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ABSTRACT

The saturation vapor pressure of ten mixtures of the binary

systems (1)Acetone-chloroform, (2)Acetone-carbon Tetrachloride and

(3)Benzene-Carbon Tetrachloride have been determÍned, from a temperaEure

of 100oc to 230oc for system (1) and from 100oc up to the híghest

temperature at which 1íquid and vapor coexist for systems (2) and (3).

The system Acetone-Chloroform could noË be studied at higher tempera-

tures because of decomposition.

The gas-liquid critícal temperatures of the three binary systems

have been determined by the disappearance of the meníscus method.

The orthobaric compositi-ons of the vapor-liquid equilíbria of

the binary systems have been independently measured from 100oC to IBOoC

for system (1) and from 100oc to the critÍcar region for sysrems (2)

and (3) using a specially designed glass bomb enclosed in a stainless

steel bomb.

From the vapor 1íquid composition curves and the vapor pïessure

curves at fixed temperatures (100oc, 150oc, l60oc, 170oc and 180oc)

the exisËence of an azeotope in the system Acetone-Chloroform at these

temperatures with a compositíon of 36.2 moLe per cent acetone at 100oc

was confirmed. rt was observed that the composition of the azeocope

shifted towards 1or¿er acetone content as the temperature r¡as raised.

No azeotope vüas found in the systems Acetone-Carbon Tetrachlorid.e 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 thermodynamícally

to yield the liquÍd phase activity coefficients, and the Redlich-Kwong

equation in a modífied form, as suggested by chueh and prausnitz was

used to obtain the fugacíty coefficient of a componenË ín the vapor

mixture.

several binary liquid phase parameters, such as the bínary

ínteractíon constant, Henryts constanË and dilation consEant have been

calculaËed using Ëhe equation of van Laar as modified by Chueh and

PrausnÍtz.



GLOSSARY OF SYMBOLS

a, b - constants ín van der Inlaalst equation and Redlich

Kwong equation.

cv, cp - specific heat at constant volrllne and constant pressure.

fi - fugacitY of comPonent i '

f9 - reference fugacity of component i"
a

GE - excess Gíbbs free energY '

H - enthalPY.

H - Henryts constant for solute 2 in solvent l'
") (1\

K.. - characËeristic constant for i-j interaction'
1J

n. - number of moles of comPonent i'
l_

N - number of components '

total pressure.

critical pressure.
c

Pr - constant reference Pressure"

Ps - saturation vapor Pressure'

Po - constant reference pressure of zero pressure'

q - effective molal volrrne, defined by equations 58 and 59.

R - gas constant.

S - enrroPy.

T - temPerature.

T - critícal temPerature'

TcM - pseudocrítical temperature of a mixture'

T"T - Ërue crítícal temperature of a míxture'

Tt"t - temperature of disappearance of meniscus '

Tn - reduced temPerature.
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v - molal- voltune of the liquid phase or vapor phase.

critical volume.

V- - reduced volrrne.'R

-T,V; - partial molal volume of component í ín the liquÍd
l_

mixture.

V - total volume.

x - mole percent in the 1Íquid phase.

y - mole percent in the vapor phase.

Subscripts

criËícal.

gas.

component í.

ij - i-j ínteraction.

liquid

reduced property.

Supers crip ts

E_ excess property.

id - ídeal properËy.

liquid phase.

(Po) - constant reference pressure of. zero.

Pr - constant reference Dressure.

reference state.

infínite dilution"

Greek Letters

o'rßry - critícal exponents.

ínËeraction constant of molecules L arrd 2"l2
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xZZ(I) - self-ínteraction constant of molecules 2 in the
environment of molecules 1.

ti_ - activity coeffícient of component í.

n - dilation constant of solute 2 in solvent 1.
2 (r)

0 - surface fracËion.

v_., - correlating parameter for critical voh¡ne.
r_J

p - density.

T,, - correlatíng parameter for critical Ëemperature.r_J

0i - frgacíty coefficÍent of component i in vapor phase.

0 - volume fraction.

aceritric factor.

llarllb - dinensionless constants in Redlích-Kwong equation.
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THEORETICAL INTRODUCTION

I. CRITICAL PHENOMENA

I (a) . The Critical Point

The crítical 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 crítical point defines

Ëhe temperature and pressure where Ëhe liquíd and vapor phases have

identical properÈies and is, therefore, a key point ín the construction

of the phase diagram as r,rell as ín the development of a theory of the

1íquid state. Also in some cases a knowledge of the critical temperature

and pressure makes possíble, by van der lnlaalst theorem of corresponding

states, the prediction of the thermodynamíc properties of the compound

when Ëhese propertíes have not been determined experimentally.

Evidence for the exístence of a critical poinË \^ras first presented

in IB22 by de la Totr (1) who observed that upon heating a liquíd in a

stationary sealed tube, at a certain temperature the meníscus between the

liquid and vapor phases disappeared withouË ebullition, yíelding what

appeared by ordinary 1íght to be one homogeneous phase. The meniscus again

appeared on coolíng the tube but the temperature of reappearance did not

exactly coincide with the temperaËure of disappearance.

It was not however, untíl the quantítative measurements of

Andrews on carbon dioxide (2) that the nature of the transítiorl I^Ias

understood. Prior to that time many investigators had tried unsuccess-

fully to liquefy gases by the applícation of pressure and had come to

the erroneous conclusion that Ëhere existed certaín t'permanenË" gases
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rvhich could not be liquefied. Andrews r¡/as the fÍrst 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 critÍcal temÞerature.

From hís studies on the gaseous and liquid states of carbon

díoxide under various condíËíons of temperature and pressure, Andrews

concluded that above this critical temperature, a gas phase exists

which cannot be líquefíed by pressure, but below this critical tempera-

ture, the vapor is condensable by pressure. The crítical temperature

may be defined, in terms of Andrewst classical experiments, as the

temperature at which the meniscus disappears (it being understood that

experímentally it is the average of the temperatures at which the

meniscus dÍsappears and reappears), or as the mínimum temperature above

which a gas cannot, as evídenced by the appearance of a meniscus, be

lÍquefied. The pressure (vapor pressure) required to liquefy a gas

at this criËical temperature is called ¡þs s¡i¡inrl ñrôccl,rô

Tn 1879 van der Iniaals (3) proposed hís now famous equation of

state from which ít follows that Ëhere is but one temperature at r¿hich

the pressure and the volume of a gas equal those of the liquid. Besides

its success in explaíning Ëhe deviafion of gas behaviour from the ideal

gas 1aw, the isothermal lines plotted from this equation reproduce well

the experimentally determíned isotherms. Successful and widely accepted,

the van der hlaals I equation has been the starting point for most sub-

sequent papers dealing with equatíons of state (4).

0n the basis of this theorv. it was concluded. that at the

crÍtical point no discontinuity exj-sts, both líquíd and gas phases



becoming identical in all properties. The critical temperature, the

temperaÈure at which the meniscus disappears rnay be ínterpreted, in

terms of the above theory, as the temperature at rvhich the density of

the liquid becomes equal to the density of the vapor, or as Ehe

temperature at rvhích the properties of the líquid and gas become

idenËical, i.e., a homogeneous phas'e exists at this point.

The conclusion drawn from Andrewts work and the van der hlaalsr

equation rvas that the critical poinË \¡ras a unique point aË rvhich the

meniscus separating the vapor and liquid disappeared and the two

phases became a single homogeneous phase

The r,rork of Andrews and of van der Waals seemed not only to

establish the identity of phases at the critical poinË but to yield the

ad,iitional- deduction that there couid be r-ro liquiú a'uove Lire criLicai

temperature. These two deductions may be said Èo represent r¿hat has come

to be knorvn as the çlassícal theory of the critical staËe. But evidence

which conflicted with the van der Waals' continuity theory v/as obtained

around the turn of the century by several investigators and the concept

of a cri-tícal region in contrast to a critical point r,Ias used to

explain various anomalous critical phenomena.

I(b). The Critícal Region

It was maín1y 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

HogarËh (7), and Hagenbach (B) (to mention a few) had produced whaË seemed
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Ëo be evídence that the liquid staËe may persíst above the critical

Ëemperature, í.e., that the critical temperature does not mark the end

of the liquid state. The belief grew thaË the observed vapor phase

was really only largely vapor wÍEh liquid mixed wíth ít and that the

observed líquid phase contained some vapor mixed with it. At the

críËical poínt the tr^io mixtures became identical. Líquid, according to

Ëhese observers, persisted far above the critícal temperature and

gradually disappeared .

Many different methods were employed to show the persistence of

líquíd above the critical point. Harnay and Hogarth (7) added coloring

maËter to the líquíd and found that above the criËical temperature the

substance in the lower part of the tube \ÁIas more st.rongly colored Ëhan

that ín the upper portion of the Ëube. Others added salt Ëo the liquÍd

to make it electrícally conducËing and found that above the critícal

temperature Ëhe lower part of the tube remained more strongly conducËing

than the upper part.

Kuenen (9) sËated that nearly all the phenomena observed may be

regarded as transítÍon phenomena which would or do dísappear upon

stirring, and thaL if final states after stirring are dealt with, most

of the abnormalíties disappear. Moreover, it has been shown by many

ínvestigaËors that when the substance ís agitated or if time enough is

allowed, nearly all of the abnormalíties do dísappear.

Maass found thaË on heating a fluid of two phases through the

crítical point, the density gradient persisted after the meniscus had

disappeared. This gradíent could not be removed by mechanical sËírríng
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but dísappeared íf the lower end of the tube was heated to a temperature

hígher Ëhan that of the upper end. The temperatures at which the

meniscus appeared and disappeared did noË always coincide.

It is no\¡r very doubtful if any of these observations are

correct descriptions of the true equílibrium behaviour of a real fluid

in a negligible gravitational field. Kuenen (9) in his review of the

older literature discussed the effecË of gravity and of ímpurities on

the critícal phenomena. Schneider and coworkers (13) have shown that

gravitational effects could account for a large parË of the flat-topped

segment of the coexj-stence curve. In Ëheir studíes on xenon and sulphur

hexafluoride they used "bombs" of dÍfferent lengths, 19 cm. and 1.2 cm.

ín boËh vertícal and horizontal positíons. They found thaË the co-

exí.stence curves in the vertical positíon are flatter than those found

when the "bombst' were in the horizontal position. The latter are un-

doubtedly the more "correcttt curves, that ís, they represent the behavíour

of the fluids Ín a neglígible gravitatíonal field, as no densíty gradient

can be set up in a tube of. zero height. trrlhíteway and Mason (14) have

confirmed this behaviour in their studies on ethvlene and ethane.

Apart from the experimental results, Porter (10) furnished a

theoretical basis for a critical region ínstead of a critical point.

He showed that a surface tension m4r become zero before the densiËíes of

a líquid and íts saturated vapor are the same. Mayer (11) has calculaEed

on a statistical mechanical basis the general form of the pressure-voh¡ne

curve for a number of temperatures in the region of the critical

Ëemperature. A review of Mayerts arguments, which are based on the

fugacíËy and virial expansions, is given ín a monograph by Mayer and



o

Mayer (I2). The type of P-v díagram obtained for a pure liquíd saturated

vapor system is given in Figure I. Two critícal or characlerístic

temperatures T, and T" may thus exist. Tm is interpreted ,to correspond

to Èhe temperature at which the meniscus dísapPears and Ëhe surface

tension becomes ze:o. This temperature is lov¡er than the' true critical

temperatur" t", the tentperature at which the P-v curve has an j-nflexion

point for only one volume. At and above T" no differences exist

between gas and liquíd. Below T* a definíEe meníscus exísts and the

condensed phase has a surfa-ce tension'

Although the exístence of a critical region is sti11 co1'rtroversial,

that is, that T* and T. are tr..¡o dístínct ancl separate characteristic

ËemperaEures, sufficient experimental and theoretical results are

available to substantiate the view Ehat the molecular sÈate of the

liquid and the vapor is cerËainly not always identícal aË the Ëemperature

aË which the meniscus disapPears. This would be untrue if sufficíenL tíme

ís allowed for equilibrium to be reached. At this tenperature the liquid

and vapor states may be regarded as miscible, the lower phase in the sealed

tube consistíng of Ëhe liquid molecular specíes saturated with the vapor

molecular specíes and the upper phase consisting of the vapor saturated

with the liquid, the line of demarcation between the two phases not beíng

visible wiLh or<linary light. Sínce a liquid possesses a more defínite

sËructure (order) than a gas, Ëhis structure persists beyond T* and is

not completely broken (disorder) until T" is reached, at nhich temperature

the complete disorder, or complete random molecular arrangement'

characteristíc of the gas state, is finally attained'

In recent years, consíderable attention has been drawn to the

phenomena which occur very near critical points. Several recent conferences

(15,16) have presented ne\,r experímental and theorectícal results which
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FIGURE I. Plot of Pressure agaínst Volume at Different
Temperatures near the Critícal Point
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have established the fact that certain phase transitions, apparently

very dÍfferent, are in fact very simÍ-lar to each other. Rice (17,18)

has revier¿ed the fÍe1d of critical phenomena several tÍmes. A verv

thorough discussion of the classical thermodynamics of the coexistence

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

I (c). Classical Theories

Varíous early attempËs were made Ëo undersËand the occurrence

of phase transitions and the anomalíes ín Ëhe vicíníËy of the criËÍcal

point. The fact that gases can be condensed to liquíds requires that

the pícture of gases as gíven by the perfect gas law (pv = RT) be

modífíed considerably. The formation of liquids can be accounted for

only by the assumption that atËractive forces exist beËween the molecules,

and moreover, since the volr¡ne does not go to zeto, the volume occupied

by the molecules themselves must be appreciable. correctíon for the

voh¡ne occupíedby the molecules themselves r,ras first made by Clausíus QA)

ín connection wíth mean path studies. He deduced the equaËion

p (v-b) = RT for one mole of gas where b is four times the volune of

the molecules themselves

In 1854 Rankine (21) suggested rhe equaËion (P +--?=)V = nf. V'I-
to allow for the attractive forces beËween the molecules. The greatesË

advance in the subject was made by van der inlaals (22) in 1873 when

he took account of both of the effects mentioned above and proposed

his celebrated equatíon (p * fu) (v - b) = RT. This equation represented

quiËe accurately the condítions at the crítical point and represented

qualiËatively the behaviour of fluids aË other points. specifically
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the van der l,riaalst equation predícts that the coexistence curve should

have a rounded top;that the compressíbility should diverge as (r-r";-1

and that the critical isotherm (p-p") is of the third degree ín the

density P-P". The specific heat aË coristanË volume increases linearly

with temperature in the two phase region and drops to the perfecc gas

value r¿hen the one phase region ís entered.

It can be show-n that all the above facts, ví2., (1) the coexístence

curve is quadratic (2) the critical ísotherm ís of the third degree and

(3) the compressibílity diverges linearly are a consequence of a very

general assumption -- that Ëhe free energy behaves analytically around

the critical point, and not just consequerrces of the particular form

of the van der Inlaals? equation. This means that the free energy is

assumed to have a Taylor series expansíon in density and temperature.

In 1907, Weíss with more or less the same reasonings and

assumptíons as van der l¡Iaalse gave a tireoretícal explanation of the

ferromagnetic phase transition using the notion of the inner fie1d. The

third inner field theory r¡/as proposed in 1934 by Bragg and I^iilliams for

the order-disorder transiEions of binary alloys.

These three classícal theoríes (van der Waals, trnleiss and Bragg-

I^Ii1lians) are very simílar to each other though the derivations are

quite different. The fÍrsË two theoríes are based on the assumption thaË

the attractive forces between ttemolecules which produce the cooperative

effecËs have a very long range. As a result, the type of singularíty

which Ëhe critical point represents ís in all the theories exactly the

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

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



makes a finite junp and

the critÍcal densíty r{e

Ëhen decreases.

have

For a van der trrÏaals gas at
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¿)
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For a I^Ieíss
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o'" =fl
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Bragg-InIi

forT>T c

t, Í1 13 Tc - T . IKrl---t T +...i
c

lliams bínary a1loy

for

K{1

T>T- -c
8
.f -;fr- 

-r
tc

(2) et the criËica1 point the coexistence curve is parabolíc.

(3) At the critical poínt the compressibílity or the susceptibilíty

becomes ínfiniËe as (f - f"¡-1.

As can be deduced from the above. the classical theories

represented we1l, at least qualitatively, the observed critical

phenomena but then, since liËtle was known about the intermolecular

forces, it was always thought that the attractive forces had a very

long range.

Later developments showed

cooperative forces were not of a

was influenced by at best a few

necessitated the elucidatíon of

attractive forces by London and

which came ín the late twenties

more and more clearly that Lhe

very long range and that each atom

shells of neighbouring atoms. This

the nature of the van der Inlaals

of the hieíss inner field by Heísenberg

as a byproduct of the quantum mechanical
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revolution. Partly because of thÍs fact and also because the cl-assical

theories, although qualitatÍve1y correct, could not be rnodified so

as to give a precise quantitative description of the phenomena, the

classical theories became more and more discredited in the thírties.

I (d) . Recent Developments in Critical Phenomena

The failures of the classical theoríes were nany. For instance,

by the early 1900rs it was knor¿n that gas-líquid coexistence curves \.{ere

roughly of the thírd degree, in contrast to Ëhe parabola predícted by

van der trriaalsr equation. The best value of the exponent g in

I o - p"l ô( lT - r"l ß t" 0.35 for a large variety of gases, including

evur, 3He and 4He. In binary liquid mixtures, the precise measurements

of Rice and coworkers (18) indicate Ëhat ß is close to 0.33. The

beha.¡iour of the spcific heat yielded the rnost dranaËic e:lar.pie of tbe

failure of the classical theory. It was sholved that near the À - point

the specific heat of he1íum varies rvith temperature as log I t - t, I ," | "I
both above and belor.v T^. For the gas-liquid transition, specífic heats

at constant volume, calculated from PVT data, as well as the few directly

measured C.,o data, show a large increase of C' near the crítícal point,

unexplained by the classical theory.

The first step towards modífying the classical theory of van

der l^Iaals was made by Kamerlingh Onnes r,¡ho represented the experimental

data by a series expansion in the densiËy, the so-ca1led virial expansion.

And the inner field theory of ferromagnetism was replaced by the Ising

mode1, when it was realized that interactions between magnetic spins

were shorÈ range exchange forces rather than long range magnetíc dipole

forces. Isíng assumed the spins to be localized on Ëhe lattice sítes
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of a regular artay and capable of only two orientations ín opposite

directions, so that the inleractíon is only between neighbouríng pairs.

All interactions beyond those between nearest neíghbours 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

dorr¡nward pointing spins by "holes" or empty sítes, the ferromagnetic

Ising model is transformed into a model for the gas;liquid transition,

the so-called lattíce gas.

The summaries of the results of the IsÍng model theories as

well as the theoretical and experimental values of the critical poínt

exponents are gi-ven ín recent reviews by Fisher (23,24), Heller (25),

and Sengers and Levelt-Sengers (26).

