : THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF
THE SYSTEM ACETONE - CHLOROFORM AT 180° C.
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II (B) The System Acetone-Carbon Tetrachloride

The vapor 1liquid equilibrium compositions of this binary system

have been determined at 100°, 150°, 200°

, 250° and 270°C. The data,
shown in Table VIII are plotted in Figures XVII, XVIII, XIX, XX and

XXTI.
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TABLE VIII

Experimental Vapor Liquid Equilibrium Compositions of the System

Acetone~Carbon Tetrachloride at Different Isotherms

Mole % Acetone Mole % Acetone Mole 7 Acetone Mole 7 Acetone
in Liquid in Vapor in Liquid in Vapor
T = 100°C T = 200°C
2.98 5.97 6.22 9.00
6.22 13.01 7.21 10.12
13.45 26.22 15.01 21.00
15.01 29.50 24,89 27.21
20.92 37.50 29.9 36.6
24.89 43.02 34.11 38.42
34.11 55.01 46.890 52.16
40,72 60.92 58.20 64.44
46.80 67.54 72.02 76.70
52.01 72,12 77.5 83.0
58.20 76.54 86.70 90.42
72.02 85.93 94.0 96.2

86.70 93.60
93.01 97.50 T = 250°
T = 150°C 4.6 7.1
3.27 5.87 9.8 12.9
6.22 11.52 21.6 26.6
15.01 26.62 30.3 36.6
40.1 44,0
20.36 33.72 46.2 49.9
24.89 37.24 * '
34.11 47 .62
40.12 57.02 T = 270°C
46.80 58.11
52.01 63.13 6.3 9.2
12.6 17.2
58.20 69.26 19.2 29 .4
66.10 78.24 ) :
72.02 80.62
86.70 90.68

96.42 98.24
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FIGURE XVII. Vapor~Liquid Equilibrium Composition Curve of the

System Acetone-Carbon Tetrachloride at 100°c.
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FIGURE XVIII. Vapor-Liquid Equilibrium Composition Curve of the

System Acetone-Carbon Tetrachloride at 150°c.



FIG. XVl : THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF
THE SYSTEM ACETONE-CARBON TETRACHLORIDE AT I50°C.
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FIGURE XIX. Vapor-Liquid Equilibrium Composition Curve of the

System Acetone=Carbon Tetrachloride at 200°C.



FIG. X1X: THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF
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FIGURE XX. Vapor-Liquid Equilibrium Composition Curve of the

System Acetone~Carbon Tetrachloride at 250°¢.
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FIGURE XXI. Vapor-Liquid Equilibrium Composition Curve of the

System Acetone-Carbon Tetrachloride at 270°C.



| FIG. XX| : THE VAPOUR LIQUID EQUILIBRIUM COMPOSITION CURVE OF
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IT (C) The System Benzene-Carbon Tetrachloride

The vapor liquid equilibrium compositions of the system
Benzene-Carbon Tetrachloride have been determined at 100, 108, 150,
200, 250 and 270°C. The experimental results are shown in Table IX

and they are plotted in Figures XXII, XXIII, XXIV, XXV, XXVI and

XXVIT.
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TABLE IX

Experimental Vapor Liquid Equilibrium Compositions of the System

Benzene-Carbon Tetrachloride at Different Isotherms

Mole % Carbon Mole % Carbon . Mole 7% Carbon Mole 7% Carbon
Tetrachloride Tetrachloride Tetrachloride Tetrachloride
in Liquid in Vapor in Liquid in Vapor
T = 100°¢C T = 200°C
8.2 9.5 11.0 12.0
22.2 24.4 17.5 19.5
40.5 41.8 41.2 42,2
43.5 44,2 50.8 52.0
46.2 47.9 51.0 52.0
49.6 51.6 57.8 59.4
61.2 62.6 72.6 74.1
78.3 80.0 81.8 84.2
83.9 85.8 82.2 84.6
87.8 90.2 92.8 94,2
94.9 97.1 96.1 97.3
T = 108°C T = 250°C
18.7 20.0 11.8 12.5
21.2 22.2 26.2 27.1
24.4 25.2 29.0 29.4
34.0 36.3 44,0 44,2
46.4 47 .4 50.4 51.6
63.8 64.3 71.7 72.8
70.2 70.9 73.6 74.4
76.8 77.6 80.5 81.3
80.5 81.2 88.1 90.2
85.8 86.3 94.0 94.6
87.8 88.6 96.5 96.6
93.7 94.5
96.6 97.7 T = 2700C
T = 150°¢C 6.2 7.0
9.6 10.8 18.8 19.6
31.8 32.6
14.8 16.0
53.6 54.5
25.6 26.4
64.6 65.7
39.3 41.5
80.0 82.0
46.6 47.9
87.3 88.4
55.8 56.5
91.8 92.4
59.6 60.9 95.0 95.4
66.8 68.6 ‘ ’
73.4 74.6
91.8 92.8
95.4 95.9



FIGURE XXII.

Vapor-Liquid Equilibrium Composition Curve of the

System Benzene-Carbon Tetrachloride at 100°C.
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FIG. XXIl: THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF
THE SYSTEM BENZENE - CARBON TETRACHLORIDE AT 100°C.
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FIGURE XXIIT. Vapor—Liquid Equilibrium Composition Curve of the

System Benzene-Carbon Tetrachloride at 108°c.



FIG. XXIIl: THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF
THE SYSTEM BENZENE- CARBON TETRACHLORIDE AT 08° C.

MOLE %o CARBON TETRACHLORIDE
904IN LIQUID.

70

60

50+

40

30

20

101 /

0 10 20 30 4O 50 60 70 80 90 100
MOLE % CARBON TETRACHLORIDE IN VAPOUR




92

FIGURE XXIV. Vapor-Liquid Equilibrium Composition Curve of the

System Benzene~Carbon Tetrachloride at 150°¢.



FIG. XXIV : THE VAPOUR - LIQUID EQUILIBRIUM COMPOSITION CURVE OF

. THE SYSTEM BENZENE - CARBON TETRACHLORIDE AT 50° C.
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FIGURE XXV. Vapor-Liquid Equilibrium Composition Curve of the

System Benzene-Carbon Tetrachloride at 200°c.



FIG XAV :THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF

_THE SYSTEM BENZENE - CARBON TETRACHLORIDE AT 200° C
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FIGURE XXVI. Vapor-Liquid Equilibrium Composition Curve of the

System Benzene-Carbon Tetrachloride at 250°¢.



FIG. XXVI: THE VAPOUR-LIQUID EQUILIBRIUM COMPOSITION CURVE OF

. THE SYSTEM BENZENE - CARBON TETRACHLORIDE AT 250° C.
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FIGURE XXVII. Vapor-Liquid Equilibrium Composition Curve of the

System Benzene-~Carbon Tetrachloride at 270°¢C.



