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The group solution model of Ratcliff and Chao for 

the prediction of the excess free energies of liquid mix

tures has been tested and found to be satisfactory for eight 

mixtures of alkanes and ketones, and six mixtures of aromatic 

hydrocarbons and alcohols. The mode 1 was tested by comparing 

the predicted and experimental vapor-liquid equi librium data. 

Data on one reference system was used in each case to gener

ate group contribution functions. These functions were sub

sequently used to predict data on the remaining systems. 

Data of.aromatic hydrocarbon-alcohol systems were 

also predicted From the data of aliphatic CH2/OH group mix

tures and found to be very satisfactory. 

Experimental data of alkane-ketone mixtures ~/ere 

determined at 650 C using a modified Gi Ilespie sti 11. Aro

matic hydrocarbon-aIcoho1 mixture data were taken From the 

literature. 

Vapor-liquid equi libriu~ data at 900 C of three 

alkane-ether systems were also measured and found to be 

nearly ideal. 
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1. INTRODUCTION 

Knowledge of precise vapor-liquid equilibria is a 

prerequisite to the detailed design of distillation equip

ment. However, such knowledge is limited, and usually not 

available when new systems are under consideration, because 

it is difficult and laborious to obtain the data experiment

ally. Predictive methods are therefore valuable for prooess 

evaluation and design. 

Liquid state is highly complex for any general 

description, being in the lin between ' state of 'orderly' 

soJids and 'disorderly' gases. Our lack of knowledge of the 

liquid state precludes the prediction of solution properties 

from those of the pure components which are, in most cases, 

either readily available or easi ly estimated, and forces us 

to deveJop empirical methods. 

The main objective of the present work is the 

prediction of vapor-liquid equi libria from a minimum of ex

perimental data. The second objective of determining equi

librium data was prompted by a Jack of systematic experimen

taJ data for use in the predictive method. 

Group contribution methods have been shown to be 

suitable for predicting a number of thermodynamic and trans

* port properties (1,2,3,4). The present work is an extension 

of the work of Ratcliff and Chao (1) on the prediction of 

* Numbers indicate references at the end of the Introduction. 
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vapor-liquid equilibrium, and is concerned with mixtures of 

alkanes, ketones, ethers, and aromatic hydrocarbons. 

The thesis is divided into seven chapters and 

three appendices. Each chapter is complete with its own 

bibliography and nomenclature. There is first, in chapters 

2 and 3, a general outline of classical thermodynamics app

lied to mixtures, and a literature survey on the available 

methods for predicting vapor-liquid equilibria. Chapters 4 

and 5 deal with the apparatus for determining the equili

brium data, experimental procedure and testing of the still 

for reliability. Experimental data, smoothing procedure, 

the predictive methOd, and a comparison of experimental and 

predictive data are presented in chapters 6 and 7. AIl the 

auxi liary information, such as the calibration data and com

puter programs, is included in the appendices. 

References 

1. Ra tc 1 i f f , G.A. and Chao, K.C ., Can. J. Chem. Eng. !!1., 
148 (1969). 

2. Ratcliff, G.A. and Khan, M.A. , Cano J. Chem. Eng. 
(February 1971 ) • 

3. Nguyen, T.H. and Ratcliff, G.A., 
(February 1971). 

Can. J. Chem. Eng. 

4. Ra tc 1 i f f , G.A. (to be published). 
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2. VAPOR-LIQUID EQUILIBRIUM 

2.1 Introduction 

The development, design and operation of equi li

brium stage processes require a detailed knowledge of the 

composition of coexisting phases at equilibrium, and the 

effect of temperature and pressure on this composition. 

With the rise of petrochemical industry and the rapid in

crease in the number and quantity of solvent type compounds, 

there is a concentrated attention on matters relating to 

disti 11ation in general, and vapor-liquid equi'libria in par

ticular. Vapor-liquid equilibria are studied primari Iy with 

either one or both of the following objectives in mind: (1) 

to collect the necessary equilibrium data for design of 

chemical process equipment, and (2) tbprovide the essential 

data needed to formulate models for the prediction of solu

tion properties and test existing models. 

Classical thermodynamics of solutions provides us 

with ways and means of treating and testing experimental 

data, but it is of very little use in predicting system pro

perties. 

Although determination and prediction of vapor

liquid equi libria are the broad objectives of the present 

study, some of the basic principles of classical thermodyna

mics applied to vapor-liquid equi librium, nevertheless, need 

a brief review. This should serve the purpose of providing 
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the background information needed for the chapters that 

follow. The present chapter is, therefore, intended to give 

an outline of solution thermodynamics applied to vapor-

1 iquid equi 1 ibrium and data treatment methods. 

2.2 Fundamental Principles 

Systematic and exhaustive treatment of fundamental 

principles of classical thermodynamics of non-electrolyte 

solutions has been done in a number of text books (1,2,3,4,5, 

6). Otto Redlich's article {7} on old and new problems in 

vapor-liquid equilibria gives a good critique on the subject. 

Van Ness (6) has written an excellent monograph on the clas

sical thermodynamics of non-electrolyte solutions. Only 

relevant equations and principles are sketched below, and 

are mostly taken from the above source of reference. 

The relationship between the composition of vapor 

and liquid at equi librium and their temperature and pressure 

dependence is customarily developed from Gibbsian criterion 

of equality of partial molal free energy of each component 

in both phases. Expressed mathematically: 

(2. 1 ) 

where G i 1 = par t i al molal Gibbs free energy of component 
i in 1 i qu id 

G. 
IV 

= partial molal Gibbs free energy of component 
i in vapor 

By definition, fugacity is given by 

(dG i = RTdtnfi)T (2.2 ) 
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where 
b 
f. = partial fugacity of component i in solution 

1 (not a partial molal quantity). 

The definition of 1i is completed by arbitrarily specifying 

that 

where 

1 im 
P-.Q 

,.. 
f. 

1 

x.P 
1 

= 

x. = mole fraction of component 
1 

P = system pressure. 

(2.3 ) 

in solution 

By definition, the activity coefficient of a constituent in 

a solution is given by 
,... * y. = f./x.f. 

1 1 1 1 

where f~ is the fugacity of the constituent 
1 

rarily chosen, convenient standard state. 

(2.4 ) 

in some arbit-

The standard state for a constituent is selected 

with some limitations; the fundamental limitation being that 

the temperature of the standard state must always be that of 

the solution. Thus, the standard state temperature varies 

with solution temperature. The standard state of any con-

stituent must be taken at a fixed composition of solution 

and may be arbitrary. This may be, but not necessari Iy, the 

same for ail constituents. However, it is customary to take 

the standard state as the pure component at the temperature 

and pressure of the solution. Numerical value of the activ

ity coefficient would be meaningless unless the standard 

state is fully described. In the present work the standard 

state is taken as that of the pure component at solution 

temperature and pressure. Thus the activity coefficient 

becomes 



y. 
1 

= 
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f. 
1 

x. f. 
1 1 

(2.5) 

where f. = fugacity of pure i at the temperature and 
1 pressure of solution. 

An ideal solution is defined as the one which 

obeys Lewis and Randall rule for fugacities: 

f. = x.f. 
1 1 1 

(2.6 ) 

For an ideal solution the following relationships could be 

shown to be val id: 

D.G id = RT I: x . ..€nx. (2.7) 
1 1 

D.S id = -R I: x . ..€nx. (2.8) 
1 1 

D.H id = 0 (2.9) 

D.V id = 0 (2. 10) 

. where D. denotes the change of property due to mixing, and 

G = Gibbs free energy 

S = entropy 

H = enthalpy 

v = volume 

From Equations (2.5) and (2.6) it can be recognized 

that the activity coefficient is a measure of the degree of 

nonideality of a solution. It is related to other excess 

properties of mixing (excess property is the difference bet

ween the actual property of solution and that of an ideal 

mixture) by the following expressions: 



= 

= 

= 

= 
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o..eny. 
-RT (~ x. aT 1) 

1 
1 

-RT2 o.Eny. 
(E x. aT 1) 

i 1 

RT (E x . .Eny. ) 
• 1 1 
1 

o..eny. 
RT (E x. ap 1) 

i 1 

- R (Ex . ..enY.) 
• 1 1 
1 

(2. Il ) 

(2. 12) 

(2. 13) 

(2. 14 ) 

A complete listing of the other thermodynamic properties can 

be found in Reference (6). Thus, a knowledge of the activity 

coefficients and their variation with temperature and pressure 

would enable us to compute other thermodynamic properties of 

solutions. 

From Equations (2.1) and (2.2) the criterion for 

vapor-liquid equilibrium in terms of fugacities would be -= f. 
IV 

(2.15) 

where 
,.. 
fi} = partial fugacity of component in 1 iquid 

f. = partial fugacity of component 
IV 

in vapor. 

ln terms of activity coefficients, the relationship is given 

by 

y~ x. f~ = y~ y. f~ 
1 1 1 1 1 1 

(2. 16) 

Vapor phase fugacities could be calculated using an 

equation of state applicable to the component under considera

tion, and liquid phase fugacities from that of the vapor using 

conventional techniques. At moderate pressure, the virial 

equation of state truncated to two terms could be suitably 
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employed (6) to evaluate fugacities. Complete development 

of equations is given by Van Ness. Using the virial equa

tion of state, for a binary solution, liquid phase activity 

coefficient could be shown to be given by 

T Y (~I - V~)(T - P~) T 6J2 y~ 
~ny~ = ~n ~ + RT + RT (2.17) 

xJPI 

where 6 12 = 2 ~12 - ~I - ~2 

~12 = interaction cross coefficient, related to 
mixture virial coefficient ~ by 

~ = 

~I & ~2 = component virial coefficients 

T = total pressure 

po = pure component vapor pressure at solution 
temperature T 

x ~mole fraction in liquid phase 

y = mole fraction in vapor phase 

vL = component liquid molal volume at solution 
temperature. 

A similar expression could be written for the second compon

ente Equation (2.17) allows the calculation of liquid phase 

activity coefficient from vapor-liquid equilibrium data, 

volumetrie information and pure component vapor pressure. 

Conversely, if liquid phase activity coefficients, volumetrie 

information and vapor pressures are available, precise vapor

Jiquid equilibrium data could be computed. 

Experimental vi rial coefficients may be used in 

Equation (2.17) when such data are avai lable. In the absence 

of experimenta1 data, these coefficients are usually estima

ted. A number of authors (8,9,10, II, 12, 13) have correlated 
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virial coefficient data as a function of critical constants 

and reduced temperature and other characteristic parameters 

like the acentric factor. Prausnitz (14) has correlated 

mixture virial coefficients from pure component virial coef

ficients and suitable combining rules. In the same article 

he presents equations for vapor phase activity coefficients 

of a gas mixture, and gives severa 1 excellent illustrative 

examples. However, the combining rules for highly polar gas 

mixtures are not sufficiently accurate and further work in 

this direction would be of immense use. 

The third term in the right-hand side of Equation 

(2.17) represents vapor phase activity coefficient which is 

a measure of nonideal solution behavior in the vapor phase. 

The second term represents the departure of gas phase from 

ideal gas law behavior and the effect of pressure on liquid 

fugacity. If the gas phase is ideal with respect to bath 

solution and gas behavior and the effect of pressure on 

liquid fugacity is neglected, liquid phase activity coeffi

cients in a binary are given by the more fami liar expressions 

yL 
11" YI 

= , 0 
Plx l 

(2.18) 

yL = 
11" Y2 

2 0 P
2

x2 

(2.19) 

The effect of temperature and pressure on activity 

coefficients is given by the following expressions: 



where 
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o~nY. - 2 ( aT 1) = HiR/RT (2.20) 

o~ny. 
( ap 1) = ViR/RT (2.21) 

HiR = relative partial molal enthalpy of solution 

= difference between molal enthalpy of pure 
liquid and partial molal enthalpy in the 
solution at the composition under considera
tion 

ViR = relative partial molal volume 

= difference between molal volume of pure 
liquid and partial molal volume in the solu
tion under consideration. 

2.3 Testing and Correlation of Vapor-Liguid Eguilibrium Data 

2.3.1 Gibbs-Duhem Eguation 

The fundamental consideration in the validity of 

phase equilibrium data is how weIl the data obey the Gibbs

Duhem equation. This equation, as is weIl known, could be 

derived in the differential form From the principles of 

classical thermodynamics. It expresses the variation of 

partial molal excess Gibbs free energy with composition, and 

cannot be integrated in a rigorous way. However, it serves 

as a powerful guide in correlating and testing phase equi li

brium data. 

ln terms of fugacity, the Gibbs-Duhem Equation for 

a binary mixture could be expressed as 

= 1 RT (vdP - sdT) (2.22) 
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where s = molal entropy 

v = molal volume of the liquid mixture. 

The above expression is a general form of the Gibbs-Duhem 

equation applicable to vapor-liquid equilibrium and has been 

used extensively in much simpler forms. It is possible to 

simplify the equation by confining the system to constant 

temperature or pressure. It is not possible to restrict 

vapor-liquid equi librium problems to both constant tempera

ture and pressure because of the phase rule constraints. It 

can be shown from Equation (2.22) that at constant tempera-

ture 

dtnY I d~nY2 V dP 
dE - dE = ôRT (~xI) nX 1 nX

2 
ax~ 

and at constant pressure 

where 

dtnY I dtn Y2 
dEnx I - aEnx2 

= 

ôV = volume change on mixing 

(2.23) 

(2.24) 

ôH = integral heat of mixing per mole of solution. 

The right-hand side of these two expressions must be evalua-

ted from volume and enthalpy of mixing measurements, and the 

left-hand sides by differentiation of x-logy data. 

2.3.2 Thermodynamic Consistency 

2.3.2.1 General Problem 

Gibbs-Duhem equation and its special integral forms 
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are quite extensively used to test the thermodynamic consis

tency of vapor-liquid equilibrium data. Dodge (1) and Smith 

(5) give several illustrative examples on testing of experi

mental data for consistency. 

Because inaccuracies often appear in experimental 

data through human and mechanical errors, the subject of 

consistency of data is often given careful consideration. 

If erroneous data go undetected, incorrect conclusions might 

be drawn about a design or theory. Although consistency 

tests are designed to aid in screening correct data from 

erroneous data, approximate forms of these tests might indi

cate that erroneous data are consistent or vice-versa. On 

the other hand, rigorous compliance of the data with the 

tests based on the Gibbs-Duhem equation need not necessarily 

be correct since incorrect data might fortuitously satisfy 

the equation. However, those data that do not obey the 

Gibbs-Duhem relationship may be rejected as erroneous. 

A number of methods have been described in the 

literature for the treatment and correlation of activity 

coefficient data. Lu, Spinner and Ho (15) have made a com

plete review and proposed a number of visual methods for 

testing thermodynamic consistency of binary vapor-liquid 

equilibrium data. A system of flexible methods of thermo

dynamic analysis of experimental vapor-liquid equilibrium 

data have been reviewed by Redlich, et al. (16) and Hurthy, 

et al. (11). Edmister and Robinson (18) have made a system

atic treatment and critical review of the methods available 
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to test data and show the discrepancy associated with the 

universal neglect of heats of mixing and volumes of mixing 

terms in the Gibbs-Duhem equation, and general inadequacy of 

the area test. The following is a brief outline of the 

commonly used thermodynamic consistency tests. 

2.3.2.2 Differentiai Method 

At constant temperature and pressure, the Gibbs

Duhem equation for a binary mixture can be rearranged to give 

= (2.25) 

Thus, the slopes of x-tny curves form the basis of detecting 

systematic experimental errors. In a rigorous thermodynamic 

sense, the sum of the two terms in Equation (2.25) must equal 

the correction factors which take into account the effect of 

neglecting the heats or volumes of mixing terms in the gene

rai Gibbs-Duhem equation. However, the magnitude of such 

corrections may be, in many cases, much smaller compared to 

the uncertainty in determining slopes from slightly scattered 

experimental data. 

2.3.2.3 Integral Methods 

There are a number of mathematical expressions 

which satisfy the Gibbs-Duhem equation and are inherently 

thermodynamically consistent. These algebraical expressions 

could be regarded as particular solutions of the Gibbs-Duhem 

equation. The method of treating data under this category 
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involves the choosing of a proper suffix equation that repre

sents the activity coefficient composition data best. How

ever, inadequacy of the selected equation to represent exper

imental data need not necessarily mean that the data are in-

consistent. 

The excess Gibbs free energy represents nonideal 

behavior in a solution due to intermolecular forces, and 

differences in size and shape of the molecules. Wohl (19) 

has developed a general expression to represent excess free 

energy in terms of composition, effective molal volume and 

volumetric composition. 8ased on Wohl l s equations, severa 1 

simpler equations have been developed. Two and three suffix, 

van Laar and Margules equations may be cited under this cate

gory. Redlich and Kister have expressed variation of activi

ty coefficients with composition in a polynomial form, and 

modifications of these equations presented by Chao have been 

used extensively. Ail these algebraical equations are given 

in Reference (3). 

Wilson (20) has recently developed a semi-theoreti

cal expression to represent the excess Gibbs free energy and 

hence activity coefficients. His expressions for activity 

coefficients are given by 

= (2.26 ) 

= (2.27 ) 

where 1\12 and A 21 are W i 1 son 1 5 parameters. 
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Orye and Prausnitz (21) have tested the usefulness 

of Wilsonls equation, and from the results of about sixt Y 

binary mixtures of varied chemical structure, they concluded 

that Wilsonls equation was the best two-parameter equation 

available. 

Renon and Prausnitz (22) later proposed a three

parameter equation, simi lar to that of Wi lson, after a 

critical discussion on the use of local compositions to re

present the excess Gibbs free energies of liquid mixtures. 

This equation is based on Scottls two-liquid model and an 

assumption of non-randomness simi lar to that of Wilson. 

They also present a general discussion on Wilson and Hei Ils 

(23) equations. The superiority of their N.R.T.L. (non

random two-liquid) equation, particularly to represent mix

tures of limited miscibility, for which Wilsonls equations 

totally fail, is also clearly demonstrated. 

AlI the analytical equations used to represent 

activity coefficients have four principal uses: 

1. Correlation of scattered data; a smoothed 1 ine 

which is thermodynamically consistent will greatly simplify 

correlation of scattered data points. 

2. Calculation of complete vapor-liquid equilibrium 

data from only one precise experimental measurement such as 

the azeotropic point. 

3. Storage of a vast amount of experimental data by 

just specifying the equation and its constants. 

4. Prediction of multicomponent data from sets of 

binary data. 
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2.3.2.4 Redlich-Kister Area Criterion 

The area test for thermodynamic consistency 

developed by Redlich and Kister could be summarized by 

1 y 

S log _1 dX
I 

= 0 
-0 Y2 

(2.28) 

i.e., the algebraic sum of the areas under xI versus log yll 

Y2 curve should be equal to zero. This is strictly true for 

constant temperature and pressure, and correction factors 

must, therefore, be applied for accurate application of the 

area test. Further, as demonstrated by Steinhauser and White 

(24), the data in the dilute concentration zones are most un

reJiable, making smoothing in this region of questionabJe 

accuracy. Thus, the area test wouJd give no indication of 

the correctness of the data when the validity of the smoothed 

Jine itself is questionable. 

2.3.2.5 Herington1s Criterion 

The area test for constant pressure systems should 

be 

S log ~ dX
I o Y2 

= (2.29) 

Herington (25) has devised a testing method for these non

isothermal systems given by 

o - J < 10 

where o = hl (100) 
t' 

J = ISO (e) 1 Tmax 
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SI YI 
= log - dX I 0 Y2 

r' = SI f log ~ 1 1 dX I 0 2 

e = Tmax - Tmin 

Tmax = maximum temperature 

Tmin = minimum temperature 

Heringtonls criterion is also subject to the same weakness 

as the area test, particulariy when dealing with scattered 

data. 

2.3.2.6 Lu, et al., Local Consistency Test 

Lu, Spinner and Ho (15) have presented several 

useful visual aids in checking the data. They are: 

1 • when x = 0.5 

= (2.30 ) 

Therefore, at x = 0.5, the slopes of the x-Iogy curves should 

be equal but opposite in signe 

2. The points of intersection of the curves with the 

vertical axes are designated as lIend values ll defined by 

1 i m 10gYI = AI2 
xJ~ 

lim logY2 = ~I 
xl~ 

At xI = 0.5 
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= 

= 

This is not strictly true but a convenient approximation. 

It should serve as a useful guide whi le smoothing erratic 

and inadequate data. 

3. At xl = 0.25 

10gYl ~ 10gY2 at xl = 0.75 

This, again, is an approximation. 

4. If there is no maximum or minimum in the curves, 

ail data points should be on the same side of the composi-

tion axis. 

5. If there is a maximum or minimum in one curve, 

there should be a corresponding minimum or maximum in the 

other curve. 

2.3.2.7 Van Ness' Composition Resolution Test 

Integral and area tests rely on an overall evalua

tion in which regional inconsistencies may be obscured due to 

mutual cancel1ation. To overcome this difficulty Van Ness 

(6) has described a composition resolution test for checking 

the local consistency of activity coefficient data. 

Thermodynamic consistency of experimental data is 

assessed by resolving the function GE/x 1x2RT into a set of 

thermodynamically consistent activity coefficient functions. 

A comparison of calculated and experimental coefficients pro

vides an assessment of the local consistency. For a binary 
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the following relations are val id: 

lnYl 2G E 
10J ô = x2 

[ - -x2 x lx2RT (2.31) 

lnY2 2G E 
10J + ô = xl [ -

xl x lx2RT (2.32 ) 

where ô 
HE dT for isobaric data (2.33) = - RT2 dx'j" 

ô VE dP for isothermal data (2.34) = - RT2 dX l 

10 & 1 1 = intercepts of the tangent to the free energy 
funct ion at the composition under consideration. 

2.3.2.8 Discussion 

It is easily recognizable that any rigorous test for 

thermodynamic consistency inevitably requires data on heats of 

mixing or volumes of mixing, depending on whether the experi

ment is carried out under isobaric or isothermal conditions. 