A landmark Ín the history of the Ising model was Onsagerls

presentation (27) ín 1944 of an exact solution for Ëhe two-dimensional

model in zero fie1d. This solutíon predicts a logaríthmically díverging

specifÍc heat, whích ímplies that a Taylor expansion of the free energy

ís impossíble at the critical po1nt.

The droplet (physical cluster) picture of condensation for a

f1uíd (tÈV) has been used by Eíerz (28) and de Boer (29) to develop

a theory of the critical regíon. Fisher and coworkers (30,3l) have

exËended their ideas to describe the crítical poínt of liquids. Rice (17)

had earlier considered the process of condensation of a vapor from the

poínt of víew of associatíng molecules. That involves the consíderation

of the equilibrium between single rnolecules, double molecules, tríp1es,

and higher clusters or droplets; Ëhe molecules wíthin a cluster being

held together by van der Ltlaalst or, possibly, dipole forces. As the
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system is compressed Ëo snialler volumes, and more and rnore of the

larger clusters are.formed and, if it is compressed sufficiently,

clusters of macroscopic size suddenly become siable, that ís,

condensation hegíns.

Recently there has been consíderable discussion about the shape

of the coexistence curve in the neighbourhood of the critical point.

As has been mentioned before, accordÍ-ng to the classical van der Inlaals'

theory lf" - Tf should be proportional to (pi, - pu)z near the critical

pointr p¡ and py being the densitíes of liquid u.r,U.rupot respectively,

T being the temperature, and T" beíng the critícál temperature.

Guggenheim (32), however, has collected data on a number of liquid

vapor equilibría, and has found that I t" - f I is more nearly

proportional to (0, - OU)3. (As indicaËed previously (page 10)).

R.ice (33,34) has discussed tbe shape of the coexistence curve

near the critical point very thoroughly, dealing \,ríth both the líquid*

liquid equilibrium and the liquidçvapor equílíbrium. In the case of

the l-iquid ç> vapor equilíbriun the 
"*purià.rrtal 

difficulties are many --

Ëhe effect of gravíty being of great importance. Many workers, for

example Murray and Mason (35), have investígated the properËies of

different systens near the critical point, taking very special pre-

cautíons, but the data which come nearest to penetrating the critícal

region are those publíshed by Lorentzen (36) r¿ho has claímed a

temperature control rvithín about 0.0001o, and rvho has made measurements

within about 0.0010 of the critical temperature for carbon dioxide.

Usíng an optical rnethod for his measurements of density, Lorentzen

has concluded that there is no evidence for a Ëru1y flat top on the
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coexistence curve

l,lidom and Ríce (37) and widom (38) have gÍven a mathemarical

treatment of the critícal isotherm and the equatíon of state of liquÍd

vapor systems. They analysed PVT data on xenon, earbon dioxlde and

hydrogen in the regíon fairly close to, but not ín the immedÍate

neíghbourhood of, the crj-tÍcal poínt. They have shor¿n that ín each case

Ëhe crÍtical isotherm is of the fourth degree, one d.egree higher than

that of the coexistence curve, as ïequired by the theorem of Rice (33).

Recently Davis and Rice (39) have deduced two different Tavlor

seríes 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 stil1 belíeved that no ordínary Taylor series is valid near the

critical poÍnt and Ëhat a more general equation of state such as that

proposed by l,'iidom (38) might prove Èo be correct or nearly correct for

any'hon-classical" region which may exist close to the crítical point.

Experimentally, it has proved very difficult to say with

certainty whether the coexistence curve is horizontal or not. There

is no límít to the accuracy of temperatuïe control to which the measure-

ments should be made. RÍce (40) has made measurements up to 0.0001oc

of Èhe critical point and has concluded that there is no trulv horizontal

portion of the coexístence curve.

II. TH M P_V-T DATA

rt is well known that the thermodynarnic propeities of a pure

fluid can be computed wíth reference to a particular standard stare
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from the usual thermodynamÍc dífferential equaÈíons provided that

(1) the heat c.apaciËy at constant pressure (or volurne) is knovm as a

functíon of temperature for some one pressure (or density) and,

(2), an equatÍ-on of state exists hiith determíned values of Che para-

meters, or there are available extr3nsive pressure*volume-temperature

or equívalent data over the entire range of temperatures and pressures

involved. The propertíes of a fluid mixture of invaríant composition

can be evaluated with reference to a Ðarticular standard stat.e of the

mixture from the same relations used for pure fluids províded thermal

and compressibility data of that particular míxture are given.

However, Lhe problem of ímportance to be solved in the treatment

of the thermodynamic properties of mixtures, is the computation of the

properties of all possible míxtures from thenual and compressíbility

data of the pure constituents alone, and a lcnowledge of certain

íntegration constants of the pure components. The solution of the

problem involves the use of both thermodynamic and statistical methods.

The thermodynanic properties calculated from PVT data are

obtaíned in the form of deviatíons of these propertíes in dÍmensionless

form from ideal behaviour. For example, the dimensionless form of

volume is given by RT(v - v:di; rhaÈ of enrhatpy by (H - H:d)/RT erc.

Thermodynamic functions as function of pressure. can be written

dovrn makíng use of the compressibility f.actor Z. A single chart of the

compressibility factor Z defined by Z = ** , in terms of reduced- Kr'-
quantÍtíes, represents adequately the behaviour of most pure gases.

The fugacity coefficient þ defined by ö : + is obtained by integrating
p

the equation
lnó

* whích is
DTIrv 1

--L

RT
=Z-I

f' u;,u, (1)



P-V-T data ¡víll gi-ve values of 'Z as a function of

Using the equation

,ridE-no

RT = -T

15

P* at a. gíven

(2)

TR.

,D

I {ffi)./e ap

/...r
o

the enthalpy deviation, that is the difference between Ëhe enthalpy

of an ideal gas and that of an actual gas, can be obtaíned.

once the values of ln g and H - Hid are obtaíned the other

thennodynamíc functions are calculated flo* t"ff known thermodynamic

relatíonshíps. Table I gives a sunmary of the thermodynarnic functions.

Table I.

Summarv of Reduced Ther¡nodynamic I'unctíons Pertaining to:.

Volume

Fugacíty Coefficient

Enthalpy

Gibbs Free Energy

Entropy

Internal Energy

-, /'fu
oP

lP ,àz
J 'ðT

ñ?-'dp- Í Z-I¿n
JP
o

dp - (z-7)

Z_

-T

/'
Z_L
Pop

rþlt án\âT/ P *r
Þ

dp

o

o
Þ

I)
o

' zrt
P

All the above equations applY

at whích condensation occurs,

-T or lr
oP

to gases from zero pressure

that is, the dew point. Ifhen

to the pressure

Ëhís pressure
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is reached along an isotherm, the thermodynamic property changes from

that observed for the vapor phase Lo that observed for the liquid phase.

The Clapeyron equatíon for example

r- ^"vapclp ati
dr T^v vap

enLhalpy of vaporizatíon of a pure material.sírzaq fho

dp
¡r r_s rne

\7â n

^H'*t, 
the latent heat

^,,vapatl

and AVvaP, the volume

^vvap

slope of the vapor pressure curve at the temperature considered:

(3)

In equatíon (3)

(4)

of vaporizaLion ís given by

=fi -H__f
óL

change of vapori-zatLon is given by

=\/ -\ioL

Hence from PVT data and certaÍn equaEions of statisËical

the thermodynamÍc properties of pure fluids in the gaseous and

regions can be calculated.

(s)

mechanics

liquíd

III. VAPOR-LIQUID EQUILIBRIA

Although it has been common practice for many years to subject

vapor-líquid equilibríum data to thermodynamic analysis, Ín the past this

practice has been largely confined to 1or¿ or moderare pressures. llhíle

marLy experimental sÈudies of high pressure vapor-liquid equílibria have

been publíshed, 1itt1e work has been reported on the red.uction: of such

data to thermodynamic functíons, but such a reduction is necessary for

ínterpreting and correlating experímental data; thennodynamíc analysis

ís the essenti.àl tool whereby experimental data can be genera.Lized,:,to



17l'

FIGURE II. Plot of Equilíbrium Mole Fraction of Low Boiler ín

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

Curve tysten Conditions

A Chloroform-Ethyl Alcohol

B Acetone-Chloroform

350c

35.170C
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the same data are calculated ín terms of deviaËion factors from Raoult I s

law by the equations

Pvl Pyz
Y- ;-- and \z = * (5)'_L clxl ' y2x2

whereP-totalpressure

P1 = partíal pressure of component 1

anã P = narfial preSSUre Of COmpOnent 2,2 Y*- "-

and the deviaËion factors are plotted on semilog paper against the

composition of one of the componenËs in the liquid, characterístic

curves like those ín Fisure TTT are obtaíned.

These plots are orderly, consistent and more valuable than a

mere graphíca1 representation. The term inLroduced as deviation factor

from Raoultts law is equivalent to Ëhe thernodynamic property, activíty

coefficient. There is a definite relation between the values for the

several components, which, according to Lewis and Randall (41) follows

from the Gibbs relation between the partial molal free energies õ.,, -G2, etc.
t-

ôG., ðG

*11-l)o, + *"{ 2)o. + =o (6)
n r lr r,rdx1 - dx1

Since G, = RT ln f1 * *1, at constanL temperature ðGr= RT â ln f,

and equatíon (6) becomes

AAxt( " ln fr)o, + *r(i 1n fr)o, * - 0 (7)
*ð*1 -!'¡ -â*1 aLtL

In this equation f, the fugacity, can be regarded as the "ideal"

parti-al pressure, and is identical with the partía1 pressure P for

conditions under which the ideal gas laws ho1d.
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FrGUR-E rrr. Plot of Activity coefficients against Mole Fraction.

Curve Sr¡qfam Conditions
Isopropyl ether-Isopropyl Atmospheric pressure

Alcohol

n-Propyl al-cohol-water Atmospheric pressure.
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Lewis and Randall (41) define activity a as the relatíve fugacity,

or the ratío betrveen the fugacity of the substance in solution and its
f. fc

ç-,-^^: +., áâ li ^..-'J TL.-^ I - - a L 1rugacr-ry as a pure liquid. Thus, rf = Ë and "Z = ,o where a, and
*1 ')

a2 are the activítíes of components 1 
^rrã, 

2 respectiveíy and fl ana f!

are the fugacitíes of the pure liquids.

The Gíbbs-Duhem equation (7) can be more conveniently used j-n

terms of activity coefficients.

For binary mixtures âx1 = -âx2 so

â
I- lñ \/ I¿¡1 \^__ 11./m ñf oxl _L Irr

l
xr (i;; ln Y,, )." ot ,r.

r*2

a
= v (-- ---

"t \ r--L OL^
2

À(^* rn Y))r, +
".t1--1.

that

ln vô )|¿,"1 P-, -

+=0 (B)

(e)

(10)

Equations (9) and (B) are of immediate value ín srudying

experimental data on vapor-liquid equilibria by relating the slopes of

such curves as those of Figure III. Sínce the magnitudes of the slopes

are difficult to deterrnine precisely, studies have been made to obtain

convenient mathematical solutions of thís differential equation.

Van Laar Equations

Perhnns fhe

derived by van Laar

log Y1

Iog ",( 
2

In this

being equal to

form, constants

1 values of 1og Y

(11)

A and B have the property of

of the ti,/o curves . Thus,

most useful of the solutions are the equations

(42¡ from a thermodynamic study.

¡\

f r + e"1\z

\ EÏ

1t 
+ s"r\z

\ *t)
ymmetrical

he termina

S

E



aËx. - 0. loe Y - ^ --r = lwhenI_1-öérluo"^1

x. = 0 loe Yo = 0 or Yo = I and ^+ t' - 1
L v vL ,2- - 4!ru dL 

^1 - t

+L^^^ ^^+: ^ c-- !Le I imi fins condi tion thatLIIçÞç ÞdLrÞIy LLlu rfurr Lrr¡6 Lvrrur

component !'ihose concentratíon approaches

2T

x^=01ogY.=B. At

1og Y, = 0 or Yl = 1, and

ñrtRaoult's -Law holcls for a

100 mole per cent.

Margules Equations

Margules (4:¡ íntegrated the Gibbs-Duhem equation ín terms of

a pair of exponentíal series wíth unlimited numbers of terms and then

deríved the constants for one of the equations from those of the other

by applying equation (9). The Margules t\,ro-term equatÍons are

1og Y, = (28

Iog \2 = (2A

The Margules

when A = B.

- Ã)x2 +

-B)xl +

equatÍons

a

2(A - B)x"- (r2)
¿

a

2(B - A)x." (13)
'L

become identical ¡víth those of van Laar

C^-+^1-^-J F^,,^+-'òcarcnaro Equatr_ons

Scatchard and Hamer

obtain equatíons which can

(44) extended the meËhods

be represented by

of van Laar to

zBV 
11ogY.,=A(;;; -

- nu2

2^v2
'lno v - R/ - 

-*"Ô t) -\ F,\I- -'r

BV'r ?
2A(i-:-- - 7)z:

dv I /
L)z- (1 l!\

(1),,
. AVt

Ð"1 - 28,#- t,"Î
-I

where v, . -r ^-^ '.^.r -- .,^lumes.
I- 

v2 dLç ururdr vv

^-r o ^^Å - ^re volume fractíons of thedrru, ¿1 aLLs a2 4

Vtxl
Vlxt * vrx,

components gÍven by

v2xzaL- ^^Åv-arlu -2 -
Yrx, * Y2x,

(16 )
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III B. General Equilibríum Equa,Ëíon

A vapor phase and a líquíd phase are Ín equilibrium when both

are at the same temperature and when fi, tire fugacíty of any component í

in the vapor phase, is equal to that in the liquíd phase, that is,

t7
T.-a

T

-1 (L7)

(1e)

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 composítion;

f .V must be r¿ritten as a functíon of TrP and y, where y is the vapor

phase composition in mole fractíons. Similarly, f1L must be written

as a function of TrP and x, where x is the liquid phase composition in

mole fractÍons. Three auxiliary functions are requíred to enable us

to achieve the above relations: (f)the vapor phase fugacíty coeffícient

ô, (2)the 1Íquid phase activity coeffícíent y and (3) the liquíd phase

standard state fugacity fo. The fugacíty coefficient Q relates the vapor

\/
phase fugacity fr" to the mole fraction y; and to the total pressure P.

Tf i c rlaf ina¡l lrr¡

f-.v
ö+ =;ï (18)

- J iL

Y relaLes the liquid phase fugacíty f. "

a standard-state fugacíty f-oL; itís

activity coefficient

fractíon x. and Eo
1

The

to the mole

defined by .Lr.
_l_y. ='r *írit"

\/T
But for phase equilibri* fi' - fi (Equation 17); therefore, the

equation of equilibrium for any component i ís given by

öiytP = Yr*rf. oL (20)
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As indicated in equatÍon (19) the activÍty coefficient is

completely defined only if the standard state fugacíty t?t is

clearly specified. The definition of f?L , however, is quite arbitrary
I

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 Ís desirable that Y, be of the order of

uníty and therefore the standard state should be chosen accordíng1y.

To ensure that y. be near unity, the standard. state fugacity f9

should be chosen such that to a first approximatíon frl = *rf?

It is common practice to define f? for every component i as the

fugacity of pure liquid i at the temperature and pressure of the

solution. trrlhen this definition is adopted for all components, the

activity coeffícíents are normalízed symmetrically; for every

component i

(2r)

L{hile the above defínÍtion is useful for mixtures of líquids

at low pressures, it has seríous disadvantages for high pressure

vapor-liquid equilibria. First, whenever the system temperature T

exceeds Ts., ihe critÍcal temperature of componenti, the fugacity of

pure liquid i at T is a hypothetical quantity which ís experimentally

inaccessible; it must be found by arbítrary extrapolatíon. The next

disadvantage comes when we consider the relation between actívíty

coefficients as gíven by the Gibbs-Duhem equation. This leads to the

definition and use of adjusted or pressure independent activity

coefficients (t have more to say about them in the section rrThe

Lr_quld ynase ,) .
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Because of the above difficulties the equatÍon for chara ctetiza-

tion of vapor-liquid equilíbriurn (Equation 20) at high Pressures \¡las

obtained by using fugacity coefficients cnly for the vapor phase and

activity coefficients for the liquid phase. The fugacity coefficient

ïepresents the deviation of gases _from ideal behaviour and is by

definition dependent on pressure, vapor compositíon and temperature.

Its values are pracËícally alrvays derived from an equation of state.

III C. The Vapor Phase
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where v is the total volume of the gas mixture and Z is the compressibilíty factor

of the gas míxture at T and P; ni stands for the numbe:: of moles of

component í.

To obËain numerical results from equations (22) and (23) an

equaËion of state is needed. Sínce most equaÈions of state are

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

III C. (I) Equation of State

Since the classi-cal work of van der i^laals in 1873 a large ntrnber

of equaËíons of state have appeared in the literature. Theír degree of

complexityr as indicated by the number of constanEs, has been deliberately

increased to represent better the PVT behaviour of substances over wide

ranges of temperature and pressure. For example, the equatíon of state

proposed by I'fartin 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 equatíon of state concerns the exceptional pol¡/er and

utility of an equatíon of state. I,rlhen combined with appropriate thermo-

dynamic relations, a well-behaved equatíon can predíct rvíth precision,

isothermal changes in heat capacity, enthalpy, entropy and fugacity'

vapor pressure, latent heat of vaporLzation, activíty coeffícients' and

vapor liquíd equilibria in mixtures. Unfortunately, even though the

useful applications of an equation of state are so exÈensive 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 rvhich is truly goocl over a rvide range of density.
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There are tv¡o maín approaches to the development of an equation

of state. One is the theoretical approach based on eíther 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 empírícal or semitheoretical

approach has the greatest success ín representing data with high

precísion over a wide range of density.

There are three decísions to be made before embarking on the

task of finding an equation of state. The first concerns the amount

and kind of data that \,ii11 be required to obtain the parameters in

the equation, the second concerns the range of density to be covered and

the third concerns the orecision with which the PVT data are Ëo be

represented. For some applicatíons, it is desirable to have an equaËion

which can be obtained from a mínimum of data, that ís, the crítícal

temperature, pressure, and volume, or the boiling point, or some

molecular Darameter.

The merits and limiËations of fourËeen of the most coflìmon

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 Redlích and Kwong (49) in

L949 was found to be quite satísfactory and is the one adopted by Chueh

and Prausnitz (50) ín their calculation of vapor phase fugacity

coefficients. The Redlích-I(wong equation is somewhat empirical in

nature and no rigorous justificaLion can be made in its presentatíon.
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The Redlích-Kwong equation is

RTAt =rr]B

ro'5v (v+b)
where, according to R-K -

= o.n2r"l.5

(24)

(25)

(26)

P.-ui

b = f,), RTc-
UL

P"i

i.e., a and b are adjustable constants.
The dimensionless constants 0u and eb ur" 0.42j8 and 0.0867

respectively Íf the first and second isothermal deri-vatíves of pressure

wí.th respect to volume are set equal to zero at the critical point. But

in vapor-liquíd equilibria one is interested ín Ëhe volurnetric behaviour

of saturated vapors over a relatively wide range of temperature, rather

than in Ehe critical region on1y. Therefore, û¿ and fJ5 for each

component are evaluated by fÍitíng eguation (24) to the volumetric data

of the saturated vaÐor.