FIG. XXVII: THE VAPOUR -LIQUID EQUILIBRIUM COMPOSITION CURVE OF

THE SYSTEM BENZENE -CARBON TETRACHLORIDE AT 270° C,
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IIT. Vapor Pressures 9

IIT (A) The System Acetone-Chloroform

The saturation vapor pressure of the system acetone-Chloroform
was determined over the whole concentration range from 100°¢ to 180°cC.
The results are summarised in Table X, and Figure XXVIII illustrates

the constant composition plots of the relation between pressure and

temperature for a few mixtures.
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TABLE X

Experimental Saturation Pressure of the System Acetone-Chloroform

Temp.(°C) Saturation Pressure(Atm) Temp. (°C) . Saturation Pressure(Atm)

Mole % Acetone in mixture = 7.50 Mole % Acetone in mixture = 23.54
100.0 3.20 100.0 3.18
105.5 3.42 101.5 3.27
108.0 3.98 108.2 4.01
110.8 4L.14 110.6 4.10
112.5 4,30 115.2 4.94
119.0 5.12 121.0 5.12
121.1 5.19 122.8 5.36
124.5 5.96 130.8 6.38
130.6 6.40 131.6 6.56
132.0 6.62 139.0 7.72
137.0 6.96 141.2 7.83
142.0 7.85 143.5 8.17
144.5 8.13 152.6 9.32
151.2 9.35 155.6 10.26
153.0 9.61 161.8 11.40
160.2 11.42 163.7 12.20
161.0 11.58 170.6 13.79
164.5 12.26 171.6 14.01
172.2 13.76 179.1 16.21
176.5 15.36 180.8 16.46
181.4 16.70

Mole % Acetone in mixture = 12,52 Mole % Acetone in mixutre = 31.32
100.0 3.19 100.0 3.18
104.5 3.86 . 104.2 3.91
111.2 4.12 - 110.2 4.08
112.2 4,30 110.8 4,20
118.0 5.01 116.5 4.56
120.6 5.14 121.3 5.10
126.8 5.98 122.8 5.67
130.3 6.39 132.0 6.34
131.0 6.52 136.4 7.01
138.5 7.56 141.10 7.82
141.0 7.84 142.0 8.01
142.3 8.07 150.5 9.25
150.4 9.34 156.0 10.21
153.6 9.86 159.2 11.12
162.0 11.41 162.0 11.36
166.2 12.52 163.8 12.26
171.4 13.70 171.6 13.94
178.0 16.00 176.4 16.22
181.5 16.66 180.6 17.10



TABLE X (Cont'd)
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Experimental Saturation Pressure of the System Acetone-Chloroform

Temp. (°C) Saturation Pressure(Atm) Temp.(QC) Saturation Pressure (Atm)

Mole % Acetone in mixture 41.56 Mole % Acetone in mixture = 62.43
180.0 3.22 100.0 3.31
101.2 3.46 101.2 3.39
109.4 4,01 108.7 3.96
110.8 4.12 111.0 4.23
116.5 4.86 112.5 4.48
121.2 5.16 120.6 5.34
128.0 6.20 126.4 6.02
131.0 6.42 131.2 6.70
132.8 6.82 138.6 7.98
140.0 7.92 141.1 8.28
143.5 8.16 142.5 8.51
150.7 9.50 151.0 10.12
159.0 11.52 156.2 11.01
160.8 11.64 160.8 12.28
164.4 12.28 166.4 13.62
171.2 14.23 172.0 14.86
172.3 14.57 178.8 17.87
180.0 17.35 180.0 18.14

Mole 7% Acetone in mixture 54.04 Mole 7 Acetone in mixture = 80.01
100.0 3.26 100.0 3.46
106.2 3.86 104.2 3.87
110.9 4.19 111.6 4,46
111.8 4,42 118.8 5.30
122.6 5.25 120.8 5.60
128.2 6.32 129.2 6.86
130.6 6.55 132.0 7.21
132.0 6.72 136.4 8.01
139.8 8.09 141.2 8.72
140.0 8.11 148.4 10.01
146.2 9.02 150.6 10.72
150.8 9.86 152.6 11.21
158.8 11.72 160.0 12.96
160.2 12.00 165.4 13.26
169.8 14.52 170.1 15.56
171.0 14.60 171.8 16.12
172.2 14.82 180.0 18.94
180.6 17.76
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'TABLE X (Cont'd)

Experimental Saturation Pressure of the System Acetone-Chloroform

Temp. (°C) Saturation Pressure(Atm)

Mole % Acetone in mixture = 92.94

100.0 3.60
102.5 3.86
111.0 4.62
116.2 5.02
120.0 5.86
122.8 6.26
130.8 7.42
137.7 8.56
141.2 9.16
152.0 11.42
154.4 12.12
163.0 13.78
176.0 17.20
180.0 19.60
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FIGURE XXVIII. Lines of Constant Composd#tion on a P-T Diagram
for the System Acetone-Chloroform.

(The mixtures were mot plotted for clarity's sake.)
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IIT (B) The System Acetone-Carbon Tetrachloride

The saturation vapor pressure of the system Acetone~Carbon
Tetrachloride was determined over the whole concentration range from
100°C to 270°C. Table XI gives the experimental data obtained for
vapor pressure measurements of nine mixtures of the binary mixture.
Figure XXIX shows the constant composition plots of the relation
between pressure and temperature at the bubble points of the

acetone-carbon tetrachloride system.




Acetone~Carbon Tetrachloride

Experimental Saturation Pressure of the System

Temp.(OC) Saturation Pressure(Atm) Temp.(OC) Saturation Pressure(Atm)
Mole 7 Acetone in mixture
100.0 1.98 166.2 9.36
105.2 2.21 172.0 10.22
1106.8 2.50 176.4 11.01
112.4 2.73 184.0 12.74
121.0 3.40 186.0 12.98
126.2 3.82 191.9 14.33
130.6 4.38 199.0 16.66
134.4 4,62 204.0 16.96
140.9 5.46 208.6 18.22
142.2 5.62 212.0 19.70
151.2 6.70 218.6 21.56
156.0 7.30 221.4 22.82
160.0 7.62 230.0 25.54
164.6 8.76 240.0 29.42
171.0 9.47 250.0 33.44
178.0 10.90 260.0 37.56
180.7 11.48 270.0 42,25
186.2 12.46
190.0 13.25 Mole % Acetone in mixture
192.8 13.82 100.0 9.65
201.0 15.70
104.2 2.92
209.10 17.76
114.0 3.76
210.0 18.02
118.7 4,12
216.4 19.72
121.2 4,49
221.2 21.60
126.8 4,82
230.0 24,01
132.6 5.60
240.0 27.56
138.9 6.46
250.0 31.42
140.8 6.73
260.0 35.47
270.0 40.51 142.1 6.92
' : 151.0 8.77
Mole % Acetone in mixture 154.3 8.96
100.0 2.25 160.0 9.30
166.0 10.02
104.2 2.56
170.9 10.95
111.4 3.30
175.2 11.62
118.2 3.52
181.4 12.98
120.6 3.86
196.0 16.82
125.3 4.28
198.8 17.16
132.0 4.90
201.4 17.69
133.2 5.02
208.2 18.86
140.9 5.98
210.7 20.34
141.3 6.21
218.1 23.02
154.0 7.43
161.1 377 221.0 23.41
: : 230.0 26.64




TABLE XI (Cont'd)