Such data are seldom available. Further, there is no general

ly acceptable smoothing technique for scattered data. The 

degree of scatter depends on severa 1 factors, such as the 

analytical accuracy achieved in the analysis of the phases, 

random errors in temperature and pressure measurement, and the 

concentration range under consideration. Available testing 

procedures are invaluable in detecting systematic errors, but 

there is no method for designating experimental data as un

questionably correct. 

The most serious error in vapor-liquid equilibrium 

measurement from which activity coefficient data are usually 
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derived is the achievement of improper equilibrium between 

phases. Errors might also be introduced due to poor still 

design, particularly those due to superheating and condensa

tion effects. These systematic errors could be overcome by 

proper choice of the stiJl, and testing the still with mix

tures for which independent experimental data are available 

for comparison. Once there is sufficient degree of confid-
-

ence in the performance of the still, and the measurement of 

the true equilibrium temperature and pressure, the accuracy 

of data would then depend on the analytical technique. How-

ever, random errors cannot be avoided in experimentation 

though they could be minimized by proper analytical and 

sample handling techniques. Once these conditions are 

achieved in practice, subjecting data to consistency tests 

need not be essential, if the general guidelines are obser

ved in smoothing scattered data. Selection of proper analy

tical equations which are thermodynamically consistent and 

fitting experimental data to these equations wouJd serve at 

Jeast the same purpose as subjecting the data to uncertain 

test procedures. 

Nomenclature 

A12 end value of logy J 

A21 end value of logY2 

0 parameter in Her i ngton 1 s cr i ter ion 

f fugacity 



f 
G 

H 

HiR 

'a &: 1 1 

J 

P 

pO 

R 

S 

T 

v 

ViR 

x 

y 
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partial fugacity given by Equation (2.2) 

Gibbs free energy 

enthalpy 

relative partial molal enthalpy of solution 

intercepts of the tangent to the free energy function 

parameter in Herington's criterion 

pressure 

pure component vapor pressure 

gas constant 

entropy 

temperature (absolute) 

molal volume 

relative partial molal volume of solution 

mole fraction in liquid 

mole fraction in vapor 

Greek Letters: 

t3 

t3 12 

y 

t. 

6 

"'2 
&A21 

9 

jj 

Subscripts: 

vi rial coefficient 

mixture virial coefficient 

activity coefficient 

change of property 

parameter given by Equations (2.33) and (2.34 ) 

Wilson's parameters 

T - T . max min 
total pressure 

component 
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i 1 component in 1 i qu id 

iv component in vapor 

max maximum 

min minimum 

component 

2 component 2 

Superscripts: 

L 1 i qu i d 

V vapor 

id ideal 

* standard state value 
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3. PREDICTION OF VAPOR-LIQUID EQUILIBRIUM 

3.1 Introduction 

Much investigation is being carried out in the 

field of predicting thermodynamic properties of non-electro

Iyte solutions with particular attention to vapor-liquid 

equilibria, primarily to provide data for use in engineering 

design and for the formulation of thermodynamic models. 

Work on the nature of intermolecular forces and theories of 

solution is also quite considerable. An up-to-date review 

of the work in this field appears regularly in Annual Reviews 

of Physical Chemistry. Guggenheim (1) and Prigogine (2) have 

written excellent monographs on the theories of solution. 

ln spite of the vast amount of fundamental work on 

mixtures, the theoretical description of solution phenomena 

is far from satisfactory. This is particularly true for mix

tures involving polar compounds which are of great practical 

interest to the chemical engineer. 

Semi-empirical methods, on the other hand, appear 

to be quite promising in providing guidelines in predicting 

data for applied needs, particularly in screening of separa

tion processes. For our discussion, these methods could be 

classified into two categories: (1) extension of Hi Idebrand's 

regular solution theory, and (2) group contribution methods. 

The present chapter gives a general review of the 

previous work on the prediction of liquid phase activity 
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coefficients in mixtures containing polar compounds. 

Detailed and complete.reviews can be found elsewhere (3) and 

only work relevant to the present study is included here. 

3.2 Regular Solution Theory and Its Extension 

Scatchard and Hildebrand's (4) theory of regular 

solutions, sometimes referred to as solubility parameter 

theory, assumes that: 

1. the molecules are spherical and nonpolar; 

2. only London dispersion forces prevail and 

molecular orientation is random; 

3. the volume change on mixing is zero. 

Their expression for excess Gibbs free energy and 

activity coefficients for a binary solution are given by 

= (3. J ) 

2 

10gYI = 
VI z2 

(6 1 - 6 )2 (3.2) 2.303RT 2 
2 

logY2 
v2 z 1 2 (3.3) = 2.303RT (6 1 - 62 ) 

where C J J &: C22 = cohesive energy densities (also called 
internaJ pressures) of Jike pairs of 
moJecules given by Equations (3.6) and 
(3.7) 

CI2 = cohesive energy density of unJike pair 
molecules given by Equation (3.8) 

zJ = xJvJ/(xJv J + x2v2 ) (3.4) 

z2 = x2v2/(xJ v J + x2v2 ) (3.5) 
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= solubility parameters of components 
1 and 2, and given by Equations 
(3.6) and (3.7) 

= 62 
1 = (b.H lvap - RT)/v l (3.6) 

= 62 
2 = (b.H2vap - RT)/v2 (3.7) 

= latent heats of vaporization of 
components 1 and 2, respectively 

= mole fractions 

= molar volumes 

= temperature 

= gas constant 

ln arriving at Equations (3.2) and (3.3), i t is 

further assumed that Berthelot's geometric mean rule is 

applicable for unlike pair cohesive energy density, giving 

(3.8) 

The solubi lit y parameter theory is a very good 

approximation for non-polar molecular systems, but it should 

not be used when there are reasons for suspecting the val id

ity of the fundamental assumptions involved. In particular, 

it should not be expected to be applicable to systems invol

ving polar compounds. 

The importance of polarity of molecules in solution 

behavior is easi ly recognized and attempts have been made to 

take into account the effects of polarity into solution non

ideality. Van Arkel (5) introduced into Hi Idebrand's equa-

tion for limiting activity coefficient a correction factor to 
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account for the orientation forces. His expression is given 

by 

v. 
2 ( 2 2 

10gy. 1 = 2.303RT z. [ 6.-6.) +(w.-w.) ] 
1 J 1 J J 1 

(3.9) 

The term (w.-w.) 
J 1 

is given by the relation 

107 ~~ 2 

(w.-w.) = J.2!2 x [.:...1- - ~] 
J 1 v~ RT F, F; 

J J 

(3. 10 ) 

where ~. & ~. = the dipole moments of pure components. 
1 J 

Quantitative testing of this extension does not appear to 

have been carried out, perhaps because of the obvious inade

quacy of the equation to predict negative deviations from 

Raou 1 t 1 S 1 aw • 

Martire (6) introduced as an improvement a semi

empirical parameter K given by 

K = 
6. v· 

C 1 1 
6. v. 

1 J 

(3.11) 

The constant C can be determined for a whole group of com-

pounds from gas chromatographie measurements. Martire's 

equation for limiting activity coefficient is given by 

10gy~ = (3.12) 

The derivation and method of determining C for a homologous 

series is given in Reference (6). The author tested this 

equation on many systems composed of polar and nonpolar con-

stituents with an average deviation in the limiting value of 

about ~ 3 percent. But this method suffers from the disad-
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vantage that the value of C must be determined experimentally. 

Finch and Van Winkle (7) made an extension of regu

lar solution theory on the same lines as suggested by Van 

Arkel and devised empirical correction factors correlated in 

terms of lIinternal pressures; polar and nonpolar". They have 

tested the modified form on twelve polar-nonpolar binaries 

with a maximum deviation in the predicted value of y of about 

15 percent and an average deviation of 4 percent. 

Erdos (8) joined Scatchard's method with Langmuir's 

(9) concept of surface area of the molecule as being related 

to molecular interaction and derived an equation which can be 

written in the form, 

logy~ = 
[P. ]2/3 

1 (~ 1 ~ ~)2 
2.303RT vi - vJ 

(3.13) 

where [Pi] denotes the parachor of the pure component i. The 

adjusted solubility parameters are defined by the equations 

~Hivap - RT 
[P. ]2/3 

1 

= (3.14) 

= (3.15) 

Erdos tested his equation on eleven binary mixtures of alco

hols and water to predict van Laar's constants within 3 per

cent. This method again is applicable for mixtures showing 

positive deviations only, but has the advantage of using only 

pure oomponent data to predict binary vapor-liquid equili

brium. Erdos also assumes as in Scatchard's theory that the 

entropy of mixing is that of an ideal solution. 
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Gilmont, Zudkevitch and Othmer (ID) modified Erdos ' 

method by adding an adjustable parameter, called the IIfield 

factor", te take into account the error introduced due to 

assuming ideal entropy of mixing in Erdos ' model. They divi

ded the pure components into ten classes, an extension of 

Ewell's (II) classification of liquids based on their ten

dency to form hydrogen bonds, and every binary combination of 

these compounds is characterized by a field factor. The 

authors tested their method on a large variety of binary mix

tures and claimed an accuracy of 1.7 percent in the predicted 

value of y. Subsequent testing of the method by Hala, et al. 

showed "much worse agreement" than was originally claimed by 

the authors. 

Redlich, Kister and Turnquist (12) have presented 

relations for approximate calculation of the constants in 

their third order activity coefficient equations for systems 

whose constituents neither associate nor form hydrogen bonds. 

Their expressions for Band C are grven by 

o .869[~ _ 62 ~2 
v'VJ Jv; J 

B = (3.16) 

C = B (v2 -vl)/(v2+v l ) (3.17) 

where 6 1 & 62 are the solubility parameters, vI & v2 the 

fl'X)"lar volumes, and B & C are the constants in their two con-

stant equations representing activity coefficient as a func-

tion of composition. Though the method gave satisfactory 

agreement for nonpolar mixtures, it cannot be expected to pro

vide similar estimates for mixtures involving polar compounds. 
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Prausnitz and Anderson (13), in an excellent 

article on the solvent selection in hydrocarbon extractive 

distillation, discuss the various forces that contribute to 

nonideality and present a thermodynamic and physico-chemical 

analysis of the solution phenomenon. In a later article 

Weimer and Prausnitz (14) take into account these physico

chemical effects in a quantitative way and present a correl

ation to predict activity coefficient at infinite dilution 

for paraffins, naphthenes, pentene and benzene in a large 

variety of polar solvents. The model is essentially an ex

tension of regular solution theory and their final expres

sion for excess Gibbs free energy is given by 

GE = 

where ô 1 & 62 
T 

zlz2(xlvl+x2v2)[(61-62)2+T~-2'12J 
zl 

.en 
z2 (3.18) 

+ Xl .en XI + x2 x2 

= nonpo lar so 1 ub i 1 i t Y parameters 

= polar solubi lit y parameter 

= term representing induction energy 
between the polar and nonpolar species 

They have described Bondi and Simkin's (15) "homomorph" app-

roach as modified later by Anderson (13) to evaluate the non

polar cohesive energy density. The polar and nonpolar solu

bi lit y parameters were thus computed for fort y polar soJvents. 

They have correlated infinite dilution activity coefficient 

data to within ~ 10 percent, and present empirical relations 

for the induction energy tenn for paraffins, pentene and ben

zene in a number of polar solvents as a function of nonpolar 

soJubility parameter. 
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Helpinstill and Van Winkle (16) adopted the same 

lines of thought as Weimer and Prausnitz and extended their 

correlation to include the case where bath components are 

polar. The concept of dividing the solubility parameter 

into polar and nonpolar parts and their computation using 

homomorph plot is similar to that of Prausnitz. Their data 

on infinite di lution activity coefficients for a number of 

hydrocarbons in polar solvents showed agreement within ± 13.5 

percent. The correlations are reported to be valid over a 

wide range of temperature between OOC to 125PC. 

3.3 Group Contribution Methods 

Prediction of pure component properties using the 

method of group contributions from the atoms and groups of 

atoms present in the molecule has become highly successful 

(17). A summary of the different methods is given by Janz 

(18). However, a similar analogy to represent mixture pro

perties is poor. In the case of pure components we are con

cerned with intramolecular forces; but in mixtures, inter

molecular forces and specific interactions like hydrogen 

bonding are encountered. Nonetheless, attempts have been 

made to predict solution properties considering it to be a 

mixture of the groups which make up the components of the 

solution. 

Deal and Derr (19) have recently made an extensive 

review of the ways in which activity coefficients of compon-
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ents in solution can be predicted by using the idea of 

characteristic structural group contributions. Nonetheless, 

a brief review of the important works in this line is in 

order. 

The earliest description of a mode 1 to predict 

mixture properties appears to have been proposed by Langmuir 

(9) with the formulation of ,his IIprinciple of independent 

surface actionll. He arrived at the following expressions 

for the partial vapor pressures in a mixture of two compon-

ents. 

where PI 

PI 

51 

Cl i 

= (3.19) 

= (3.20) 

& P2 = partial pressures 

& P2 = pure component vapor pressures 

& 52 = surface areas of the molec~les 

& Cl
2 = surface fract ions 

k = Boltzman constant 

o = IImixture energy constant ll , function of 
surface fractions and interfacial energy. 

Langmuir, in spite of his initial enthusiastic 

description of the model, did not pursue it further for test

ing. Smythe and Engel (20) applied Langmuir's mode 1 to test 

vapor-liquid equilibrium in a number of polar-nonpoiar mix

tures, and attributed the failure of the mode 1 to its inade-

quacy to consider size and shape of the molecuJes, particu

larly molecular dipole interactions. 
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Butler (21) measured-Henry's law constants and 

arrived at simple correlations relating terminal activity 

coefficients to solute carbon number. He indicated the 

systematic shift of these graphical correlations depending 

upon the nature of the polar grouping in the solute. 

Redlich, Derr and Pierroti (22) proposed a group 

interaction mode 1 essentially on the same lines as Langmuir. 

They assumed that the interaction energy can be represented 

as the sum of the contributions of pairs of interacting 

groups. The contribution of each pair of groups is assumed 

to be independent of the nature of the molecules involved 

and dependent on the group concentration. Papdopoulos and 

Derr (23) predicted enthalpies of hydrocarbon mixtures using 

the model, and insufficient experimental data at that time 

hindered conclusive tests on the model. Chao and co-workers 

(24) later modified Redlich's mode 1 to apply to solutions 

containing polar substances by taking local group concentra

tions into account as described by Wilson (25). Theyalso 

described a method of evaluating group surfaces using coval

ent and van der Waal1s radii. The mode 1 appears to predict 

heats of mixing of a number of polar-nonpolar mixtures quite 

satisfactori Iy. Extension of the model to excess free ener

gies of mixing by combining with suitable expression for en

tropies of mixing would be interesting. However, the under

standing of solution entropy is very limited at the present 

time. 
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One of the significant advancements in the correla

tion and prediction of activity coefficients, based on group 

contributions, was presented by Pierroti and co-workers (26). 

Structural parallelism based on observed changes of the 

limiting activity coefficient with molecular weight, mole

cular configuration and function group type form the basis 

of their correlations. The authors correlated the activity 

coefficients at infinite dilution for many classes of sub

stances in a few solvents such as water, paraffins, alcohols 

and ketones. Their equation for yO is given by 

logy~ = (3.21) 

~, 82 , Cl' 0 and F2 in the above equation are characteristic 

constants, and nI and n2 are the number of carbon atoms in 

the hydrocarban radicals. A similar expression is given for 

logy~. The procedure of obtaining yO values is quite simple, 

merely involving the substitution of the constants in the 

equations. The authors have tabulated these constants for 

various temperatures. However, this method, though very app

roximate (deviation in yO value ranging from ± 3 percent to 

± 84 percent), is applicable only for five systems; that is, 

only for five systems can bath logy~ and logy~ be computed. 

For aIl the other systems listed, only the solute 10gyO can 

be computed. The five systems which can be calculated are 

n-alcohols-water, n-ketones-water, sec-alcohols-water, n-

ketones-paraffins and ethyl alcohol-paraffins. 
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Wilson and Deal (27) have proposed a mode) for 

predicting activity coefficients as a function of composi

tion. Their "solution of groups" approach estimates the 

partial molal excess Gibbs free energy as the sum of group 

contributions and provides a concentration dependency of 

these group contributions. The model is based on four pos

tulates which state that: 

1. Experimental activity coefficient could be divided 

into two parts: (1) group contribution due to interaction of 

groups, and (2) entropy contribution associated with size 

effects. Mathematically, 

where 

= logy~ + Jogy~ 

YK = molecular activity coefficient 

y~ = group contribution 

y~ = size contribution 

(3.22 ) 

2. Size contribution is given .~y Flory-Huggins (28,29) 

expression developed for athermaJ solutions. 

3. The group contribution is assumed to be the sum of 

contributions of each group referred to the same standard 

state. 

4. The group contribution is a unique function of a 

group composition. 

Wilson and Deal applied their mode) to a number of 

binaries and fairly good agreement between experiment and 

prediction was realized. The general agreement in logarithms 
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of the activity coefficients were estimated to be within 

about ID percent. However, in fitting data on systems con

taining water, they assumed water molecule to be consisting 

of 1.5 hydroxyl groups. 

Scheller (30) later used Wilson's mode 1 to predict 

activity coefficients in alcohol-water systems and certain 

polyols. He has calculated the term with molar volumes 

rather than group numbers as was originally used by Wilson. 

He arrived at a value of 1.6 hydroxyl groups for water to 

reasonably fit the experimental data (within ID percent in y). 

Ratcliff and Chao (31) modified Wilson's mode 1 by 

replacing the entropy term (given by Flory-Huggins equation) 

with a skeletal contribution term given by Broensted and 

Koefoed's (32) theory of congruence. The authors gave a more 

meaningful interpretation to the standard state group activ

ity coefficients and successfully predicted vapor-liquid 

equilibrium data on a number of alcohol-water systems without 

having to assume water to be made up of J.5 hydroxyJ groups. 

Testing of the model on other systems was hampered due to 

Jack of sufficient data. Ratcliff and Chao's model has been 

extended successfully (33,34) to predict heats of mixing and 

viscosities of mixtures. 

During the preparation of the present thesis, sorne 

rather interesting work of Derr and Deal (35) has appeared 

which extends Wi Isonls mode 1 to an "analyticaJ solution of 

groups". This involved representing group activity coeffi

cient-group composition data by Wilson's (26) activity 
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coefficient expression and evaluating the interaction para

meters. Use of binary interaction parameters to predict 

multigroup activity coefficients seems to be very promising 

and their results quite encouraging. They have demonstrated 

the calculations on a large variety of polar-nonpolar mix

tures. 

Barker (36) has used a quasi-lattice picture of 

the mixture to predict solution properties. Each molecule 

in the solution is assumed to occupy certain number of sites 

on a well-defined lattice. Each site so occupied is identi

fied with a particular group of a molecule. Each site is 

considered to have a certain coordination number which refers 

to the number of possible directions on surfaces of contact 

of the group at a given site with other groups of either the 

same molecule or a different molecule. Barker applied his 

theory to fit the experimental free energy and heats of mix

ing data for methanol-benzene and methanol-carbontetrachlor

ide systems. Representation of the data by the model 

appears to be satisfactory. 

Sweeny and Rose (31), in an application of Barker's 

theory to alcohol-ester systems, represented the physical 

picture of the liquid similar to that of Barker and evaluated 

the various interaction energies from one base system and 

used these parameters to predict the data on other systems. 

The predicted vapor-liquid equilibrium data are reported to 

be within the experimental error and the activity coefficients 

to be within about la percent. 
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Lewell and Kristmanson (38) applied the same model 

to binary mixtures containing alcohols and ketones. They 

have used isobaric data from the literature and report the 

accuracy of prediction to be falling as the boiling point 

difference between the two components widens. 

Except for the tedious trial-and-error calculations 

involved in the mode 1 to obtain interaction parameters, after 

a particular configuration is given to the molecule on the 

lattice, Barker's approach might offer grounds for further 

study. 

3.4 Summary and Conclusions 

Though there are a number of different methods 

available for the estimation of activity coefficient data, 

there appears to be no suitable model applicable for aIl sys

tems. Regular solution theory, although it requires data 

onlyon pure components, is applicable only to a few special 

mixtures of nonpolar compounds. Serious errors can result if 

the model is applied to systems involving polar compounds 

unless accommodation is made for polarity effects. Attempts 

to account for polarity in a quantitative way have resulted 

only in little success. The extensions of regular solution 

theory proposed by Weimar and Prausnitz, and Helpinstill and 

Van Winkle, correlate only the infinite di lut ion activity 

coefficients of hydrocarbons in other solvents. Neither of 

the correlations are applicable to strongly polar solutes, 
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nor to compounds which are strongly associating such as 

alcohols. 

Group solution models have the advantage of being 

able to predict activity coefficients from a minimum of ex

perimental information. Ratcliff and Chao's model has been 

applied successfully to sorne strongly polar mixtures. How

ever, further testing of the mode 1 on systems involving 

other functional groups is hampered by a lack of systematic 

isothermal equilibrium data (activity coefficients are more 

sensitive to temperature than pressure, and as such isother

ma 1 data are preferred for mode 1 test i ng) • Such data i s very 

much needed for testing and extension of the group solution 

to other functional group systems. 