The Redlich-Kwong equation has been shown by Shah and Thodos (4S)

to be quite satísfactory up to a reduced pressure of p* = 5C for

certain substances but the eight parameËer equation of Benedict, webb

and Rubín (51) does have advantages. The B-I^I-R equatíon is of the

following form
,

P = RTd + (BoRT - Ao - _co.)d2 + (unr - a)a3 + aod6 + cd3 r+yd2"-rd'
12 -?-

(27)

where the empÍrical constants 46, Be etc. are different for

different substances.
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In an effort to ímprove the tr^ro parameter Redlich-Kwong equation,

Redlich et al (52) introduced Pítzerrs acentic factor (53) as a third

parameter but because of their inflexible mixíng rules the equation

failed for míxtures.

Though only the virial equation has a sound theoretical

foundation for representing the propertÍes of pure and mixed gases'

Chueh and Prausnitz (50) have shov¡n that for applicaÊion at densitíes

higher than Ëhe crítical densíty, the Redlich-Kwong equatjon (24) is

quite relíable. The míxíng rules for a mixture containing N cornponents

aÍe 
N

-þ = L'ibi
i=1

where b. = fl6.RTci

D,ci
NN. {-rand a = I / v.v.a... - n'L'J r-J

i=l j=1

where ã,. = Q^,R2T".2'5aa ëat

(n .L'*ij *r

(28)

(2e)

(:o¡

(3r¡

(32)

(33)

(34)

¡')q
âu_i = (o,t * CIaj)R'T-:=-

¡J -- -- CaJ

2P
caJ

P=zRT- cij -cij-'-cij
VcrJ

,, I/3 - L^]/3 + ,r1l31"cij - 2\"ci ' 'cj t

(rr-r, + rrtr)z ..cl-J

r¿here o ís

= 0.29I - 0.08

2

the acentric factor.

(3s)
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The binarv constant K.. is a constant characteristic of the-rJ

i-j interactíon and represents the deviation from the geometríc

mean for T .. K. . must Ín general be obtaíned from somecal r_J

experimental information about the bínary Ínteraction and is, to a

good approximatíon, independent of the temperature, density and

composition. Informatíon about K.. ís provided by second viríal

cross coefficients (54) or by sat,rrate¿ liquÍd volumes of binary

systems (SS¡. Chueh and Prausnitz (50) have reported the best

estimates of K.. for 115 binary systems. There are tvro aspects in

which the mixing rule for 4.. proposed by Chueh and Prausnitz differs

from that proposed by RedlÍch. The first one is the introductÍon

of Ëhe bínary constant I(r., and the second one is the combínation

of crítical volumes and "lmpr.""ibílity factors to obtain a..

according to equatíons (32¡ through (3¡)"es a result of the rtaa.., the

proposed mixing rule does not reduce to Redlíchts original rules¡en

when K.. - 0, except when V-./V-, j-s close to unity.r-J cl- c J

A comparison of Chueh and PrausnlLzt s correlation with a few

others which have been díscussed recently shows that the former, because

it takes account of the deviatíon 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

Iriindsor (57). They obtained too weak an interactíon with the harmonic

mean combínation and too strong an interactíon with the geometric mean

rule.



30

As mentioned earlier (equati.ons (22) and (23)) rhe fugaciry
coefficient, which is a functíon of pressure, temperature and gas

composition, is related to the volumetric properties of the gas

mixture by either of the t!./o exact refations (45,46):

RT ln ó.,a RT-]
PJ dP

/.P{l=t I)L
0

roo r ^*Rr ln g. = I l,*.,)r,u,_,, #l dv - Rr lnz
\/J-

r¿here V is the total volume of the gas mixture and z is
compressíbility of the gas mixture at T ancl p. Equation (23)

one used more often since most equatíons of state are explicit

(22)

(23)

the

Ís the

in
pressure.

rf sufficient volumetríc data are avaílable for a gas mixture, the
fugacity coefficient of component i Ín the gas mixture can be calculated
from either equatíor_ (22) or equation (23). Unfortunately, such

volumetric data are lackÍng, especially for multicomponent systems and

therefore calculations of fugacity coefficíents are most often perforrned.

using an extension of the theorem of correspondíng states or with an

equation of state.

r will díscuss only the calculation of fugacity coefficíents
using an equation of state -- the Redlich-I(wong equatÍon in particular.
The method based on corresponding states has been discussed thoroughly
by Joffe (58) and Lefand er al (59).
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The Redlich-Kwong equation has been found to be satisfactory for
fugacity coeffícient calculations though it is well known that only the

vÍrÍal equation has a sound theoretical foundation for representing the

propertíes of pure and míxed gases. i{hen truncated after the third Ëerm,

the virial equation is often useful up to a density just slightly less

than the críLical densÍty. Methods for estimating second and third
virial coefficients of mixtures have been extensíve1y discussed (60r6r,

62,63,64,65) .

substiturion of the mixíng rules (28) ro (:o¡ in rhe Redlich_

I(wong equation (24) yierds the following expression for the fugacÍty
coefficj-ent of component K in the míxture.

rno{=t"*- + # -2 åyi"ir<
f-r

*ry1 
t" \u

^h,, f+ -K; lr"v+u - bl "_ruRr3/2b2 L v v.bl-t"Ë (37)

where v, the molar volume of the gas mixture, ís obtained by

solving equation (24) and takíng the largest real root of V.

chueh and prausnitz (50) have carried out calculations for

various systems (for example, nitrogen-n-butane at 310oF, carbon

dloxide-n-butane at 340oF, n-pentane-hydrogen sulphide at 160oF) and

the very satísfactory agreements obtained betr¿een calculated and

experímental fugacity coefficients at high pressures led them to conclude

that the revised Redlich-Kwong equati.on can be used for mi-xtures

containíng non-polar or slightly polar gases.
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III D. The Líquid Phase

The thermodynamic properties of liquid mixtures have been

investígated for many years, the basic problern being to relate the

properties of a mixture Èo those of íts components with a mínÍmum

amount of experimental information on the míxture itself. The fÍna1

goal ís to predict the propertíes of the mixture using only pure

component data. This goal has not been reached, even for the sÍmplest

mj-xtures, but for a few types of mixtures it ís now possible to make

good estimates of mixture properties usíng approximate theoríes of

sol-utions. These theories have been developed and díscussed by

Rowlinson (19), Guggenheím (66) and others.

As mentioned before, ín the case of liquids a nev/ function, the

acËívíty coefficient Y is j-ntroduced. For any component i in solutÍ-on,
T

the activity coefficj-ent Y. relates Ëhe fugacity f-- at mole fractíon xi:

temperature T and pressure P, to that at some other conditíon where its

value is knov¡n accurately, that is, the standard state, which must be

at the sane Ëemperature as that of the solution and at some arbítrary

but fixed composition and pressure. Al 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 temperaËure of the

solution has been discussed earlier (see section III B). For every

comDonent i we have

'1
't¿

1
( 38)
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In such a case \^7e say that the actívity coefficients are normalized

sJrrunetrically.

The above definition fails at high temperatures because whenever

the system temperature T exceeds Tc., the critical temperature of

component i, the fugacíty of pure liquid i at T is a hypothetical

quantity r¿hich ís experimentally j-naccessíble and must be found bv

arbitrary extrapolation. If the component in question is not excessivelv

above its critical temperature, extrapolation is allowable. but for a

highly supercrítíca1 component the concept of a hypothetical liquid is

of 1itt1e use since the extrapolation of pure liquid propertÍes in this

case ís so excessive as to lose all its physical sígnifícance. InIe

therefore have a different normalization for a non-condensable

comDonent:

vic
t-

as x.-+ 0
1

(3e)

(40)

non-condensable and

Eo as the solute and the

the normalízatíon of

From equatÍon (39) the fugacÍty of component i becomes equal to

the mole fractíon times the standard state fugacity of i when component i

is infínitely dilute. The concentratÍon region where the activicy

coefficient of a dilute component is equal to uníty is called the ideal

dilute solutíon or Henry's law region. The characteristic constant for

the ideal dilute solution ís Henryrs constant H whích is defined by

Linit
x. -à 0

1

T

r.
l_

t_

In a bÍnary liquid solution contaíning one

one condensable comDonent, the fírst is referred

second as the solvent. EquaËion (38) is used for
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Ëhe solvent actívity coefficient. The standard-state fugacíty of the

sol-vent is the fugacity of the pure liquid and the standard state

ç',-^^: +" ^ç +1^^ ^^'1 ,,F^ {^ U^--,,f!uóaurLJ vr urre so-LUEe t_s nenry s constant.

The use of Henryfs constant for a standard state fugacity means

thaË 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 conveníent correlatíon and the one adopted by

Chueh and Prausnitz (50) is to define the standard state fugacity of

a non-condensable component as Henryrs constant for that component in a

pure reference solvent r which is a constituent of the solvent mÍxture.

Thus, ín a multicomponent solutíon, for each condensable component

Y. 
-) 

1 as x, -+ I and f ?" = fugacity of pure liquíd i,
1l-l-

and for each non-condensable comoonent

y. 
-ì 

1 as x. ----à 0l_a
and

and x. -4 It

where H- (ín pure r) = Limit
1-

x. --+ 0
1

x -+1r

The second dísadvantage of equation (38) concerns the effect of

pressure on the Ëhermodynamic properties of condensed phases. At low

pressures the effect of pressure on the thermodynamic propertíes of

condensed phases is negligible but at higher pressures this ís no

longer the case.

The pressure at whích sËandard state fugacities are most

conveníently evaluated is suggesËed by consíderations based on the

-oLfl- = H, (ín pure r)a1

-Lr.
l_

X.
l_
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Gibbs-Duhem equation, which says Ëhat at constant temperature and

ñrêqq11rê

(4r¡

i

If, however, l{e wish to vary the composition of a two-phase

mixture over all possible composition values at a constant temperature,

the pressure wíll not remain constant. Therefore, if íntegrated forms

of the Gibbs-Duhem equation are to be used to correlate ísothermal

activíty coefficient data, it is necessary that all actÍvity coeffícíents

be evaluated at the same pressure. Hence, experímentally obtained

isothermal activity coefficients must be corrected from the experimental

total pressure P to some consLant reference pressure P{.

tr^ihen the standard state fugacity is defined at a constant pressure,

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

^. :^ ^i--^- L--Yí ¿Þ Bl_ vclr uy

r3-inv) = vi
'AP ^" 'i'T ,x RT

where f- = partial molal volume of component i..
l_

By íntegration of equaËion (42) experimentally obtained

coeffícients are corrected to the constant reference Dressure

(42)

^ ^ + -i .--' +..4çLrVrLJ

P L rnarlê

/PT
".(Pr) ^.P I v.Y.' - Y'i exp / 't ¿P (43)AIJRT

r

The above leads to the introduction of constant pressure activity

coefficients.

/^\III D. (2) Constant-Pressure Activity Coeffícients

Consider a bínary líquid mixLure at temperature T such that
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I is the

solute.

ft

,. .o (P Ï)
^1t 1

dP (44)

Tc. > T > Tc.r; component
L¿

Ís the (norrnally gaseous)

Áâçi-ô,1 1.-,

lp r)
Yì.' =

and component 2

. (Pr)t Yl r_s

_L
ut
RT

ì cn l r¡onf
/ vvLwvLLv

omponent

PÏ
r
I
)

r

\ r]-qur.o

For c

where Pr is a fíxed reference pressure, Vi i" the partial molar

volume of component 1 in the 1ÍquÍd míxture at system temperature T,

.' lP Ï) rP r\r -v\t / 
^\!and ff ' = fì-_'^ _ , the fugacity of pure liquíd 1at reference-L pure 1

pressure PÏ and temperature T.

r.nr nnmnnn an r ? ^.rk 
(P Ï) .: ^ ,Ã ^ç 4 ^Lv,,!pvrrerr- -, \2'- ' is defíned

f-2
-L
\/ ')

or
RT

(4s)

by

Y-

exp

exp
* lPr)

Y_
2 r'Þ r\

- lI\' /'-2"2(r)

where Pr is the same reference pressuïe as that used in equation
-Tf I t\(44) , V 1 is the partial molar volume of component 2 ín the líquÍd

lp ')mixture at system temperature T, and ti?r"í is Henryts consrant for

soluËe 2 in solvent 1 at reference pressure Pr and temperature T.

The reference fuga"ity HjTi] a"l..,as on the solvent I and ís

def i neri hv ^ r
(Pr) [- r'in'it t,\ I' V;

4ití =\*r-+o r l'"n | * dP G6)

L' 'J ,.s,/
. -s 

-l
where Pl is the saturation (vapor) pressure of solvent 1 and

V; is the partial molar volume of solute 2, Ínfínitely dilute in

solvenË 1, both at system temperature T.

At constant temperature, constant-pressure activity coefficients
.,(Pr) *(Pr)tìt and yr' are functions of composition only; they do not depend
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on the total pressure. At constant temperature, these consLant-

pressure acEivity coefficÍents satísfy the Gibbs-Duhem equation

*rd

where for the

Y 
(Pr)
I

, ^,(Pr)rn tl

solvent,

. /ñ !\

+ x^dh.rflt/=Ozl

¡nmnnnanf -l

(47)

( 48)

(s 1)

(s2)

( /r9\

The reference pressure Pr is arbitrary and is most conveniently

set equal to zero.

III D. (3) Excess Gibbs Energy

Constant-pressure actívity coeffícients depend on temperature,

and on composition; the composítion dependence is conveníent1y expressed
Dìk

through the molar excess Gibbs energy g- defined by

*

,*{et) -*-> i" as xz4Þ o

*.r* yÍPt) + - '-,*{Pr) (so¡
l- l- L- 

r( ' -Ltr 
l-

All solute
componencs

F?k
The indÍvidual actíviËy coefficients are relatetl to g " by

1Þr\ ônr ^E/'nf ln Y_)' / = (- - )." o for solvenrst ðni t'rtnj

?t /Df \ â n.n -:tor RT It Y*t" ) - (;- g" )* o for solutesr ðni t?troi

l as xr-? I

and for the solute, component 2

All solvent
componenES

E'

RT

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

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

are held constant.



In víew of the unsymmetríc

ínfiníte dilution with respect to

cornponent 1, that is ,

normalization, gE

component 2 but not

3B

vanishes at

r^rr'fh roc-ê.i f^

(67) the excess Gibbs

of molecules:

-û

.L

.D

o

IÞ

*:7 0 as x, -+ 0

+ Oasxr.-?0
(s3)

ñr\

solutíon (g" = 0) ís one \,/here

rhe fugacity of the light

that of the heavy component by

but

hjith the above definition, the ideal

at constant temperaLure and pressure,

component Ís given by Henryts law and

Kaou-Lt ' s Iavr.

In a manner analogous

energy can be represented by
ÀL

Eg

RT(x.e.*wnl' r'1 "2-42'

where 0,

to that used by trr7ohl

summing interactíons

is the effective volume

*292

(s4)

fraction gíven by

/-F\(Jf,

molecule I and oZZ(t) is the

2 in the environment of

I th I

_2

"zz (t) '2

L *L9-r + *292

where q. ís the effective size öf

self-interacLion constant for molecules

molecules l.

Activity coefficíents can be found from the exact relations
â/Ðf\ onT 

-*ln Y"t" ' = (^-: g" /RT) TPn" t'? "2I ã.,--a

(s7)

where n, stands for the number of moles of component 1 and n,

is the total number of moles.

x rp rl ôrrr 
n?'íln Yr'- / = (;- g" /nt), o -' un2 'r'r"l
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-*A dílated van Laar model is used to express g D as a function

of composition and temperature. The van Laar model provides a good

descrÍption of the effect of composition for mixtures of non-polar or

slightly polar components up to the critical region. Sj-nce the effect

of temperature is not given explicitly by the dílated van Laar model,

it is absorbed ín the temperature dependent parameters which appear in

that model.

III D. (4) A Dilated Van Laar Model for Binary Liquíd Mixtures

Equations (54) and (55) yield the classícal van Laar equations for

uns)rmmetric normalizatíon. It has been shovm by Muirbook (68) that

these equations, containing two adjustable parameters, are unsatisfactory

for describíng the properties of some systems r¿hích are aE a telnperature

much above the crÍticaf temperature of the light component, or near the

crítj-ca1 temperature of the heavy component.

Van Laar's assumption tl-rat g1 and g, are constants independent of

composítion ís one of Lhe reasons for the failure of the classical

treatment. The qrs are Þarameters r¿hich reflect the cross*sectíons,

or sizes, or spheres of influence of the molecules. At conditions l:emote

from the crítícal regíon Ít is reasonable to assume that the q's are

composition independent sínce then the líquid molar volume is close to

a 1ínear function of the mole fraction. but for a míxture of a non-

condensable component and a subcritical liquíd near the critical point,

the molar volume of the míxture is a non-linear function of the mole

fraction and hence the classical van Laar treatment has to be modifíed.

Chueh and Prausnitz (50) ín their modification of the van Laar
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equations asstrned that whereas ql and q, depend on composition, their

ratío does not. Assuming that Q1 and 9, are gíven by a quadratic

funcLion of the effective volume fraction of the solute, we have

gr = vc' (r + nr(l) r') (58.)

9,2 = Yc, (r + n2(1) Þ3) (se)

where Õ, is defined bY equation AxL.

From equations (58) and (59) it can be dr:duced that at infinite

dílution when Q, = 0, {1 = V"l an<l q, = Y.2, that is, the nolecular

cross sections at infinite dilution are equal to the pure component

criËÍcal volumes. The dilatíon constant nr(1) is a measure of how

effectívely the light componenË dilates (swells) the liquicl solutíon'

Solving equation (54) wíth the help of equations (SS¡ and (59),

the constant pressure actÍvity coeffj-cients are given by:

tr, ,Ít" = o rt +
t4

B A;

v", rt
2 Þ?) + B(vf) (.;- ''1

(60)

ril (61)-; Jln Y*(Pr)

where

v", )=[ -- (o:u.l ¿

*zz(t) " -l
3tc (1) utt(t\ Vcl

L LL\L)

^=
ilr =

Equation (60) can be deduced from I^Iohlts treatment (67) for the

*F
dependence of g"o on the composition of the liquíd phase. The fj-nal

form of the l^Iohl equation of the third order for a binary system is

2 ql
Lnrr=ai A+2 01 (BÇ-al+..

*, ? q'2
lnv,=oi B+2a2,o\-B)+"

now \.ie introduce the assumption ttrat þq2

*2v 
"2= ________----

*rv"l * *2v .2

(62¡

(63)

(64)

(6s )

If

A?t óz

= - \47e ODtA].n Ene
-l)
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_Ln Y1

\,/here, aS seen

ññf^7êrq arè 1õF+,

Yr u"

= e o2r*

, the cubic term
c

91 qasappears¿ --

4I

(60¡

and only even

Chueh and Prausnitz (50) did not use the Gibbs-Duhem equati on (47)
+ lP.)to fínd 1n v'ì'-" but they observed Lhat equatÍo's (oo¡ and (6r) provide'2

accurate representatíon of the pressure-independent activíty coeffÍcients
of non-polar binarlr mixtures from the dí1ute region up to the criËÍcal
composition.