Experimental Saturation Pressure of the System

Acetone~-Carbon Tetrachloride

11.06

Temp.(OC) Saturation Pressure(Atm) Temp.(OC) Saturation Pressure(Atm)
Mole 7 Acetone in mixture =
(Cont'd)
240.0 30.47 162.6 11.56
250.0 34.43 170.0 11.72
260.0 38.69 178.4 13.86°
270.0 43,52 181.2 14.67
186.8 15.87
Mole 7 Acetone in mixture = 190.8 16.34
100.0 9.79 192.1 17.01
202.0 18.96
104.2 3.07
211.6 22.06
111.6 3.70
217.3 24,66
118.4 4.11
220.0 25.52
120.9 4.46
230.0 29.00
121.3 4.62 v
240.0 33.17
132.6 5.66
250.0 37.22
136.4 6.10 260.0 42.01
140.0 6.47
142.7 8.01 o . .
152.0 9.48 Mole 7 Acetone in mixture
166.0 10.06 100.0 3.16
171.0 11.37
108.5 3.87
175.6 12.36
111.6 4,65
181.7 13.60
119.8 5.18
192.8 15.96
121.7 5.41
198.9 17.82
126.2 5.86
. 202.5 19.09
136.3 6.97
210.0 20.97
140.0 7.60
214.8 22.36
142.8 8.40
221.6 25.22
152.0 10.38
230.0 27.52
154.2 10.62
240.0 31.47
160.9 10.96
250.0 35.44
960.0 39.71 162.3 11.36
’ : 171.6 13.08
Mole 7% Acetone in mixture 175.7 14.16
100.0 2.98 181.0 15.68
190.6 17.68
106.4 3.46
196.7 18.87
110.0 3.72
201.0 20.60
118.8 4.67
206.8 22.88
121.6 4.99
210.0 23.67
126.2 5.27
211.7 24.01
132.4 5.89
221.0 27.02
140.6 7.18
1424 230.0 30.92
o1 3 7.86 240.0 35.07
561 ig@? 250.0 39.48
. . . 44,01
161.0 260.0




Temp.(oC)

TABLE XI (Cont'd)

Experimental Satwation Pressure of the System

Acetone-Carbon Tetrachloride

Saturation Pressure(Atm)

Temp.(oC)

Saturation Pressure(Atm)

Mole 7% Acetone in mixture

100.0 3.20
106.4 3.87
111.2 4,69
118.9 5.32
120.8 5.76
126.4 6.56
131.6 7.80
138.9 8.01
140.2 8.65
143.8 9.26
151.6 10.72
160.0 124505
166.4 13.26
170.6 14.67
178.9 16.86
182.2 17.71
190.7 20.72
192.8 21.38
201.4 23.86
209.6 26.38
210.0 26.52
212.4 27.06
220.0 30.61
230.0 35.00
240.0 39.98
250.0 45,90
Mole 7 Acetone in mixture
100.0 3.29
111.0 4.61
118.2 5.52
122.0 5.92
124.4 6.56
131.6 7.65
142.4 9.04
150.6 10.99
152.8 11.58
160.0 13.16
161.8 13.96
172.2 16.04
181.0 18.92
186.8 19.82
190.6 21.94
201.9 26.56
210.0 29.25
220.0 33,60
230.0 38.02
240.0 43.62

100.
102.
110.
118.
121.
126.
130.
132.
140.
146.
151.
162.
168.
170.
186.
190.
200,
210.
220.
230.

W oOoONOO U &~ W Ww

COO0OCOCOODPWOOOHO RN H O
WWNNN R
OO NHOUL &N O

P~
b=

Mole % Acetone in mixture

.38
.66
.69
.67
.06
.92
.49
.06
.20
.12
.06
.65
.87
.35
.37
.58
.60
.86
.21
.81
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FIGURE XXIX. Lines of Constant Composition on a P-T Diagram

for the System Acetone-Carbon Tetrachloride.

(The compositions are 0,6.22, 15.01, 24.89, 34.11,
46.80, 52.01, 58.20, 72.02, 86.70 and 100 percent
acetone.)
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ITI (C) The System Benzene-Carbon Tetrachloride

Table XII gives the experimental data obtained for wvapor
pressure measurements of ten mixtures of the binary system Benzene-
Carbon Tetrachloride from a temperature of 100°C to about 270°C.
Figure XXX shows the constant composition plots of the relation
between pressure and temperature at the bubble points for a few

mixtures.



Temp.(OC)

TABLE XII

Experimental Saturation Pressure of the System

Benzene~-Carbon Tetrachloride

Saturation Pressure(Atm) Temp;(OC) Saturation Pressure(Atm)
Mole % Carbon Tetrachloride
in mixture 5.00
100.0 1.79 153.1. 6.18
106.4 2701 161.3 7.31
110.6 2.36 166.8 8.02
118.2 2.74 170.6 8.52
121.3 3.07 181.2 10.41
124.1 3.27 187.4 11.06
130.8 3.76 190.7 11.99
132.5 3.94 193.6 12.62
141.6 4.98 200.8 14.22
150.7 5.82 202.4 14.56
158.6 6.53 210.7 16.67
162.4 7.19 218.4 18.72
164.0 7.76 220.8 19.39
170.1 8.44 230.0 22.20
180.9 10.29 240.0 25.52
182.3 10.54 250.0 29.30
190.7 11.98 260.0 33.42
196.4 13.67 270.0 38.04
200.2 14.19 280.0 43.16
gig'g i?';g Mole % Carbon Tetrachloride
* : i i 16.50
220.8 19.34 tn mixture
230.0 22.17 100.0 1.84
240.0 25.49 108.2 2.07
250.0 29.24 110.7 2.48
260.0 33.39 122.3 3.25
270.0 38.00 128.4 3.62
131.0 3.90
Mole % Carbon Tetrachloride 133.8 4.06
in mixture 10.34 140.6 4.83
100.0 1.82 143.4 >.01
151.1 5.89
102.1 1.97
157.8 6.76
110.7 2.44
160.2 7.16
118.2 2.87
164.7 7.58
122.6 3.41
170.6 8.71
126.2 3.62
178.9 10.01
130.6 3.86
181.4 10.49
134.8 4,11
190.7 12.21
140.4 4,80
198.4 13.86
146.7 3.26 200.8 14.40
150.8 5.87
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TABLE XII (Cont'd)

Experimental Saturation Pressure of the System

Benzene=~Carbon Tetrachloride

Temp.(OC) Saturation Pressure(Atm) Temp.(OC) Saturation Pressure(Atm)

Mole % Carbon Tetrachloride Mole % Carbon Tetrachloride
in mixture = 16.50 (Cont'd) in mixture = 32.60
202.0 14.84 100.0 1.89
210.9 16.62 101.9 2.02
216.4 18.26 110.7 2.47
220.1 19.34 . 118.1 3.00
230.0 22.27 120.6 3.16
240.0 25.59 123.4 3.32
250.0 29.39 131.6 3.96
260.0 33.49 137.8 4,21
270.0 38.07 140.1 4,84
Mole 7% Carbon Tetrachloride 150.6 5.94
in mixture = 24.35 156.4 6.21
160.7 7.21
100.0 1.87 163.9 7.56
108.1 2.06 170.2 8.67
110.8 2.51 178.3 9.87
112.2 2.71 180.8 10.41
121.6 3.39 186.4 11.26
126.4 3.52 190.7 12.25
130.0 3.86 191.2 12.42
138.4 4.48 200.1 14.34
140.1 4.80 205.4 15.02
150.7 5.86 210.8 16.78
154.2 6.22 214.7 17.12
160.0 7.11 220.6 19.47
168.7 8.13 230.0 22.39
170.4 8.66 240.0 25.69
171.2 8.82 250.0 29.44
180.2 10.28 260.0 33.53
191.0 12.22 270.0 38.12
198.2 13.88 Mole % Carbon Tetrachloride
200.1 14.43 , . _
206.2 15.27 in mixture = 38.20
210.7 16.83 100.0 1.90
214.1 17.22 102.6 1.98
220.4 19.41 110.2 2.46
230.0 22.32 114.8 2.87
240.0 25.64 121.4 3.32
250.0 29.42 127.2 3.63
260.0 33.51 130.6 3.98
270.0 38.10 140.0 4.83