Nomenclature 

A 

B 

C 

Cil & C22 

o 

F 

G 

constant 

constant 

constant 

cohesive energy densities of like pairs of molecules 
(l,land 2,2) 

cohesive energy density of unlike pair of molecules 
( 1,2) 

constant 

constant 

Gibbs free energy 

latent heat of vaporization 

Boltzman constant 
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K parameter in Equation (3.J2) 

n number of carbon atoms in hydrocarbon radicaJ 

p partiaJ pressure 

P pure component vapor pressure 

[p] ·parachor 

R gas constant 

S surface area of moJecuJe 

T absoJute temperature 

v moJar voJume 

w 

x 

z 

correction factor in Equation (3.9) 

moJe fraction in Jiquid 

vo J ume frac t ion 

Greek Letters: 

n surface fraction 

y moJecuJar activity coefficient 

6 soJubiJity parameter 

6' adjusted solubility parameter 

o mixture energy constant 

'J2 induction energy term in Equation (3.18) 

~ di po Je moment 

T polar solubi lit y parameter 

Subscripts: 

J & 2 components 1 and 2 

i, j & k moJecular species i, j and k 
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Superscripts: 

E 

G 

o 

S 

excess property 

group term 

terminal value 

size term 

References 

1 • 

2. 

3. 

4. 

5· 

6. 

7. 

8. 

9· 

10 • 

II. 

12. 

13. 

14. 

Guggenheim, E .A., "Mixtures", Oxford Press, London (1952). 

Prigogine, 1., "Molecular Theory of Solutions", Inter 
science Publishers, New York (1957). 

Annual Reviews of Physical Chemistry, Chapter on "Thermo
dynamics of Non-Electrolyte Solutions". 

Hi Idebrand, J.H. and Scott, R.l., "Solubi 1 ities of Non-
Electrolytes", Dover Publications, New York (1946). 

Van Arkel, A.E., Chem. Weekblad. 11, 490 (1934). 

Martire, D.E., Anal. Chem.li, 9,1143 (1961). 

Finch, R.N. and Van Winkle, M., A.I.Ch.E. J., Vol. 8, 4, 
455 (1962). 

Erdos, E., Coll. Czech. Chem. Commun.~, 1313 (1953). 

Langmuir, 1., Third Colloid Symposium Monograph, Chemical 
Catalog Co., New York (1925). 

Gilmont, R., Zudkevitch, D., and Othmer, D.F., Ind. Eng. 
Chem. 2l, 223 (1961). 

Ewell, R.H., Harrison, J.M., and Berg, L., lnd. Eng. Chem. 
. J§., 871 (1944 ). 

Redlich, O., Kister, A.T., and Turnguist, C.E., Chem. Eng. 
Prog. Symp. Sere No. 2, Vol. 48, 49 (1949). 

Prausnitz, J.H. and Anderson, R., A.I .Ch.E. J., Vol. 7, 
96 (1961). 

Weimer, R.F. and Prausnitz, J.H., Hydr. Proc., Vol. 44,9, 
237 (1965). 



15. 

16. 

17. 

18. 

19· 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29· 

30. 

31. 

32. 

33. 

-42-

Bondi, Arnold and Simkin, D.J., J. Chem. Phys., Vol. 25, 
1073 (1956). 

Helpinstill, J.G. and Van Winkle, M., Ind. Eng. Chem., 
Proc. Des. Dev. l, 213 (1968). 

Parks, G.S. and Hoffman, H.M., "The Free Energies of 
Some Organic Compounds", Amer. Chem. Soc. Monograph 
No. 60, Cat. Co., New York (1932). 

Janz, G.J., "Estimation of Thermodynamic Properties ll
, 

Academic Press Inc., New York (1958). 

Deal, C.H. and Derr, E.l., Ind. Eng. Chem. 60, 28 (1968). 

Smythe, C.P. and Engel, E.W., J. Amer. Chem. Soc. 21., 
2646 (1929). 

Butler, J.A.V. and Ramchandoni, C.N., J. Chem. Soc. 
London, 952 (1935). 

Redlich, O., Derr, E.l., and Pierotti, G.J., J. Amer. 
Chem. Soc. M, 2283 (1959). 

Papadopoulos, M.N. and Derr, E.l., J. Amer. Chem. Soc. 
.§!, 2285 (1959). 

Chao, K.C., Robinson, R.l., Smith, M.l., and Kuo, C.M., 
Chem. Eng. Prog. Sym. Ser. ~, 121 (J967). 

Wilson, G.M., J. Amer. Chem. Soc. 86,127 (1964). 

Pierotti, G.J., Deal, C.H., and Derr, E.L., Ind. Eng. 
Chem • .2.!., 95 (1959). 

Wi Ison, G.M. and Deal, C.H., Ind. Eng. Chem. !, 20 (1962). 

Flory, P.J., J. Chem. Phys. 2,,660 (1941); ibid.,.!Q, 5 
( 1942) . 

Huggins, M.L., Ann. N.Y. Acad. Sci. 43 (1942). 

Scheller, W.A., Ind. Eng. Chem. Fund. i, 459 (J965). 

Ratcliff, G.A. and Chao, K.C., Cano J. Chem. Eng. !!I, J48 
( 1969) . 

Bronsted, I.N. and Koefed, J., Kg J. Dans. Vi den. Se Isk. 
Mat-Fys. Meds. 22, 1 (1946). 

Ratcliff, G.A. and Khan, M.A., Cano J. Chem. Eng. (Feb
ruary 197 J ) • 



-43-

34. Nguyen, T.H. and Ratcliff, G.A., Cano J. Chem. Eng. 
(February 1971). 

35. Derr, E.L. and Deal, C.H., International Distillation 
Symposium, Brighton, England (September 1969). 

36. Barker, J.A., J. Chem. Phys. gr, 1391 (1953). 

37. Sweeny, R.F. and Rose, A., A.I .Ch.E. J. 390 (1963). 

38. Lewell, P.A. and Kristmanson, 0.0., Cano Chem. Eng. 
Conf., Windsor, Ontario (1966). 



-44-

4. EXPERIMENTAL METHOD 

4.1 Introduction 

Almost aIl solutions of practical interest neither 

exhibit ideal behaviour, nor can their equilibrium relations 

be predicted from purely theoretical considerations. 

Recourse to experimental measurement will undoubtedly be 

required in arriving at equilibrium data necessary for engi

neering designs and testing of models unti 1 satisfactory 

methods of estimation are developed. 

Measurement of activity coefficients in solution 

and, hence, the determination of the properties of coexist

ing phases at equilibrium as a function of composition, can 

be achieved in a number of ways. Hala et al. (1) have des

cribed in detai 1 the various techniques employed for this 

purpose. The two most commonly used methods are: 

1. the total pressure-composition method 

2. direct measurement of the composition of equili-

brium phases at constant temperature or pressure. 

ln the former case, a liquid of known composition is placed 

in a measuring cell, the air is evacuated from the apparatus, 

and.the liquid and vapor phases are allowed to reach equi li

brium. The resulting total pressure is measured for a num

ber of liquid compositions and the vapor compositions are 

calculated (1,2,3,4,5,6). In the latter method, the two 

phases ar~ brought into equilibrium in a still, operating 
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either at constant temperature or pressure, and their compo

sitions are analysed separately to determine the activity 

coefficients. Direct method is the most widely used techni

que to collect vapor-liquid equilibrium data. Hala et al. 

(l) have given a summary of the types, construction and 

capabilities of the various stills employed in this class of 

study. Because of the simplicity in construction and opera

tion, and the ability to measure true equilibrium tempera

ture, the Gillespie still (7) is quite extensively used. 

A modified design of the Gillespie still was built 

for the purpose of this investigation. A description of the 

apparatus, the experimental and analytical techniques em

ployed in the present study, are discussed in the following 

sections. 

4.2 Description of the Apparatus 

The equilibrium still used in the present study 

retains the essential features of the Gi Ilespie sti Il as 

described by Lu et al. (8). A few modifications are incor

porated in the present design and are discussed in Section 

4.3. 

Detai Is of the still and the experimental set-up 

are shown in Figures 4.1 and 4.2. The still primari Iy con

sists of a reboiJer (R) which is fiJled with the mixture 

(about 250 ml.) for which data are to be measured. Heating 

the still is accomplished by an externaJ eJectrical chord 
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heater (H) wound over the reboiler. Heat input to the re

boiler is controlled by regu·lating the voltage across the 

heater by a variac (not shown). As the liquid is vaporized, 

slugs of liquid and vapor are carried through the Cottrell 

tube (C) to the equilibrium chamber (E), after impinging on 

the thermowell (T). The thermowell is double-jacketed and 

vacuum sealed. It contains a copper-constantan thermocouple 

dipped in a few drops of oil placed in the weIl. The tem

perature of the boiling mixture is measured by this thermo

couple. The vapor and liquid phases separate in the equili

brium chamber. The vapor travels upward in the annulus, 

countercurrent to the downcoming heterogeneous mixture, and 

provides a vapor jacket. The vapor is condensed in a total 

condenser-subcooler (CR). The liquid sample, disengaged 

From the vapor, travels through the downcomer (0). The con

densed vapor and liquid samples then pass through double

jacketed sampling cells (SCI,SC2), and drop counters. The 

two samples then enter the return line (RL) and are circula

ted into the reboiler. The return line From the sampling 

cells to the reboiler is of capillary construction (2 mm. 

dia.) to provide dampening effect when the solution is boi 1-

ing. The sampling cells are provided with sampling ports 

(SPI,SP2) fitted with 2 mm. bore teflon stopcocks. The equi

librium sti Il is completely made of pyrex glass. 

The condenser is connected to a vacuum pump through 

a flash pot (FP), calcium chloride drying bottle (DR), a 

large surge tank (ST), and a manostat (HA) by thick-walled 
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rubber tubing. The flash pot serves the emergency purpose 

of holding any flashed liquid due to the upsets in the still. 

This prevents contamination and blocking of lines and equip

ment downstream. A mercury manometer (MN) is connected to 

the still to indicate the pressure. The needle valve (NV) 

is used to provide a bleed of air into or out of the system 

depending on the system pressure. The three-way stopcock 

(SP) is used to connect the still to either the pressure or 

vacuum system. 

4.3 Present Modifications 

The Gi Ilespie still as described by Lu et al., in 

spite of its accuracy in measuring equilibrium temperature, 

lacks some features, the absence of which wi Il contribute to 

errors in the data obtained. They involve: 

1. provision for a thorough and immediate mixing of 

the condensed vaporand liquid samples joining the reboiler 

2. adequate mixing of the vapor and liquid samples in 

their respective cells 

3. provision to eliminate contamination of the equili

brium samples by non-equilibrium vapor condensate at the end 

of the rune 

Inadequate mixing of the returning liquid from the 

sampling cells with the main body of the liquid in the re

boiler, can result in several errors. If this liquid is not 

weIl mixed immediately on entering the reboiler, concentra-
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tion gradients will exist resulting in severe flashing. The 

seriousness of this error will depend on the relative volati

lities of the components involved. Second, the vaporization 

process occuring in the reboiler can be chaotic. Considering 

a small element of liquid with local concentration gradients 

moving into the proximity of the heater, there is little cer

tainty of the extent to which this element wi 11 be vaporized 

before being swept away. This results in only pseudo-equi li

brium conditions, i.e. small packets of vapor and liquid 

swept into the Cottrell tube may very weIl be close to equi

librium on a local basis but may be far from it on a gross 

basis. A magnetic stirrer coated with teflon (5) is provided 

in the reboiler to reduce such a possible source of error. 

This resulted in excellent mixing of the liquid in the re

boiler and the start of a nice bubble nucleation from the 

surface of the stirrer. Further, the vapor bubbles are 

thoroughly mixed with the boiling liquid before being carried 

away into the Cottrell tube. This provision also eliminates 

local hot spots on the still walls and any non-equilibrium 

vaporization and superheat.ing. 

Lu et al. provided double-jacketed sampling cells 

to faci litate better mixing. In spite of this provision, 

very clear convection currents could be observed indicating 

poor mixing of the liquid in the cells. This increases the 

time to reach equi librium and also the samples withdrawn may 

not be representative of equilibrium phase compositions. 

Adequate mixing is achieved by providing a teflon-coated 
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micromagnetic stirrer in each cell. 

The thermal capacity of the heater causes continued 

vaporization even after the heat to the reboiler is cut off, 

but the vapors generated are not sufficient to carry the 

liquid slugs. This pseudo-equilibrium vapor condenses and 

contaminates the condensed equilibrium vapor sample in the 

cell. A by-pass line (BP), as shown in Figure 4.1, is pro

vided to overcome this type of error. The sampling cells can 

be completely isolated by suitably manipulating the stopcocks 

TI, T2 and T3. The extent of contamination of the samples by 

the condensed vapor due to. surface evaporation can be high in 

systems with wide relative volati lit y differences. 

As a further improvement, the heat 1055 from the 

Cottrell tube and equilibrium chamber is minimized by provid

ing compensatory heating. An external heating tap.i·swrapped 

around the asbestos insulation. Temperature at about 3/4 in. 

fram the wall of the equilibrium chamber is measured by a 

copper-constantan thermocouple and is controlled within + 20C 

of the boiling point of the mixture by an on-off control 1er. 

This method, though approximate, certainly decreases the tem

perature gradient and heat 1055. In effect, local condensa

tion is greatly reduced. 

4.4 Operation of the Still and Experimental Procedure 

The still can be used to determine either isobaric 

or isothermal equi librium data. Operation for isobaric data 
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is fairly straightforward. Isothermal determinations, on the 

other hand, are somewhat difficult involving trial-and-error 

procedure to arrive at the equilibrium pressure. 

After usual cleaning and drying of the stil l, the 

needle valve NV (Figures 4.1 and 4.2) is completely opened 

and the stopcocks TI and T2 turned to connect the rebo i 1er to 

the sampling cells. Stopcock T3 is open and SPI, SP2 and SP3 

closed. The vacuum pump is started and a slight vacuum 

(about 200 mm.) is applied by adjusting the bleed through NV. 

The mixture for which equilibrium data is to be measured is 

made up into an approximate composition (starting from the 

di lute end) and charged into the partially evacuated still 

through SPI, SP2 and SP3 until the two sampling cells and the 

reboi 1er are full. The amount of liquid in the reboi 1er is 

critical for proper functioning of the sti Il. Lower 1 iquid 

levels will result in no liquid being pumped through the 

Cottrell tube, and overfi Il ing of the reboi 1er wi Il cause 

excessive level fluctuations and back mixing in the sampling 

cells. The right amount to be charged can be easi Iy establi

shed by running the still a few times and this is usually 

about la to 15 ml. less than the volume of the reboi 1er. 

This amount should be just sufficient to fi Il the reboi 1er 

after expansion when heated up to the boiling point. 

If operating under constant pressure, the sti Il 

pressure is adjusted to the required value by the vacuum pump 

or compressed air (max. 2 atm.) and the manostat is set to 

control the pressure at this value. The three magnetic stir-
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rers are turned on and co01ing water is allowed to circulate 

through the condenser. Heat is slowly applied to the re

boiler and the boiling rate is controlled by adjusting the 

voltage across the heater so that gentle boiling is achieved 

and the liquid levels in the drop counters show a slow pulsa

ting action. The temperature control 1er on the compensatory 

heating tape is set such that the temperature measured by 

the two thermocouples are sufficiently close. After a while, 

usually about two to three hours, the boiling point of the 

mixture will reach a steady value indicating equi librium. 

The still is run for at least another heur to be certain of 

the equilibrium and the boiling point is measured. Now, the 

stopcock T3 is closed and Tl and T2 are quickly and simultan

eously turned to the by-pass position isolating the cells. 

The power supply to both heaters is turned off. The sampl

ing cells are chi lied by surrounding them with crushed ice. 

After the evaporation From the still is completely stopped, 

the still is brought to atmospheric pressure if it was opera

ting under vacuum. If the still is at above atmospheric 

pressure, it is unnecessary and perhaps unsafe to reduce the 

pressure. Any sudden reduction in pressure wi Il result in 

dangerous flashing. 

The sampling ports are flushed weil with the 

sample before any attempt is made to collect the samples for 

analysis. A hypodermic syringe, the needle of which is bent 

into the form of 'V', is used to withdraw the sample. The 

needle is inserted into the capillary opening of the sampling 
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port and the sample is allowed to run through the port. The 

sample is then slowly withdrawn, exercising sufficient cau

tion not to allow any vaporization in the syringe during the 

process of sampling. The samples are analysed immediately 

for composition. 

The composition change in the still for the next 

run is achieved by charging the proper pure component to 

fi Il the sampling cells. 

When operating under isothermal conditions, an 

approximate guess of the total pressure is made and the 

still is operated at this pressure to near equi librium as in 

the isobaric case. The temperature is measured and compared 

with the set value for the data. The pressure is adjusted 

in the right direction to alter the boi ling point to the 

required values and the experiment repeated. These trials 

are continued unti 1 the correct temperature is reached and 

equilibrium pressure and composition are measured. It is 

quite advantageous to start with lower pressure and increase 

it as the trials proceed. As mentioned earlier, it is ex

tremely important not to reduce the pressure of the sti 11 

suddenly during the run as this might result in very danger

ous flashing. If the pressure is to be reduced, the heat to 

the reboiler must be turned off and the still allowed to 

cool sufficiently. The pressure is then reduced very cau

tiously. 
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4.5 Temperature Measurement and Control 

The thermocouples were calibrated at ice point and 

steam point against a standard thermocouple certified by the 

National Bureau of Standards, and the voltages generated 

were identical to the standard copper-constantan thermocouple 

(within ~ 0.5,Vi less than ~ 0.02oC). As such, the standard 

calibration data for copper constantan thermocoup1es in NBS 

circular 561 were directly used. 

The cold junction of the thermocoup1e is placed in 

an ice bath. The voltage generated by the thermocouple is 

measured using a Leeds and Northrup, type K3, potentiometer 

capable of measuring up to ~ 0.5~V. An L & N 9834 electronic 

null detector is employed to detect the null point. A con

stant voltage supply source supplied by the same company is 

used in the potentiometer circuit in conjunction with an 

Eppley Laboratory Inc. made standard cell (1.0193 volts at 

22°C) for current standardization of the potentiometer. The 

method of standardizing the potentiometer and measurement of 

E.M.F. are described in detai 1 in the manufacturer's bulletin 

(9). 

ln isothermal data measurements, temperature con

trol of the sti Il is indirectly achieved by the control on 

sti II pressure. A Fisher supplied thermstemp temperature 

control 1er is used to maintain control action on the compen

satory heating tape and the temperature is expected to be 

within 20 C of the boiling ~int of the mixture. 
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4.6 Pressure Measurement and Control 

The pressure measuring and control system is illus

trated in Figure 4.2. A cartesian manostat and a needle 

valve (NV) are used to control the pressure. The differen

tial pressure is measured by a mercury-in-glass manometer, 

one limb of which is connected to the system and the other 

exposed to the atmosphere. Mercury levels are read by a 

cathetometer. A constant check on atmospheric pressure fluc

tuation is maintained and the manostat is readjusted accord

ingly. A Welch duo-seal vacuum pump is used to generate 

vacuum in the system. When pressure above atmospheric is 

encountered in the still, it is maintained by a compressed 

air cylinder connected to the system through a reducing valve 

and two needle valves in series. When dealing with chemicals 

that react with air under the conditions of the experiment 

(like aldehydes), nitrogen is to be used. The method of ope

ration of the cartesian manostat is described in the supplier's 

bulletin (10). 

4.7 Analytical Technique 

Samples of equilibrium mixtures were analysed using 

either refractive index or gas chromatography. The composi

tions of these samples were determined from calibration charts. 

4.7.1 Gas Chromatography 

Gas chromatography is employed as the analytical 

~-
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technique in much of the experimental work. A Perkin-Elmer, 

mode 1 820, gas chromatograph with hydrogen flame ionization 

detector coupled with a Leeds and Northrup I-V recorder is 

used for the purpose. For sorne systems, the recorder is 

connected to a Perkin-Elmer, mode 1 1948, digital integrator, 

to get the area under each peak. The fractional height of 

the component peak is defined as 

F.H.C.P. = height of the peak of the companent 
sum of the heights of aIl peaks 

The fractional area of the peak is defined in a similar way. 

It is evaluated and plotted against the mole fraction to 

arrive at the calibration chart. 

Stainless steel columns (6 ft. by liB in.) contain

ing 3.B percent "Hallcomid IB" and 0.5 percent "carbowax-600" 

are used in the chromatograph. The samples are injected 

manually using Hamilton micro-syringes. 

The complete description of the chromatograph and 

the integrating mechanism is available in the manufacturer's 

catalogue (II). 

The gas flow rates and other conditions of opera

tion are included in the data section and presented for each 

system separately. 

4.7.2 Refractive Index 

Refractive indices are measured using a Carl Zeiss 

refractometer 44143 and sodium light. The refractometer is 

capable of reading up to ~ 1 in the fourth decimal place of 
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the refractive index. The prisms of the refractometer are 

maintained at constant temperature (± 0.02oC) by water circu

lated from a constant temperature bath. 

4.8 Auxiliary Eguipment 

A packed, batch distillation column with a reflux 

arrangement is employed to purify the chemicals. This con

sists of three 22 mm. 1.0. glass sections with 24/40 joints, 

each section containing 48 cm. of packing. Porous porceJain 

beads of 6 mm. diamter are used as the packing materiaJ. The 

coJumn is estimated to consist of approximateJy 40 theoreti

cal stages. 
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5. TESTING OF THE STILL 

5.1 Introduction 

The present version of the Gillespie still is the 

first of its kind to be built in these laboratories to meas

ure vapor-liquid equilibrium. Though the sti 11 retains the 

essential characteristics of the one described by Lu et al., 

an assessment of the performance of the equilibrium still is 

necessary. Such an assessment is general1y accomplished by 

comparing the equilibrium data obtained using the apparatus 

under consideration with the results of other investigators 

using different experimental methods. Agreement of the data 

with previously published results represents a necessary 

condition of reliability, and the extent of agreement is a 

measure of the likelihood that the data are sound. The pre

sent sti Il was tested using two binary test mixtures and the 

results obtained are compared with the literature data. 

5.2 Test Mixtures 

Isobaric vapor-liquid equilibrium data at 760 mm. 