III D. (5) Partial Molqr Volume from an Equation_o.E_State

As indicated by equation (42) Ëhe effect of pressure on 1íquid

phase activity coefficients is given by the partía1 molar volumes in
the 1íquid mixture through the equaËíon

(42¡

s trong

function of composition, especÍal1y for heavy componenËs where V.

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 hÍgh pressure phase equilibria requires

partía1 molar volumes, a re1Íable method for calculating them from a

minimun of experimental informatíon is needed

Vt\ in a mixture of NThe partial molar volume of component

components is defined by

. v.
lo l-.AP -.. 'i'T,X 

RT

At high pressures in the critical region, V_ is usually a
a

Given

be calculated

; ,âV .vu = (;: ,lr\ ot,K prTrni(i I K)

a suitable equation of state,

from eqaation (67). Equation
^ñ

l/=-l-l'K 'a.rK'TrVrn. (i # r)

(67)

the partial molar volume can

(67) ís transformed ro

f (x , T,V)âp
l-l
'd\/'T n

a
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since most equations of state are explícít in pressure rather than ín

volume. In vapor-1íquid equílibria what is requíred is partíal- molar

volumes at saturation; that is: \,reneed the saturated molar volume of

the liquid mj-xture. This can be calculated by extending to mixtures,

the corresponding-states correlatíon of Lyckman and Eckert (69) who

revised Pitzerrs tables (70) for the saturated liquid volume of pure

substances for the reduced temperature region 0.56 - 1.00. Before

di-scussing equation (68) thoroughly, attention is turned to a method for

calculatíng the molar volume of a saturated 1íquíd mixture.

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

Up to a Reduced Telnpe,rature of 0.93

The corresponding-states correlation. developed for saturated

liquíds by Lyckman and Eckert (69) gíves the following expression for

the reduced saturated volume

u*=uÍo) + ,u{.t) + or2v(2) ( 6e)

. where o is the acentric f actor (70,7L) .r,a vfO) , uÍt) 
"r,a 

vf2)

are functions of the reduced temperature which have been tabulated for

T ransinø from 0.560 to 0.990 (69).-R -*.-c¡*--Þ --'.*

Chueh and Prausnitz (50) modified equatíon (69) so that the

calculations can be facíliLated using an electronic computer.

Their relation ís

v(j) _ Â(j) + R(j)r + c(j)r2 * n(i)r:uR-dtÐ-R

wnere e(j) ro F(j) ".u coefficienrs for

are tabulated in their publícation (50)

F,\Jz ri)+ - -t- F"',
T.

.t(

ro) rllv:-'. vì*' andK-K

ln (1 - tn)

( zo¡

uá') and
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Relatively good agreement has been observed between tabulated
, l0) lt ) ()\

values of Vj"', V;*' and Vj"' and those calculated from equation (ZO¡.K'RR
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 obtaíned by first

calculating the reduced volumes at T* of 0.990 and 0.995 and then

interpolating to TR = 1.0; by defínitÍor VR= 1.0 and T* = 1.0.

For application of equations (69) and (ZO¡ to míxtures, míxing

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

(55 ,54 ,59 ,72,73,7 4) .

where

and

In

fractions

molecules,

phase than

So. t¡.
z-*LL

i

x,, V ,,KCK

,/ ^.v .+aCl-
i

UJ

M

Q,,
N

rr|_
caJ

(1 - K..)
aJ

(7L)

(t z¡

(7 3)

\t4)

(7 s)

equations (lZ¡ and (73) volume fractions rather than mole

are used since, because of the small separatÍon between

molecular size ís a more ímportant factor in the liquid

in Lhe vapor phase.

I.{e nor,,¡ have a reliable method for calculatins the volumes of

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

The Redlích-I(wong equation (24) , ¡vith certaín alterations. has

been found to províde a reasonable description of volumetric properties

of liquids. The universal constants 0u = 0.4278 and fl' = 0.0g67 are not

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

of staËe 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 Q^ and Q, values for each componenc..AD

For applícation to mixtures, the same mixing rules as gÍ-ven by

equations (28) to (36) are used except that the cube root average for

v is reolaced by the arithmetíc mean of v^. and v^. so as to weightcal ci_ ----- 'cj

the larger molecule slightly more heavily in the liquÍd phase.

III D. (5) c. Partial Molar Volumes

Using equarions (24)

Ehe partial molar volume is

and (68) and rhe mixing rules (28) ro (36),

obtained in the follor,¿íns form:

(7 6)

of the míxture. Once

pressure on liquid-

vK = fËor(1 +H) -2
l\

X
I

xrâr, -ab,,/V+b-L I\i r\

v (v+b)
-Ç--
T'

where V is

the partial molar

RT
(v-Ð 2

the satu

volumes

_ c_ i- zv+¡l- -t^ I ?rz I v'1v*t¡ 2J

rated liquid molar volume

are known, the effect of

rrr D. (5) b. uation of State for Líquid Mixtures



phase activity coefficients can be taken ínto account.

IV. Critical Propertíes of }4ixtures

Much attentíon has been gÍven to the critical properties of

pure fluids both theoretíca1ly and experímentally (2,75) but the critical

properties of mixtures are not known nearly as well, although experímental

data are available for a large number of binary mixtures (19).

Thermodynamic analysís of vapor-liquÍd equílÍbria is difficult

ín the critical region because thermodynamic ploPertíes in that region

are strongly sensítíve to small changes ín temperaturer pressure and

composition. To establish rational methods for calculating vapor-

líquid equilibria, ineluding the critÍca1 regíon, it is necessary to

know where the critical region is or, more precisely, to express the

crítical temperature, critical volume and critical pressure aS a

function of composition. The literature repoTts several corlelatíons

(76,78,78,7g) 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 TemPeraËures

Rowlinson (19) has sho\^rn that the true criLical temperature Ta,

of a binary mixture is, to a good approximation, a sjmple quadratic

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

simple, spherícally symrnetric molecules of nearly the same size.

Rowlínson suggests the following expression:

Tcr=*ttar- + "z'82 2*r*2LTLz (77)
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\,/here ATr, ís a known functíon of ta1 , TCz, VCl and yC2 and a

parameter whÍch depends on the two exponents used in the potential

function for describíng the intermolecular forces.

Rowlinsonrs treatment is not useful for mixtures whose components

differ appreciably in molecular size. The thermod.ynamÍc propertÍes of

such mixtures âre quadratic functions of the mole fraction only at

moderate densities; at 1Íquid-like densities the thermodynamíc

properties of such mixtures are commonly expressed in Ëerms of volume

fractions. rt has been suggested by chueh and prausnítz (50) that

experimentally determíned critícal temperatures could be correlated as

a quadratic function of the surface fraction 0, defíned by

2/3
0, = x.V^.1 1"1-

N 2/3
PJ.VL

i

For a binary mixture, the critical temperature is

Tcr = OtTct + }ZTCZ + 2at02rtZ Q9)

where ,L2 it a parameter characteristic of the l-2 interaction.

IV B. CritÍcal Vofuiunes

The critical volume of a mixture can be expressed as a quadratic

function of the composÍtion if ít ís assumed. that the confiquratíonal

Ëhermodynamíc propertÍes of a dense system are due to two-body nearest

neighbour interactíons, but, as Ín the case of the crj-tical temperatures

ít has been found that the surface fraction is the best parameter for

components of signifícantly different molecular síze. The critical

(78)

then given by
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vohme of a bÍnary mÍxture is therefore written as

Vcr= orVct + ozYcz + 2ofzut2 (80)

where vr¡ is a correlating parameter characterístic of the

7,2 binary system.

IV C. CritÍcal Pressures

The crÍtical pressure cannot be corelated as quadratic functíons

of the surface fraction because iË has been obserwed (75.r rh:r the

dependence of the crítica1 pressure on composítíon is much more strongly

non-linear than that of the critícal temnerârire- and the critical volume.

Both critical temperatures and critical volumes can be related directlv

to the intermolecular potential but critical pressure can be related to

the íntermolecular potential only indirectly througir critical ternperature

and críti-cal 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 compositÍon. The

dj-mensíonless parameters f2, and f2O are determined from experimental

data available in t1-re region of temperature and density where tire

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 experímental and calculated results.
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CHAPTER II

NATURE OF THE PROBLEM AND REVTEI^I OF THE LITERATURE

Although most of the common liquids have been investÍgated at

high temperatures, thermodynamic treatment of their mixtures has been

limited to a particular class of substances, such as for example, the

paraffins at relatívely low temperatures and pressures. This has been

so because the problems in high presslrre, vapor liquírl eqr-rí1.ihrir-rm

thermodynamÍcs are different from those encountered in phase equilibrÍa

at pressures near or below atnospheríc.

Acetone, chloroform, benzene and carbon tetrachloride were chosen

in this study because these materials have been intensively investigated

at 1ow temperatures (the vapor 1íquid equilibrium compositions at

temperaLures ranging from 10oC to 55oC have been determíned for the

binary systems and the vapor pressures of several mixtures of the

binary systems have been determíned at 25oC) and recently Chatterjee (80)

has determined the orthobaríc densities and vapor pressures of the pure

liquids up to the crítícal region.

As well as the vapor pressures and the vapor líquid equílibrium

compositions of the bínary systems, I also determined the gas liquid

crítical temperature of each system as a function of composÍtíon since

as poínted out by Rowlinson (19) the critícal temperature of a simple

mixture (L V) is one of the most direct sources of ínformation on the

energy of ínteraction of two unlike molecules.

The Svstem Acetone-Chloroform

This system has been thorougirly investigatecl at low teiìlperatures.
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Campbell et a1 (81), who reported HE values for thís binary system at

25oC, also showed (82) the existence of a compound between acetone and

chloroform ín the liquid state and calculated t1-^ ^-ô--.' ^f tLa hydrogen

bond from the heats of mixÍng data. The vapor pressure and the vapor

1íquid equilíbrium compositÍons at temperatures ranging from l5oc to

--O^, ^ll ,55-C have been studied by many workers including Zawidzki (83), Rock

tl
and Schroder (84). A complete review of the work done on this bJ-nary

sysËem has been compiled by Chatterjee (85).

The SysÈem Benzene-Carbon Tetrachloride

The vapor liquid equilíbrÍum compositions of this bínary system

at temperatures ranging from 25oC to 45oC have been determined by at

least twelve dífferent ínvestígators includíng Young (86), Scatchard

et al (87) and Fowler and Lj-m (88) and each has reported a somewhat

different result. The existence or non-exístence of an azeotrope has

been a question for more than 50 years. Young (86) first suspected

the formation of arl azeotrope in this system and gave its composition

as 91.65 mole percent carbon tetrachloride at 760 mm Ht. Scatchard

eË al (87) investigated the system under isobaric and ísothermal

conditions at 760 mm Hg and at 40oC but failed to findanazeotrope.

Campbell and Dulmage (89) have stated definítely that the vapor phase

ís never richer in benzene than the 1Íquid phase, over a range from

1 to 99 percent benzene; that is, tirere is no reversal of compositíon

as there would be in passing through an azeotropic point.

The System Acetone-Carbon Tetrachloride

Vapor-1íquid equilibrirm composítions on the system Acetone-
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Carbon Tetrachl-oride have been measured at OoC by GerriLz (90), at

50oC by Severns et al (91) and by many other workers at relatively low

temperatures. Brown and Smith (92) carrÍed out vapor liquid equilibría

measurements at 45oC and concluded that there exists aÍL azeotrope at a

mole fraction of acetone 0.964 and a pressure of 513.2 mm Hr. Etlis

and Rose (93) have measured the vapor pressure of this binary system

over a temperature range of 5 - 25oC,
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CHAPTER IIT

EXPERIMENTAL PROCEDURE AND APPARATUS

I. Purification of the Materials

A. Acetone

Spectranalysed AceËone (ACS) from the Fisher ScienËific Company

was dried with anhydrous calcíum sulphate and distilled to remove ariy

vÍater Df osêrtt ¡ Calcíum Chloride could noË

be used as a dryíng agent because it forms an addition compound.

Organic impuriËies \^Iere removed from the distillate by treating it

\^rith silver nitrate solution, followed by sodium hydroxide solutíon.

The solution was shaken vígorously, filtered and then distílled over

anyhdrous calcíum sulphate. The portion dístilling bet\^/een 56.1 to

56.ZoC under an atmospheric plessure of 746 * Hg was collected. A

fresh sample vüas prepared every week.

B. Chloroform

A fresh sample of chloroform was prepared every three days

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

The principal products of this decomposítÍon are carbonyl chloride

(phosgene), chlorine and hydrogen chloride. Chtroroform (ACS) from the

Fisher Scientífíc Company was treated, to remove ethanol, by repeated

exËractíon with concentrated sulphuric acid and final washing wíth

distilled \^7aËer. The chloroform was then dried with calcíum chloride

and dístilled over phosphorus pent.oxÍde. The final dístillate \Á/as

stored in a brown conEainer vürapped in black paper and kept ín a closed

cupboard to prevent decompositíon by 1ighE.
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C. Benzene

Thíophene free Benzene (ACS) from the Fisher Scientífic Company

was shaken successívely with concentrated sulphurÍc acid until the yellow

color in the acid layer disappeared, then with r,rater, dilute sodíum

hydroxide and finally with t!'ro portions of water. rt was then dried

over phosphorus pentoxide and distílled over pieces of sodium.

D. Carbon Tetrachloride

Carbon tetrachloride (ACS) from the Fisher Scíentifíc Company

was boiled wÍth dilute alkali, potassium hydroxide to remove carbon

disulfide. trt was then shaken wíth a mixture of sodium hvdroxide

solution and potassium permanganate solution and distilled over barium

oxide.

The physical constants, refractive index, and density of the

purifíed materíals compare well with the literature values. Table II

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

TABLE I]

Substance Refractive Ind.ex at 25oC Density at .25oC InvestigaËion
Acetone 1.3561 0.7880 This research

7.3562 0.78799 Schwers (94)
1.35609 0.7880 Rosin (95)

Chloroform L.4433 1.4805 This research
L.4433 L.4806 Campbell et al (96)
L.443L 7.4789 Reinders and de

Minjer (97)

Benzene I.4979 0.8734 This research
1.4980 0.8738 Reínders and de

Minjer (97)
0.87365 Brown and Srnith

(eB)

Carbon Tetrachloríde 7.4576 L.5842 This research

. ,:_. 1.5840 Rosin (95)
L.45/6 1.5843 Fowl-er and Lim

( 88)
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II. Method of Analysís

Generally the analysis of the composÍtÍons of the liquid mixtures

is made from physical properties like density, refractive index, viscosity,

dc. The determíning factors for the suítabílíty of a certaín physical

property for analytical purposes are (1) the accuracy and reproducibility

of the measurement, (2) the degree of variance of the property wíth

concentration and, (3)the requirement of small amount of the sample

in order to finish the measurement.

I tried analysing the vapor liquíd compositions using gas

chromaÊography, since only a very sma11 amount of sample was required,

buË I abandoned this procedure for various reasons, for example, tailing

encountered. Refractive index measurements using an Abbe Refractometer

maintaíneð. at 25.00 t 0.O5oC and the monochromatic lieht of a sodíun

I /-^^^^O.lanp (58934-) were found to be the most suítable. The accuracy of

the refracto¡neter made by Officine Ga1Í1eo of Italy is 10.0001 unit

of refractive index. An uncertainty of 10.0001 ín refractj-ve index

means an uncertaintv of 0.001 ín the values of mole fraction.

III. Determination of Temperature at which Meniscus Dísappears

The critícal temperature, bei-ng the easiest to measure of the

Ëhree critícal constants (Tc, P"r and V") 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 neniscus disappears in a

system maintájled at an overall densíty nearly equal to the crítical.

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

formly, then, depending on the condíËions, one of three things may occur.
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If the overall density is less than the crÍËícal, then the liquid

evaporaËes and the meniscus falls. If the overall density is greater

than the crítical, then the meniscus rises and liquid completely fi11s

the tube", And finally, íf the density is nearly equal to the crÍtical

then Ehe meniscus becomes flatter and fainter unËi1 the critical

temperature is reached when the meniscus dísappears at the centre of

Ëhe tube. It has been observed by many r¿orkers including myself rhat

the overall density does not have to be exactly that of Ëhe crítical to

observe the fluctuating striae characteristic of critical phenomena.

The above method was the one I chose for the study of the three

bínary systems (1)Acetone-Chloroform (2)Benzene-Carbon Tetrachloirde

and (3)Acetone-Carbon Tetrachloride. The experimental tubes r^¡ere 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 Ëhe samples and for transferring

a degrassed sample to Ëhe experimental tube is shown in Figure IV.

A mercury diffusion ptmrp B backed by a mechanical oi1 pump A was

used to produce a vacuum with a residual non-condensable gas pressure

of less than 10 
5mm of mercury. The samples were degassed by a series

of operations r¿hich included freezing with liquid nítrogen and

pumping off the resÍdual gas over tl,e f.rozen liquíd. The freeze-

pump-thaw operaËion uras carried out several tímes to remove as much

dissolved air as oossíb1e.
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FIGUREIV.ApparatusforDegassingandPreparíngl'4íxtures.
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Pure liquid I was contained in flask b which \.{as attached to

the vacuum line by means of a ground joint. The sample was frozen in

liquid nítrogen and the aír above Lhe frozen 1Íquid \¡ras pumped off

with stopcock 6 open. After half an hour, when the pressure would be

-qless than 10 -mrn H* r stopcock 6 was closed and the frozen liquid melted

when entrapped bubbles of air escaped. Flask b was again put in lÍquid

nítrogen to freeze the sample and stopcock 6 opened so that the flask

could be evacuated. This process l{as carríed out several times uo

errsure that most of the aír had been removed from the sample. Then a

calibrated 1 mm internal diameter capillarv tube d r¡/as connected co

stopcock 7. I^iíth all stopcocks except 6, L4 and 7 closed, flask b

was l^/armed and the tip of the capíl1ary tube d ¡uas cooled with liquid

nítrogen so that liquíd 1 would disLil into d. Using a cathethometer

(accurate to 0.05 mm) to measure the length of the tube occupied by

liquid I at room temperature and knowing the density of the liquÍd

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 materíal in d was then totally vacuum

dÍstilled ínto 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 Drocess as described for

componenË 1 was carríed out. Finally a known length of component 2

fron d r¿as distilled into the sample tube. Knowing the weight of each

component ín the sample tube, the composition was calculaËed. The

sample tube was then sealed off at Ëhe constriction with the sample

kept frozen in líquíd nítrogen.
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The tube with a sample of known composition \.^ras then placed

ín the thermostat (for a description of the tlrermostat see section III

(a)) which rvas initially keptat 200oc. A rough guess of the crltÍcal

temperature of a mixture could þc mnrle ená for lþs final few degrees

before reaching Ít, the rate of heating of the sample was very slow

(a very srnall heater r¿as used to heat the sílicone bath). The

meniscus which becomes faint and hazy as the temperature is raísed

was observed through the glass window by means of a telescope placed

t\^io metres alúay from the thermostat. As soon as the meniscus dísappeared,

the temperature, measured by a copper constantan multiple junction

thermocouple, was noted. The thermostat \47as allowed to cool- down

slow1y and the temperature at which the meniscus reappeared ruas noted.