TABLE XII (Cont'd)

Experimental Saturation Pressure of the System

Benzene~Carbon Tetrachloride

108

Temp.(OC) Saturation Pressure(Atm) Temp.(OC) Saturation Pressure(Atm)

Mole % Carbon Tetrachloride
in mixture = 38.20 (Cont'd)
141.8 4.97 210.7 16.84
150.3 5.99 220.1 19.64
156.4 6.83 230.0 22.41
160.7 7.38 240.0 25.71
170.0 8.68 250.0 29.46
172.8 8.96 260.0 33.54
181.6 10.63 270.0 38.14
igg'i ié'ig Mole % Carbon Tetrachloride
200'1 14'41 in mixture = 62.12
202.3 14.92 100.0 1.92
210.8 16.82 101.8 2.02
211.1 17.009 110.7 2.48
220.6 19.60 113.7 2.64
230.0 22.41 121.1 3.35
240.0 25.71 128.2 3.72
250.0 29.45 130.4 4.06
260.0 33.54 136.2 4.41
270.0 38.12 140.2 4,89

150.7 6.06
Mole 7 Carbon Tetrachloride 151.3 6.21

in mixture = 52.00 160.8 7.34

100.0 1.90 168.4 8.56

170.6 8.80
101.9 2.01

176.6 9.28
110.6 2.48

181.2 10.66
113.7 2.63

187.8 11.77
120.2 3.24

190.4 12.28
126.8 3.56

200.1 14.50
131.1 4.03

208.4 16.21
140.0 4,85

210.7 16.84
142.8 4.97

220.6 19.56
150.2 5.99

230.0 22.43
155.6 6.13 ;

240.0 25.72
160.7 7.32

250.0 29.49
162.3 7.56

260.0 33.56
170.6 8.80 270.0 38.16
171.4 8.96 * '
181.4 10.66
192.2 12.63
197.8 13.89
200.1 14.44
201.4 14.73




Temp.(oC)

TABLE XII (Cont'd)

Experimental Saturation Pressure of the System

Benzene—~Carbon Tetrachloride

Saturation Pressure(Atm)

Temp.(OC)

Saturation Pressure(ATm)

Mole % Carbon Tetrachloride
in mixture

100.
103.
110.
113.
121.
128.
130.
134.
140.
141.
150.
156.
160.
170.
173.
180.
191.
196.
200.
202.
210.
221.
230.
240.
250.
260.
270.

o~ PLWLWwLwDNDN R

COO0OOORNNOERENNYNOOHRENREMHNEEOANNDNORSONO

82.00

.92
.12
.49
.64
.35
.78
.99
.28
.98
.02
.03
.76
.36
.72
.02
.60
44
.06
.59
.66
.86
.67
.43
.74
.48
.57
14

100.
101.
110.
118.
120.
136.
141.
143.
150.
160.
171.
183.
190.
201.
212.
220.
230.
240,
250.
260.
270,

-
cco~NOCUS~EWWNDNDR

COOOCONWOARNNNEFHENO RSN O
W R NN e e
WO UNWOO SN

W
o

Mole 7% Carbon Tetrachloride

in mixture 97.21

.92
.03
.56
.01
.18
.12
.99
.12
.01
.38
.86
.80
s
.70
.96
.66
.43
.76
.49
.56
.14
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FIGURE XXX. Lines of Constant Composition on a P-T Diagram for the

System Benzene-Carbon Tetrachloride.

(The mixtures were not plotted for clarity's sake.)
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CHAPTER V

TREATMENT OF DATA AND DISCUSSION OF RESULTS

V (A). Thermodynamic Analysis

Thermodynamic analysis is a tool for interpreting phase
equilibrium data; such interpretation is necessary for interpolating
or extrapolating data to new conditions and for correlating phase
behaviour in terms of physiochemical parameters. Thermodynamic re-
duction and correlation: of vapor & liquid equilibrium data are
common at low pressures, but despite a large supply of equilibrium
data at high pressures, little attempt has been made to reduce such
data with thermodynamically significant functions.

In high pressure phase equilibria it is not possible to make
the simplifying assumptions commonly made at low pressures, and, as
a result, thermodynamic analysis has only rarely been applied to high
pressure systems. In such systems, both phases, vapor and liquid,

exhibit large deviations from ideal behaviour.

I chose the method suggested by Chueh and Prausnitz (50) for the

treatment of my experimental data. Vapor phase non-idealities are
expressed as fugacity coefficients (¢i) and the liquid phase non-
idealities are given by activity coefficients (y;). The Redlich-
Kwong equation, modified by the introduction of binary interaction
constants, to increase its accuracy for mixtures, has been used for
vapor phase properties. The van Laar equation, modified to allow for

the rapid change of liquid molar volume which occurs in the critical
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region, has been used to represent the effect of composition on

liquid phase properties. The parameters which I have determined are:

(Po)
2(1)°

represents the self-interaction constant of molecules 2 in the environment

(1)Henry's constant H (2) binary interaction constant a22(1) which

of molecules 1 and is defined by equation 54 or (alz which represents the

interaction constant of molecules 1 and 2 is defined by the equation

GE

RT(xlvcl + x

ZVc2)= e, @l @2), and (3)dilation constant n2(1)' For a
given binary system, the above parameters depend only on temperature.
Therefore, isothermal experimental data are required. From the large

scale plot of P versus T for various fixed liquid compositions (Figures

XXVITI to XXX) and from large scale plots of vaporzliquid equilibria

compositions (Figures XII to XXVII), P-x-y data were read for each isotherm.

The programs used are those written by Chueh and Prausnitz (50) and the
analysis was carried out using an IBM 360/65 electronic computer.

At system temperatures appreciably lower than the critical
teﬁperature of the light component (component 2)? the dilation constant
n, obtained from data reduction becomes so small that it can be
effectively equated to zero. Under these conditions, the constant-
pressure activity coefficient of both components can be correlated with
only one parameter, a. Empirically, Chueh and Prausnitz found that this
occurs at TRz smaller than 0.93. Therefore, systems for which Try and TR,
are smaller than 0.93 are correlated with n = 0 and only one parameter, a.
Systems for which TRl and TR2 are greater than 0.93 are correlated with a

two-parameter model.

Hence, the present discussion will be divided into two parts, (A)

and (B).

(A) Data reduction for binary mixtures of condensable components

(both TRy and TR, less than 0.93) using the symmetric convention of

normalization for activity coefficients. A one-parameter model for
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the excess Gibbs energy with ”2(1) = (0 is used.