Hg. were measured on two binaries: ethanol-benzene and 

methanol-water. Pure absolute alcohol from Gooderham and 

Worts Limited, and Baker-analysed spectrophotometric grade 

methyl alcohol were used without further purification. Re

agent grade benzene supplied by Fisher Scientific Co. was 

redistilled in the packed column described earlier. The 
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fraction employed in this work had a boiling point of Bo.loC 

(± 0.05). Refractive index, density and normal boiling 

point of the chemicals were also measured.' Table 5.1 shows 

these properties and the corresponding literature values (1). 

They are in favourable agreement and generally within the 

variation of the published values. 

5.3 Experimental Data 

Severa 1 mixtures of ethanol-benzene and methanol

water systems were made up and their refractive indices at 

250 C were measured. These calibration data are shown in 

Tables A-I and A-2, and Figures A-I and A-2, of Appendix A. 

The calibration chart for methanol-water system shows a 

maximum and equilibrium measurements in the region of doubt

fuI accuracy in calibration were avoided. The still was run 

approximately one hour after steady state was reached, and 

the refractive indices of the condensed vapor and liquid 

samples were measured for composition analysis. 

Tables 5.2 and 5.3 give the experimental vapor

liquid equilibrium data and activity coefficients computed 

by using Equation (2.17) and neglecting vapor phase solution 

nonideality. Volumetrie data were taken from Timmerman (1) 

and virial coefficients were computed using Wohl IS (4) equa

tion. The correction factors are smaJI and generally within 

experimental uncertainties. Vapor pressures at the tempera

tures under consideration were computed using Antoine1s 
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equation given by 

10gP = (5.1) 

where A, Band C are constants and are given in Table 5.4. 

Benzene-ethanol data are compared with those of 

Wehe and Coates (5), and Ellis (6). These are shown in Fig

ures 5.1,5.2 and 5.3 as x-y, x-y-t and x-IogY'plots. 

Methanol-water data are compared with the smoothed equili

brium data given in Perry (7) and Figures 5.4 and 5.5 show a 

comparison between the present and literature data. Figure 

5.6 shows the computed activity coefficients for this system. 

5.4 Discussion 

Comparison of the data indicates no systematic 

discrepancy between the present and literature values. In 

general, the comparison is favourable. At lower compositions 

of ethanol in ethanol-benzene system, literature data show a 

slightly higher value in y for a couple of points than the 

present data. A similar comparison of data in dilute zones 

for methanol-water system with literature data did not indi

cate the same trend and, in fact, the agreement is very good. 

Hence, it is felt that the discrepancy is only due to random 

errors in the measurements. 

The general agreement in the above case is quite 

encouraging and it is not likely that the present apparatus 

suffers from ahy serious basic deficiencies. 
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Nomenclature 

A constant in Antoine's vapor 

B constant in Antoine's vapor 

C constant in Antoine's vapor 

Oc degrees centigrade 

P pressure 

R gas constant 

T absolute temperature in oK 

t tempe rature . Oc ln 

x mole fraction in 1 i qu id 

Y mole fraction in vapor 

Greek Letters: 

second virial coefficient 

activity coefficient 

Subscripts: 

2 

c 
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TABLE 5.1 

PHYSICAL CONSTANTS OF ETHANOL, 
METHANOL AND BENZENE 

RefractivB Index DenS!}y at 
at 25 C 2 C 

Present Li t. Present Lit. 

1.3594 1 .3595- 0.1850 0.1851 
1 .3596 

1.32~ 1 .3286 0.1866 0.1866 
(at 20 C, (at 20 C) 

1 .4918 1 .4919 0.8135 0.8134 

Norma 1 Bo~ 1 i n9 
Point C 

Present Lit. 

18.2 18.2-
18.42 

64.6 64.5-
64.15 

80. 1 80. 1 



0.086 0.265 

0.112 0.282 

O. 120 0.308 

0.158 0.335 

0.200 0.368 

0.308 0.410 

0.442 0.446 

0.604 0.505 

0.110 0.590 

0.815 0.628 

0.841 0.665 

0.898 0.144 

0.924 0.182 
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TABLE 5.2 

EXPERIMENTAL EQUILIBRIUM DATA 
SYSTEM: BENZENE-ETHANOL 

COMPONENT ONE IS ETHANOL 
TOTAL PRESSURE = 160 mm. Hg. 

logy 1 

343.9 561.4 566.6 0.6114 

342.9 538.4 548.2 0.5415 

342.1 533.9 544.6 0.5594 

342.2 522.8 535.1 0.4854 

341.6 509.1 525.1 0.4346 

340 .8 493.4 511.8 0.3019 

340.8 492.8 511.2 0.1881 

341.2 50 1.2 518. 1 0.0992 

342.1 534.4 545.0 0.0340 

343.5 550 ·9 558.3 0.0235 

344.0 563.1 568.5 0.0249 

345.8 601.2 602.8 0.0136 

346.9 635.2 624.6 0.0031 

0.0280 0.5894 

0.0441 0.5033 

0.0348 0.5246 

0.0431 0.4411 

0.0521 0.3824 

0.0960 o .21 18 

0.1626 0.0255 

0.2510 -0.1578 

0.3900 -0.3560 

0.4322 -0.4081 

0.4449 -0.4200 

0.4964 -0.4828 

0.5395 -0.5359 



0.012 O. 114 

0.026 0.157 

0.102 0.430 

O. 140 0.514 

O. 175 0.560 

0.473 0.765 

0.526 0.794 

0.540 0.80 1 

0.565 0.805 

0.585 0.816 

0.662 0.857 

0.675 0.865 

0.714 0.878 

0.850 0.930 

0.890 0.956 

0·920 0.965 
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TABLE 5.3 

EXPERIMENrAL EQUILIBRIUM DATA 
SYSTEM: METHANOL-WATER 

COMPONENT ONE IS ETHANOL 
TOTAL PRESSURE = 760 mm. Hg. 

logy 1 

370.0 2354 .3 659.0 0.~06 

368.8 2262.1 630.2 0.3205 

360.6 1721 .9 464.4 0.2788 

357.9 1573.2 419.8 0.2568 

356.0 1468.3 388.6 0.2261 

346.8 1054.7 268.4 0.0697 

345.7 1012.6 256.4 0.0569 

345.5 1005.0 254.3 0.0525 

345.1 990.0 2~.1 0.0414 

344.6 972.7 245.1 0.0397 

343.7 938.3 235.5 0.0226 

343.0 915.4 229.1 0.0287 

342.2 886.7 221 . 1 0.0242 

340.0 812.9 200.6 0.0104 

339.3 791.6 194.7 0.0137 

338.8 m.l 190.7 0.0112 

0.0139 0.4867 

0.0177 0.3028 

0.0142 0.2646 

0.0073 0.2495 

0.0153 0.2108 

0.0970 -0.0274 

0.1055 -0.0485 

o • 1071 -0.0546 

o. 1298 -0.0884 

o • 1336 -0.0939 

0.1306 -o.loBo 

o. 1345 -O. 1059 

0.1614 -0.1372 

0.2423 -0.2319 

0.1882 -0.1745 

0.2360 -0.2248 
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TABLE 5.4 

ANTOINE CONSTANTS FOR ETHANOL, 
METHANOL, BENZENE AND WATER 

A B C 

8.1122 1592.18 226.06 

7.9295 1490.19 230.0 

1214.56 221 • 16 

7.9172 1666.88 230.0 

Reference 

(2 ) 

( 1 ) 

(3) 

( 1 ) 

* Computed from data in Reference (1) using C = 230.0 
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6. EXPERIMENTAL RESULTS 

6.1 Introduction 

Vapor-liquid equilibrium data are usually measured 

at constant pressure, perhaps because of their direct useful

ness in the design of distillation columns. However, there 

are severa 1 benef i ts to be ga i ned from mak i ng measurements 

at constant temperature, though they are more difficult than 

isobaric measurements. 

1. As pointed out earlier, the activity coefficients 

are more sensitive to temperature than pressure. 1 sotherma 1 

data are, therefore, more meaningful to test any theory or 

predictive model. 

2. The excess thermodynamic functions of enthalpy, 

free energy and entropy of solutions are easily evaluated if 

isothermal measurements are available at different tempera

tures. 

Suitable experimental isothermal data are not 

avai lable in the literature to test predictive models. In 

the present study, isothermal data on eight binary ketone

alkane systems and three ether-alkane systems were measured. 

6.2 Systems Investigated 

The data on ketone-alkane systems were measured at 

650 C and the ether-alkane systems at 900 C. The systems in

vestigated are listed below. 
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J. Ketone-AJkane Mixtures 

Acetone/n-Hexane 

Acetone/n-Heptane 

Acetone/n-Decane 

MethyJ EthyJ Ketone/n-Hexane 

Methyl EthyJ Ketone/n-Octane 

Methyl EthyJ Ketone/n-Decane 

DiethyJ Ketone/n-Hexane 

Oipropyl Ketone/n-Hexane 

2. Ether-AJkane Systems 

n-Oipropyl Ether/n-Octane 

n-Oipropyl Ether/n-Nonane 

n-OibutyJ Ether/n-Heptane 

6.3 Chemicals 

Reagent grade ketones supplied by Matheson Coleman 

and Bell were redistiJled and the fractions with physicaJ 

properties (boiling point, refractive index and density) 

closely reproducing literature values were used. Research 

grade n-octane and n-nonane suppJied by Phillips PetroJeum 

Co., and the ethers From Aldrich Chemicals, were directly 

used. Heptane From Eastman Organic Chemicals, Fisher certi

Fied reagent grade hexane, and decane From Baker Chemical Co., 

were ail redistiJled for further purification. The physicaJ 

properties of the chemicals used in the experimental vapor-
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liquid equilibrium determinations are given in Table 6.1. 

Availdble literature values (1,2,3,4) are also listed for 

comparison. The agreement is good. 

6.4 Experimental Data 

6.4.1 Analvtical Method 

Vapor-liquid equilibrium data were measured using 

the modified Gillespie sti 11. Refractive index and gas 

chromatography were employed as the analytical techniques. 

The method used for analysis of the phases in each system is 

9 i ven be low • 

System 

Acetone/n-Hexane 

Acetone/n-Heptane 

Acetone/n-Decane 

Methyl Ethyl Ketone/n-Hexane 

Methyl Ethyl Ketone/n-Octane 

Methyl Ethyl Ketone/n-Decane 

Diethyl Ketone/n-Hexane 

Dipropyl Ketone/n-Hexane 

Dipropyl Ether/n-Octane 

Dipropyl Ether/n-Nonane 

Dibutyl Ether/n-Heptane 

Analytical Technique 

R. 1 • 

R. 1 • 

G.C. 

G.C. 

R. 1 • 

G.C. 

G.C. 

G.C. 

R. l

R. 1 • 

R. 1 • 

The calibration data are presented in Appendix A. 
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6.4.2 Experimental Accuracy 

Compositions were read from the calibration charts 

and it was possible to read the charts to an accuracy of 0.5 

mole percent or better. Calibration charts for acetone

decane and M.E.K.-decane systems show a scatter of the order 

of one percent in the·mid-composition zone from the line 

drawn to be visually best. Temperature could be measured 

with an accuracy of 0.020 C and the present measurements are 

believed to be within ± 0.050 C. Pressure could be measured 

to within a fraction of a millimeter but the accuracy achie

ved by the manostat is ± 0.2 percent of the still pressure. 

6.4.3 Activity Coefficient Data 

Activity coefficients were calculated from experi

mental data using the following equations. 

where 

..en 
Tf YI 
--+ 

( ~ 1 -v ~ ) ( Tf - P~ ) 
= RT 0 x 1PI 

..en ~ o + 
(~2 -v~){ Tf-P~) 

= 
x2P2 

y = activity coefficient 

Tf = total pressure 

Rf 

x = mole fraction in liquid 

Y = mole fraction in vapor 

pO= pure component vapor pressure 

p = second virial coefficient 

v = liquid molal volume 

(6. 1 ) 

(6.2 ) 



R = gas constant 

T = temperature. 

-18-

Second viriaJ coefficients were computed using WohJ' s (5) 

equation given by 

t3 = 

where 

R Tc 0 4 0 146 [0.J91 - 0.012 TR - ---T· - • ] 
Pc R T3 .21 

R 

Tc = criticaJ temperature 

TR = reduced temperature 

Pc = criticaJ pressure. 

(6.3) 

CriticaJ constant data and voJumetric information were taken 

from the Jiterature. CriticaJ constant data for dipropyJ 

ketone, dipropyJ and dibutyJ ethers were not avaiJable in 

the Jiterature. They were, therefore, estimated using 

Lydersen's (6) correJations. AIl the supplementary data 

used in the calculation of activity coefficients are listed 

in Appendix B. Activity coefficient correction factors are 

significant (about 10 percent in y) for systems involving 

acetone. For other systems, the correction factors are much 

less. 

6.5 Results and Discussion 

6.5.1 Ketone-Alkane Mixtures 

Experimental data for these mixtures are presented in 

Tables 6.2-6.9. Vapor-liquid equi librium curves and activity 

coefficient composition diagrams are shown in Figures 1.1-1.3 and 
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7.7-7.20. These mixtures show considerable nonideality. 

Acetone/n-hexane and M.E.K./n-hexane show azeo

tropes having a composition of 0.69 and 0.32 mole fraction 

of the ketone, respectively. Acetone/n-heptane and M.E.K./ 

n-octane systems, as is evident from the total pressures, 

show the existence of an azeotrope at very high concentra

tions of the ketone. However, the composition of the azeo

tropes is not clearly established in the experiments because 

of analytical uncertainty in the very diJute zones. 

There was considerable difficulty in the measure

ment of the data on systems containing n-decane, particularly 

acetone/n-decane. At lower concentrations of the ketone, the 

condensed vapor sample started to flash severely when it 

joined the liquid sample in the return line. Therefore, ex

periments in the dilute concentrations with respect to ace

tone and M.E.K. could not be conducted. The recirculation 

method appears unsuitable for systems with high relative 

volatility and hence large differences in vapor-liquid compo

sitions. Static methods should prove to be better alterna

tives. 

Mixtures of M.E.K. and the alkanes studied exhibi

ted peculiar behaviour in the still. These solutions creep 

on the glass surface. The reason for such a behaviour could 

not be established. However, no contamination of the samples 

was experienced. It was also difficult to hold the solutions 

containing M.E.K. with stopcocks. Data that were of a suspi

cious nature were rejected. At 10wer pressures the stopcocks 
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were sealed externally with plasticine to avoid leaks. 

6.5.2 Ether-Alkane Mixtures 

Experimental equilibrium data for the ether/alkane 

systems are presented in Tables 6.10-6.12. 

During the experimental determination sorne diffi

culties were experienced in establishing the equilibrium 

pressure. Though the apparent pressure could be read accur

ately, pressure changes of 10-15 mm. Hg. showed no effect on 

temperature within the accuracy of temperature measurement. 

This was particularly true for the systems containing dipro-

pyl ether. 

Activity coefficient data for these systems show 

their numerical value to be close to unity. There is a con

siderable scatter in the data and this could be partly attri

buted to the uncertainty in pressure. In view of the activ

ity coefficients being close to unit y, the equilibrium data 

were compared with ideal values (computed using Raoult and 

Dalton's Laws). In a binary, 

= (6.4) 

The comparison between the experimental and calculated values 

of y is shown in Tables 6.13-6.15 and Figures 6.1-6.3. 

The assumption of ideal solution behaviour predicts 

the data reasonably weil, and within experimental uncertainty 

these systems can be regarded as nearly ideal. 
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Nomenclature 

P pressure 

po pure component vapor pressure 

R gas constant 

T temperature 

v molal vo 1 ume 

x mole fract ion in l i qu i d 

Y mole fraction in vapor 

Greek Letters: 

y 

second virial coefficient 

activity coefficient 

total pressure 

Subscripts: 

c 

R 

& 2 components land 2 

critical property 

reduced property 

Superscript: 

L 1 i qu i d 
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TABLE 6. 1 

PHYSICAL PROPERTIES' OF PURE COMPOUNDS 

Compound Il 
Refractive Index Density Norma 1 Bo~ 1 i ng 

Point ( C) 

Present Literature Present Li terature Present Li t. 

Acetone (2,2,2) 1 .3586/20oC 1 .3588/20oC 0.7848 0.7850 56.2 56.8 
M.E.K. (2,2,2) 1 .3762 1 .3761 0.7998 0.7995 79.6 79.58 
Dlethyl Ketone (2,2,2) 1 .3904 1.3900 0.8092 0.8095 102.5 102.7 
Olp~opyl Ketone (2,2,2) 1 .4070/20oC 1 .4073/20oC 0.8178/20oC 0.8174/20oC 143.2 143.5 
n -Hexane (1, 1 , 1 ) 1 .3778 1 .3723 0.6550 0.6548 68.6 68.67 
n-Heptane (1,1,1) 1 .3850 1 .3851 0.6792 0.6795 98.4 98.4 
n-Octane (1,1,1) 1 .3949 1.3950 0.6982 0.6982 125.4 125.6 
n -Nonane (1, 1 , 1 ) 1.4028 1 .4030 0.7132 0.7138 51.0 
n -Oecane (1, 1 , 1 ) 1 .4092 1 .4097 0.7259 0.7263 173.8 174. 1 
Olpropyl Ether (*,3,4) 1.3775 III 0.7375/30oC 0.7373/30oC 91.0 90.7 
Olbutyl Ether (*,3,4) 1 .3960 III 0.7600/30oC 0.7597/30oC 141 .5 

1. Measured at 25°C. 
Il. Numbers in parentheses give references (at the end of Chapter 6) to literature values 

of refractive index, density and normal boi ling point. 
III. Not avai lable at suitable temperature. 

1 

~ 
1 
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TAOLE - 6.2 

FXPERIMFNTAL FOUILIRPIUM DATA 

SYST~~: AC~TONE - N-H~XANE 

VAPO~ PHASE IMPC~FECTIONS ACCOUNTEO 

TEMPC~ATUHE = ~50C 
COMPON~NT ONE IS KETONE 

XI 1 1T (f,4tO lO~ YI LOG Y2 LOG ( YI!r2 ) 

O.2"~'l 0.5?A 1145.<) 0.3439 O.024? 0.3197 , 
~ 

0.~75 0.570 1201.1 0.2506 0.0711 0.1795 , 

0.4<)5 0.61:1 1237.9 0.1740 0.1299 0.0441 

o .64A 0.675 1 26 1 • 3 0.1066 ,0.2183 -0.1117 

o.()<)o Il .6f) 0 12!'J6.4 0.0873 0.2514 -0.1641 

0.7()1) 0.740 1257.4 0.0715 0.3012 -0.2297 

0.905 0.8'+0 1167.9 0.0249 0.4488 -0.4239 

0.975 0.C)40 1106.5 0.0191 0.5810 -0.5619 



TAALE - 6.3 

rXPE~IMENTAL ~nUILIUPIUM DATA 

SVSTE~: AC~TONE - N-HEPTANE 

VAPCR PHASE tMPFRF~CTIONS ACCOUNTED 

T~~PERATun~ = 65°C 

COMPON~NT ONF tS KETONE 

XI VI TT (w·n LOG il LOG lf
2 

LOG ( "{II "(2 ) 
, 

0.111\ 0.5"l5 581.3 0.4683 0.015'3 0.4530 ~ , 
O.23f\ O.6'H 714.4 0.3155 0.0454 0.2702 

0.413 1).766 8f17.5 0.2034 0.1122 0.0912 

0.400 0.788 901.() 0.1'365 O. 1496 0.0069 

0.571.\ 0.7QO 954.1 0.1137 0.2332 -0.1195 

0.710 0.038 999.0 0.0647 0.3184 -0.2537 

0.753 0.956 1024.9 0.0590 0.3470 -0.2879 

0.067 0.894 1031.0 0.0191 0.4851 -0.4660 



TAnu: - 6 .t~ 

EXPERIM~NTAL EOUILtU~IUM DATA 

SYSTEM: AC~TONE - N-DECANE 

VAPOR PHASE IMPFPFECTIONS ACCOUNTED 

Te;t"PF~ ATURE = 65°C 

CUMPONENT ONf (S KETONf 

XI YI Tl' ( M'.') LOG YI LOG «2 LOG c. '(I/ 't 2 ) 

O.:i 45 O.C)i\O 630.8 0.258<) 0.06<)9 
1 

0.1890 œ , 

0.415 O.'Jd4 693.? 0.2151 0.0393 0.1759 

0.474 0.995 752.0 0.1917 0.11 02 0.0615 

0.!:)64 0.'h'l8 007.8 O. 1475 0.1269 0.0206 

0.730 0.9H9 072.5 0.0694 0.2990 -0.?306 

O.H~1 O.<)Ql C)16.0 0.0280 0.4615 -0.4335 

o. (\'\~ o. r~1J2 947.0 0.0191 0.'1679 -0.5488 

0.C)26 0.')Q4 966. 1 0.0095 0.6605 -0.6510 

O.9t'\5 0.94tl 1006.5 0.0015 0.8979 -0.8965 



TAOLF. -6.5 

EXPERIMENTAL EOUILlnRIUM DATA 

SVC)Tt;:,,: MF THYL ETtiVL KCTONE - N-H~XANE 

VAPOR flHASF. I~PERFECTION5 ACCOUNTCD 

TFMPEAATURC = 65°C 

COMPONENT ONE: 15 K!!TONE 

~ VI 11 (MM) LOG '( l LOG t
2 LOG ( (I/t2 

) 

0.2l5 0.260 765.0 C.2CJA4 0.0252 0.P732 1 

~ 
O. 2 ~() 0 •. 301 770.9 0.2413 0.0448 0.1964 

0.39? 0.3'54 771.7 0.1752 o.oaOA 0.0944 

0.505 0.4JQ 743.3 0.0793 0.1700 -0.0907 

0.630 0.475 723.6 0.0703 0.1601 -0.1096 

0.(,1)4 0.502 70 t .8 0.0457 0.2129 -0.1672 

o.alti 0.:>95 641.1 0.0041 0.3253 -0.3212 

o.o~o 0.6~5 594.9 0.00?3 0.3660 -0.3637 

o. C)4 5 0.825 523.4 -0.0016 0.39()1 -0.3977 



TABLE; -6.6 

ExprRIMFNTAL EQUILIB~lUM DATA 

SYSTE,4: ~ETHYL ETHYL KFTONF - N-OCTANC 

VAPOfl Pt-IASE IMPERFF.CT IONS ACCOUNTEO 

TEMPERATURE = 6SoC 

COMPONEMT ONF IS KETUNF 

XI YI 11 (M:·n LOG il LOG '(2 LOG { '(1/(2 ) 

0.058 0.472 169.1 0.4064 -0.0130 0.4995 1 
\0 

0.14A 0.0:35 245.5 0.3818 0.0036 0.3782 

0.265 0.765 31H.5 0.3074 0.010? 0.2973 

O.,j 16 0.01'+ 361.9 0.231'\8 0.01:?9 0.2039 

0.382 0.R16 359.5 0.2281 0.0?96 0.1985 

O.CI\G2 0.R47 403.9 0.1261 0.1472 -0.0211 

o • ~l76 0.045 308.3 0.0977 0.1507 -0.0530 

0.(:.16 O.H55 4.31.5 0.1044 0.2315 -0.1270 

0.710 0.870 441.5 0.061t\ 0.32~2 -0.?614 

O. t' 10 0."\f\0 450.8 0.0304 0.4496 -0.4192 

0.Q70 0.968 456.7 -0.0010 0.6825 -0.6A35 



TAOLE -6.1 

~XPFnl~FNTAL E~UILlnRIU~ DATA 

SYSTEM: M~THYL FTHYL KETONE - N-OECAN~ 

VAPOR PHASE IMPERFECTIONS ACCOUNTED 

Tl:~PCRATURE = ',5 0 C 

COMPOI'I,IE"NT ONF: 15 KCTnNE 

Xl YI 11 ( M '1) LOG "1 LOG '(2 LOG ( )(1/(2 ) 

O. ?()4 O. ')37 204. J 0.2073 0.05Po9 0.1483 
1 

0.520 O.tH? 325.1 0.1274 0.0840 0.0434 'i8 
0.530 O. ')69 292.t) 0.0667 0.1021 -0.0354 

0.b50 0.f)7~ 343.7 0.1276 0.1025 0.0251 

o • !,55 0.Q15 320.1 0.0 C)30 0.0614" 0.0325 

0.570 0.')74 349.2 0.118S 0.1266 -0.0098 

0.64t\ 0.~77 365.4 0.0~38 0.1807 -0.0969 



)II 

0.063 

0.~·\8 

0.=-'72 

0.443 

0.5CHl 

0.561 

o .6~0 

0.70t' 

0.763 

0.834 

0.074 

TA flL'F - 6.8 

EXPF..:.lIMF.NTAL FOlJIL IOllIUM DATA 

SVST~~': DIF.T~1VL KETONF - N-HFXANE 

VA?OR PHASE I~peRFECTJONS ACCOUNTEO 

n'MPERA TUR~ = 6~ Oc 

CO~PONENT ONE 15 KFTONE 

VI 

0.049 

0.131 

0.11'\? 