The mean of the tI¡Io temperatures was taken as the correct reading. The

reproducibility of the observatíons of the critical points r^ras 0.05oC

Ëo 0.10oC for the míxtures. The above procedure was carried out over

the whol-e range of concentration for each binary sysrem.

III a. The Thermostat

The thermostat is shown in fiorrrc \L Tf consísts of a glass jar

of 5 litres capacity lagged with vermiculite and contaíned in a metal

container except for a glass in'indow 3 inches wíde by 9 inches high. A

bulb placed directly behind the window ín the vermiculite insulacor

illurninates the thermostat and a1lows clear observation of the sample

tubes. The thermostat liquid was stirred by a paddle rotated by a

powerful motor and the temperature \^7as controlled by a solid state

Proportional Temperature Controller manufactured by Athena Controls Inc.,
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FIGIIRE V. The Therrnosrat.
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Pennsylvania. To prevent corrosion by the thermostat liquid the

temperature sen.sor l¡/as a therrnistor sheathed ín staínless steel and

the heating element i,¡as encased in non-corrosive "Nickel-Chrome-Iron"

alloy. The temperature vras measured using a multiple junction copper

constant,an thermocouple in conjunction r¿ith a Tinsley vermier

potentíometer (Type 43634) measuríng to a mícrovolt for the emf

measurements. The thermocouple was calíbrated with the standard

temperatures of the ice point, steam point, meltÍng poínts of tín,

bismuth and cadmium with the cold junctÍon Ín a bath of melting ice.

The thermostat liquid was Dow corning silicone oil 550 up ro

a temperature of 225oc and a eutectic mÍxture of potassium, sodiurn

and tithium nitrates l¡/as used for temperatures higher than 2250C. 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 t0.03oC up to 225oC and t0.03oc above thar.

IV. Measurement of Vapor-Liguid Compositions

In the measurement of vapor-liquid equilibrium compositions one

is interested in separating the vapor and liquíd phases and determÍning

their compositíons at equÍlibrium. This can be achieved by the following

methods (a)Distillation Method, (b)Círculation Method, (c)Staric Method,

(d)Dew and Bubble Point Method and., (e)plor¿ Method.

r 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 vr. The cylindrical glass bomb,

16 cms. long and 5 cms díameter, made from thick wa11ed pyrex vras

divlded i.nto two compartments by a ring seal such that the upper
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FIGURE VI. Sectional View of the Glass and Metal Bombs for
Vapor-Liquid Equilibrir¡n ComposÍ-tion Determination.
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compartment T,{as twiie as large as the lower one. The liquíd could

ínitial1y be íntroduced into the lower compartment through the centre

tube. The ring seal had vents through v¡hich the vapor could escape to

the upper compartment. These vents were bent so that there \,/as no

possibí1ity of the condensed vapor mixing with the liquid phase.

A sample of about 30 nl volume, whose compositíon was made up

by weÍghing, rras íntroduced into the lower compartment and f.roze¡-

using liquid nitrogen. The centre tube was attached to the vacuum

pump and the glass bomb iuas evacuated. After a couple of hours the

centre tube was sealed off so that a closed system was obtained.

The bomb was allowed to \¡/arm up to room temperature and then placed

ín a metal container r¿hich had a glass sleeve, containing some of the

sample, ín the inside. This was done so that the pressure inside the

glass bomb could be equalised by the outside pressure and hence

prevent explosÍon. The glass sleeve was used because the organic

materials underwent extensive decompositíon when heated, with the metal.

The metal contaíner had a screür cap which fitted tightly on

the cylinder. To gec a very good seal a copper o ríng was used between

the cap and the collar of the cylinder. The Allenhead bolts were

then screwed dov¡n so that the 0 ring sat tíghtly on the groove made

on the collar of the cylinder. A pressure-tj-ght system was thus

obtained.

The metal container was then attached to a shaking device and

lowered into the thermostat whÍch was kept at a required temperature.

The shaking device is shown in Fígure vrr. rt consists of a powerful

moËor mounted j-n a horizontal position and bearing on its shaft an
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FIGIIRE VII. The Metal Bomb in the Hieh

Shaking Mechanísm.

Temperature Bath with the
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eccentric cam A whích rvas in turn mounted on another eccentric annular

disk B. The dísk B consisted of a thrusË bearing C mounted inside an

al-umÍnium col-lar whÍch had an annular aluminíumcover D restíns on the

thrust bearing and overhanging the outside of the collar. The metal

extension E of the metal contaÍner protruding upwards vras scre\^/ed on

to an aluminium disk F which fitted and rested on the annular aluminÍum

aluminíum disk B of the shaker. The whole apparatus was kept

immersed in the thermostat and shaken for twelve hours to allow

equilÍbratíon.

The bomb was then removed from the bath and immediately chilled

usíng a mixture of ice and water. The cap vras taken off and Ëhe glass

bomb removed and chilled in cold \,/ater. The vapor condensed on the

wal-fs of the bomb and collected over the ring seal. The seal on the

stem of the bomb rvas broken and the lÍquid and vapor phases r¿ere

wíLhdrawn from the lower and uppercompartments respectively using

separate syri-nges. The two phases \¡/ere then analysed using an Abbe

refractometer maintained at 25.00oC.

V. Measurement of Vapor Pressure

I used a closed manometer, whose operation is based on the

compression of a knovm volume of air, to determine the vapor pressure

of the three bÍnary systems over the whole concentration range. The

apparatus is shown Ín Fígure vrrr. The section of the manometer

containing the bulb A was made of thick 3 mm diameter capillarv tube

and the rest of the apparatus r¡ras 1mm díameter capillary.

The tube c, around 80 cms 1ong, was íníiia11y calibrated every

l cm along its entire length. The calibration r^ras carried ouË at



64

FIGURE VIII. Mercurv-Air Manometer.





o)

25.00oC using pure distilled meïcury. Bulb A and about 12 cms of

3 mm interval diameter capillary on each side of it were Ëhen calibrated

so that the volume of vapor and the voh¡ne of 1íquid could be measured.

The two tubes were then joíned taking care to avoíd much distortíon in

Ëhe g1ass.

Pure mercury \^ras added to the mariomeËer Ín such a \,ray that bulb

A was filled. The apparatus was then attached at both ends to the

vacuum pump and the mercury rÁias r¿armed slowly so that all entrapped

air could be removed. The manometer v/as tapped líght1y to help the

degassing process.

A sample of known composítion üras then vacuum distilled on top

of the mercury in bulb A by the process descrÍbed earlier. The

mercury and the sample vrere then frozen using liquíd nítrogen and

evacuated. The process of freezíng-pumþíng and thawing was continued

until all resídua1 aÍr had been expelled. The top of the 3 mm tube

was sealed off while the sample \^7as stil1 f.rozen. The whole manometer

was thendísconnected from the pump and allowed to \^/ann up when the

mercury would push the liquid up to the end of the Ëube. The end of

C was then sealed off and the atmospherie pressure vras read. The

volume of air in C under atmospheri-c pressure and at a temperature of

25oC (tube C was enclosed Ín a glass mantle which was kept at 25.00oC)

was obËained using a cathethometer accurate to 0.05 cn.

The apparaËus \^ias thenplaced in the high temperature bath making

sure that the 3 mm Ëube was completely immersed. The thermostat con-

tai-níng silícone fluid 550 was initially kept at 100og and írs temperarure

was raísed to about 5 degree intervals after each readÍng. The
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salt bath kept initíally at 200oC ivas used for the temperature range

200oC to 2B0oC. The volume of vapor, volume of 1íquíd and volume of

air in C r,vere read usíng a cathethometer. Van der l^laals I equation

was used to calculate the pressure froni 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 trnlaalsr equation is quíte satisfactory

to calculate the vaDor Ðressure.

Thirtv mi.nutes were allowed for establishment of eclrrilibrium--- --*- -J

I could not allow more time because the samples decomposed on heatíng.

Two sets of experiments !üere carried out. The temperature \.^ras raised

from 100oC to 190oC in one set and usíng a completely separate filling

the temperature was raised from 200oC to 2B0oC for the other set. It

\.^/as assumed throughout this work that the composition of the liquid díd

not change appreciably as the temperature was raised. The vapor phase

was always much smaller than the líquíd phase.
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CHAPTER IV

EXPERIMENTAL RESULTS

I. Critical Temperature

I. (A) Pure Líquids

The temperature at r¿hich the menÍscus disappears (that is, the

mean of the temperatures at whicir the meniscus disappears and reappears)

has been obtaíned for each pure liquíd. They are gÍven belorv in

Table III. The uncertainty of the measurements is t0.loc.

TABLE II]

Critícal Temperature of the Pure Li,quíds

Subs tance Critícal Temperature (oC)

Acetone 235.0

Carbon Tetrachloride 283.2

Benzene 288.0

Chlor:of orm 263.2

I (B) The Systein Acetone-Chlo_roforrn

The gas liquid crítical temperatures for this bÍnary system have

been determíned over the r¿hole concentratíon range. The results are given

Ín Table IV,

Figure IX represents the variation of the critícal temperature

with composition in mole per cent. It was observed that chloroform and

mÍxtures havíng relatively high chloroform content developed a yellowísh

color on prolonged heating. For this reason the Lubes containing these

mixtures rvere introduced ín the bath when the temperaEure was only a few
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TABLE ]V

Gas Liquid Crítical Temperatures of the System Acetone-Chloroform

Conposítion of the Mixture
Experimental Crítica1

Temperature (oC)I4oLe % Acetone Ilole % Chloroform

100

95.98

86 .50

76.94

70.60

60 .57

53.00

39. 85

22.50

7.7L

0

0

4.02

13.50

¿5.UO

29 .40

39 .43

47 .00

60. 15

77.50

92.29

r00

235 .0

236.50

239.70

243.05

245.00

248.75

249.7s

251.s0

26r.05

263.20
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FIGURE IX. Gas-Liquid Critical Temperatures of fhe Acetone-

Chloroform System as a Function of Mole percent
Chloroform.
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degrees from the critical poínt.

I (C) The Systern Acetone-Carbon Tetrachloride

The gas líquid crítical temperatures of this bínary system are

gÍ-ven in Table V. The data are plotted in Figure X.

TABLE V

Gas Liquid Critical Temperatures of the System Acetone-Carbon Tetrachloride

Composútion of the l'{ixture

MoIe Z Acetone NIoLe '/" CCI;.

Experímental Critical
Temperature (oC)

6"50

72.50

20.90

27.60

39 .50

52.90

64 .50

78.20

95.25

100

100

o? \n

87.50

79.r0

72.40

60.50

47.r0

35 .50

2I.BO

ô

283.20

279.50

276.40

27 L.7 0

268.40

¿o¿.)u

255.60

249 .90

243.55

236.65

235.0

I (D) The System Benzene-Carbon Tetrachloride

The gas liquíd critical temperatures of this bínary 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 r,¡i-th composition.
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FIGURE X. Gas-Liquíd Critical Temperatures of the AceËone-Carbon

TeËrachloride System as a Funct.ion of Mole percent

AceËone.
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TABLE VI

Gas Liquíd CritÍcal Temperatures of Ëhe System Benzene-Carbon Tetrachloride

Composítíon of the Mixture

MoIe Z CCIO l4ole % C.H.oo
Experimental Critical

Temperature ("C)

0

qoô

16.25

26 .40

38.22

47.33

56 .00

76.50

90.42

100

100

94.r0
83. 75

73.60

6I.78
52 .67

44.00

23.50

9.58

0

288. 0

287.4

286.9

286.5

285.7

285.3

285.0

283.9

283.s

283.2
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FIGIIRE XI. Gas-Liquid Crítical Temperatures of the Benzene-Carbon

Tetrachloride System as a Function of Mole percent

Carbon TeËrachloride"
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II. Vapor Líquid Equilíbrium Compositions

II (A) The System Acetone-Cirloroform

The vapor liquíd equílibrium compositions of the binary system

Acetone-Chloroform have been determined at 1000 , l50o , 1600, 1700

and 180oC. As mentioned earlíer this binarv svstem could not be

studied at hígher temperatures because of decomposÍtion. The

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

XII, XIII, XIV, XV and XVI.



TABLE VII

Experímental Vapor Líquid Equílibríum Compositions of the System

Acetone-Chloroform at Different Isotherms

75

TloLe "A Acetone
l-!r Lrlluru

\[,o7e "/" Acetone
in Vapor

Mole Z Acetone
ln t.tñrrtñ
-_' --a---

l|oLe % Acetone
í-n Vapor

15 5

)1 t
29 .6

46.2

54 .8
63. B

ar. oo

') (\

o/,
16 .6
?q n

31. 1

3B. s

51. 5
60. 5

70.0
77 .5
85. s

T = 100oC
L3 .4
17. B

26.8
?< /,

51.5
61.5
Á?o
7 4.2
83. 5
93.22

150oc
1.0
6.L

73.4
ôô /¿¿.o
,oa
39 .5
4s .4
56.0
6s.0
7q q

84.0
89.s

1600C
6.4

17 .6
2r.0
31. 5
33. 0
4r.4
44.9
q? /,

75. 8
85.B

9.2
1q n

18.9

28.7
31. 9

JO.J
37 "B
45 .4
50 .6
59 .6
70.6

1700C
7.2

14. 8
17 .o
23 .5
29.r
34. 0
39 .0
40. 8
51. 0
J I .V

66.2
76.8

lB0oc

J.O
'7q

1? ?

23.0
32.4
44.4
52.9
60. 0
68.4
75.2
84. B

92.r

T-

¡rl-

rT, 
-

4.6
a/,

14.4
2r.6
)o ?

39. B

46 .4
53.0
60.1
68.0
78. 1
87 .4

19.2
23.2
?oa
?1 A

38.4
40. 8

46 .0
67 .4
79.2
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FIGIIRE XII. Vapor-Liquíd Equilibrir¡n Composítíon Curve of Ëhe

System Acetone-Chloroform at 100oC.
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FIGIIRE XIII. Vapor-Líquid Equilíbríum Compositíon Curve of
the System AceËone-Chloroform at 150oC.
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FIGURE XIV. Vapor-Líquid Equilíbrium Composition Curve of the

System Acetone-Chloroform at 160oC.
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FIGURE XV. Vapor-Liquid Equilibrirmr Composition Curve of the
System AceËone-Chloroform at 170oC.
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FIGIIRE XVI. Vapor-Liquíd Equilíbrium Composition Curve of the

System Acetone-Chloroform at 180oC"
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/ñ\II (B) The System Acetone-Carbon Tetrachloride

The vapor liquÍd equilibríum composítions of this binary system

have been d.etermined at 1000, 1500,2000,2500 arrd.27OoC. The dara,

shoi,'¡n ín Table VIII are plotted in Fígures XVII, XVIII , XIX, XX and

XXI.
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TABLE VIII

Experimental Vapor Liquid Equilibrium Compositions of the System

Acetone-Carbon Tetrachloríde at Ðifferent Isotherms

l[oLe "/" Acetone
ín Liquid

M,oLe Z Acetone
-íñ \7^*^-rrr yaPU!

Mole Z Acetone
in Liquid

l(ole Z Acetone
in Vapor

2.98
6.22

1e /,(
15 .01
20.92
24.89
34. 11
40.72
46.80
52.0r
58.20
72.02
86.70
95.01

t = 100oc

ì v/

13. 01
26.22
?a qn

43.02
55 .01
60.92
67.54
72.12
76.54
aq o?

93.60
o7 (n

T = 150oC

5 .87
L]-.52
26.62
33.72
37 .24
47.62
57 .02
58. 1r
/^ 1^

69 .26
78.24
80.62
90.68
98.24

6.22
7.2L

15.01
24 .89
29.9
34. 11
46. B0
58.20
72.02
77 .5
86.70
94.0

T = 200oC

9 .00
IO.T2
21. 00
27.2L
36.6
38.42
52.L6
64.44
76.70
83.0
90.42
96.2

3.27
6.22

15.01
¿U. JO

24. 89
34.17
40.12
46 .80
52.0r
58. 20
66.r0
72.02
86.70
96 .42

4.6
oa

2L.6
30.3
40. I
46,2

I_

T-

25ooc

7.r
1) O

26.6
36.6
44.0
¿o o

27oac

o)
17 .2
12 /,

o.J
L2.6
19.2
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FIGIIRE XVII. Vapor-Liquid Equilibrium ComposiËíon Curve of the

System Acetone-Carbon Tetrachlorid.e at 10OoC.
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FIGURE XVIII. Vapor*Liquid EquilÍbrir¡n Composítíon Curve of
Systern Acetone-Carbon TeËrachloride at 150oC.
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FIGIIRE XIX" Vapor-Liquid Equilibrium Composi-tion Curve of the

System Acetone-Caïbon Tetrachloríde at 2O0oC.
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FIGURE XX" Vapor-Liquid EquílíbrÍum Compositíon Curve of the

Svstem Acetone-Carbon Tetrachloride aË 250oC.
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FIGURE XXI. Vapor-Liquíd Equílibrium Composition Curve of the
System Acetone-Carbon Tetrachloride at 27OoC.
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II (C) The System Benzene-Carbon Tetrachloride

The vapor liquíd equílibrium compositions of the system

Benzene-Carbon Tetrachl-oride have been determined at 100, l0B, 150,

. ^ -^o200,250 and 210-C. The experimental results are shor¿n in Table IX

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

XXVII.
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TABLE IX

ExperÍmental Vapor Líquid Equílibnium Cornpositions of the System

Benzene-Carbon Tetrachloride at Different Isotherms

Mole % Carbon
Tetrachloride

lrr Lf q uru

M,o7e % Carbon
Tetrachloride

r'n \/¡nnr

l{ole % Carbon
Tetrachloride

alr laquau

Ilole Z Carbon
Tetrachl-oride

in Vapor

8.2
22.2
40.s
43.s
46 .2
49 .6
6r.2
7 8.3
83. 9
87 .8
o/, o

18. 7

2L.2
24.4
34.0
46 .4
63. 8
70.2
76.8
80. 5
85. 8

B7.B
93.7
96 .6

9.6
14. 8

25 .6
39 .3
46 .6
55. B

59 .6
66.8
7 3.4
91. B

95 .4

t = 100oC

qq

24 .4
4L, B

44.2
47 .9
51. 6
62 .6
80.0
85. B

90.2
97.r

T = 108oC

20.0
22.2
25.2
i/
JO.J

47 .4
64.3
70.9
77.6
BL.2
86.3
BB. 6
o/, q

o-7 1Jt. t

t = 150oC

10. B

16.0
26 .4
+L. J

47.9
56 .5
60.9
68.6
74.6
92.8
95.9

11.0
17.5
4r.2
50. B
ql n

57 .8
72.6
8r. B

82.2
92.8
96.r

11. I
,^ 2

29.0
44.0
50. 4

7 r.7
73.6
80. s
BB. 1
94.0

o.¿
18. 8

3r. I
53.6

^/, ^
80.0
87 .3
91. B
oq n

t = 200oC

L2.0
19. 5
42 .2
52.0
52.0

74.L
84.2
84 .6
94.2
q7 ?