(B) Data reduction for binary mixtures wherein component 2
is at a reduced temperature TRZ > 0.93 has been carried out using a
two parameter model for the excess Gibbs energy and the unsymmetric

convention for normalization of activity coefficients.

V (A) (1) Analysis of the Binary Systems where TRl and TRZ < 0,93

As mentioned before, the constant-pressure activity coefficients
for binary systems for which both TRl and TRZ fall below 0.93 are
analysed with a one-parameter model (nZ(l) = 0), using the symmetric
convention of normalization.

A main program, SYMFIT, and three subroutines, VOLPAR, PHIMIX
and CUBEQN are used for the data reduction. The program SYMFIT fits
binary vapor > 1liquid equilibrium data to a symmetric one term van
Laar equation. The subroutine VOLPAR calculates partial molar
volumes in the liquid mixture using equation (76). This quantity is
required to take into account the effect of pressure on liquid phase
activity coefficients, that is, the Poynting correction. The sub-
routine PHIMIX, through equation (37) calculates the fugacity co-
efficient of a component in the vapor mixture using the revised
Redlich-Kwong equation. The molar volume V of the gas mixture,
required in equation (37) is obtained by solving equation (24) and
taking the largest.real root of V. This is carried out by the sub-
routine CUBEQN.

As an example, the input data of the binary system Carbon

Tetrachloride (1) - Acetone (2) for the program SYMFIT are given




113

below in the order they appear on the cards.
First card

The first card contains the title ”CC14(1) -~ Acetone (2) at

o (o}

100°, 150°, 200°

, SYMFIT."
Second Card
This card contains the following properties of component 1

(cCl, in this case):- (1)Critical pressure in pounds per square inch

4
absolute. (2)The c¢ritical volume in ft3/lb—mole. (3)The critical

temperature in degree Rankine. (4)The acentric factor, w which was

obtained using the equation (81)

w = - log Py -1.00 (81)
Tp = oo :

and the vapor pressure of the pure component. (5)The dimensionless
constants Qa for the vapor, Qb for the Vapor, Qa for the liquid and
Qb for the liquid, which were obtained by fitting the Redlich-Kwong
equation (24) to the volumetric data of the pure saturated vapor and
saturated liquid. (6)The molecular weight of component 1 and (7) the

name of component 1.

Third Card
(Po)

pure of component 1.

This card contains the reference fugaéity £
The reference fugacity of each pure substance at temperature T was
obtained by correcting the experimental vapor pressures of the substance
at T using fugacity charts. The équation

P
T

f -1 -2
log T =3.303 £FO.1445 + 0.073w)TR - (0.0330 - O.46w)TR

- (0.1385 + O,SOw)T£3 - (0.0121 + 0.097w)T£4 - 0.0073wT£9{]

was not used because of its inaccuracies at high pressures.
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Fourth and Fifth Cards

These two cards contain information on component 2 similar
to that on the Second and Third Cards.
Sixth Card

(correction to geometric mean T -

This card contains (1) KlZ cqo

(equation (36)) for the vapor and for the liquid, (2) the critical
binary constants 2T12/(TCl + TCZ) and (3) the correlating parameter
for critiecal volumes 2\)12/(VCl + ch).

K,, was obtained from equation (36) and Table V. It was found

12

that K12 was slightly dependent on concentration. Hence a mean of

a few values of K12 at different concentrations was taken. The critical
binary constant 2T12/Tcl + TCZ) was obtained from the experimental data
of the critical temperatures of the binary mixtures shown in Table V,
using equation (79). The correlating parameter for critical volumes,
2\)12/(VCl + VCZ) was obtained by extrapolation from the generalized
chart (page 41, reference 50) given in the monograph.
The seventh card contains the temperature of the binary system
in degrees Rankine.
The eighth card contains the number of data points for each
isotherm and the minimum mole fraction for a data point to be
weighted (0.005 was chosen in this study).
The cards which follow contain, on each card, the liquid mole
fraction of component 2, the vapor mole fraction of component 2, and
the total pressure in pounds per square inch absolute.
The partial molar volumes ?L and VL and the fugacity coefficients

1 2

¢1 and ¢2 are calculated for each data point using the subroutines
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VOLPAR and PHIMIX. The constant pressure activity coefficients

Yy and Y, are then calculated using equations (44) and (45) assuming
the liquid partial molar volumes to be incompressible.

| As shown in Table XIII to Table XVIII the computer prints out,
for each round of fitting, the binary interaction parameter Qg the
number of experimental points used for Yy and Yo the calculated and
experimental activity coefficients for each point, and the average
deviation in Yy and Yoo The standard state fugacities, liquid-phase
partial molar volumes, the Poynting corrections and vapor phase
fugacity coefficients are also obtained for each point. The program
SYMFIT has a provision for testing the thermodynamic consistency of the

experimental data (see section V (A) (3)).

V (A) (2) Analysis of the Binary Systems where TRl and TR2 > 0.93

Binary systems for which the reduced temperature of the lighter
component exceeds 0.93 are analysed with the two-parameter dilated
van Laar model using the unsymmetric convention for normalization.

The standard-state fugacity for component 2(TR2 > 0.93) is Henry's

(P0)

2(1) and must be determined before data reduction

constant of 2 in 1, H
is carried out. Henry's constant is determined by a main program
HENRYS and subroutines VOLPAR, PHIMIX and CUBEQN.
The input data for program HENRYS are only slightly different
from those of program SYMFIT. The first two cards are identical but
the third card now contains the properties of component 2 and the fourth

card contains the coefficients for the reduced liquid fugacity of

component 1. The coefficients for the reduced liquid fugacity of
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component 2 are not required for this program. The fifth card contains

K for the vapor, K

. 9
12 for the liquid, _le/(TCl + TCZ) and 2\)12/VCl +

12
VCZ)' The sixth card contains the temperature of the binary system in
degrees Rankine and the saturation pressure of component 1 at that
temperature. The composition cards follow, one card for each composition,
containing liquid mole fraction of component 2, vapor mole fraction of
componentn2 and the total pressure in pounds per square inch absolute.

The program calculates fZ(P)/xz for each point, and, by plotting

In f (P)/xz versus X

9 and extrapolating to Xy = 0, Henry's constant

2
H§€£§) is obtained. Henry's constant is corrected to zero pressure
in the fitting program. The program HENRYS also gives output of

Xps Yoo P, VE, vg,.¢l and ¢2 which are used.in the FITTING program to
evaluate the self-interaction constant, a22(l)’ and the dilation
constant ”2(1) in the dilated van Laar model. This fitting program

has a provision for testing the thermodynamic consistency of the .

experimental data (see section V (A) (3)).

V (A) (3) Thermodynamic Consistency Test of the Vapor= Liquid

Equilibrium Data

Vapor 2.liquid equilibrium data are said to be thérmodynamically
consistent when they satisfy the Gibbs-Duhem equation. When the data
satisfy this equatiomn, itis likely, but by no means certain, that they
are correct; ﬁowever, if they do not satisfy this equation, it is
éertain that they are incorrect.

Thermodynamic consistency tests for binary vaporzliquid
equilibria at low pressures have been described by many authors;

a good review is given in the monograph by Van Ness (100).
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Extension of these methods to isothermal high pressure equilibria
“presents twobdifficulties: (1) it is neécessary to have experimental
data for the density of the liquid mixture along the safuration line
and (2)'since the ideal gas law is not valid, it is necessary to
calculate vapor phase fugacity coefficients either from volumetric
data for the vapor mixture or else from an equation of state.