0.215 

0.?4fl 

0.2bO 

0.316 

0.368 

0.412 

0.490 

0.570 

TI' (M'1) 

6A8.4 

660.1 

612.6 

5ql.7 

576.2 

550.5 

490.4 

472.2 

432.8 

376.2 

342.0 

LOG YI 
0.3752 

0.1099 

0.125H 

0.1079 

0.0<>95 

0.('711 

0.0440 

0.0475 

0.0239 

0.0016 

0.0077 

LOG -(2 LOG ( 1('[/"2 ) 
0.0136 0.3b13 

0.05?8 0.1370 

0.0738 0~051q 

0.0936 0.0143 

0.1178 -0.OUl3 

0.1366 -0.0654 

0.1517 -0.1076 

0.1768 -0.1293 

0.2082 -0.1844 

0.2419 -0.2404 

0.248'2 -0.2405 

1 
\0 
lJJ 

1 



TABLe: -6.9 

rXPF.rnl·H:NTAL FClJILlIWIUM OATA 

5y~r::~.,: DI~r.:nF'YL t<ETONI:. - N-Hf:XANE 

VAflOR PI-IASE' 1 t.,prpF!:'CT IONS ACCOUNTEO 

H:·.,P~;~ATU~E' = 65°C 

COMPONENT ONE [5 K~TONE 

XI YI TT « f·' 1·1 ) . LOG )(1 LOG ((2 

(j.()7:~ O.Ql~ . (,60.4 0.3396 0.1)174 

O.~lO 0.025 tib7.7 0.1128 0.0187 

().,.?O 1). 0'+ tl '.7 O. 6 0.0387 0.0640 

Il.410 o .(nB '.0 (1. a 0.0114 0.0164 

, 
').uI8 0.t)1)4 341.q O.O:HO O.Od'.)l 

I.~. 74h 0.116 ~58. 3 -0.0071. 0.1247 

LOG ( Yl/~ ) 

0.3222 

0.1140 

-0.0253 

-0.0250 

-0.0581 

-0.1318 

1 
\0 
~ 
1 
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EXPFRI"'CNTAL FaUILIO~IUM DATA 

SVSTr.n,: 0 [PPorVL Œn,r.~ - N-QCT ANE 

VAPOP. PHASr. H'?n'FrCT IO:-.lS ACCQUNTEO 

TC~PF~ATURE = ?OOC 

COMPO:'>,lFNT ONE" 1$ CTHen 

XI vI Tl' (MM) LOG Y. 
l 

LOG "'12 

0.084 () • 1 f, n 2 1')7.5 -0.09(,6 O.O?q?, 

0.214 O.:JH~ .1t.3.2 -0.054 /l 0.046? 

0.'27 0.54? 405.1 -0.0472 0.0"334 

(1.393 0.6?1 475.7 -0.('001 0.0628 • 
" .... 54 O.CdS 51~.2 O.CI09 0.0590 

0.492 0.7.12 509.1 0.0023" 0.0177 

0.525 0.742 53~.c) -0.0001 0.0499 

O.i.,:! o. e l '~ 612.9 0.01?? 0.0646 

0.750 O.Q.Q? (,8?O C.032C 0"00~4 

(\ • ~'6 7 (\. <)'l ~ 73~,2 0.0217 0.0376 

C.895 0.965 759.5 0.02<>1 -0.0186 

LOG ( YI/Y'2 

-0.1258 

-0.1006 

-0.0805 

-0.0629 

-0.0481 

-0.0154 

-0.0500 

-0.0454 

0.0236 

-0.015<) 

0.0477 

) 

t 
\0 
\11 
• 



TARt F: - 6.11 

rXPE~I~ENTAL FQUILIHRIUM OAT,A 

SYSTEM: OIPROPYL ETHER - N-NONANE 

VA"OR J'lHASE IMPCPFECTIllNS ACCnUNTCO 

TCMJ'lEr~ATlIRF: "= c>n Oc 

CO~'PONENT ONE 15 fTHf:R 

XI YI TI' ( ,., 'n LnG "Ir LnG "2 LOG ( YI/'(') ) 
c;; 

O. 10(. 0.~15 16(, • f) -0.0525 -0.00f.8 -0.0457 
1 

~ 
,. ., 

O. 15f. 0.5?5 170.::' -0.O86~ -0.0444 -0.0423 1 

0.200 0.620 207.4 -0.0604 -0.0535 -0.0069 

0.~50 0.6'5 '.\ 253.2 -0.01t61 0.01.30 -0.0591 

0.:'56 0.761 ~13.? "-o. C·45A O.OI?7 -0.05A5 

(\.391 O.7C)9 34e.5 -0.0200 0.00t\2 -0.0262 

0.594 0.<")05 460.6 -~.0?3C) -0.0"25 -0.0014 

O. (, 05 O. ')022 54t •• 6 -0.0114 0.06b3 -0.0778 

0.P.43 O.QnB 646.7 '-0.010? 0.0495 -0.0597 

0.t'06 0.<)12 (,94.9 -0.00C2 o • 1591 -0.1593 

0.973 0.992 747.2 .. o. C 020 t>.269.J -0.2713 



TA~LF - 6.~:2 

r x p cr 1 Po,!:,." TA l :. nUI L 1 H~ 1 W·. 0 AT A 

sve; TF"-,: OI"UTVL ETHFP - N-HFPTANC 

VAf'OR'~HA5~ 1 MPFPr-C::CTI n\lS ACCOUNTED 

T["'J'lF~~ATUnF :: ')(\ Oc 

CO"1PON!=:NT ONf. 15 F.THr.n 

x ... VI 11 ( M''') LOGYr LOG 'l2 LOG { '(1/'12 
) 

L 

C.075 I).O?O fiAC'.fI -0.0253 .. 0.0214 ~O. (\467 
1 

0.~30 0.06? 513.:> -('.(1711 0.0.3<'6 -0.1017 
~ 
go 
1 

O.~4!; 1').105 471. n -0.(,'530 0.O4~3 -0.Q983 

0.S2? D.?l] 39~.A -0.0006 0.0504 -0.0509 

0.':·611 ·J.250 .)(,4.0 Co.t'OlO 0.0362 -0.0371 

C.h45 0.327 3?J.6 0.0117 O.O?f.\6 -0.0169 

O. (; 72 0.337 3?4.4 0.0000 0.0575 -0.C495 

C.7«:l5. 0.513 26('.1 O.C'24~ 0.03:i6 -0.0093 

o .931..' 0.760 199.4 0.0123 0.0776 -0.0652 
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TABLE- 6.13 

SYST~M: ~(PRQPYL rTHCR - N-OCTANE 

COMPONENT ONE IS ETHC~ 

0.08/• 

0.214 

0.327 

0.393 

0."~4 

0.4<')? 

0.5?~ 

0.633 

0.750 

0.867 

0.895 

Y-IDEAL 
l 

0.218 

0.45~ 

0.597 

0.664 

0.717 

0.747 

0.771 

C.84 O 

0.901 

0.°52 

0.963 

Y-EXP 
l 

0.168 

0.388 

0.542 

0.621 

0.685 

0.732 

0.742 

0.819 

0.902 

0.948 

0.9(,5 

R.M.S DEVIATION IN YI IS 0.0359 

0.050 

0.065 

0.055 

0.043 

0.032 

0.015 

0.029 

0.021 

0.001 

0.004 

O.Oc? 



TAALE-6.14 

SYST::: r·t: 01 PPrlPYL EHtFP. - N-NCNANI::: 

TFMPERATlIRF. = 9CoC 

COMPONCNT CNF IS ETHFR 

0.106 0.452 

0.155 0.5(,1 

0.200 0.635 

0.2~C 0.699 

O.J"'~ O.7QIt 

0.391 0.R17 

0.5C)4 0.91 1 
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7. PREDICTIVE METHOD 

7. 1 1 ntroduct ion 

Group contribution models for the prediction of 

mixture properties have a wide range of applicability requir

ing only a minimum of experimental data. The group solutio·n 

model of Ratcliff and Chao (1) was used previously with suc

cess to predict vapor-liquid equilibrium data on paraffin

alcohol systems and extended recently to include other 

thermodynamic and transport properties (2,3,4). In the pre

sent work, the model is applied to predict the vapor-liquid 

equilibrium data on ketone-alkane and alcohol-aromatic hydro

carbon systems. The experimental data of the present study 

on ketone-alkane systems and literature data on alcohol

aromatic hydrocarbon systems are used for comparison. 

The Redlich-Kister three-constant equation for the 

relative volatility deviation function (10gYl!Y2) is used to 

smooth the data on the reference system by the weighted least 

squares method. 

The method of calculating the weighting factors for 

the least squares method, the group solution model and a com

parison between predicted and experimental data are presented 

in the following sections. 
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7.2 Smoothinq of Experimental Data 

The various sources of experimental error and the 

general relevance of applying Gibbs-Duhem equation to vapor

liquid equilibrium data are discussed exhaustively by Hala 

et al. (5). Systematic errors are generally due to faulty 

still design, which inc1udes improper mixing, flash vaporiza

tion, superheating, entrainment and evaporation due to 

throttling of the equi1ibrium samples at the time of with

drawal. Taking for granted that these errors have been over

come, we shall focus our attention on random errors. These 

may be introduced in measuring 1iquid and vapor compositions, 

temperature, and pressure measurements. In general, errors 

in temperature and pressure measurements are sma11 compared 

to those introduced in composition measurement. Equilibrium 

compositions are customarily determined graphically from 

calibration charts, and it could be safely assumed that the 

absolute error in composition measurement is constant. For a 

constant absolute error in composition, the reliability of 

activity coefficient data using Equations (6.1) and (6.2), 

rapidly diminishes as the pure components are approached. 

Thus for the method of least squares to be applicable when 

the data are fitted to any thermodynamic equation, each data 

point must be given a proper statistical weight. Gilmont, 

Zudkevitch and Othmer (6) have suggested a method applicable 

for this situation and it is described briefly as follows: 
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let e = absolute error in composition 

then ~ = relative error in xl 
xl 

and ~ = relative error in YI. 
YI 

Relative volatility is defined as 

= 

where (112 = relative volatility of component 
respect to 2 

X = mole fraction in 1 i qu i d 

Y = mole fraction in vapor. 

The ideal relative vo 1 at i 1 i ty is given by 

= 

where po = pure component vapor pressure. 

(7. 1 ) 

wi th 

(7.2) 

The expression for activity coefficient ratio then becomes 

= = (7.3) 

It may be noted that vapor phase imperfections are ignored 

to reduce complexity. The absolute error in lnn 12" is given 

by 

(7. 4) 

= (7.5) 

Eliminating YI from Equation (7. 4 ) yields 

~ inn 12 = (7.6) 
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ln accordance with the method of least squares, the weighting 

factor is inversely proportional to the square of the error. 

Therefore, the weighting factor, w, is given by 

The proportionality constant may be obtained by letting Wo 
represent the weighting factor at a composition of xl = x2 = 

0.5 and lna l2 = 0, which is the condition for maximizing the 

weighting factor. Since the method of least squares requires 

only relative weighting factors rather than absolute ones, we 

uti lize a relative weighting factor defined as follows: 

w = (7.8) 

Combining Equations (7.6), (7.7) and (7.8) we get the rela-

tive weighting factor as a function of composition and rela

t ive vo 1 a t i 1 i t Y • 

w = 64 (7.9) 

Now, based on experience, the following assumptions are made. 

1. The absolute error in the measurement of vapor and 

liquid composition does not vary with composition, i.e. e = eo • 

2. There is no error in ideal relative volati lit y and 

so the absolute error in the logarithm of the relative vola

tility deviation may be taken as that in the logarithm of the 

relative volati lity. 

3. The cause of aIl random errors is due to the measure-

ment of composition and these errors may be expressed by the 

relative volatility function only. 
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The first assumption is based on the fact that in 

practically aIl analytical methods employed in vapor-liquid 

equilibria, the absolute error of measurement is a constant 

and the composition of vapor is determined by measurements 

on the corresponding condensed phase. The second assumption 

depends upon the error in ideal relative volati lit y being 

negligible in comparison with that in relative volati lit y 

itself. The third assumption is based on the usual procedure 

of applying the method of least squares to experimental data; 

namely, that the total random error is assumed to reside in 

the dependent variable. 

The value of the weighting factor is thus given by 

(7. 10) 

The Redlich-Kister equation for relative volatility 

deviation function (in a binary solution) is given by 

= (7.11) 

The constants in the above equation are obtained by 

minimizing the sum of the weighted squares (weighting factor 

given by Equation (7.10» of the dependent variable with res-

pect to the three constants. Individual activity coefficients 

are obtained by combining Equation (7.11) with the Gibbs-Duhem 

equation. They are given by 

logy 1 = (7.12) 
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= (7 . 13) 

7.3 The Group Solution Mode 1 

The group solution mode 1 proposed by Wi lson and 

Deal (7) and modified by Ratcliff and Chao (1) is based on 

four postulates. They may be enumerated as follows. 

Postulate 

The nonideal behaviour of a molecule, in terms of 

activity coefficient, may be regarded as consisting of two 

independent parts. The first part is associated with the 

overall 'skeleton' of the molecule and the other with the 

functional group interaction. Expressed mathematically 

where 

10gYi '= logy~ + logy? (7. 14 ) 

y. = molecular activity coefficient of component i. 
1 

The superscripts Sand G represent the skeletal and group 

contribution terms, respectively. The skeletal contribution 

accounts for the deviation due to molecular size differences. 

The group interactIon term represents the deviation due to 

the interactions between the functional groups of the mole

cule and those present in solution. 

For the application of the model, the groups may be 

chosen arbitrari Iy. For example, an aliphatic ketone mole

cule could be regarded as made up of the groups 'carbonyl' 

and 'methylene'. It could also be regarded as made up of the 

groups 'acetone' and 'methylene ' • 
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Postulate Il 

The ske leta 1 contribution i s given by Bronsted and 

Koefoed's (8) 'Theory of Congruence 1 
• 

logy~ A (N. 2 (7.15) = - Ex.N.) 
1 . J J 

J 

where N. = number of carbon atoms in molecular species 
J 

x. 
J 

= mole fraction of component j in so lut ion. 

The summation in Equation (7.15) is over aIl the molecular 

species present in solution. The values of A are avai lable 

in the literature (8,9) and are presented as a function of 

temperature by Ratcliff and Chao (1). 

Po st u 1 a tel 1 1 

j 

Each group in the molecules exists as an individual 

entity and acts independently in the solution of groups. The 

group contribution to logy. is given by the sum of the con-
1 

tributions of the individual groups present. Thus, 

where 

logy~ 
1 

= (7.16) 

= number of groups of type k in molecular spe
cies i 

rk = activity coefficient of group k. 

The superscript * denotes the standard state value. 

The standard state may be any arbitrary composition 

of the 'solution of groups~ at the solution temperature and 

pressure. Choosing the standard state to be that of the pure 

molecular species under consideration, as is conventionaJ in 
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c1assica1 thermodynamics, assures that the activity coeffi

cient is unit y for the pure compound. Thus, if a1iphatic 

ketones are considered to be made up of methy1ene and car

bony1 groups, then the standard state of carbony1 in acetone 

is its state in a s01ution containing 33.3 group percent 

carbony1 and 66.7 group percent methy1ene. The standard 

state of carbony1 in methy1 ethy1 ketone is that of a s01u

tion containing 25 percent carbony1 and 75 percent methY1ene. 

The effect of pressure in the definition of stand-

ard state is not considered further since--we are concerned 

here with condensed systems around atmospheric pressure and 

the effect of pressure on activity coefficient may be neg1ec

ted. 

Postu1ate IV 

The fina1 postu1ate of the mode 1 is that the group 

activity coefficients are functions on1y of the group compo-

sition, temperature and pressure. 

= Xk ••• , T, P) 

The group fraction is computed from 

= r: x.Nk·/r: r: x.N k . 
. J Jk' J J J J 

(7. 17) 

(7.18) 

This is ana10gous to the computation of mo1e fraction in 

solution. 

Apart fram the basic postulates, there are some 

assumptions inherent in the model. (1) The modeJ assumes 

that the interactions of an isomeric moJecule are simi lar to 
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those of its normal counterpart, i.e. it doesn't distinguish 

between the shape of the molecules. However in many cases, 

mixtures of normal and isomeric molecules of the same species 

at normal pressures exhibit nearly ideal behaviour. Since we 

are dealing with highly nonideal systems, this assumption may 

not be serious. (2) The mode) assumes that the inter-molecular 

forces acting on a group and on a whole molecule are uniquely 

determined by the average group composition of the solution. 

Because of the dipole interactions and association effects, 

local composition may be different from the overall composi

tion. However, we are using the mode 1 to predict data of one 

system from the known data on another system containing the 

same groups, and some cancellation of errors would be expected. 

An important aspect in the application of the model 

is that the solution must not contain greater number of groups 

than molecular species. 

7.4 Test of the Model 

The mode 1 was tested on two classes of binary mix

tures: ketone-alkane systems and alcohol-aromatic hydrocarbon 

systems. 

7.4.1 Ketone-Alkane Systems 

The systems for which the mode 1 was appJied are 

acetone/n-heptane, acetone/n-hexane, acetone/n-decane, methyl 

ethyl ketone/n-hexane, methyJ ethyl ketone/n-octane, methyl 
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ethyl ketone/n-decane, diethyl ketone/n-hexane, and dipropyl 

ketone/n-hexane. The experimental data for these systems 

are given earlier in Chapter 6 (Tables 6.3 to 6.11). 

Acetone/n-heptane was chosen as the reference 

system from which the group contributions were computed as 

functions of carbonyl group fraction. Experimental vapor

liquid equi librium data for this referencesystem are shown 

in Figure 7.1. The corresponding activity coefficients, 

given in Table 6.3, were fitted to the three-constant 

Redlich-Kister equation for log(YI/Y2)' given by Equation 

(7.11). The method of weighted least squares was used in 

fitting the data. The weighting factor used for each exper

imental point was calculated by using Equation (7.10). The 

constants thus obtained are given in Table 7.1. The smoothed 

activity coefficient data were generated from the Redlich

Kister constants by using Equations (7.12) and (7.13). The 

smoothed log(Yl/Y2) data and activity coefficients are shown 

in Figures 7.2 and 7.3. 

To maintain simplicity, no distinction is made bet

ween CH3 and CH2 groups. Acetone is thus regarded as two 

methylene and one carbonyl. Heptane is considered to be con

sisting of seven methylene groups. The group fractions are 

computed using Equation (7.18). 

The activity coefficients of methylene (rc~) and 

carbonyl (iCO) were determined by applying Equations (7.14) 

and (1.16). The skeletal contribution is insignificant (con-
-4 6 -4 stant A is of the order of -5 x 10 to - x 10 between 
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250 C and 1000 C) compared to group contributions and are, 

henceforth, neglected. Since the standard state activity 

* coefficient of methylene rc~ in n-heptane is unit y, the 

group activity coefficient rc~ is given by 

= (7.19) 

Computed values of log rc~ are shown in Figure 7.4 as a 

function of carbonyl group fraction. 