T = 250oC

12.5
27.L
29 .4
44.2
5r.6

74.4
81. 3

90.2
94 .6
96.6

T 
- 

17^ô^
I _ LIU-U

t^
I.V

10 Á,

32.6
q,h q

aî rì

88.4
ot /,

oq /,
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FTGURE xxrr" vapor-Liquid Equilibrium composirion curve of the
System Benzene-Carbon Tetrachloride at 100oC"
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FIGURE XXIII. Vapor-Liquid Equílibríum Compositíon Curve of the

System Benzene*Carbon Tetrachloride at 108oC.
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FIGURE XXIV. Vapor-Liquid Equilibritun Composition Curve of the

System Benzene-Carbon Tetrachloride aË 15OoC.
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FIGIIRE XXV" Vapor-'Líquid Equilibriuur Composítion Curve of the

Svstem Benzene-Carbon Tetrachloride at 200oC.
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FIGURE XXVI" Vapor-Líquid Equilibrium Cornpositíon Curve of Ëhe

System Benzene-Carbon Tetrachloride at 2500C"
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FIGURE X,\VII. Vapor-'Liquid EquilÍbrium Composition Curve of
System Benzene*Carbon Tetrachloride at 27OoC.
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96III. Vapor Pressures

III (A) The System Acetone-Chloroform

The saturation vapor pressure of the system acetone-Chloroform

was determined over the whole concentration range frorn 100oC to 1B0oC.

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

Experímental Saturati-on Pressure of the Svstem Acetone-Chloroform

Temp.(oC) Saturation Pressure(Atm) Temp" (oC) Saturation Pressure(Atm)

NIoIe % Acetone

100.0
105 .5
108"0
110. 8
IL2.5
119.0
TzL.I
r24.5
130. 6

r32.0
137.0
L42.0
r44.5
LsL.2
153"0
760.2
161.0
ro4. .f

772.2
L76.5
181. 4

MoLe % Acetone

100.0
L04"5
LLL.2
LLz.2
118.0
L20.6
126"8
130. 3
131. 0
138.5
141.0
L42.3
150.4
153.6
162 "0
166.2
77L" 4
178. 0
1Br. 5

míxture = 7.50

3.20
J. ¿+¿

3. 98
4.14
4. 30
5.L2
5. 19
5 .96
6.40
6.62
6.96

8. 13
9. 3s
9.6L

11 /.aLL. +L

11.58
12.26
l-3.7 6

15. 36
L6.70

míxture = 12.52

3 "r9
3. 86
4.72
+. JU
\ tt I

5.74
s. 98
6 .39
6 .52
7.56
7 .84
B. 07
o 1./,

9.86
LL.4L
12.52
13. 70
16.00
L6.66

MoLe % Acetone

100.0
101"5
L08.2
110"6
11q ?

LzL.O
L22.8
r30. 8
l_J1". o
139.0
747.2
I4J. )
r52 "6

161. 8
163.7
170.6
L77.6
T79 "L
1BO. B

YIoLe % Acetone

100.0
r04.2
LLO.2
110. 8
IIO.)
L2I.3
I22.8
I32.0
]-36 .4
141. 10
r42.0
150.5
156. 0
t59.2
L62"0
IOJ. Õ

L7I.6
176.4
180. 6

in mixture = 23.54

? 1R

3.27
4.01
4. .LU

4.94
5.12
s. 36
6. 38
6 .56
7.72
7 .83
8 "I7
9.32

r0.26
11. 40
12.20
L3.79
14.01
16.27

ta
-LO . 40

ín mixutre = 3L.32

3. 18
3. 9r
4. 08
4.20
4 .56
5.10
5 .67
6 .34
7 .0r
7 .82
8. 01
o ?q

LO.2L
IL.12

^/-L-1 . JO

72.26
]-3"94
16.22
17 .IO

1n

an
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TÄ3LE X (Conrrd)

Experimental Saturation Pressure of the Sy.stem Acetone-Chloroform

Temp. (oC) Saturation Pressure(Atm) Ternp" (oc) SaËuration Pressure (Atm)

l{ol-e % Acetone

100. 0
70L.2
ro9 .4
110. 8
LI6.5
I2I"2
128. 0
131.0
r32.8
r40. 0
143. 5
150.7
159.0
160. 8
L64.4
17I"2
L72.3
r80.0

MoLe % AceËone

r00"0
706.2
110. 9

111"8
L22.6
728.2
130. 6
L32.0
139. B

140.0
L46.2
150. B

158. 8
L60.2
L69 .8
17L.O
r72.2
180.6

in mixture = 41.56

3.22
3. 46
4. 01
4.L2
4.86
5. 16
6.20
6.42
6.82
7 .92
8. 16
I ìt I

LL.52
L7.64
L2.28
1t
J-t+ . ¿J

]-7.35

in míxture = 54.04

?2^
3. 86
/, 10

4.42
5.25
a 4^o.)¿
6 .55
6.72
qno
B. 11
9.02
9.86

TT.72
72:00
L4.52
L4.60
14.82
77 "76

NIoIe % Acetone in
100.0
LOI.2
108. 7

111.0
TLz.5
I20 .6
126 "4
T3T"2
138. 6

I4l-"I
r42.5
r51. 0
L56.2
160. 8
L66 "4
L72"0
178.8
180. 0

þloLe "/" Acetone ín
100.0
L04.2
111. 6

118. 8
120. B

L29.2
r32.0
736 .4
I4I.2
r48.4
150.6
L52"6
160.0
l-65 .4
170. I
171.8
180.0

míxture = 62.43

3. 3r
3.39
J. vo
+. ¿J
4.48
5 .34
6.02
6.70
? oa

8.28
B. 51

70 "r2
11. 01
12"28
13.62
L4"86
L7.87
18. 14

mixture = 80"01

3.46
3"87
4.46
). JU
s"60
6. 86
7.2L
8.0r
8.7 2

10.01
10.7 2
LI,2L
72.96
LJ. ¿O

L5.56
76.12
1A OL
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TABLE X (Contrd)

Experimental Saturation Pressure of the System Acetone-Chloroform

Temp. (oC) Saturation Pressure(Atm)

MoTe %

100. 0
L02.5
111. 0
LL6.2
120. 0
722.8
130. 8
L37.7
L4L.2
152. 0
1s4.4
163. 0
L7 6.0
180.0

Acetone in mixture = 92.94

3.86

s.02
5"86
6.26
7 .42
8.56
9.L6

LL" 42
12.72
13.78
77 .20
L9.60
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FIGURE XXVIII. Línes of Constant Composútion on a P*T Diagram

for the SysËem Acetone-Chloroform"
(The mÍxtures r¡rere not plotted for claríty's sake.)
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III (B) The System Acetone-Carbon Tetrachloríd.e

The saturation vapor pressure of the system Acetone-carbon

Tetrachloride was determj-ned over the whole concentratÍon range from

100oc to 270oc. Table xr gives the experimental d.ata obtaÍned for

vapor pressure measurements of nine mixtures of the binary mixture.

Figure xXrx shows the constanË composition plots of the relatíon

beEween pressure and temperaËure aE the bubble poj-nts of the

acetone-carbon tetrachloríde svscem.
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TABLE XI

Experimental Saturation Pressure of the System

Acetone-Carbon TeËrachloride

temp.(oC) Saturation Pressure(Atm) temp.(oC) Saturation Pressure(Arm)

Yiole % Acetone in mixture = 6.22

1. 9B
2 "2I
¿. )v
¿./3
3. 40
3.82
4.38
4.62
s .46
\Á2
6.70
7 .30
7 .62
8.7 6
9 .47

10. 90
11. 48
L2.46
13.25
13. 82
l-5.70
77.76
18. 02
19.72
2I.60
24. OI
27.56
3r" 42
35 .47
40.51

ín mixture = 15.01

2.25
2.56
3. 30
3.52
J. öO

4.28
4.90

5. 98
6.2r
I "4J
8.77

100.0
705.2
110. 8
LIz.4
121. 0
L26.2
130. 6
r34 .4
740 .9
L42.2
T5L,2
ls6. 0
160.0
]-64 "6
171. 0
178.0
180. 7

L86.2
190. 0
I92.8
20L.0
209.r0
210. 0
216 .4
227.2
230.0
240.0
250.0
260.0
270.0

YIoIe % Acetone

100.0
r04.2

)l_rr. 4
LIB.2
L20.6
L25.3
r32.0
L33 "2
I40 "9
141. 3
L54.0
I6L.7

L66.2
L72 "0
L76.4
184.0
186.0
L9L.9
199.0
204.0
208.6
2r2.0
2r8.6
22r.4
230.0
240.0
250 .0
260.0
270.0

MoLe % Acetone

r00.0
r04.2
114. 0
LIg.7
LzL"2
126.8
L32.6
138. 9
140. 8
L4¿. L
151.0
154"3
160.0
166 .0
L70.9
L75.2
78T.4
196 .0
198.8
20I.4
208.2
2I0.7
zLB.L
22I.0
230. 0

o?Á
70.22
11. 01
L2.7 4
L2 "98
14. 33
16 .66
16.96
78 "22
L9.70
2r.56
22.82
25 .54
to /,,)

J5.44
37 "56
42 "25

in mixture = 24.89

2.65
2.92
3.76
/, 1.)

4.49
4 .82
5.60
6 .46
6.73
6.92
8.77
8.96
9.30

10"02
10.95
LI.62
T2.98
L6 .82
L7.L6
17.69
r8. 86
20.34
23.02
23.4L
26.64
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TABLE XI /^ . t r\(uonc c)

Pressure. of the SystemExperimental- Saturation

Acetone-Carbon Te trachloride

temp. (oc) Saturation Pressure(Atm) temp" (oc) Saturation Pressure(Atm)

MoLe Z Acetone ín mÍxture = 24.89
(Cont'd)

240.0 30.47
250.0 34.43
260.0 38.69
270.0 43.52

NIoIe Z Acetone in mixture
100 .0 2.79
L04.2 3.07
111. 6 3.7 0
118.4 4.LL
L20.9 4"46
L2L.3 4"62
132.6 5.66
].36 .4 6. r0
140.0 6.47
L42.7 8.01
152.0 9.48
166.0 10.06
L7I.O LL"37
175.6 L2.36
181.7 13.60
L92.8 Is.96
198.9 L7 .82
202.5 19.09
210.0 20.97
2L4.8 22.36
22I.6 25.22
230.0 27.52
240 .0 3L.47
250.0 35 "44260.0 39 .7L

YLoLe % Acetone in míxture

100.0 2"98
106.4 3.46
110 . 0 3.72
118.8 4.67
L2L.6 4 "99126.2 5.27
732.4 5 " 89
L40.6 7"18
142.4 7 "86r5L.7 10 " 02
156.1 L0.67
161 " 0 1r.06

= J¿+ . rl-

= 46.80

L62.6
170. 0
178.4
IgL.2
186.8
190. B

I92.I
202"0
2TL.6
277.3
220.0
230"0
240.0
250.0
260.0

MoLe % AceËone

100.0
108. s
111. 6
'l 10 R

I2T,7
126.2
J-JO. J
r40.0
L42.8
I52.0
L54.2
L60.9
762.3
L7L.60
L75.7
181. 0
190. 6

l-96 "7
20r. 0
206.8
210.0
2r7"7
22I.0
230.0
240.0
250.0
26A.0

11. 56
LI.72
13. 86-
14.67
15. 87

^lIO . J¿+

17 .01
18. 96
22.06
24.66
25 "52
29 "00
33.L7
37 "22
42 "Or

in míxture = 52.01

3.16
3.87
4 .6s
5 .18
5 .4L
5. 86
6.97
7 .60
B. 40

10. 38
L0.62
10. 96
11. 36
13"08
L4.16
15 .68
L7 .68
18. 87
20.60
22.88
23.67
24.0L
27 .02
30.92
35.07
39.48
44.0r
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TABLE XI (Cont'd)

Pressure of the SystemExperímental Satrrdíon

Acetone-Carbon Tetrachloríde

temp. (oc) Saturation Pressure(Atm) temp.(oC) SaËuratÍon Pressure(Atm)

MoIe % Acetone in mixture = 58.20 in míxture = 86.70

J.Jö
3 .66
4.69
5 .67
6 .06
6.92
I ltU

8. 06
9.20

70.I2
72"06
14.65
15. 87
16.35
)'t 2.-7

22.58
26 .60
30.86
36.27
41. 81

r00. 0
LO6 .4
ILL.2
118. 9

120. 8
L26.4
L31. 6

138. 9

L40.2
143. B

151. 6

160.0
1/aroo.4
L70.6
L7 8.9
L82 "2
L90.7
L92.8
20l-.4
209.6
270.0
2r2 .4
220.0
230.0
240,0
250.0

MoLe "Á Acetone in
100.0
111. 0
TLB.2
L22.0
1^,r¿+. +
131.6
L42.4
150.6
L52.8
160.0
161. B

L72.2
181. 0
186.8
r90.6
20L.9
2LO.O
220 "O
230.0
240.0

J.¿\)
3, 87
/, 

^o
) .5¿
5.76
6.s6
7. B0
8"01
8. 65
a )Â

L0.72
L2t;05
13.26
14.67
T6.86
17 .7L
20 "72
2r.38
23.86
26 "38
26.52
27 .06
30.6r
35 .00
39.98
4s.90

mixture = 72.02

??o
4.6L
5 .52
5.92
6"56
7 .6s
9.04

r0.99
11.58
13. 16
L3.96
76.04
I8.92
t-9 "82
2L.94
26.56
29 "2s
33.60
38. 02
43.62

NIoIe % Acetone

100 .0
LO2 "I
110.0
118. 9
727.2
726.4
130.0
L32 .8
140.0
146.6
151. 0
762.3
168. B

170.0
186. 0
190.0
200 .0
2r0.0
220 "0
230.0
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FIGURE XXIX" Lines of Constant Composition on a P-T Diagram

for the System Acetone-Carbon Tetrachloride.

(The compositlons are 0 , 6 "22, 15 .01 , 24 " 89, 34 . 11 o

46.80,52.01,58.20, 72.02, 86.70 and 100 percent
acetone " )
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III (C) The System Benzene-Carbon Tetrachloríde

Table XII gíves the experimental data obtaíned for vapor

pressure measurements of ten mixtures of the binary system Benzene-

Carbon Tetrachloríde from a temperature of 100oC to about 27OoC.

Figure XXX shows the constant composition plots of the relation

bet¡¿een pressure and temperature at the bubble points for a few

mixtures.
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TABLE XII

Experimental Saturation Pressure of the System

Benzene-Carbon Tetrachlori_de

ternp. (oc) Saturation Pressure(Atm) temp. (oC) Saturation Pressure(Atrn)

NloLe "/" Carbon Tetrachloride
in mixture = 5.00

100.0
L06.4
110.6
tLg.2
L2L.3
L24.L
130. 8
L32.5
74L.6
150 .7
158. 6

L62.4
164 "0
170.1
180. 9

L82.3
10n 7

L96.4
200.2
2]-0.7
2r5 .3
220.8
230.0
240.0
250.0
260.0
270.0

L.79
2'.\0r
2.36
2.7 4
3 "07
3.27
3.7 6
3 "94
4.98
5 .82
6"53
7 10

7.76
8.44

LO "29
10.54
11.98
1,3 .67
1/,'lo
16.53
17.78
10 ?/,

22 "L7
25 .49
29.24
33.39
38. 00

153. 1,
16r. 3
r66. I
L70.6
IBI.2
L87 .4
r90.7
193. 6

200. I
202 .4
2r0.7
2r8.4
220.8
230.0
240.0
250.0
260.0
270.0
280. 0

Mole

100.0
108. 2

110.7
722.3
I28.4
131. 0
133. B

r40.6
L43"4
151.1
I57 .B
L60.2
LO+. I
r70 .6
T7 8.9
181. 4
L90.7
L98.4
200. B

"/"

in

6.18
7.3L
8.02
8,52

10.41
11.06
7r.99
12.62
L+. ¿¿
\4.56
76 .67
L8.72
L9.39
22.20
25.52
29.30
33.42
38.04

Carbon TeËrachloride
mixture = 16.50

1. 84
¿.v I
2.48
3.25
3.62
3. 90
4.06
4.83
5.01
s. 89
6.76
7 "L6
7.58
B.7L

10.01
10.49
T2.2I
13. 86
L4 .40

l{-ol-e "/" Carbon Tetrachloride
in míxture = 10.34

100.0
LOz "I
110. 7
II8.2
L22.6
126.2
130.6
134. B

r40.4
746.7
150. 8

L.82
I gI

2 .44
2 .87
3"4L
3 "62
J" ðO

4 "IL
4.BO
5.26
5. 87
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TABLE XII (Contrd)

ExÞerímental Satur¿Ltion Pressure cf the Svstem

Benzene*Car:bon Tetrachloride

temp. (oC) Saturation Pressure(Atm) temp. (oC) SaturaËion Pressure(Atm)

NIoLe 7. Carbon Tetrachloride
in mixture = 16.50 (Cont'd)

Mole Z Carbon Tetrachloride
ín mixture = 32.60

202.0
2r0.9
2l-6 .4
220.L
230.0
240.0
250.0
260.O
270.0

NIoIe %

i-n

100.0
108. 1
110. I
TLz "2
LzI"6
126 .4
130.0
138. 4
140. 1
150. 7

754.2
160 .0
168.7
L70.4
T7L.2
180.2
191.0
r98.2
200.L
206.2
2I0.7
t1/, '1

220.4
230.0
240.0
250.0
260.0
270.0

74 "84
L6.62
l-8.26
L9 .34
22.27
25 .59
29.39
33"49
38¡07

Carbon Tetrachloride
míxture = 24.35

r.87
L.UO
2.5L
2.7I
3.39
3 .52
3.86
4.48
4. B0
s.86
6 "22
7.LL
8.13
8.66
8.82

10. 28
12.22
13. BB

14 .43
l-5.27
tb. öJ
L7 .22
T9.4L
22,32
25.64
to h')

33.51
38. 10

l{.ole % Carbon Tetrachloride
in mixture = 38.20

100.0
101. 9

110.7
118. I
L20.6
t¿J. +
131. 6

137.8
140.1
150.6
756 .4
t60.7
L63.9
L70.2
778.3
1BO. B

LB6 .4
r90.1
LgL.2
200. 1
205.4
210.8
2L4.7
220 .6
230.0
240.0
250.0
260.0
270.0

100 .0
702.6
LTO.2
114. 8

LzL.4
L27.2
130. 6

140.0

1. 89
') 