Adler et al (101) have presented a method for testing the
thermodynamic consistency of binary liquid = vapor equilibrium data
when one component is above its criticai temperature. They used the
Lewis fugacity rule to calculate vapor phase fugacities but errors in

- this apfroximation are often very large and it is not possible to come

to any significant conclusions concerning the thermodynamic consistency
of experimental equiiibrium data when this approximation is used as an

esseniilal part of iLhie congistency test.

Chueh et al (102) have described a consistency test which is an
extension to isothermal high-pressure data of the integral (area) test
given by Redlich and Kister (103) and‘by Herington (104) for isothermal
low pressure data. The Gibbs—Dﬁhem equation for a binary system at

constant temperature is written as:

L
V .
de in f1 + x2d In f2 = Ei'dp (83)
Using the dentity
x.d Inx, + x.d Inx, = 0 (84)

1 1 2 2

equation (83) can be rearranged to give equation (85)

£ /%, L - f
Z22 \ 1
in fl/Xl dXz + ﬁ dp = d 11’1 " + };2
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A v,
Introducing fugacity coefficients ¢ and K factors (Ki = ;%)
i
into equation (85) we obtain
® K L
2 2 V'
(1n 3 + 1n < )] dx2 + RT dp =
1 1
b9 %
d (In K. + 1In¢.P + x.(1ln — + 1n =2)) (86)
1 1 22y K,

where subscript 2 refers to the light component.

Equation (86) is integrated from x, = 0 to some arbitrary upper limit

2
X, with the following boundary conditions:
h =0 = 7 = pJ and K21
when Xz s ¢l ¢’l s P pl 1=
The integrated form can be written as
Area I + Area II + Area IITI =
> F ) %
(1n Kl + 1In ;-;P—S + XZ(ln -q)-i- + In K—l)) at X, (87)
11
Xq K
where Area I = 1n _g_dx2 (88)
K
) 7
Area II = In — dx (89)
¢; 2
x2=0
Area TIT = 1 2L
RT ,/// V7dp (90)
x2=0
The thermodynamic consistency test consists of comparing the
sum: of the three areas, which are found by graphical integration, with

the right hand side of equation (87).

The three areas depend upon

equidibrium data for the composition range X, = 0 to equilibrium data

at the upper limit x, = x,.

2 2

should be made for several values of x

2

The comparison indicated by equation (87)

up to and inc¢luding the critical
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composition.
Chueh and Prausnitz (50) have replaced the data plotting
procedure by a regression analysis. In their analysis, which I applied

to my experimental data, at the end of the first round of fitting, the

average deviations of Y1 and Yo (or YE) are computed respectively.

They are nearly equal in magnitude and generally small if the
experimental data are thermodynamically consistent. If the data are
thermodynamically consistent, both Yy and Y, are utilized in the second
round of fitting. If the data are inconsistent, the average deviation

of y for one component is generally much larger than that of the other;
this happens because the less accurate set of data, say Yi» scatters

much more than the Y, or <Y§) data; the least squares fitting, finding

it impossible to fit the Yy data any better, automatically fits better

to the more accurate data for Yo (or yz). If the data are thermodynamically
inconsistent, the less reliable set of vy is discarded in the second

round of fitting. Chueh and Prausnitz (50) used the criterion that if
the average deviations of Yy and Y, differ by more than 3%, the data will

be considered as inconsistent.

V (B) (1) Discussion of Results

V (B) (1) The System Chloroform (1) - Acetone (2)

From Figure IX which gives a plot of TM’ the temperature of the
disappearance of the meniscus versus mole percent chloroform in the
mixture, it can be seen that the system Chloroform (1) - Acetone (2)
exhibits a negative deviation from ideality. This observation has been

made previously by many workers, including Swietoslawski (106) and
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Chatterjee (85). The deviation from ideality is also apparent in the
vapor pressure plots. This negative deviation from Raoult's law has
been explained by the fact that a 1l:1 hydrogen bonding compound exists
in the system and, Campbell and Kartzmark (82) have determined the energy
.of the hydrogen bond and found it to be a -2.7 kcal per mole. It is
very doubtful though if this compound exists under critical conditioms.
The existence of an azeotrope has been confirmed from the vapor
liquid equilibrium composition curves, Figures XII to XVI and the wvapor
pressure plots. It was found that the composition of the azeotrope,
a negative azeotrope in the terminology of Rowlinson (19), which is
36.2 mole percent acetone at lOOOC, shifted towards lower acetone
content as the temperature was raised® The same deduction was made
by Rock and Schroder (84) in their study of this system at temperatures
ranging from 10°C to 55°C. The above observation also agrees with the
well-known fact that an increase of temperature in a negative azeotrope
decreases the mole fraction of the component whose vapor pressure
increases the more rapidly with temperature. The above system was
investigated only up to 180°C because of decomposition on heating but
it is known (107) that the azeotrope does not exist up to the critical
point, that is, the system chloroform-acetone exhibits limited azeotropic
behaviour.
The experimental data, vaporzliquid equilibrium compositions
and saturation vapor pressure for this binary system have been treated
to yield the fugacity coefficients ¢1 and ¢2 and the activity coefficients
and Yo of the two components in the vapor and liquid mixtures. For

Y1
this purpose the program SYMFIT and the subroutines VOLPAR, PHIMIX and

(See Table XII A.)
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TABLE XII (A)

Dependence of Azeotropic Composition on Temperature

in the System CHClB(l)—Acetone(Z)

Temperature (°C) Azeotropic Composition (Mole Fraction Acetone)
100 0.362
150 ‘ 0.347
160 0.292
170 0.235

180 0.209
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CUBEQN were used and the results are tabulated in Table XIII.

The second round of fitting has been omitted since it is
identical to the first round of fitting. From Table XIII it is
seen that though yiwA?l as xi—~?l the system Acetone-Chloroform
is not ideal at the temperatures investigated in this work. The
activity coefficients have been plotted as function of the mole
fraction acetone in the liquid phase in Figure XXXI to Figure
XXXIC. The deviations between the experimental values of the
activity coefficients and the calculated values are rather large
but I will have more to say about these facts in Chapter V (C),

(General Discussion).
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FIGURE XXXI. Activity Coefficients versus Mole Fraction Acetone
in Liquid Phase of the System Chloroform—Acetone at

150°¢.

(For Figures XXXI to XXXIC the solid line represents the calculated
curve.