The smoothing of the activity coefficient data by 

fitting them to the Redlich-Kister equation permitted extra

polation to limiting values. We thereby obtain the limiting 

value of rc~ at XCO = 1/3. Thi s i s the standard state 

* value of rCH in acetone, i .e. for acetone log rCH = 0.0842. 
2 2 

For the group carbonyl, the relation corresponding 

to Equation (7.19) is 

= 10gYA - (7.20 ) 

All quantities on the right-hand side of Equation (7.20) are 

* known, and hence 10g(rC0/rCO) may be calculated as a function 

of carbonyl group fraction. It is shown in Figure 7.5. 

* Knowledge of rCO is not necessary for predicting activity 

coefficients over the range of concentration of Figures 1.4 

and 7.5, since we are only concerned with differences in 

values of log( ÎCol r~O)' and r~o therefore cancels out. 

1 f the group so lut ion mode 1 i s sat i sfactory for 

mixtures containing alkanes and aliphatic ketones, Figures 
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7.4 and 7.5 should represent the nonideal behaviour of aIl 

mixtures of these compounds (binary or multicomponent) at 

650C. The computed va 1 ues of log rCH and 10g( rCOI r;O) were 
2 

fitted by power series, shown in Table 7.2, for calculation 

purposes. 

7.4.1.1 Results and Discussion 

The mode 1 was first checked by seeing how consist

ently it correlated the experimental data on the acetone/n

heptane system used to determine the group activity coeffi

cients. The results are given in Figure 7.1, and show good 

agreement. The root mean square deviation between experi

mental and correlated vapor mole fractions is 0.007. The 

correlated and experimental activity coefficient and compo

sition data are shown in Tables 7.3 and 7.4. 

The model was then tested by using it to predict 

the behaviour of the seven other ketone/alkane systems. The 

procedures followed in applying the model are summarized in 

Figure 7.6. The results are plotted in Figures 7.7-7.13, 

and show good agreement between experiments and prediction. 

Figures 7.14-7.20 show the activity coefficient data. 

Tables 7.5-7.11 give the experimental and predicted x-y data, 

and 7.12-7.18 the activity coefficient data. The predictions 

are made solely from the parameters in Table 7.2, without 

using any experimental data for the system in question. 

Table 7.19 shows the root mean square deviations between 

experimental and predicted vapor mole fractions. The agree-

ment, in general, is satisfactory. 
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7.4.2 Alcohol-Aromatic Hydrocarbon Systems 

Successful extension of the group solution mode 1 

to include aromatic compounds of varying shapes would open a 

new avenue in the prediction of mixture properties. As men

tioned earlier, the group solution mode 1 in its present form 

does not allow for the effect of shape of the constituent 

species. Further, no distinction is made between a methyl

ene group in an aliphatic molecule and that in an aromatic 

ring. However, we are predicting data of one system from 

the other and this similarity criterion should result in 

sorne cancellation of errors. To determine the seriousness 

of an error of this type, free energy data on a number of 

aliphatic and aromatic hydrocarbon mixtures were examined. 

The systems studied and the comments of the investigators 

are given below. 

System 

Benzene-Toluene 
Toluene-Xylene 

Toluene-Ethyl Benzene 

Heptane-Methyl Cyclohexane 

Heptane-Toluene 
Octane-Toluene 

Remarks 

Mixtures form nearly 
ideal solutions at 
atmospheric pressure 

Solution ideal at 
atmospheric pressure 

1 sotBerma 1 data at 
97.2 C show the sys
tem to be ideal 

Systems ideal within 
5% of total pressure 

Reference 

( 10 ) 

( 1 1 ) 

( 1 1 ) 

( 12) 



System 

Benzene-Toluene 
Benzene-Ethyl Benzene 
Benzene-Propyl Benzene 

Ethyl Cyclohexane/n-Octane 

Benzene/n-Octane 
Benzene/n-Heptane 

Hexane-Hexene 

- 1 1 1 -

Remarks 

Isobaric data at one 
atmosphere show 
ideality within 
experimental error 

Isobaric data between 
50-760 mm. Hg. press
ure show ideality 

Isobaric data st 760 
mm. Hg. show y val
ues to be about 1.2 

Ideal within experi
mental error at 760 
mm. Hg. 

Reference 

(13) 

(14) 

(15) . 

(16) 

Data of Myers (17) on benzene-alkane systems are 

in considerable discrepancy with those of Ellis (15). The 

former indicate considerably higher values (1.3 to 1.7) for 

yO. However, as a first approximation, assuming that CH3 , 

C~ and CH groups in these mixtures interact similarly may 

not introduce serious error. Shape effects might also be 

neglected. 

Literature data on alcohol-aromatic hydrocarbon 

systems were used to test the model. Isothermal data at 45Pc 
of Brown et al. on ethanol-benzene (18), n-propanol-benzene 

(19), isopropanol-benzene (20), and n-butanol-benzene (19) 

were used. Data of Kretschmer et al. (21) on ethanol-toluene 

system at 3sPC and the data of Ellis et al. (22) on n-butanol-



; 
i .... 

-112-

ethyl benzene system at 100 mm. Hg. pressure were also 

employed. The temperatures in the measurements of these 

systems are the closest avai lable to the set of data of 

Brown et al. 

Ethanol-benzene was taken as the reference binary 

and the group contribution functions were derived in a simi

lar manner to that described earl ier. CH3 , CH2 ,CH, and C 

groups were ail considered identical in evaluating these 

functions. As in the case of ketone/alkane systems, skele

tal contribution was neglected. These reference plots are 

shown in Figures 7.21 and 7.22. They relate 10grCH and 
2 

XCH • Log rCH curve was extra-
2* 2 

* loge row rOH ) as funct ions of 

polated to XC~ = 2/3 to get IOgr
CH2 

yalue. Calculated 

values of the group contributions are also given in Table 7.20. 

7.4.2.1 Results and Discussion 

The mode 1 was tested by using it to predict data on 

the remaining five alcohol-aromatic hydrocarbon binaries. 

The procedure of prediction is similar to the previous case 

except that the vapor phase imperfections were insignificant 

and hence neglected. Calculation of x-y data from predicted 

activity coefficients for isothermal systems is straightfor

ward. Isobaric data of n-butanol-ethyl benzene was calcula-

ted using the Antoine vapor pressure constants given in Refer-

en ce (22). 

Predicted and experimental x-y data for these sys

tems are shown in Figures 7.23-7.28. The activity coefficient 



- 113-

data are shown in Figures 7.29-7.34. Tables 7.21-7.25 and 

7.27-7.32 also provide the predicted and experimental data. 

The agreement between the experiment and prediction in aIl 

the cases is very good. Table 7.33 shows the root mean 

square deviations of the predicted y values. 

7.4.3 Prediction of Alcohol-Aromatic Hydrocarbon Data from 
Alcohol-Alkane Data 

The model was fairly successful in predicting data 

on aJcohol-aromatic hydrocarbons, impJying that the carbon 

atom in an aromatic ring can be treated as CH2 group of an 

aJkane. It was, therefore, decided to expJore the possibi J

ity of predicting aromatic hydrocarbon-aJcohoJ data from 

that of aJiphatic CH2/OH systems. 

RatcJiff and Chao's (J) data on aJiphatic CH2/OH 

systems is shown with the data on aromatic CH2/OH systems in 

Figures 7.2J and 7.22. The agreement of the JOgrC~/xCH2 

correlation between the two sets is reasonabJe except in 

high concentrations of aJcohoJ where the aliphatic data show 

a higher vaJue of JogrCH • SimiJar agreement is aJso obser
* 2 

ved in the log( ro.! rOH )/ XC~ data when the two sets of data 

are set to match in the concentrated zone with respect to 

* the hydrocarbon. Ali phat i c (rO.! rOH )/ XCH data shown in 
2 

Figure 7.22 couJd not be used in the predictions because of 

difficuJties in extrapoJating to the standard state vaJues 

in mixtures containing ethanol. However, RatcJiff and Chao 

have made use of water-alcohol data to coyer the complete 
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group composition range in 10grOH/xC~ function. Their data 

are shown in Figure 1.22 (A) and were used in conjunction 

with data in Figure 1.21 to predict the activity coefficients 

and vapor-liquid equilibria. Predicted x-y data are shown in 

Figures 1.23-1.28 and Tables 1.34-1.39. Activity coefficient 

data are given in Tables 1.40-1.45 and Figures 1.29-1.34. 

The agreement in this case is as good as the data predicted 

from ethanol-benzene system. The root mean square deviations 

in y are given in Table 1.33. 

1.5 Conclusions 

The group solution mode 1 gives a good representa

tion of the vapor-liquid equi librium data of mixtures con

taining methylene and carbonyl at 650C. Systems containing 

aromatic hydrocarbons and aliphatic alcohols are also amen

able to a similar representation by the model and valuable 

predictions coutd be made. Data on aromatic hydrocarbon

alcohol systems can be reasonably predicted from data on 

aliphatic C~/OH systems. Predictions in the vicinity of the 

temperatures of the reference system should be satisfactory. 

Nomenclature 

A constant in Equation (1.15) 

B, C, D constants in Redlich-Kister equations 

e absolute error in composition 

N total number of groups in a given molecular species 
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Nki number of groups of type k in molecular species 

P pressure 

T temperature 

w weighting factor 

W relative weighting factor 

x mole fraction in liquid 

X group fraction in Jiquid 

y mole fraction in vapor 

Greek Letters: 

a. 

y 

r 

relative volati Jity 

molecular activity coefficient 

group activity coefficient 

Subscripts: 

A 

j 

H 

k 

C~ 

CO 

OH 

2 

acetone 

molecular species 

molecuJar species 

heptane 

group species k 

methylene group 

carbonyJ group 

hydroxyJ group 

component 

component 2 

Superscripts: 

G group contribution 

j 



o 

s 

* 
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ideal 

pure component 

skeletal contribution 

standard state 
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0 EXPERIMENT - CORRELATION 
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n-Heptane Mixtures at 6J C 
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FIGURE 7.21 Group Activity Coefficient of Methylene 
in CH2/G1 Mixtures at 45°C 
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FIGURE-,22(A) Group Activity Coefficient of Hrdr8xyl 
in Aliphatic CH 10H Mixtures at 4Q C 
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TABLE 7. 1 

REOLICH-KISTER CONSTANTS FOR THE SYSTEM 
ACETONE/N-HEPTANE 

x 1x2 [B + C{x l -x2 ) + O{x J-x2 )2] + X2JOg(~I) 
2 

xJx2 [8 + C{x l -x2) + O{x 1-x2 )2] YI 
- x log{-) 

1 Y2 

= 8(x2-x l ) + C{6x lx2-1) + O(x2 -x l )(J-8x lx2 ) 

B = 0.58364 

C = -0.02646 

0 = 0.03250 

10gy~ = 8 + C + 0 = 0.5897 

Jogy~ = 8 - C + 0 = 0.6426 
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TABLE 7.2 

FITTED PARAMETERS FOR GROUP CONTRIBUTION FUNCTIONS 

aO al a2 a3 a4 a 5 

log rCH -0.00012 0.04864 3. 1215 -19.008 53. 177 -56. 187 
2 

* 10g( rCO' rCO} 0.79929 -10.2867 76.667 -349.58 838.42 -800.44 
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TAOLE-7.3 

pnEDICTED OATA USING GROUP SOLUTtO~ "MODEL 

SYSTE~: ACETONE - N-HEPTANE 

TD1PERATURE = 65 Oc 

COMPONENT ONE IS KETONE 

o. t 18 

0.238 

0.413 

0.490 

0.578 

0.710 

0.753 

0.867 

Y-PRED 
l 

0.599 "" 

0.705 

0.766 

0.785 

0.806 

0.842 

0.656 

0.903 

OF.VIATIDN IN 

0.595 

0.691 

0.768 

0.738 

0.798 

0.836 

0.856 

0.OQ4 

rs 

0.004 

0.014 

0.002 

0.003 

O.OOR 

0.004 

0.000 

0.009 

0.0070 



TAtiLE- 7.4 

pneOICTEO DATA USING GRoun SOLUTION MOOëL 

SVSTF:M: ACETONF - N-Iif::PTANE 

TEMPE: RA TURE = 65 Oc 

CQMPONENT ONF. IS KETONF. 

»: X
CO 

V LOG '( LOG Y2 
l l 

('XPT PREO ~XPT P~EO E'XPT PREO 

O.1l U O.OIAI 0.595 0.599 0.4683 0.4729 0.0153 0.0117 

'lR 
0.2.'38 0.0393 0.6Ql 0.705 0.3155 0.3382 0.0454 0.0391 1 

0.413 0.0772 0.76n 0.766 0.2034 0.1923 0.112? 0.106() 

0.1490 0.0~7::! 0.7ûA 0.785 O. t 56~ 0.1455 0 .. 1496 0.1464 

0.518 0.1?31 0.79t3 0.606 0.1137 0.1021 0.2332 0.1987 

0.710 0.1707 O. t'l3 S 0.842 0.0641 0.0507 O.31A4 O. 2q 1 1 

0.753 0.1368 0.856 0.856 0.05QO O.03f17 0.3470 0.3255 

0.867 0.2455 0.t\94 0.903 0.0191 0.0105 0.4R51 0.43::!.J 
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PRFDI CTFD DAT A US ING GROUP SOLUT-t ON MonEL 

SYSTEM: ACETUNF - N-HEXANE 

TEMPERATURE = 65°C 

COMPONENT ON~ IS KETONE 

0.268 C.477 

0.375 0.526 

0.495 0.576 

0.646 0.645 

0.(,90 0.667 

o. 7(~6 0.715 

0.<)05 0.844 

0.975 0.950 

R.M.S DEVIATICN IN 

Y-EXP 
l 

0.528 

0.570 

0.613 

0.675 

0.690 

C.740 

0.840 

0.940 

0.0319 

Y-DIFF(ABS) 
l 

0.051 

0.044 

0.037 

0.030 

0.023 

0.025 

0.004 

0.010 
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TABLE- 7.6 

PREDICTED DATA USING GPOUP SOLUTION ~ODEL 

SYSTEM: ACFTONE - N-OECANE 

COMPONFNT ONE IS KETONE 

O. 3'~5 0.981 . 

0.415 0.983 

0.474 0.984 

0.5()4 0.9R.5 

0.7]0 O.9~8 

0.941 0.990 

0.686 0.992 

0.926 0.993 

Y-EXP 
l 

0.9RO 

0.984 

0.985 

0.9!36 

0.989 

0.991 

0.99<' 

0.994 

R.",.S DEVIATION 1'" YI IS 0.0014 

Y-DIFF(AOS) 
l 

0.001 

0.001 

0.001 

0.003 

0.001 

0.001 

0.000 

0.001 
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TA8LE-7.7 

PREO[CTED DATA U5ING GROUP SOLUTION MOOEL 

5YSTf:''': M~TttYl. ETHYL KETONE - N-HEXANF 

TCMPF. RATURE = 65 Oc 

COMPONFNT ONE IS KFTONE 

x 
l 

0.215 

0.286 

0.392 

0.585 

0.630 

0.684 

0.818 

0.080 

0.C)45 

R. 't. S 

y-PREO 
l 

0.247 

0.2E\3 

0.332 

0.430 

0.458 

0.496 

0.625 

0.713 

0.841 

DEVIATION IN 

O.?ôO 

0.301 

0.354 

0.439 

0.475 

0.502 

0.595 

0.685 

0.825 

0.0192 

0.013 

0.010 

0.022 

0.009 

0.017 

0.006 

0.030 

0.028 

0.016 
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TAHLE-7.8 

PREDICTEO DATA USING GROUP SOLUTION MODEL 

SYSTEM: METHYL ETHYL KETONE - N-QCTANE 

COMP3NENT ONe IS KETONE 

0.058 0.464 0.472 0.006 

0.14'3 0.651 0.655 0.004 

0.265 0.730 0.765 0.0:>7 

0.376 0.7RO 0.014 0.034 

0.382 0.782 0.816 0.OJ4 

0.562 0.830 0.847 0.017 

0.576 0.A34 0.845 0.011 

0.636 0.850 0.A55 0.005 

0.730 0.A77 0.970 0.007 

O.iJIO o .cJ04 0.8~0 0.0?4 

0.970 0.980 0.968 0.012 

R.~.S OF.VIATION IN YI IS 0.0199 
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TAOLE-7.9 

PRFDICTEO DATA USING GROUP SOLUTION MODEL 

SYSTFM: VETHYL FTHYL KETONE - N-nECANE 

CO~PONENT ONF 15 KETONE 

0.264 0.950 

0.520 0.968 

0.538 0.969 

0.550 0.909 

0.555 0.970 

0.570 0.970 

0.648 0.973 

Y-EXP 
l 

0.937 

0.972 

O. <)69 

0.974 

0.975 

0.974 

0.977 

J~.M.S DEVIATION IN VIlS 0.0063 

0.013 

0.004 

0.000 

0.005 

0.005 

0.004 

0.004 
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TAOLE-7.IO " 

PR[DICTED DATA USING GHOUP SOLUTION ~ODEL 

SYSTEM: OIFTHYL KETONE - N-HEXANE 

TEMPERATURE = oSoC 

COMPnNENT ONE IS KETONf 

'I-EXP ']:-0 1FT (ABS) 

0.063 0.053 0.049 0.004 

0.?4(1 0.1311 0~t31 0.007 

0.37., 0.181 0.182 0.001 

0.443 0.207 0.215 O.OCR 

0.508 0.234 0.?48 0.014 

0.561 0.2J9 0.26tl 0.009 

0.640 0.305 0.316 0.011 

0.702 0.350 0.368 0.018 

0.763 0.40"' 0.412 0.005 

0.034 0.4?~ 0.4<>0 0.008 

0.874 0.56Ei 0.570 O.OO? 

R.~.S DEVIATION IN YI IS 0.00Q3 
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TABLE-7.II 

Pf?E-DICTEO DATA USING c;rwup SOLUTION MQOEL 

SYSTE~: OIPWOPYL KE~ONE - N-HEXANE 

COMPONENT ONE r5 KETONE 

0.072 

0.210 

0.420 

O. '.'70 

0.616 

0.745 

Y-PRED 
l 

0.01:> 

0.027 

('.050 

{J.OS7 

0.036 

0.133 

~r:-v 1 A Tt GN IN 

0.012 

0.025 

0.04 EJ 

0.0'5~ 

o .09/• 

0.136 

15 0.0016 

0.000 

0.002 

0.002 

0.001 

o.oea 

0.003 



I~-, 

TA RL E - 7. l 2 

PRFDICTED DATA U5ING G~OUP SOLUTION MODEL 

SYSTEM: ACF-TONE - N-Hr:XANE 

TFMPEPATURF = 65°C 

COMPONfNT ONE IS KETO:-.lF 

XI xco YI LOG 'il LOG ~2 

EXPT PRED EXPT PRED F.XPT PRED 

0.~6tl 0.0516 0.52~ 0.477 0.3439 0.2803 0.0242 0.0506 0\ ... 
• 0.175 0.076c) 0.570 0.526 0.2506 0.193? 0.0711 0.0909 

0.495 0.1096 0.613 0.576 0.1740 0.1229 0.1299 0.146 A 

0.648 0.15c)A b.675 0.645 0.1066 0.0604 0.2183 0.?316 

0.690 0.1756 0.600 0.667 o • OH 73 0.0467 0.?514 0.2575 

0.7"A 0.2078 0.7AO 0.715 0.0715 0.0250 0.3012 O.:!096 

0.90~ 0.2755 0.840 0.844 0.0249 0.0070 0.4488 0.4194 

0.915 O.:Ul1 0.940 0.950 0.0191 0.0052 0.5810 0.4937 



TAOLF- 7.r) 

PREOICTFO nATA USING ~ROUP SOLUTION MQDEL 

SYSTEM: ACETU~F - N-OECANE 

TEMPF RATunE = 65°C 

COMPONE'NT ONE 1 S K~TONF. 

XI xco YI LOG t
I LOG ((2 

EXPT f"'RED E'XPT PRFO E'XPT PREO 

O. =-'45 0.0455 0.980 O.<)Al 0.2589 0.3076 0.0699 0.0~98 
0\ 

"" 0.415 O.OGAS 0.9e.4 0.983 0.2151 0.2527 0.0393 0.1018 1 

().4 74 0.070Q 0.QA5 0.994 0.1917 0.2105 0.1102 0.1350 

0.564 0.0932 q. 96·1 O.9A5 0.1475 O. 1538 0.1269 O.I~75 

0.710 0.1493 0.9~C) 0.9'H~ 0.06l:\4 0.0708 0.2990 0.3571 

0.~41 0.2045 0.991 0.990 o.o?oo 0.0268 0.4615 0.507J 

0.9a8 0.?341 0.992 0.C)92 0.0191 0.0135 0.5679 0.5-983 

0.926 0.?632 0.994 0.993 0.0095 0.0018 0.6605 0.6658 



TAALE-7.14 

PPEDICTEO OATA USING GROUP SOLUTION MODEL 

SySTEM: METt-tYL FTtiYL KETONE - N-HFXANE 

TE~PERATURC = 65°C 

COMPONENT ONE IS KET()NE 

XI Xco YI LOG 'il LOG -)(2 

EXPT PREO F. XPT PRED EXPT PRCD 

0.215 0.0:l8(, 0.260 0.?47 0.2984 0.274Q 0.0252 0.0326 

\) • ~&() 0.0527 0.301 0.283 0.2413 0.2118 0.044 A 0.0523 .~ 
1 

0.3t)? 0.0751 0.354 0.33? 0.1752 0.140? O.OROS 0.(\879 

0.~e5 0.1?11 p.43C) 0.430 0.079) 0.0603 0.1700 0.1666 

O.ll:iO 0.IJ2C) 0.475 0.458 0.0703 0.04130 0.1801 0.1 tl67 

0.6".i4 0.1477 0.502 0.4Y6 0.0457 0.0352 0.?129 0.2116 

O.fllH 0.lA74 0.595 O./.-?S 0.0041 0.0112 0.3253 0.2768 

O. t\OO 0.?075 0.685 0.713 0.0023 0.0040 0.3660 0.3092 

0.945 0.2i!9\) 0.825 0.841 -0.0016 -0·9°00 0.3961 0.345~ 



TAOl.E- 7.15 

PRf."r)1 C TEr> DATA USING G~OUP SOl.UTION MODEl. 