^')
2. 47
3. 00
3. 16
3.32
3.96
4.2L
4.84
5.94
6.2L
7 .2r
/")o
8.67

10.41
LL.26
L2 "25
1t /,1

14.34
L5.02
l-6.78
L7 .L2
L9 .47
¿¿. JY
25.69
29.44
JJ. ]J
38.L2

1.90
'l oa

2"46
t a'7

3.32
3. 63
3.98
4.83
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TABLE XII (Conttd)

ExperímenËal Saturation Pressure of the System

Benzene-Carbon Tetrachloride

temp. (oC) SaturaËíon Pressure(Atrn) femp. (oC) Saturation Pressure(Atm)

Mol-e % Carbon Tetrachloride
ín mixture = 38.20 (Cont'd)

141. 8
150. 3
156.4
160.7
170.0
L72.8
181.6
r90.7
r93.4
200.1
202.3
210. 8
2IL.L
220.6
230.0
240 "O
250.0
260.0
270.0

I{oIe "/"

in
100.0
101. 9

110.6
LL3.7
L20.2
L26.8
131.1
140.0
742.8
L50.2
155 .6
760.7
L62.3
L70.6
I7T.4
181. 4
L92.2
r97.8
200.L
20L.4

ho1
5.99
6.83
7 .38
B. 68
8.96

10.63
72.68
13.L2
l-4.4I
14 "92
76.82
17.09
19. 60
22"4r
25.7r
)o /,\
33 .54
38.L2

Carbon Tetrachloride
mixLure = 52.00

MoIe 7" Carbon Tetrachloride
in mixËure = 62.L2

2r0.7
220.7
230.0
240.0
250.0
260.0
270.0

100.0
101. 8
110.7
l-L3.7
I2I"L
L28.2
130.4
1't,Â )
r40.2
L50.7
151. 3
160.8
L68.4
r70.6
L76.6
T8T.2
187. 8
L90 .4
200.I
208.4
270.7
220.6
230.0
240.0
250.0
260.0
270,0

16.84
L9.64
22.4L
25.7L
¿Y . L+O

JJ. )4
38. 14

r.92
2.02
2.48
2.64
3. 35
3.72
4.06
4 .4L
4.89
6.06
6.2r
7 .34
8.56
B. BO

9.28
10.66
LL.77
12.28
14. 50
L6.2L
16 "84
19.56
22 .43
25.72
)o /,o

33. 56
38.16

1qn
2.0L
2.48
2"63
J. ¿+
3. 56
4.03
4 .85
/, o-7

s.99
6. 13
].J¿

7 "56
8. 80
8.96

L0"66
L2.63
13. B9

L4"44
L4.73
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TABLE XII (Cont I d)

Pressure of the SystemExoerimental Saturation

Benzene-Carbon Tetrachloríde

temp.(oc) Saturatíon Pressure(Atm) temp. (oc) Saturation Pressure(ATn)

Mole % Carbon Tetrachloride
in míxture = 82.00

þIoIe % Carbon Tetrachloride
in mixture = 97.2L

100.0
103. 6

110.4
113. I
T2L.2
L28.7
130.6
L34.4
L40.7
L47.L
150. 4

156 "7
160 .1
170. 0
173.8
180. 7

I9I.2
796 .4
200.6
202.2
2L0.7
1t'1 /,

230.0
240.0
250.0
260.0
270.0

L.92
2.12
t /,o

2.64
3. 35
3.78
3.99
4.28
/. oa

5.02
6. 03
6 "76
7 .36
8.7 2
9.02

10"60
L2.44
13. 06
L4 .59
r4. oo
L6.86
L9.67
)') /,').

25.74
29 .48
33"57
38.L4

100.0
101.2
110. 6
11Q /,

1r^ /,

136.0
1 1,1 '.)

143. 1

r50 "2
160.7
I7L.2
183.4
190. 6

20l-.6
2r2.3
220.7
230.0
240.0
250.0
260.0
270.0

r.92
t n?

2.56
3.01
3. r8
4.L2
/, oo

5.12
6.01
7 .38
8. 86

10. 80
12.44
L4.70
16.96
l-9.66
)) 1,2.

25.76
)o /,o

33. 56
38. 14
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FTGURE xxx. Lines of constanL composition on a p-T Diagram for the
System Benzene-Carbon TetrachlorÍde.

(The rnixtures r¡/ere not plotted for clarityrs sake.)
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CHAPTER V

TREATMENT OF DATA AND DISCUSSION OF RESULTS

V (A). Thermodynarnic Analysis

Therrnodynamic analysis is a tool for inËerpreting phase

equilibrium data; such interpretation is necessary for ínterpolatíng

or extrapolating data to ner¿ conditions and for correlatíng phase

behaviour in terms of physiochemical parameËers. Thermodynamíc re-

duction and correlationr of vapor Ë- liquid equilibriun data are

common at low pressures, but despite a large supply of equílibriurn

data at hÍgh pressures, 1Ítt1e attempt has been made to reduce such

data wíth Ëhermodynamically signifícant functj-ons.

In high pressure phase equilibría it is not possible to make

the simplifying assumptíons commonly made at low pressures, and, as

a result, thermodynamÍc analysis has only rarely been applied to high

pressure systems. In such systems, both phases, vapor and liquid,

exhibÍt large deviations from ideal behaviour.

I chose the method suggested by Chueh and Prausnít-z (50) for the

treatment of my experimental data. Vapor phase non-idealities are

expressed as fugacity coefficients (0i) and the liquid phase non-

idealities are given by activity coefficients (yi ) . The Redlich-

Kwong equation, modified by the íntroductíon of binary interaction

constanËs, to increase its accuracy for míxtures, has been used for

vapor phase propertíes. The van Laar equation, modifíed to allor¿ 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 composítion on

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

(1)Henryrs consra". ttiil , (2) binary inreraction constant ozz(1; rvhich

represents the self-ínteraction constanË of molecules 2 in the envíronmenË

of molecules I and is defíned by equation 51+ or (o' which represents the

interactlon constant of molecules 1 and 2 is defíned by the equaËion

E
^u

r= orr 0r Õ2), and (3)dilatíon constatt nZ(t)' For a
RT(xrVg, * xrYçr) -L2 -L -2"

given bínary system, the above parameters depend only on temperature.

Therefore, isothermal e;<perimental data are required. From the large

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

XXVIII Ëo XXX) and from large scale plots of vaport'liquíd equilibria

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

The pr:ograms used are those written by Chueh and Prausnitz (50) and the

analysis was carried out using an IBlf 360/65 electronic comPuter.

At sysËem temperatures appreciably lower than the crítical

tempeïature of the light component (component Z): the dílation constant

i.l r obtaíned from data reduction becomes so smal-l that it can be

effectively equated to zero. Under these conditions, the constant-

pïessure activíty coefficient of both components can be correlated with

only one parameter, o,. Empírica11y, Chueh and Prausnítz found that this

occurs ta t*2 smaller than 0.93. Therefore' systems for which Tp, and Tp,

are smaller than 0.93 are correlated with n = 0 and only one parameter' cr'

Systems for whích Tg, and Tp, are greater than 0.93 are correlated with a

Èwo-parameter model.

Hence, the present discussion wíl1 be divíded into two parts, (A)

and (B).

(A) Data reduction for binary míxtures of coudensable components

(both T¡, and TXr less than 0.93) using the symmetric convention of

normalization for activity coefficients. A one-parameter modef for
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the excess Gibbs energy wíth nr(1) = 0 ís used.

(B) Data reductíon for binary mixtures wherein component 2

j-s at a reduced temperaturu t*, >.,0.93 has been carried out using a

t!üo parameter model for the excess Gibbs energy and the unsl.mmetric

convention for normalízatíon of activÍty coefficients.

V (A) (1) Analysís of the Bínary Systems where Tg., and Tp, < 0.93

As mentioned before, the constant*pressure acLÍvíty coefficienËs

for binary systems for which both T*, and Tp, fa1l below 0.93 are

analysed with a one-parameter modet (nZ(l) = 0), using the symmetric

conventíon of normalízatíon.

A main program, SYMFIT, and Ëhree subroutj-nes, VOLPAR, PHIMIX

and CUBEQN are used for the data reduction. The program SYMFIT fíts

bínary vapor pliquid equilibrium data Ëo a syrffnetric one term van

Laar equation. The subroutíne VOLPAR calculaËes partial molar

volrrnes in the 1íquíd mixture using equation (76). This quantity is

required to take into account the effect of pressure orì. liquid phase

activity coefficients, that is, the Poynting correction. The sub-

routine PHIMIX, through equation (37) calculates the fugacíty co-

efficient of a component ín the vapor míxËure usíng the revised

Redlich-Kwong equation. The molar volume V of the gas mixture,

required in equatíon (37) ís obtained by solving equation (24) and

taking the largest real root of V. Thís is carríed out by the sub-

routine CUBEON.

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

Tetrachloríde (1) - Acetone (2) for the program SYMFIT are given
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belorv in the order they appear on the cards.

First card

The first

looo, 1500, 2ooo

Second Card

card contains the tiËle "CC14(1) - Acetone (2) at

eVMtr T.n II
t urrr¡ !r.

Thís card contains the following properties of component 1

(CC14 in this case):- (1)Critical pressure Ín pounds Per square inch

absolute. (2)The critical volgme in tt3/t¡-mole. (3)The crítical

temperature in degree Rankine. (4)The acentric factor, t-r which was

obtained using the equation (Bl)

u) = - 1og Pg* -1.00,R = O..f
(81)

and the vapor pressure of the pure componenË. (5)The dimensionless

consËants Q^ for the vapor, QO for the vapor, Q" for the líquíd and

QO for the liquid, which v¡ere obtaíned by fitting Èhe Redlich-Kwong

equatiôn (24) to Ëhe voltrnetríc data of the pure saËurated vapor and

saturated liquíd. (6)The molecular weight of component 1 and (7) Ëhe

name of component 1.

Third Card

This card conËains the reference fugacity f(Po) of 
"o*ponent 

1.

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 equation

roeå1}, 
fco.roor+ 

0.073u,)r;t - (0.0330 - 0.46r¡)112-R

(0.138s + 0.50o)t;'- (0.012r + 0.097r,r)t;o - 0.0073t0r*9

rnras not used because of its inaccuracies at high Pressures.
J
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Fourth and Fífth Cards

These tr¡o cards contain informaÈion on component 2 simílar

to that on Ëhe Second and Third Cards.

Sixth Card

This card contains (1) KfZ (correctÍon to geometric *"ur t"rr-

(equation (36)) for the vapor and for the liquid, (2) Ëhe critical

binary constants ,rrZ/ (Tcl + Tc2) and (3) the correlating parameter

for críËícal voh¡nes 2vrr/ (V"t + V.Z).

K, was obtaíned from equatÍon (36) and Table V. It was found

LL^+ v tíghtly dependent on concentration" Hence a mean ofLrrd L !\12 wdÞ ù r

a few values of Or-2 at different concentratíons was taken. The critical

binary constant 2rt2/r"t+ Tc2) was obtained from the experímental data

of the critical temperatures of the binary mixtures shor,¡n in Table V,

using equation (79) , The correlating parameter for critical voh-mes,

?r, / (tt -L \I ) was obtained by extrapolatíon from the generalized""L2'"cL "c2

chart (page 41, reference 50) given in the monograph.

The seventh card contains the temperature of the bínary system

in degrees Rankine.

The eíghth card contains the number of data poinËs for each

isotherm and Ëhe minimum mole fracËion for a data poínt to be

weíghted (0.005 was chosen in this study).

The cards which follow conËain, on each card, Ëhe liquid mole

fracËion of componertt 2, the vapor mole fraction of component 2, and

the total pressure ín pounds per square inch absolute"

The parËíal molar .rot,-,*es Vl a"a V! and the fugacíty coefficients

0r and Q, are calculated for each data point using Ëhe subroutínes
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VOLPAR and PHIMIX. The constant pressure activíËy coeffÍcients

y1 and \2 are then calculated using equations (44) and (45) assumÍng

the liquid partial molar volumes to be incompressible.

As shov¡n ín Tabl-e XIII Ëo Table XVIII the computer prints out,

for each round of fíttíng, the binary interactíon parameter o12, the

number of experimental points used for y1 and yr, Ëhe calculated and

experimental activity coefficients for each point, and the average

devíation in y" ^-r ^' TL^ ^+^.rìdard state fugacitíes, lÍquid-phase.l o..- | 2. 
lrre Þ Ld

partial molar volumes, the Poynting corrections and vapor phase

fugacíty coeffícients are also obtained for each point. The program

SYMFIT has a provision for tesËíng the thermodynamic consistency of the

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

V (A) (2) Analysis of the Binary SysËems where T-- and To > 0.93rfl K2 '

Binary systems for which the reduced temperature of the lighter

component exceeds 0.93 are analysed wiËh the tvüo-parameter dilated

va:n Laar model using the unsymmetríc convention for normalízatíon.

The standard-state fugacíty for component 2(Tnr t 0.93) is Henryts

consËant of 2 ín 1, H"tl|) and must be determined before data reduction
L\L)

is carried ouL. Henryfs constant ís determined by a main program

HENRYS and subroutínes VOLPAR, PHIMIX and CUBEQN.

The input data for program HENRYS are only slightly different

from those of program SYMFIT. The first two cards are ídentical but

the third card now contains the properÈies of component 2 and the fourth

card contains the coefficients for the reduced liquid fugacity of

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

K' for Ëhe vapor, K12 for the liquid, 2rI2/ (Tc1 + Tc2) and Zvrr/V"l *

y"Z) The sixth card contains the temperature of the binary system in

degrees Rankine and the saturation pressure of component 1 at that

temperature. The composítion cards follow, one card for each composítion,

containing liquid mole fractíon of componenË 2, vapor mole fracËion of

component¡,2 and Ëhe Ëotal pressure in pounds per square inch absolute.

The program calculates frQ) /*Z for each poínË, and, by ploËting
/Þl

]n f t- t /v rrêrq--- -2 ,--2.--*us x, arrd extrapolating to *2 = 0, Henryrs consËant

/tÞ c\
Hì;l i' is obtai-ned. Henry's constanË is corrected t-o zero pressure

¿ lL)

ín Ëhe fitting program. The program HENRYS also gives output of

-T. -T.*2, Y2, P; V;, YT,01 and 02 which are used ín the FITTING program to

evaluate the self-ínteraction constant, az,(L), and the dílation

constant rì.2"r in the dilated van Laar mode1. Thís fitLíng program
L\L]

has a provision for testíng the ËheÍTnodynamic consisËency of the

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

V (A) (3) Thermodynamic ConsisËency Test of the Vapor + Líquid

Equílíbriun Data

Vapor ii liquíd equilibrium data are said to be thermod.ynamícally

consistent when they satísfy the Gibbs-Duhem equation. Idhen the data

saËisfy this equation, iLjs líkely, buË by no mearls certain, Ëhat they

are correcË; however, íf thel' do not satísfy this equation, it is

certaín that they are íncorrecÈ.

Thermodynamic consistency tesËs for binary vaporÊliquid

equilibria aË low pressures have been descríbed by many auËhors;

a good review is given ín the monograph by Van Ness (100).
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Extension of these methods to isotirermal high pr-essure equilíbria

presents tç¡o diffículLies: (1) it is necessal:y fo have experimental

data for the density of the liquíd mixture along the saturation line

and (2) since the ideal g.as law is not valid, it is necessary to

calculate vapor phase fugacity coefficíents either from volumetric

data for the vapor mixture or else from an equation of state.

Adler et aI (101) have presented a metirod for testing Ëhe

Lhernodyna¡nic consistency of binary liquid;=vapor equilíbríum data

when one component is above its critical temperature. They used the

Lewís fugacity rule to calculate vapor phase fugacíties but errors in

this approxímatÍon are often very large and it ís not possible Ëo come

Ëo any sígnificant conclusíons concerníng the thermodynamic consistency

of experimental- equÍlibritm data when this approxÍ-mation Ís used as an

esssriLi¿i par L c.rí Li¡e consisteircy Lest.

Chueh et al (102) have described a consistency test whích is an

extension to isothermal high-pressure data of tho inraorql lnrorl t.ôcr

gíven by Redlích and Kíster (f03) and by Herington (104) for isother:nal

1ow p::essure data. The Gibbs-Duhem equation for a binary system at

constant tenìperature is v/ritten as:

x,dlnf-*x^d1nf^=*uo--1- -^- -1 2 -' -2 RT *r

Usíng the ilentity

xrd lnx, l- xrd lnx, = 0 (84)

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

- 1z/*z - vL fr ,f.r/x,
ln =--;-,r/*r ð'x, * * uo - d t" 

"r- 
* x, ln ffi 

(85)

(83)
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Yi.Introducing fugacity coeffícients ö and K factors (Ki = *i)l-
inËo equation (85) we obtain

\,rhere subscript 2 refers to the líght component.

Equation (86) is íntegrated from *2 = 0 to some arbítrary upper lirnit

x, with the followÍng boundary condítions:

when x, = 0 , 0f = ôï , p = pï and K¡1

The integrated form can be written as

Area I + Area II + Area III =

þ)
(fn ,: * ln

a1

d

0., P þ, K,
I In K -r- rñ 

- 

+ X^(l_n -;- -l- In 
-) 

) âf x.
c c ' zLt 

v //'oitì¿qrol¿
l{ln ¿ ox /̂
-'1

I

Kt trlv,alY -{- 

- 

alñ =*r' ""2 RT *r-

0n Ko
(ln Kl * lnQ.,P * xr(f" ;: + fn 73)) (86)IIzVl^1

where Area I =

^-^- 
TT -ôtÉd rr -

Area III = 1
RT

.f xt
It

n2-u

/
v=O"2"

x2
-ln

(87)

( 88)

(8e)

(e0)

0.
q

.,L,vcp

dv-"2

The thermodynamic consistency test consísts of comparing the

sum of the three areas, which are found by graphical integratíon, wirh

the right hand side of equaËion (87). The three areas depend upon

equilibríum data for the compositÍon range *2 = O to equilibrium data

at the upper 1imít *Z = *2. The comparison indicated by equation (87)

should be made for several values of x, up Ëo and inCluding the critícal

*2=o
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compositíon.

Chueh and Prausnítz (50) have replaced the data plotting

procedure by a regression analysís. In their analysis, whích I applied

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

average devíations of y, and y, (or y5¡ are computed respectively.

They are nearly equal in magniËude and generally smal1 if the

experimental data are thermodynamically consistent. If the data are

thermodynarnically consistent, both yl and \, are utílized ín the second

round of fitting. If the data are inconsistent, the average deviatíon

of y for one componenË is generally much larger than that of the other;

this happens because the less accurate set of data, saY Yl, scatters

much more than Ë' ' *'he y2 or (lr) data; the least squares fittíng, findíng

ít impossible to fit Ëhe y, data any better, automatically fits better
ú

to the more accurate data for y, (or y^). If the data are thermodynamícally

inconsistent, the less reliable set of y is discarded in the second

round of fitting. Chueh and Prausnitz (50) used the criterion that if

the average deviat.íons of yl and :(2 diÍ.fer by more thran 3%, Ëhe data r,rill

be considered as inconsistent.