® represents experimental Yo
values

d represents experimental Yq
values.
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FIGURE XXXIA. Activity Coefficients versus Mole Fraction Acetone
in Liquid Phase of the System Chloroform-Acetone at

160°cC.
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FIGURE XXXIB. Activity Coefficients versus Mole Fraction Acetone
in Liquid Phase of the System Chloroform-Acetone at

170°¢.
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FIGURE XXXIC. Activity Coefficients versus Mole Fraction Acetone
in Liquid Phasecof the System Chloroform—Acetone at

180°¢.
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V (B) (2) The System Carbon Tetrachloride (1) - Acetone (2)

The plot of TM,Athe temperature of disappearance of the meniscus,
versus mole percent acetone (Figure X) for this system shows a slight
deviation from ideality, but the vapor pressure plots show no
maximum or minimum. The vapor—iiquid equilibrium composition curves at
the different isotherms, Figures XVII to XXI, do not show the existence
of an azeotrope. Brown and Smith (92) who studied the vapor-liquid
equilibria of the system Carbon tetrachloride - Acetone at 450C,
claimed the existence of an azeotrope at a mole fraction of acetone
of 0.964 and a pressure of 513.2 mm., Hg. In the present research the
vapor was found to be always richer in acetone; at no point was the
liquid richer in acetone, that is, there was no reversal of composition
as there would be iﬁ passing through an azeotropic point. I therefore
conclude that the system Carbon tetrachloride - Acetone exhibits limited
azeotropy.

Thermodynamic analysis for this system was carfied out in two
parts, as mentioned in section V (A). Data reductions for the isotherms
at 150° and 200°C were carried out using a one parameter model for the
excess Gibbs energy with nz(l) = 0. For this purpose the program SYMFIT
and the subroutines VOLPAR, PHIMIX and CUBEQN were used. The results

of the thermodynamic analysis are given in Table XW.

Table XILVshows that Yi‘ﬁ’l as xi—éyl for the system Carbon
tetrachloride - Acetone at the temperatures investigated in this
project. Figures XXXII and XXXIIA give the plots of the activity
coefficients as a function of the mole fraction acetone in the liquid

phase. The differences between the experimental values for the activity
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coefficients and the calculated values are small in magnitude, in

other words, this system responds better to the solution model of
Prausnitz et al (50). This system is nearly ideal at 150°C - the
activity coefficients are very nearly equal to one, but at 200°¢

the deviations from ideality are larger. The deviations are positive at

150°C and negative at 200°¢.
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FIGURE XXXII. Activity Coefficients versus Mole Fraction Acetone
in Liquid Phase for the System Carbon Tetrachloride-

Acetone at lSOOC.

(For Figures XXXII and XXXITA:
the solid line represents the calculated curve.
@ represents éxperimental Yo values.

é represents experimental Y1 values.)
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FIGURE XXXIIA. Activity Coefficients versus Mole Fraction Acetone
in Liquid Phase for the System Carbon Tetrachloride-

Acetone at ZOOOC.
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Data reductions for the system at 250° and 270°C were carried
out using a two parameter dilated van Laar model for the excess Gibbs
energy and the unsymmetric convention of normaliztion for activity
coefficients. In this case the program HENRYS and the subroutines
VOLPAR, PHIMIX and CUBEQN were used to calculate the standard state

fugacity for component 2, Hé??; . As can be seen from Table XV ,

(

)
the program calculates sz’/x2 for each point and, by extrapolating the

plot of 1n f;P)/x2 versus X, (Figure XXXIII) to X, = 0, Henry's constant

of 2 in 1, Héii; is obtained. The HENRYS program (Table XV ) also
X =L =L .
prints out Xy Vo5 P, Vl’ V2, ¢l and ¢2, the saturation pressure of

component 1, liquid partial molal volumes of both components at
infinite dilution, the reference fugacity of component 1 at zero
pressure, molal volumes of the saturated liquid mixture for each
concentration and the corrected reduced temperatures of the liquid
mixture for each concentration. This information is then used in
the program FITTING to evaluate the self-interaction constant,

, and the dilation constant nz(l) in the dilated wvan Laar

©22(1)

model. Table XV  gives the results of the analysis.
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FIGURE XXXIII. Plot of Henry's Constant Hg?l),
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vV (B) (3) The System Benzene (1) - Carbon Tetrachloride (2)

The plot of T,,, the temperature of the disappearance of the
meniscus versus composition (Figure XI) for this system deviates very
slightly from the straight line joining the critical temperatures of
the pure components. The vapor-liquid equilibrium composition curves,
Figures XXII to XXVII, do not indicate the existence of an azeotrbpe—
the vapor is always richer in carbon tetrachloride.

Due to the fact that the volatilites of the two pure components,
benzene and carbon tetrachloride, are very similar no n, dilation
constant is required and the binary system can be treated using a one
parameter model for the excess Gibbs energy. Therefore, data reduction
for this binary system was carried out using the symmetric convention
of normalization for activity coefficieﬁts. The program SYMFIT and the
subroutines VOLPAR, PHIMIX and CUBEQN were used for this purpose.

The thermodynamic analysis of this system at temperatures of 1500,
2000, 250° and 270°C are given in Table XVI.

The deviations of the activity coefficients from one are not
great but they are large enough that I cannot conclude that the system
Benzene-Carbon tetrachloride is an ideal one. On the other hand, this
system consisting of two non-polar components is ﬁhe ideal one to test
the solution model of Prausnitz et al (50). Table XVI shows that the

deviations between the experimental values of the activity coefficients

and the calculated values are quite small in magnitude which indicates that

the solution model of Prausnitz et al (50) is applicable in this case.
The activity coefficients have been plotted as a function of the mole
fraction carbon tetrachloride in the liquid phase in Figure XXXIV to

Figure XXXVII.
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V (C) General Discussion

In liquid mixtures, deviations from ideal behaviour can be
interpreted in terms of intermolecular forces operating within the
mixture. It is convenient to distinguish between strong attractive
(chemical) forces leading to formation of chemical species and weak
attractive (physical) forces frequently called van der Waals forces.
Accordingly, the theory of liquid solutions has followed two distinct
paths: (1)The work of Kortum and Buchholz-Meisenheimer (108) which
interprets solution non ideality in terms of chemical forces while
neglecting physical forces and (2) the work initiated by van Laar (109)
who interprets solutionsnon ideality in terms of physical forces alome.

In the first case, it was assumed that in a mixture of
"apparent" components A and B the ''true" molecular species in the
mixture may not only be molecules A and B but may also include molecules
A2, A3 creeeaey B2, B3 ceesasy AB, A2B «ese.s.etc. Van Laar, on the
other hand, denied the existence of any molecular species other than
A and B and explained deviations from Raoult's law in terms of
differences among intermolecular forces acting among A-A, A-B and
B-B.

It is now accepted that the above views are extreme re-
presentations of the actual situation; the borderline between chemical
and physical forces is arbitrary and in many cases, designation of a
mixture as "'chemical" or "physical" is a matter of convenience only.
However, while it is’reasonable to assume that chemical forces are

absent from simple solutions of saturated non~-polar liquids, it is
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not reasonable to neglect chemical forces in liquid mixtures where

hydrogen bonding or charge-transfer complexing is appreciable. And

it is not strictly correct to mneglect physical forces entirely in

"chemical solutions'. A physically more reasonable description of

liquid solutions should make allowance for both chemical and physical

forces. Work in this direction has been carried

and Harris and Prausnitz (111).

out by Scatchard (110)

It has been shown (109) that positive deviations from Raoult's

law are favored by differences in "internal pressure" or molecular

attractive force and that negative deviations are favored by a tendency

to compound formation between the two components

difference in size.

or by a marked

The system Acetone-Chloroform investigated in the present

project shows a negative deviation from Raoult's

law, and as pointed

out earlier, Campbell and Kartzmark (82) have proven the existence

of a 1:1 compound in the solid phase in this system. They proposed

hydrogen bonding in the compound

Many theoretical and semi-theoretical treatments have been

given for this system (112,113). Although there
presence of hydrogen bonding as evident from the
spectroscopy (113) and proton magnetic resonance
when one attempts to construct a theory, because

acetone and chloroform are known to associate in

is no doubt about the
results of ultraviolet
(114), complications arise
of the fact that both

the pure state.
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Table XIII shows that the one parameter model of

the van Laar equation is not successful - in reproducing activity

cecefficients for the system Acetone-Chloroform at temperatures of 1500,

o

1607, 170° and 1800C, that is, at temperatures where both components

can exist as liquids. The dilated van Laar model of Chueh et al (50)

is based on the assumption that the non ideality of liquid mixtures

is due to the interaction of solute molecules with each other in the

environment of the solvent molecules and not to interactions between

the solute and solvent molecules. I am not too certain whether such

a model would apply to the system Acetone-Chloroform. And furthermore,

Prausnitz and Chueh's theory (50) applies mostly to non-polar or slightly -
polar components; both acetone and chloroform are polar compounds.