SYSTEM: M l::THYl. ETt-iVL KETONE - N-OCTANE 

TEMPERATUqE = 65°C 

COMPONF'NT ONE 15 KETONE 

XI ><co Y LOG' t
I 

LOG "t2 l 
EXPT PRED EXPT PRED EXPT PREO 

0.050 0.0075 0.472 0.464 0.4864 0.4R83 -0.0130 0.003::' 

o. 14~ 0.C200 0.655 0.651 O. 3d t 8 o. J861 0.0036 0.0\56 0'\ 
-..1 

1 

0.1?65 o. 0 3~l2 0.7b5 0.738 0.3074 0.2771 0.0102 0.0427 

o • =' 7tJ 0.0579 0.014 0.780 O.23ôE' 0.192.4 0.OJ?9 0.C802 
1 

0.J~2 0.0590 0.816 0.7H2 0.22131 0.1(\84 0.0296 O.082Cl 

0.562 0.0977 O. (\4 7 0.(\:]0 0.1261 0.0930 0.1472 0.1694 

0.576 0.1011 0.045 0.H34 0.0c)77 0.0874 O. 1507 0.1762 

o. t·.16 0.1160 0.0':15 0.050 0.1044 0.0657 0.2315 0.2117 

0.7 "jO 0.1437 0,070 0.877 0.0618 0.0384 0.3232 0.27:i2 

0.810 0.170? 0.6AO 0.904 0.0304 0.0200 0.4496 0.3317 

0.Cl7Q (). 2.35'. C • .:)6~ 0.900 -0.0010 -0.0003 0.6825 0.4 7? 3 



TAOLF- 7.16 

p~EnICTEO nATA USING GRnUp SOLUTION MODEL 

SYSTEM: ~~THYL ETHYL KETONE - N-DECANE 

TF.MPERATURE = 65°C 

CQMI'lONFNT ONE 1 S KETONE 

XI xco YI LOG 1(r LOG "(2 

EXPT PRFD EXPT PRFD EXPT PREO .. 
O.2b4 0.0314 O.Q37 0.<)50 0.2073 0.3144 O.05AQ 0.0.194 -0\ 

0.520 0.0756 0.Q7? 0.96A 0.1274 0.1391 0.0840 0.1478 ex> 
1 

0.5.'8 0.0794 0.96C) 0.9ti9 0.0667 0.1296 0.1021 0.15A5 

0.550 0.0821 p.974 0.969 o. 1?76 . 0.1235 0.1025 0.1660 

0.5~\!j 0.on32 0.<>75 0.970 0.0<>38 0.1210 0.0614 0.16~1 

0.570 O.0~66 0.974 0.970 0.1180 0.1137 0.I?A6 0.17R8 

0.640 0.10bO 0.Q77 0.973 0.0836 0.0799 0.1807 0.2344 



TARLf- 7.17 

PREOICTEO OATA USING GROUP SOLUTION MODEL 

SYSTeM: o IFHtvL KCTONF. - N-HEXANE 

TFMPCRATURF = 6SoC 

COMPONFNT ONE IS KETONF. 

XI xco v LOG 'il LOG cs'2 
l 

EXPT PREO EXPT PREO EXPT PRF.D 

0.063 O.010l) 0.049 0.053 0.3752 0.1.059 0.0138 0.0043 -
O.?o\éi 0.043\ 0.131 0.130 C.18C)Q 0.2034 O.052A 0.0]~6 

~ 
1 

0.372 0.06bl 0.102 o. 1 Al 0.1258 0.1217 0.0738 0.0711 

0.443 0.0797 0.215 0.~07 0.1079· 0.08C)0 0.0936 0.09')6 

0.508 0.0925 0.24H O. ~.14 O. OClC) 5 0.0659 0.1178 0.1173 

0.501 0.1031 0.?68 0.~59 0.07il 0.0510 0.1366 0.1157 

0.640 0.11Q4 0.316 0.305 0.0440 0.0337 0.1517 0.16.37 

0.702 0.1325 O.J~A 0.~50 0.0475 0.0235 0.1768 0.1860 

0.76~ 0.1457 0.412 0.401' 0.023Q 0.0156 0.20A? 0.2083 

o. t"\ i4 O. 161 ,. 0.490 0.49t:1 0.0016 0.00A5 0.2419 0.?344 

0.074 0.1705 0.570 0.560 0.0077 0.0055 0.2482 0.24Q3 



TAnL.;:- 7.18 

~nrnlC:TfO DATA USING GRQUP SOLUTION MODEL 

~YSTE~I: [) IP/<OPYL KETONE - N-HEXANE 

TEtI,PE:"PATURf = 65°C 

COMPONENT ONE IS KETONE 

XI xco YI LOG ~I LOG '(2 

r.XPT PREl) EXPT PRED EXPT PRED 

, 1 

1).07~ 0.0119 0.012 0.012 0.33<)1') 0.31~4 0.01 74 0.0052 à , 
J.I'IO O.033~ 0.025 0.027 0.1328 0.1729 0.0187 0.0266 

O.4?O 0.06";0 0.048 O. O~;O 0.0387 0.0627 0.0640 0.0720 

ù.470 CI. 01,' 6 C.OfiU 0.057 0.0114 0.014 78 0.0364 0.0838 

O.6IH 0.09.14 0.094 0.086 0.0310 0.0192 0'.0891 0.1188 

0.745 Q.I104 0.130 0.133 -0.0071 0.0069 0.1247 0.1483 
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TABLE 1. 19 

COMPARISON BETWEEN EXPERIMENTAL AND 
PREDICTED VAPOR COMPOSITIONS 

System 

(Acetone/n-Heptane 

Acetone/n-Hexane 

Acetone/n-Decane 

Methyl Ethyl Ketone/n-Hexane 

Methyl Ethyl Ketone/n-Octane 

Methyl Ethyl Ketone/n-Decane 

Diethyl Ketone/n-Hexane 

Dipropyl Ketone/n-Hexane 

R.M.S. deviation between 
experiment and prediction 
(mole fraction of ketone) 

0.001) 

0.032 

0.001 

0.019 

0.020 

0.006 

0.009 

0.004 

Average R.M.S. deviation 
for predicted systems 0.013 



0.097 

0.218 

0.314 

0.415 

0.520 

0.528 

0.616 

0.109 

0.810 

0.919 

-172-

TABLE 7.20 

GROUP CONTRIBUTION FUNCTIONS IN 
ALCOHOL-AROMATIC HYDROCARBON SYSTEMS 

REFERENCE SYSTEM: ETHANOL-BENZENE 
COMPONENT ONE 1 S ALCOHO L 

0.9829 0.0028 .. 

0.9591 0.0106 

0.9378 o~o179 

0.9127 0.0270 

0.8829 0.0382 

0.8803 0.0389 

0.8518 0.0496 

0.8110 0.0618 

0.7130 0.0712 

0.1164 0.0949 

* 1og( rI r )OH 

0.9168 

0.6292 

0.4917 

0.3778 

0.279 

0.2736 

0.2038 

0.1422 

0.0815 

0.0293 
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TABLE- 7.21 

PREDICTED DATA USfNG GROUP SOLUTION MODEL 

5YSTr:~: FTt-'A!'JnL - BENZENF 

PRr-[l1 CH::D fï~O~' ETHANOL - ~ENZENE DATA AT 45°C 

COtI.PON[-NT ONE 1 S ALCOtiOL 

XI YïPfU:: D YïEXP Y-DlrF(ARS) 
l 

O.OCJ7 0.2t38 0.2SC) 0.001 

O.?li\ 0.335 0.337 0.002 

O. :, 14 0.360 0.362 0.002 

0.415 0.3R2 0.364 0.002 

0.520 0.404 0. 1.06 0.003 

(l.526 0.407 0.410 0.003 

0.615 0.431 0.434 0.003 

0.709 0.
" 

72 0.475 0.003 

O.~IC 0.542 0.546 0.004 

0.919 0.704 0.70S 0.004 

RI ..... S O~V 1 AT ION 1 N YI 1 C; 0.0028 
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TABLE- 7.22 

PRE"ICTED DATA USING GROUP SOLUTION MODEL 

SYSn:~·1: ETHANOL - TOLUENE 

PREni CTf·:O FR()~·1 ETttANOL OENZENE DATA AT 45°C 

COMPONENT ONE JS ALCOHOL 

~ Yf"PED V.-EXP 
l 

'1-01 FF (ABS) 

0.047 0.474 0.1.75 O~OOI 

O. 121 0.5~? 0.566 0.025 

0.20e 0.62'8 O.6Ql 0.02[; 

0.:162 C.650 0.635 0.016 

O.lfl6 0.659 O. (,38 0.020 

0.593 0.603 0.673 0.010 

0.726 O.71~ (\.716 0.002 

0.n~2 0.78? 0.785 0.003 

R. t-t.S I"'EVIATIOtl IN 15 0.0162 
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TAP-LE- 7.23 

PRF.D 1 CT r-fJ DAT A US ING G~OU? SilLUTI ON MODEL 

SV5T::; M: r:-PUOPA NOL - n[NZ~N;:: 

?REOrCT[p FqOM ETHANOL BENZENE DATA AT 4r:P C 

CUMP:JNFNT ONE 15 /.LCOHOL 

XI VïPRED Y-FXP 
l 

VrD1FF(AEJS) 

0.098 0.12!' 0.1 19 0.006 

0.214 0.160 0.156 0.004 

0.297 0.172 o el -'3 0.001 

O.40h 0.165 0.193 0.008 

0.4Al 0.203 0.208 0.005 

0.525 0.216 0.218 O.OO? 

0.605 0.241 0.240 0.001 

0.703 0.205 0.279 0.006 

0.798 0.~56 0.344 0.013 

0.'114 o .5/.~ 0.525 0.020 

R ..... 5 Dr.:VIATION 15 0.0087 
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TAOLE"- 7.24 

DP~DICTED DATA USING GROUP SOLUTION MODEL 

SY5 TE""': 1 :;n;:>110flAtmL - AE:NZF.NE 

?RfDICTE~ FRO~ ETHANOL AENlFNE OATA AT 45°C 

COMPnNENT ONE 15 ALCDHOL 

XI Yï PRED YfEXP 

0.093 0.20~ 0.207 

0.205 0.261 0.266 

0.296 O.2R6 0.295 

0.386 0.~08 0.321 

0.475 0.3JO 0.346 

O.S50 0.356 0.369 

0.620 0.390 C.395 

0.710 0.4/.2 0.438 

0lOA07 0.530 0.511 

0.912 0.696 0.666 

0.')65 0.849 0.825 

;1.'''.$ f'EVIJ\1InN IN y IS 
l 

YïOI FF (ABS) 

0.000 

0.006 

0.009 

0.014 

0.016 

0.013 

0.005 

0.004 

0.019 

0.030 

0.024 

0.0153 



, 
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TAOLE- 7 25 • 

Pf-!F.l'ICTI:O OATA USHIG GROUP ~OLUTION t • .:DOEL 

SYSTEM: N-f)UTAI-IC1L - B['NZENE 

PREOICTED FROM ETHANOL AENZENE DATA AT 4SoC 

Cnr-1p:JNErlT ONE 15 ALCOHOL 

XI YrPREO YfEXP YiOI FF (ABS) 

o. i (h] 0.055 0.058 0.003 

0.301 0.066 0.068 0.002 

0.400 0.074 0.078 0.004 

O.'~C)l 0.085 0.OR8 0.003 

0.600 0.106 0.105 0.001 

0.707 0.1 Je) 0.131 0.008 

0.821 0.204 0.109 0.015 

R ..... S OFVIATION IN YI 15 0.0068 
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TABLE- 7.26 

PREDICTCO DATA USING ~POUP SOLUTION MGDEL 

SYST~M: N-OUTANOL - FTHYL OENZENE 

TOTAL PRESSURE = 100 M~. 

PREDI CTEO FP.,.lf.I ETHANOL - Bt=NZENE DATA AT 45° C 

COMPOtH:-:~T ON[ 1 S ALCOHOL 

'1: YïPREO Yr-EXP Yr-D 1 FF (AOS ) 

0.')60 0.8Q9 0.')00 0.001 

0.R54 0.724 0.7.19 0.015 

:) • lU t 0.5')6 0.603 0.008 

0.591 0.536 0.545 0.009 

0.4?7 0.476 0.477 0.002 

O.3?6 0.446 0.431) 0.010 

0.129 0.366 O. )21 0.044 

0.040 0.232 0.161) 0.066 

P. :-1.5 O("VIATION IN 15 



XI 

0.0')1 

o .~:Hi 

o •• , 1 Ij 

O.fllti 

().~?O 

O. !j::!f, 

O.(.I~l 

0.7.)0 

O.lItO 

O.~Il) 

TARLE- 7.27 

p~EntCT~n DATA USING GROUP SOLUTION MonEL 

':iV5TC-4: FTltl\Nl)L - nENlENI::: 

Tc:"~PFr."TurH: = 115°C 

PR~nICTFJ FROM ETHANOL - RENZENE DATA AT 45°C 

COMrONENT ON~ 15 ALCOHOL 

XCH 2 

O. Q'l2') 

0.(')"91 

O.'i:l/U 

n.cn~'7 

O. U~l2q 

O. Ht\03 

o.n510 

0.tl170 

0.7730 

0.71h4 

EXPT 

0.2~q 

O.~37 

0.~f:>2 , 
0.:l~4 

0.4()fl 

0.410 

0.'.34 

0.475. 

0.546 

0.708 

VI 

pr~ED 

O.~I)O 

O. :US 

0.360 

O.3A2 

0.404 

0.407 

0.431 

0.472 

0.542 

0.704 

LOG YI 
-

EXPT PRCD , EXPT 

0.7074 0.7044 0.0169 

0.4354 0.4324 0.0538 

0.31:!6 0.30Q6 0.1076 

0.2169 0.2139 0.1622 

O. 1'.04 O. 13"4 0.2292 

0.1 :ib 5 0.1:135 0.2337 

O.ORBO 0.0849 0.2974 

0.0500 0.0479 0.3710 

0.0209 0.0179 0.'.635 

0.0042 0.0012 0.6597 

LOG }{2 

PRED 

-
0.0169 \è1 

1 

0.0636 

0.1076 

0.1622 

0.2292 

0.2337 

0.2974 

0.3710 

0.4632 

0.5697 



TABLE- Î .28 

r'Rfl)!C'TI"O OATA USINe; GROUP SOLUTION MODEL 

SYSTEM: rTt-tANOL - TOLUENE 

T~~P~RATUAr = 35°C 

pnrOJCT~D FROM ~THANOL GrNZENE DATA AT 4SoC 

COMPJNENT ON~ JS ALCOHCL 

)(1 xCII 
2 

YI LOG "'1 LOG X2 
r:"XPT ~FI:O EXPT PREO EXPT PREO 

g> 
(I.('~7 c).9·).31 0.~75 0.474 0.<)29? o .92:iO 0.00b8 0.0035 

1 

" • 1 21 0.<:'-313 " • oj t, tJ o. Gt)2 0.(,642 0.6980 O. O? 94 0.0210 

o. ~M.: O.C)6f-2 O.dOI 0.62E\ 0.4850 0.5170 0.05t"\9 0.0525 

\1 • 1 t,} O." :l/. 7 0.6.35 0.650 0.2~6? 0.2980 0.1456 0.1260 

(' •• \ 1 ~ 0.Q2?0 0.63 i\ 0.659 0.2342 0.2470 0.1835 0.1575 

o • b~')3 0.tl7:n C. 07.3 0.~83 0.1128 O. 1210 0.3054 0.?940 

O.7~6 o. t\2~~ 0.716 0.715 0.0547 0.0590 0.4191 0.4270 

". :..~~? 0.7628 0.7E\5 0.782 0.0170 0.0190 0.5587 0.5670 



TAOLC- ? .29 

PREDIC.T1:f) DATA USING GROUP SOLUTION MODEL 

C;VS1F.~: N-PRClpf\f..!i)l - tJENZFNF. 

TfMf'r:r.oATlmr: = "5°C 

P~Eot CTEr> Fr~nM F.TliANtlL - 9FNZENE DATA AT 45°C 

(:t)MP:lNENT ON[=' IS ALCOII.:lL 

XI ><CH 2 VI LOG fI LOG "'2 
F.XPl PPED [:XPT PREO EXPT PREO -(X) 

o. n ~JU o. \'"lli:l? 0.119 0.126 O.6~03 0.6440 0.0167 0.0120 

0.~14 0.Ql)15 0.156 0.160 O • .J()?9 0.4050 0.0571 0.0540 

U.?'J7 0. ').\4 'J 0~173 0.172 0.2')01 0.2874 0.0920 0.OS88 

o." 0(, O.?lI7 o. 191 0.185 0.19:16 O.lAbO 0.1442 0.1560 

0.1. ,H t'). r, l)/. 6 0.2Cd 0.203 0.1415 0.1280 0.1845 0.1800 

r..~~~ O. UT)«} 0.210 0.215 0.1171 o. Il 00 0.2112 0.2.040 

o. ()05 o. H 136 0.240 0.241 0.0778 0.0745 0.2601 0.2490 

0.7t») o .11·H.~ o. ~7'9 0.205 0.0427 0.0410 0.3268 0.3060 

~. 7-)/j 0.ûlH7 0.344 0.356 0.019 C) 0.0210 0.3957 0.3660 

o. r" 4 O.7f\OY ').525 0.545 0.0024 0.0050 0.4836 0.4440 



TAI1LE- ','.)0 

~P[O!C'CO nATA USING G~aUp SOLUTION MaDEL 

~V Slf,.l: 15i1r>I~m' ANOL - ùENlENE 

TE M P:: r. A T Ur? r = 45° C 

PRr:n TC TF D FROM ETHA.NOL GENZENF. DATA AT 45°C 

tOMPONCNT ONE IS ALCOHOL 

XI X
CH2 VI LOG t I LOG )(2 

r-XPT PREO F.:XPT: PRFD EXPT PRED 

'0.0')/3 o .')H31 0.2(\7 0.206 0.6111 0.6105 0.0157 0.0150 
fG> 
1 

0.::.'0t, C'. t:'(, 33 O.~(,Ù 0.261 0.4132 0.1\035 0.0493 0.0510 

.f). ;o')(J O. ')4[,2 O. ;'95 0.2.'36 0.2996 o. 2~06 0.0870 0.0852. 

(I.~''\(, O.(f~bl 0.:121 O. :i08 0.2182 0.1910 0.1287 0.1260 

0.4"''3 \l.005d ('1. J/.6 0.330 0.1'.564 0.1235 0.1762 0.1710 

('1 • :.. ':;0 o. ê .. 171) li •. 3h 9 0.~56 0.1129 0.0845 0.2206 0.2130 

0.(,20 ('1. ~V)9 '\ 0.J95 O. :i90 0.0816 0.0655' 0.2664 0.2550 

(1.710 0.'34:S0 0.43~ 0.442 0.0474 0.0390 0.3321 0.3120 

0.€"J7 0.~t59 0.511 C.530 0.0208 0.0205 0.4134 0.3750 

o. 'li 2 O.7i1l6 0.0(..6 0.696 0.0040 0.0065 0.5111 0.4470 

0.1)(,5 0.76?7 o • ù:?!l 0.849 0.0 0.0060 0.5645 0.4860 



T ArILC- 7. 3I 

PflEIH CTED OATA U5ING G~nup SOLUTION MODEL 

SVST=tI.: N-~UTANnL - BF.NZENE 

TF.t.~P~ PATUPF. = 45° C 

:'l ~ r: 0 ( c: T E () F F~ 0 ~ ~THA~OL - BENZENE DATA AT 45°C 

CO~,PONt-:NT ONF 1$ ALCOHOL 

XI )(CH 
2 

vI LOG 'fI LOG )(2 

f"XPT PRED EXPT PRED FXPT PREO -& 
c • l·~q l'. q\)tH.\ 0.050 0.055 0.3839 0.3580 0.0492 0.0420 1 

0 • .:101 o. <) ... 72 O.Of-d 0.066 0.2613 0.2460 0.0899 0.0840 

0.4 OC' 0.02A4 0.'078 0.074 0.1756 O. 1 /.90 0.1335 0.1260 

(l.'tQl 0.')10" O.OtH3 0.085 0.1200 0.0934 0.1784 0.1626 

0.600 O.l\HHS 0.1 C5 0.106 0.0699 0.0590 0.2358 0.2160 

0.707 0.üob4 0.131 0.139 0.0328 0.0342 0.2980 0.2628 

o.e;!! 0.(;416 0.189 0.2.04 0.0128 0.0108 0.3661 0.3162 



TAf'Lf:- 7.32 

()RF:[)(CT!:O DATA USJNG GROUP SOLUTION MonEL 

C;V5TFM: N-nUTANOL - ETHVL OF.NZENE' 

Tf)TAL PRE'S!iURE = 100 MM. 