V (B) (Ð Discussion of_Results

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

From Figure IX r¿hích gives a plot of T*, the temperature of the

disappearance of the meníscus versus mole percent chloroform in the

mi-xture, it can be seen that the system Chloroform (l) - Acetone (2)

exhibits a negative devíation from ideality. Thís observatíon 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 l:1 hydrogen bonding compound exists

in the system and, Campbell and Kartzmark (82) have determined the energy

of the hydrogen bond and found it Ëo be a -2.7 kcal- per mole. It is

very doubtful though if this compound exists under critical condítions.

The existence of ar: azeottope has been confirmed from the vapor

liquid equílibrium composition curves, Figures XII to XVI and the vapor

pressure p1ots. It was found that the composition of the azeoËrope,

a negatíve azeotTope ín the terminology of Rowlinson (19), whÍch is

36.2 moJ.e percent acetone at 10OoC, shifted towards lower acetone

content as the temperaEure rùas raísedI tne same deducËion was made

by Rock and Schräder (84) in their study of this system at temperaËures

ranging from l0oC to 55oC. The above observatÍon also agrees with the

well-knov¡n fact that an íncrease of temperature in a negative azeotrope

decreases the mole fractíon of the component whose vapor pressure

increases the more rapidly with temperature" The above system was

investigated only up to 180oC because of decomposition on heating but

it is known (107) that the azeotrope does not exist up to the critical

point, thaL is, the system chloroform-acetone exhíbits límited azeotropic

behaviour.

The experimental data, vaporçliquid equilibrium compositíons

and saturation vapor pressure for thís binary system have been treated

to yield the fugacíty coefficients $., and þ, and the activity coefficients

y. and y^ of the two components in the vapor and liquid mixtures. For.r L two components irr. ,ft. ttpol 
"rra

this purpose the program SYMFIT and the subroutínes VOLPAR, PHIMIX and

(See Table XII A. )



120A.

TABLE-XII (A)

Dependence of Azeotropic Composítion on Temperature

in the System CHCI.(1)-Acetone(2)

Temperature (oC) Azeotropic Composition (Mole Fractíon Acetone)

100

150

160

L70

180

0.362

0 .347

0.292

0.235

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

The second round of fítting has been omitted since it ís

ídentical to the fírst round of fítting. From Table XIII it is

seen that though yí*>I as x. --21 the system Acetone-Chloroform

is not ideal at Ëhe temperatures investigated in thís work. The

activity coeffícients have been plotted as functíon of Ëhe mole

fraction acetone in the liquid phase in Figure XXXI to Fígure

XXXIC. The deviations between the exÞerímenËal 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 Díscussíon).
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FIGURE XXXI. ActíviËy Coefficients versus Mole Fraction Acetone

in Liquid Phase of the System Chloroform-Acetone at
150oc.

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

O represenÈs experimental y,
values

tCt represents experimenËal y.',

values.
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FIGURE XXXIA. Activity CoefficienËs

ín Liquid Phase of the

t6ooc.

versus Mole Fraction Acetone

System Chloroform-Acetone at
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FIGIIRE XXXIB. AcËiviËy Coefficíents versus

in Liquid Phase of the System

17ooc.

Mole Fraction Acetone

Chloroform-Acetone at
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FIGI]R-E XXXIC. AcËivíty Coefficients versus

in Liquid Phasei'of the System

18ooc.

Mole Fraction Acetone

Chloroform-Acetone at
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V (B) (2) The System Carbon Ietrachloride (1) - Acetone (2)

The ploË of T"r Ëhe temperature of disappearalrce of the meniscus,

versus mole percent acetone (Figure X) for this system shov¡s a slíght

deviation from ídea1ity, but the vaPor pressure plots show no

maximum or mínimum. The vapor-liquid equílibrir¡-n composítíon curves at

the different isotherms, Fígures XVII to XXI, do not show the existence

of an azeotrope. Brovm and smith (92) who sÈudied the vapor-liquíd

equilibria of Ëhe system Carbon tetrachloride - AceËone at 45oC,

claimed the exístence of an azeotrope at a mole fraction of acetone

of 0.964 and a pressure of 513.2 rnm. Hg. In Ëhe present research the

vapor was found to be always richer in acetone; at no point r^ras the

liquid richer in acetone, that ís, there \,/as no reversal of compositíon

as there rn'ould be in passíng through an azeotTopic point.- I Ëherefore

conclude that the svstem Carbon Ëetrachloride - Acetone exhibíts límited

azeoLTopy.

Thermodynamic analysis for this system was carried out in tu'o

parts, as mentioned in section V (A) . Data reductíons for the isotherms

at 1500 and 200oC were carried out using a one parameter model for the

excess Gibbs energy with nr(l) = 0. For Ëhis purpose the progran SYMIIT

and the subroutines VOLPAR, PHII'{IX and CUBEQN were used. The resulËs

of Ëhe Ëhermodynamic analysis are gíven ín Table X$/.

Table Xlvshorvs that y. €1 as x. -VI for the system Carbon

Eetrachloride - AceËone at Ëhe temperatures investigated ín thís

project. Figures XXXII and XXXIIA give the plots of the aetivity

coefficients as a function of the mole fraction acetone in Ëhe liquid

phase. The differences beËween the experimenËal values for the activity
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coefficients and the calculated values are small ín magnitude, in

other r¡ords, this system responds better to the solution model of

PrausniËz et al (50). Thi,s system is nearly ideal at l5OoC - the

activity coefficients are very nearly equal to one, but at 20OoC

the deviationg from ideality are larger. The deviations are positive

150oC and negative at 200oC.

AE
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L34

FIGURE XXXII. Activity Coeffícients versus Mole Fraction Acetone

ín Líquid Phase for the System Carbon TetrachlorÍde-
Acetone at 150oC.

(For I'igures XXXII and XXXITA:

the solid line represents the calculated curve.

represents eNperímental y, values.

represents experimental y., values . )
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FIGURE XXXIIA. Actívity CoefficienËs versus Mole Fraction Acerone

ín Liquid Phase for the System Carbon TetrachlorÍde-

Acetone at 200oC.
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L37

Data reductions for the system at 25Oo and 270oC were carried

out using a two parameËer dilated van Laar model for the excess Gíbbs

energy and the unsymmetric convention of normalíztíon for activíty

coefficíents. In this case Ëhe program HENRYS and the subroutines

VOLPAR, PHIMIX and CUBEQì'I were used to calculate the standard state

fugacity for component 2, tjTÎì As can be seen from Table XV ,

the program calcul.ates f{P) fxn for each poínt and., by extrapolatíng the¿¿
lpìplot of 1n f)" /xr versus x2 (rigure XXXIII) to x2 = 0, Henryrs constant
/'Þrì \

of 2 ín 1, Hì;;( is obtained. The HENRYS program (Table XV ) also' ¿\t)
prints out x., y^. P. Vl. Vl. ó, and þ., the saturation pressure of¡ ' '¿, J2) -' rlr '2, Yf ---- 'Z'
component 1, liquid partial mola1 volumes of both components at

infínite dilution, the reference fugacity of component 1 at zero

pressure, mola1 volunes of the saturated liquid mixture for each

concentratÍon and the corrected reduced temperatures of the liquíd

mixture for each concentration. This ínformation is then used in

the program FITTING to evaluate the self-ínteraction constant,

doo/t.,, and the dilatíon constant nn(1) in the dilated van Laar¿z\L) - ¿

model. Table XV gives the results of the analysis.
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FIGURE XXXIII. Plot of Henryrs Constant HBI . ""2(L)'
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V (B) (3) The System Benzene (1) - Carbon Tetrachloríde (2)

The plot of T", the ternperature of the disappearance of the

meniscus versus compositíon (Figure XI) for this systern clevíates very

slightly from the straight line joining the criLical temperatures of

Ëhe pure components. The vapor-liquid equilíbrium composition curves e

Figures XXII to XXVII, do not indicate the existence of an azeoËrope-

the vapor í-s always richer ín carbon tetrachloride.

Due to the f act that the volatílites oí the tr,¡o pure components '

benzene and carbon tetrachloríde, are very sírnilar no n, dilatíon

constant is required and the binary system can be treated using a one

parameter model for the excess Gibbs energy. Therefore, data reducËion

for this bínary system was carried out usíng the synrmetríc conventíon

of normalization for activiËy coefficients. The program SYMFIT and the

subroutines VOLPAR, PHIMIX and CUBEQN were used for this ourpose.

The thermodynamic analysis of this system at temperetures of 1500,

2000, 25Oo and 27OoC are given in Table XVI"

The deviations of the acÈivity coefficients from one are not

great buË they are large enough that T cannoL conclude that the system

Benzene-Carbon tetrachloride is an ideal one. On the oËher hand, this

system consistj.ng of two non-polar components is the ídeal one to test

the solutíon model of Prausnitz et af (50). Table XVI shor^rs that the

deviations betr,øeen the experimental values of the actiúiËy coefficienÈs

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

Èhe solution model of Prausnitz et al (50) is applicable in this case-.

The activity coefficients have been plotted as a function of the rnole

fracËion carbon tetrachloride in the liquid '¡rhase in Figure XXXIV to

Figure XXXVII.
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V (C) General Discussion

In liquid mÍxtures, deviations from ideal behaviour can be

interpreted in terms of intermolecular forces operating wíthin the

mixture. It is convenient to distinguish between strong attractive

(chemical) forces leading to formation of chemical specíes and weak

attractive (physical) forces frequently ca11ed van der Inlaals forces.

Accordingly, the theory of liquíd solutions has followed tv¡o dÍstÍnct

paths: (f)The work of Kortüm and Buchholz-I,Ieísenheimer (108) r¿hich

interprets solution non idealíty in terms of chemical forces while

neglecting physical forces and (2) the work initiated by van Laar (109)

who Ínterprets solution;;non ideality in terms of physical forces a1one.

In the first case, it r¿as assumed that ín a mj-xture of

ttapparentttcomponents A and B the t'lruettmolecular species ín the

mixture may not only be molecules A and B but may also include molecules

^ ^ B^, B. ., AB, A^B ..etc. Van Laarron the'-2'"3 """'' ¿' J ¿

other hand, denied the exístence of any molecular species other than

A and B and explained deviations fron Raoultts law in terms of

dífferences among intermolecular forces acting among A-4, A-B and

B-8.

It Ís norü accepted that the above vie\.^rs are extrene re-

preserì.tatíons of the actual situation; the borderlj-ne between chemical

and physical forces is arbitrary and ín many cases, desígnation of a

mixture as ttchemicalttorttphysicaltt is a matter of convenience on1y.

However, while it ís reasonable to assume that chemícal forces are

absent from si-mple solutions of saturated non-po1ar liquids, it is
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not reasonable to neglect chemícal forces in liquid mixtures r¿here

hydrogen bonding or charge-transfer complexing is apprecíable. And

it is not strictly correct to neglect physícal forces entirely in

"chemícal solutíons'r. A physically more reasonable descríption of

liquid solutíons should make allol^/ance for both chemical and physical

forces. itlork in this direction has been carried out by Scatchard (110)

and Harris and Prausnítz (1f1).

It has been shown (109) that posítive devíations from Raoultrs

law are favored by differences in ttinternal pressuret' or molecular

attractive force and that negatíve deviations are favored by a tendency

to compoúnd formation between the t\^Io components or by a marked

difference in size.

The system Acetone-Chloroform ínvestigated ín the present

project shows a negative deviation from Raoultts 1aw, and as pointed

out earlíer, Campbell and Kattzmark (82) have proven the existence

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

hydrogen bonding in the comPound

C1

(cH^)^co.. ... H - C - Cl- 5'¿
CT

ÙIany Lheoretical and semí-theoretical treatments have been

given for this system (IL2,113). Although there is no doubt about the

presence of hydrogen bonding as evídent from the results of ultraviolet

spectroscopy (113) and proton magnetíc resonance (114), complícations arise

when one attempËs to construct a theory, because of the fact that both

acetone and chloroform are knoï,¡n to assocj-ate ín the pure State.
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Table XIII shows that the one Darameter model of

the van Laar equation ís not successful in reproducing activity

cöefficíents for the system Acetone-Chloroform at temperatures of 150o,

..no ,-^o . ,^^o^l-60-, l-70- and f80-C, that ís, at temperatures \^/here both components

can exist as liquids. The dilated van Laar model of Chueh et al (SO¡

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

is due to the interactíon of solute moiecules wíth each other ín the

envíronment of the solvent molecules and not to interactÍons between

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

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

Prausnitz and Chuehts theory (SO¡ applies mostly to non-polar or slightly

polar components; both acetone and chloroform are polar compounds.

The solution model of Prausnítz eL al would not strictly apply

to the system Acetone-Carbon tetrachloride. Table XlVshows that the

one parameter model of the van Laar equation Ís fairly successful ín

reproducÍng activity coeffícients for the temperatures 150o and 200oC.

The two parameter model applíed at temperatures where one of the

components (acetone) is supercritícal, ís apparently not very

successful - See Table XV . The same conclusíon was obtaíned by

Chatterjee (80) ¡¡ho used the Lwo parameter model for the system

AceËone-Benzene at temperatures hígher than 200oC.

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). IË has been shown (f15) that the

deviatíon of the physical properties:from the rule for mixtures in the

above svstem can be ascribed to the assocíaÈion of the carbon tetra-
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chlorÍde. Table XVI shoes that the one parameter solution model of

the van Laar equation gives satísfactory results for the actÍvity

coefficients for the tmperatures 1500, 2000, 2500 and 27OoC but why

the activity coefficients are so f.ar away from unity I cannot explain.

I expected the activity coefficients for this system Lo be nearly one

at all concentratíons. Interaction between the benzene molecules and

carbon tetrachloride molecules r¡ould, in my opínion, explain partially

this discrepancy"

An extension of the solution model of Prausnítz eL aL (SO¡

which gives consistently good resulLs for míxËures of non-po1ar or

slightly polar components, must be made to polar components to make

ít more general. And finally, since certain simplifying asstrnptions must

be made in all theories of liquid mixtures as a consequence of insufficient

knowledge about íntermolecular forces, and also because of the lack of

extensive experimental data, any general theory must await accurate and

extensive experÍmenLal data on equilibrium properties of mixtures,

especially those contaíníng polar components.
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SUI'O{ARY

This thesis has dealt with the following thermodynamíc properties

of the systems (1)Chloroform-Acetone, (2)Carbon Tetrachlo¡ids-fiqetone,

and (3)Benzene-Carbon TetrachlorÍde: - gas ê liquid critical temperatures,

vapor €.aliquíd equilíbrium compositions and saturation vapor pressures.

The gas ê liquid critical temperaËures \.{ere measured for each binary

system over the whole concentration range usíng the disappearance of

the meniscus method. The vapor € liquid equilibríum compositions were

determined for each binary system using a glass apparaËus with a steel

bonb. MeasuremenÈs were made at temperatures ranging from 100oC to

27OoC. The saturation vapor pressures were measured usíng a closed

air-manometer and the pressure calcu,lated from the equílibrium volume

of compressed air using van der trriaals equat.ion.

The experímental data were treated thermodynamícally to yield

the non-ídealities in each of the two phases ín the vapor * liquíd

equilibria. An equation of state suggested by Redlich and l(wong was

found to be very satisfactory and simple Ín the calculatíons of the

fugacity coefficients of both components in Ëhe vapor phase. The

dimensionlless constants f2a and llb in the Redlich-Kwong equation were

re-evaluated from the saturated volumetric propertíes of each pure

component. The Redlich-Kwong equation, modified by Prausnítz and

Chueh, and conËaíníng a bÍnary ínteraction constant, was found to be

very satísfactory for the binary mixtures. Liquid-phase non-idealÍties

were obtained from a modífied van Laar equation. The one-parameter

solutíon model was used for all three systems at temperatures lo.¡er

than 200oC and it was found to be fairLy successful. For the system
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Acetone-Carbon tetrachloride at 250o and 27OoC the two-parameter

solutÍon model was used but even then the results r¡ere not quite

satisfactory.

To show the effect of pressure on liquid phase properties, the

partial molal liquíd volrrnes were calculated using a 1Íquíd phase

equation of state coupled wiLh an extension 16 fi1íwirrrcc nf thc

corresponding-states correlatíon of Lycknan et al. The pressure

correctíon (Poynting correctíon) to Ëhe activity coefficient in the

liquid phase was then calcul-ated from the parLial mo1al vohmes.

To show the dependence of actívity coefficíents on compositon, they

have been plotted as functions of the composition of one component

in the líquid phase.

The present study shows that the solution model of Prausnitz

et al has to be extended to ínclude Dolar components to make ít

more general. FÍnally, 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 evaluaËe

these ooËentials -
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APPENDIX

The programs SYMFIT, HENRYS, FITTING and the subroutines

VOLPAR, PHIMIX and CUBEQN used in the data are given in Appendix D

of the monograph by Prausnitz and Chueh (50). The informatíon for the

input data used Ín these programs was obtained as follows:

Tc, Pc and Vc for the four pure components \,rer e obtained

from Chatterjee (80). They are given below:

Subs tance

Acetone

Benzene

Chlorof orrn

Carbon TeÈrachloride

rc (oc)

235.0

288" 5

¿oJ. ¿

283. L5

Pn l¡fm')

46.96

/,4 ))

52 .59

44 "98

Vc ( cc /gmo1e)

2I3.5

260.r

243 "s6

279.6

equation (81)The acentríc factor o \,vas calculated from

û) = - log Ps I r* = O.Z - 1.00 (81)

and the vapor pressure of the pure components. The values obtaíned

v¡ere 0.309, 0.192, 0.211 and 0.207 for acetone, carbon tetrachloride,

benzene and chloroform respectively.

The dimensionless constants Qa, Qb in the Redlích-Kwong

equation were obtained by fittíng the Redlich-Kwong equatí-on (24) to

the volumetric data of the pure saturated vapor and pure saturated

liquid.
Liquid Phase

Qa nb

Acetone 0.3900 0.07 45

Benzene 0.4100 0 .0787

Chloroform 0.407L 0.0847

Carbon Tetrachloride 0.4L72 0.0868

Vapor Phase

Qa 0b

0. 4600 0. 0940

o "4450 0.0904

0.4176 0.0872

0.4276 0.0841
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The universal values commonly used are fì" = 0.4278 and fl' =

0.0867.

The corrections to geometric mean for Tcr* K.'Z for the vapor and

for the líquid were obtained from equation (36) and Table V. The same

value was used for both the vapor and liquid. The value of K' used

was 0.01 for the three binary systems.

The critical binary constant 2trr/ (Tc, + Tcr) was 0.008 for the

AceËone-Chloroform system, -0.033 for the Carbon Tetrachloríde-Acetone

system and -0.0030 for the Benzene-Carbon Tetrachloride system. The

correlaËing parameter for critical volumes 2rtZ/ (Vc, + Vcr) estimated from

the general-í-zed chart (50) was -0.0350 for the Acetone-Chloroform system,

-0.L240 for the Acetone-Carbon Tetrachloride svstem and -0.040 for the

Benzene-Carbon Tetrachloride svstem.
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