The solution model of Prausnitz et al would not strictly apply
to the system Acetone-Carbon tetrachloride. Table X#¥shows that the
one parameter model of the van Laar equation is fairly successful in
reproducing activity coefficients for the temperatures 150° and 200°C.
The two parameter model applied at temperatures where one of the
components (acetone) is supercritical, is apparently not very
successful - See Table XV .. The same conclusion was obtained by
Chatterjee (80) who used the two parameter model for the system
Acetone-Benzene at temperatures higher than 200°¢.

The system Benzene-Carbon tetrachloride, consisting of two

non-polar components, should be the ideal system to test the solution
model of Prausnitz et al (50). It has been shown (115) that the
deviation of the physical properties:from the rule for mixtures in the

above system can be ascribed to the association of the carbon tetra-
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chloride. Table XVI shoes that the one parameter solution model of
the van Laar equation gives satisfactory results for the activity

© 250° and 270°C but why

coefficients for the tmperatures 1500, 200
the activity coefficients are so far away from unity I cannot explain.
T expected the activity coefficients for this system to be nearly one
at all concentrations. Interaction between the benzene molecules and
carbon tetrachloride molecules would, in my opinion, explain partially
this discrepancy.

An extension of the solution model of Prausnitz et al (50)
which gives consistently good results for mixtures of noﬁ—polar or
slightly polar components, must be made to polar components to make
it more general. And finally, since certain simplifying assumptions must
be made in all theories of liqﬁid mixtures as a consequence of insufficient
knowledge abeout intermolecular forces, and also because of the lack of
extensive experimental data, any general theory must await accurate and

extensive experimental data on equilibrium properties of mixtures,

especially those containing polar components.
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SUMMARY

This thesis has dealt with the following thermodynamic properties
of the systems (1)Chloroform-Acetone, (2)Carbon Tetrachloride-Acetone,
and (3)Benzene-Carbon Tetrachloride: ~ gas = liquid critical temperatures,
vapor gliquid equilibrium compositions and saturation vapor pressures.
The gas = liquid critical temperatures were measured for each binary
system over the whole concentration range using the disappearance of
the meniscus method. The vapor = liquid equilibrium compositions were
determined for each binary system using a glass apparatus with a steel
bomb. Measurements were made at temperatures ranging from 100°C to
270°C. The saturation vapor pressures were measured using a closed
air-manometer and the pressure calculated from the equilibrium volume
of compressed air using van der Waals equation.

The experimental data were treated thermodynamically to yield
the non-idealities in each of the two phases in the vapor == liquid
equilibria. An equation of state suggested by Redlich and Kwong was
found to be very satisfactory and simple in the calculations of the
fugacity coefficients of both components in the vapor phase. The
dimensionless constants Qa and Qb in the Redlich~Kwong equation were
re-evaluated from the saturated volumetric properties of each pure
component. The Redlich~Kwong equation, modified by Prausnitz and
Chueh, and containing a binary interaction constant, was found to be
very satisfactory for the binary mixtures. Liquid-phase non-idealities
were obtained from a modified van Laar equation. The one-parameter
solution model was used for all three systems at temperatures lower

than 200°C and it was found to be fairly successful. For the system
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Acetone-Carbon tetrachloride at 250° and 270°C the two-parameter
solution model was used but even then the results were not quite
satisfactory.

To show the effect of pressure on liquid phase properties, the
partial molal liquid wolumes were calculated using a liquid phase
equation of state coupled with an extension to mixtures, of the
corresponding-states correlation of Lyckman et al. The pressure
correction (Poynting correction) to the activity coefficient in the
liquid phase was then calculated from the partial molal volumes.

To show the dependence of activity coefficients on compositon, they
have been plotted as functions of the composition of one component
in the liquid phase.

The present study shows that the solution model of Prausnitz
et al has to be extended to include polar components to make it
more general. Finally, because the calculations involved in the
computer programs depend so much on the characteristic energy
between two dissimilar molecules, more work has to be done to evaluate

these potentials.
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APPENDIX
The programs SYMFIT, HENRYS, FITTING and the subroutines
VOLPAR, PHIMIX and CUBEQN used ini'the data are given in Appendix D
of the monograph by Prausnitz and Chueh (50). The information for the
input data used in these programs was obtained as follows:
Tc, Pc and Ve for the four pure components wer e obtained

from Chatterjee (80). They are given below:

Substance Tc (°0) Pc(atm) Ve(cc/gmole)
Acetone 235.0 46.96 213.5
Benzene 288.5 48.22 260.1
Chloroform 263.2 . 52.59 243.56
Carbon Tetrachloride 283.15 44,98 279.6

The acentric factor w was calculated from equation (81)

w = - log Py ‘T - 0.7 " 1.00 (81)
R
and the vapor pressure of the pure components. The values obtained
were 0.309, 0.192, 0.211 and 0.207 for acetome, carbon tetrachloride,
benzene and chloroform respectively.
The dimensionless comstants Qa, b in the Redlich-Kwong

equation were obtained by fitting the Redlich-Kwong equation (24) to

the volumetric data of the pure saturated vapor and pure saturated

liquid.

Liquid Phase Vapor Phase

Qa b | Qa Qb
Acetone 0.3900 0.0745 0.4600 0.0940
Benzene 0.4100 0.0787 0.4450 0.0904
Chloroform 0.4071  0.0847 0.4176 0.0872

Carbon Tetrachloride 0.4172 0.0868 0.4276 0.0841
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The universal values commonly used are Qa = 0,4278 and Qb =
0.0867.

The corrections to geometric mean for TC12’ KlZ for the vapor and
for the liquid were obtained from equation (36) and Table V. The same
value was used for both the vapor and liquid. The value of K12 used
was 0.01 for the three binary systems.

The critical binary constant 2T12/(TC1 + Tc2) was 0.008 for the
Acetone-Chloroform system, -0.033 for the Carbon Tetrachloride-Acetone
system and -0.0030 for the Benzene~Carbon Tetrachloride system. The
correlating parameter for critical volumes 2\)12/(Vcl + Vc2) estimated from
the generalized chart (50) was -0.0350 for the Acetone-Chloroform system,

-0.1240 for the Acetome—Carbon Tetrachloride system and -0.040 for the

Benzene-Carbon Tetrachloride system.
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