PI'lEI>t CTEr> r-nOM ETHANOL - AENZE'NE DATA AT 45 Oc 

CUMPLlNFNT ONE 15 ALCOHOL 

XI x
CH 2 

VI LOG 'II LOG Y2 
EXPT PREO EXPT PRED EXPT PRED 

, 
~ 

o. '.'/)0 l).el?'5 0.900 0.8<)9 0.0188 0.0060 0.5042 0.5120 1 

o • '.\ 'lt, 0.84?') 0.7J9 0.7?4 0.0'3:)9 0.0120 0.3946 0.4240 

0.71)1 1'). F! ,) 1 1 f).ti.OJ 0.5Q6 0.0658 0.0400 0.2989 0.3000 

o. ~'H O.?O~O 0.5~S 0.5.36 0.1070 0.0740 0.2324 0.2280 

0.427 0.')J64 0.477 0.47,6 0.1880 0.1700 0.1448 0.1400 

O.J?ù 0.9')36 ,0.436 0.446 0.2541 0.2630 O.OQ54 0.0960 

0.11?.:J 0.9'jjO 0.321 0.366 0.4899 0.5500 0.0332 0.0200 

0.040 0.9Q49 0.166 0.232 0.6265 0.7920 0.0147 0.0040 
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TABLE 7.33 

COMPARISON BETWEEN EXPERIMENTAL AND 
PREDICTED VAPOR COMPOSITIONS 

R.M.S. deviation between experiment & 
prediction (mole fraction of alcohol) 

System 

Ethanol-Benzene 

n-Propanol-Benzene 

Isopropanol-Benzene 

Ethanol-Toluene 

n-Butanol-Benzene 

n-Butanol-Ethyl Benzene 

Average R.M.S. Deviation 

Predicted from 
ethanol-benzene 

data 

0.0028 

0.0087 

0.0153 

0.0162 

0.0068 

0.0291 

0.0131 

Predicted from 
a lcoho l-a 1 kane 

data 

0.0189 

0.0073 

0.013 

0.032 

0.0048 

0.0605 

0.0227 
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TA BL E" - 7.34 

~REDJCT~' DATA USING GROUP SOLUTION MODEL 

SYSTEM: FTHANOL - BCNZENE 

TDl,rF.J~ATU~C = 4S"c 

PRFDICTED Fr.Ut.1 ALCOHClL - ALKANE DATA AT 40°C 

CUMP3NFNT n~~ IS ALCOH~L 

XI YïPR!:::> Y-EXP 
l 

YrDI FF( ABS) 

0.097 0.31? 0.28:.1 0.022 

0.216 0.359 0.337 0.022 

0.314 0.~A6 0.362 0.024 

0.415 0.397 0.334 0.013 

0.52C O. 1~?5 0.406 0.018 

0.5"S 0.4?6 0.410 0.016 

0.615 0.
'
.46 0.434 0 .. 012 

0.709 C .479 0.475 0.0°('4 

0.010 0.543 0.545 0.003 

0.<)19 0.675 0.708 0.03:1 

R.~.S OFV 1 A T ION 0J N 0.0189 
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TAOLE- 7.35 

PRFDICTED D4TA USING G~OUP SOLUTION MODEL 

SYSJ[::.1: CTlIAf\!OL - TOLUCNF. 

PH[DICTfD FROM ALCOHOL - ALKANC DATA AT 40°C 

COMPONFNT ONE IS ALCOHOL 

XI Y-PRED 
l YÏ.EXP YrOIFFCAHS) 

0.047 0.516 0.475 0.041 

O. 121 0.595 0.566 0.029 

0.2C8 0.631 0.60·1 0.030 

0.362 0.675 0.635 0.041 

0.416 0.687 0.638 0.049 

0.593 0.696 0.673 0.025 

0.726 0.721 0.716 0.005 

0.'352 0.776 0.785 0.009 

DFVIATION IN 0.0320 
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TARLF- 7.36 

P~EDICTEn OATA USING GROUO SOLUI ION MODEL 

SYSTF.M: N-Pf:>C1PANOL - OFNZEN~ 

TEMPERATURE = 45°C 

PREDICTED FRO~ ALCOHOL 

COMPONENT ONE IS ALCOHOL 

XI YïPf:'EO YrF:XP YrDIFFCABS) 

0.098 oc. 126 O. 119 0.007 

0.?14 0.156 0.156 0.000 

0.297 0.173 0.173 0.001 

0.'.C6 o .ICJ6 0.193 0.002 

0.481 0.210 0.2C8 0.002 

0.525 0.225 0.218 0.006 

0.605 C .246 0.240 0.006 

0.703 0.290 0.?7Q 0.01 1 

0.798 0.354 0.344 0.011 

0.Q14 0.538 0.525 0.013 

.R ..... S DEV r AT 1 0,., IN IS 0.0073 



-189-

TAHLE- 7.37. 

PREDICTED OATA USING G~OUo SOLUTION MODEL 

SYST~M: (SOPRUPANOL - BENZCNE 

T Ct-IPF. RATlJRE = 45° C 

PREOJCTE~ rRO~ ALCOHOL - ALKANE OATA AT 40°C 

CflMPOt-lF.NT ONE IS ALCCJHOL 

X Yï PRFD Yï EXP I":'"DIFF(AtJS) 
l 

0.098 0.229 0.207 0.023 

O.?05 0.26A 0.?66 0.002 

0.?96 (.292 0.295 0.004 

0.366 0.31f..1 0.321 0.003 

0.475 0.33C) 0.346 0.007 

0.550 0.36C) 0.369 0.000 

0.620 0.392 0.395 0.003 

0.710 0.451 0.438 0.~13 

Ci. RO·' 0.524 0.511 0.013 

0.91? 0.690 0.666 0.025 

0.«)65 C.643 0.825 0.017 

R.~.S DFVIATIVN IN 0.0130 
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TABLE- 7.)9 

PRFOICTED OATA USING GROUP SOLUTION MODEL 

SYSTEM: N-nUTANCL - BENZENE 

TEMPEPATURE = 45°C 

PRFDJCTED rpn~ ALCOHOL - ALKANE DATA AT 40°C 

CO~P3NENT ON~ JS ALCOHOL 

'1 Y:rPPED 1:-EX~ 1-0 IFF (AOS) 

0.ICJ9 0.050 0.058 0.008 

0.301 0.C63 0.068 0.006 

0.400 0.074 0.078 0.004 

0.491 0.C85 0.OS8 0.003 

0.600 0.1')6 C .105 0.001 

0.707 0.1.34 0.131 0.003 

0.021 0.196 0.199 0.006 

R.!I4.S OEVIATION IN YI IS C.0048 
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TAOLF.:- 7.39 

PREOICTCD nATA USING G~OUP SOLUTION MODEL 

SYSTEM: "-nUTANOL - t THYL OENZENE 

TOTAL PRrsSUp.~ = 100 ~M. 

PREDtCTEJ FRnM ALCnHQL - ALKANC DATA AT 40°C 

CUMPONENT ONE IS ALCOHOL 

XI YrPRED J:"-EXP 'I-D1FF(AOS) 

0.960 0.895 0.900 0.005 

0.A54 0.72? 0.739 0.017 

0.701 0.6ec 0.b03 0.003 

0.591 0.541 0.545 0.004 

0.427 0.487 0.477 0.010 

0.326 0.455 0.436 0.019 

0.129 0.372 0.321 0.051 

0.040 0.328 0.166 0.162 

R.M.S DEVIATION 1 N Y 1 S 
1 

0.0608 



TAALE- . 7.40 

PPF.DICTEO O~TA USING G~OUP SOLUTION ~OOEL 

SYSTeM: CTHA~~L - HFNZENE 

T~MP~~ATU~E ~ 4SoC 

~RCOICTFD FROM ALCOHOL - ALKANC DATA AT 40°C-

COMPJN~NT ONE IS ALCOHOL 

XI xCH 2 
YI LOG YI LOG ~ 

EXPT P~ED EXPl P~ED EXPT pnF.D 
'iS , 

0.097 0.C)329 C.2AC) 0.312 0.7074 0.7510 0.0168 0.0150 

O.~lH 0.CJ591 0.J~7 0.~r.;9 0.4354 0.4620 O. ·0(,38 0.0460 

0.314 0.tJl76 0.302 0.386 0.3126 0.3340 0.1076 0.0840 

0.415 0.'>127 0 • .304 0.:"~7 0.2169 0.2240 0.1622 0.1440 

0.520 0.1:\'329 0.'.06 0.425 0.1404 0.1710 0.2292 0.2?50 

o. !»:?ù O.A'3CJ 0.4 t 0 0.4?-6 0.1365 0.1620 0.2337 0.2280 

0.b15 o.mjl'i 0.434 0.446 O.OB~O 0.1170 O.2C)74 0.3030 

0.709 0.U170 0.475 0.479 0.0508 0.0740 0.3710 O. 38/~0 

(1.910 0.7730 0.~46 0.543 0.0209 0.0360 0.4635 0.4-'300 

0.919 0.7164 0.708 0.675 0.0042 0.0080 0.6SCJ7 0.6l60 



TAOLE- 7.4I 

P~COICTFn DATA USING GROUP SOLUTION MODEL 

~VSTEM: ~THA~OL - TnLUEN~ 

TEMPERATURF = 3SoC 

p~FnICTI::t' FROM ALCOhCL - ALKAN!! nATA AT 40°C 

COMPONCNT CNE IS ALCOHOL 

XI , XcH2 
vI LOG "fI 

F.XPT PRED EXP'T PRED 

0.047 O. C)931 0.4r'> 0.516 0.9292 0.9970 

Q.121 0.9tl13 0.566 0.595 0.6642 0.7010 

0.20'1 0.966? O.~Cl 0.631 0.4850 0.5060 

0.Jb2 0.9347 0.b35 0.675 0.2R62 0.32hO 

0.416 0.9220 O~b38 0.687 0.2342 0.?8éO 

0.5<)) 0.Al18 0.673 0.098 0.1126 0.1500 

0.726 0.~??6 0.716 0.721 O. 0547 0.C800 

0.652 0.7628 0.785 0.776 0.0170 0.0240 

E~PT 

0.006,8 

0,.0294 

0.0689 

0.1456 

0.1835 

0.3054 

0.4191 

0.5587 

LOG '(2 

PRF.D 

0.0035 

0.0175 

0.03'50 

0.1050 

0.1400 

0.2940 

0.4340 

0.5A60 

\0 
VJ 

1 



TAuLE- 7.'-t-2 

~RFOICT~O DATA U51NG GROUP SOLUTION MaDEL 

SYSTEM: N-PROPANnL - OENZENE 

TFMPERATURF = 4SoC 

PREOICTED FROM ALCOHOL - ALKANE DATA AT 40°C 

COMPONFNT ONe IS ALCOHOL 

x' l 
X

CH 2 
YI LOG «1 LOG '(2 

EXPT PRL:O FXPT PRED EXPT PREO 
\0 
-1=" 
1 

o. Cclii 0.C)~32 0.1 19 O~. 126 0.6203 0.6460 0.0167 0.0120 

0.214 O. 0~(.1 0.156 0'.1 S6 0.3C)29 0.3816 0.0571 0.0"3? 

0.2()7 0.Q449 0.17.:l 0.173 0.2901 0.2760 0.0<);>0 0.0720 

0.400 0.C)217 O.IC),) 0.1C)(1 0.1936 0.1800 0.1442 0.1200 

0.4fil 0.Q046 0.?0,3 0.210 0.1415 0.1340 0.1845 0.1680 

0.525 0.8<J~c) 0.2\0 0.225 0.1171 0.1130 0.2112 0.1860 

CI .(.o~ 0.R736 O.~40 0.246 0.0778 0.OB30 0.2bOl 0.?460 

0.703 0.846d 0.279 0.290 0.0427 0.0560 0.3268 0.3120 

0.7')0 0.rl\87 C.:i44 0.354 ,O.Ol~Q 0.02C)0 O. ,JQS 7 0.3780 

0.Q14 0.7809 0.525 0.538 0.00?4 0.011 0 0.4836' 0.4620 



rl\[\LE- 7.43 

~~F.DI:T~) OATI\ U51NG GROUP SOLUTION MODEL 

SVST=='t: ISOPflOPANOL OE"NZE",F. 

TFMP~RATURE = 45°C 

PREDICTEr> FROM ALCOH()L - ALKANE DATA AT 40°C 
" , 

COMPjN(NT ONE 15 ALCOHOL 

XI X
CH2 YI LOG YI 

F.XPT PRED FXPT PRED 

0.C96 (\.9831 0.207 0.229 0.6111 0.6660 

0.205 0.9633 0.?56 0.268 0.4132 0.4110 

0.2')(l 0.C)452 (\.295 0.292 0.2996 0.2730 

O. Jst. 0.9261 0.321 0.318 0.21#32 0.1940 

o." 75 'l. QO 58 0.346 0.33c) O. L 564 0.1310 

(1 • ~ ~)O 0.6876 0.J6Q 0.~"9 0.1129 O. 1050 

(\.620 0.8698 0.395 0.39? o. OtH n 0.0660 

0.710 0.~450 0.439 0.451 0.0474 0.0575 

C.~07 0.HI5C) o .51 1 0.524 0.0208 0.0?50 

0.(112 O.7r1l6 0.666 0.6<)0 0.0040 0.0110 

0.965 0.7627 C.B?5 0.843 0.0 0.0020 

EXPT 

0.0157 

0.0493 

0.0670 

0.1287 

0.1762 

0.2206 

0.2664 

0.3321 

0.4134 

0.5111 

0.5645 

LOG '(2 

PRED 

0.0120 

0.0420 

0.0660 

(1.1080 

0.16?0 

0.2100 

0.?5?0 

0.3150 

0.3900 

0.4620 

0.5040 

. \0 
\11 

1 



x . 
1 

O. l 'lc) 

0.3Jl 

0.400 

0.491 

0.600 

0.707 

0.821 

TAOLF- 7.41+ 

PRFDICTCO DATA USING GROUP SOLUTION MODEL 

SY5TEM: N-OUTANOL - ACNZFNF 

TCMP~RATU~E = 45~C 
pnfrDICT.EI) FROM I,LCOHnL - ALKANE DATA AT 40°C 

CQMPONCNT ONF. 15 ALCOt-'OL 

XcH2 
YI LOG "tr 

CX~T PRFD F.XPT PPED FXPT 

0.9~5a O.OSf.\ 0.050 0.3::1~9 0.3180 . O~ 0492 

0.9472 0.058 0.063 0.2ô13 0.2040 0.0889 

l).9284 0.070 0.074 0.1756 0.1280 0.1.135 

O.ClI07 O.OHa 0.C85 ().1200 0.0000 0.17R4 

0.H'108 o.tOS 0.106 0.0699 o. 0/~20 0.2358 

C.A(,64 0.131 0.1~4 0.0328 0.0160 0.2QaO 

0.8416 0.189 0.196 0.0126 -0.0040 0.3661 

LOG Y2 
PRED -

~ 
1 

0.0420 

0.0660 

OelO?O 

0.1500 

0.1980 

0.2640 

0.3240 



TABLF- 7.45 

P~COICTF.O nATA USI~G G~OUP SOLUTION MonEL 

SVSTE: M: N-HUTANOL - ~THVL RENZ~NE 

TOT A_ PRESSURE = 1 00 ~'M. 

PHFOICTED FROM ALCOHJL - ALKANE DATA AT ~ooC 

COMPONENT ONt! IS ALCOHOL 

XI xCH 2 
vI LOG "fI LOG "(2 

eXPT PREO EXPT PRED EXPT PREO 
\0 
-:1 

1 

0.9(,0 0.8125 o.qOO O.OQ5 0.0188 0.0020 0.504? 0.5::»40 

O.6!;)4 0.8429 0.739 0.722 0.0309 0.0140 0.3946 0.4280 

0.701 O.OKll 0.603 C.nOO C.0658 0.0500 O.2C)89 0.3000 

0.5Ql 0.9050 0.fi45 0.541 0.1070 0.0680 0.?324 0.2160 

0.427 0.<)364 0.477 0.4A7 0.1880 0.1560 0.1448 0.1120 

0.326 0.9~i36 0.436 0.455 0.2541 0.2600 0.0954 0.0800 

0.1?C) o. c.J1)30 0.321 0.372 0.4!i99 0.55AO 0.0332 0.0160 

0.040 0.9Q4Q 0.166 0.328 0.6265 1.0120 0.0147 0.0040 



TABLF- 7.45 

P~COICTro DATA USING G~OUP SOLUTION MODEL 

SYSTE: M: N-f\UTANnL - ~THYL ~ENZe=:NE 

TOT A_ P~ESSURC = 100 MM. 

PRFOICTED FROM ALCOttJL - ALKANE DATA AT 40°C 

COMPONENT ONŒ 15 ALCOHOL 

XI xCH 2 
YI LOG 'il LOG '6'2 

exPT PREO E'XPT PRED EXPT PRE'O 
\0 
.....:J 
• 

0.9(,0 0.8125 o.qOO 0.OQ5 0.018a 0.0020 0.S04? 0.5?40 

o. U~4 0.1'1429 0.739 0.722- 0.0309 0.0140 0.3946 0.4280 

0.7c)1 O.~)H'1 0.~O3 C.600 O.065R 0.0500 0.2989 0.3000 

0.5Ql 0.9~50 O.!\45 O. fi41 0.1070 0.0680 O.?324 0.2160 

0.427 0.<)364 0.477 0.487 0~1880 0.1560 0.1448 0.1120 

0.326 O. 9~iJ6 0.4~6 0.'+55 0.2541 0.2600 O.t)954 0.0800 

O.l?') t). C)Q30 0.321 0.372 0.4~99 0.5580 0.0332 0.0160 

0.04C O.9Q4Q 0.166 0.328 0.6265 1.0120 0.0147 0.0040 
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APPENDICES 

Introduction 

The calibration data for all the systems used in 

the determination of vapor-liquid equilibria are presented 

in Appendix A (Figures A.l-A.13 and Tables A.l-A.13). All 

the relevant pure component data used in the computation of 

activity r.oefficients are shown in Appendix B. Appendix C 

gives the computer programs for the calculation of activity 

coefficient, Redlich-Kister constants, and data prediction. 
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APPENDIX A 

Calibration Data 



x 
LaJ 
0 
z 

lL1 
> 
i= 
0 « 
~ 
u. 
LaJ 
a::: 

1·50 

1·49 

1·48 

1·47 

1·46 

1·45 

1·44 

1·43 

1'42 

1·41 

1·40 

1·39 

1·38 

1·37 

1·36 . 

1-35 

A-3 

0'1 0·2 0·3 0-4 0·5 0'6 0'7 0·8 0·9 1'0 
MOLE FRACTION OF BENZENE 

FIGURE A.I Calibration Data for Ethanol-Benzene 
Mixtures 



x 
L\J 
0 
Z -
L&J 
> -... 
0 
<t 
a::: 
~ 
L&J 
a::: 

1-3410 

1-3400 

1-3390 

1-3380 

1-3370 

1-3360 

1·3350 

1-3340 

1-3330 

1-3320 

1- 3310 

1-3300 

1-3290 

1-3280 

1-3270 

1'3260 

/ 
1 

1 

-'. 

. . 
A-4 

, , 
\ 
\ 

0'1 0·2 0-3 0~4 0-5 0'6 0·7 0'8 0-9 1'0 

MOLE FRACTION OF METHANOL 

FIGURE A.2 Calibration Data for Methanol-Water 
Mixtures 



x 
lLI 
0 
Z -
lLI 
> 
i= 
0 
<t 
0: u. 
lLI 
0: 

A-5 

1·3780 . 

1·3760 

1·3740 

1·3720 

1·3700 

1·3680 

i·3660 

1·3640 

1·3620 

1,3600 

1·3580 

1·3560 

1·3540 
0'1 0·2 0·3 0-4 0-5 0-6 0-7 0'8 0·9 1-0 

MOLE FRACTION OF ACETONE 

FIGURE A.3 Calibration Data for Acetone/n-Hexane 
Hixtures-



A-6 

1·3860 

1·3840 

1·3820 

1·3800 

1·3780 

1·3760 

x 1·3740 
LLJ 
0 z 

1·3720 
UJ 
> 1·3700 -.... 
0 
ct 
Cl: 1·3680 
li. 
UJ 
Cl: 

1·3660 

1·3640 

1·3620 

1·3600 

1·3580 

1·3560 
0·1 0·2 0·3 0·4 0·5 0·6 0·7 0·8 0·9 1·0 

MOLE FRACTION OF ACETONE 

. FIGURE A.4 Calibration Data for Acetone/n-Heptane 
Mixtures 



~ 
« 
lU 
Cl.. 

lU z 
0 
t-
lU 
0 « 
li.. 
0 

t-
:t: 
(!) 

lU 
:t: 

..J 
« 
z 
0 -t-
o. « 
a:: 
li.. 

A-7 

1·0 

o·g 

o·s 

0·7 

0·6 

0·5 

0·4 

0·3 

0·2 

0·1 

o 0·1 0·2 0·3 0·4 0·5 0·6 0·7 o·e o·g 1·0 
MOLE FRACTION OF ACETONE 

.. 
FIGURE A.5 Calibration Data for Acetone/n-Decane 

Mixtures 
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<t 
IJJ a. 
IJJ z 
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TABLE A.1 

CALIBRATION DATA FOR ETHANOL-BENZENE MIXTURES 

Mo1e Fraction 
of Benzene 

0.0 

0.0077 

0.0219 

0.0558 

0.0849 

0.0939 

o • 1271 

0.2933 

0.3834 

0.4869 

0.6277 

0.7429 

1.0 

RefractiV8 Index 
at 25 C 

1 .3594 

1 .3604 

1 .3632 

1 .3702 

1.3758 

1 .3773 

1 .3836 

1.4116 

1 .4244 

1 .4395 

1 .4572 

1 .4707 

1 .4978 
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TABLE A.2 

CALIBRATION DATA FOR METHANOL-WATER MIXTURES 

Mole Fraction Refractisa Index 
of Methanol at 2 C 

0.0 1 .3324 
0.0510 1 .3344 
0.0606 1 .3347 
0.1078 1 .3365 
0.1484 1 .3380 
o . 1685 1.3389 
0.3087 1.3416 
0.3184 1.3410 
0.3471 1 .3410 
0.5445 1 .3389 
0.6253 1.3372 
0.6816 1.3359 
0.7473 1.3341 
() .7643 1.3338 
0.8544 1 .3313 
0.8966 1 .3296 
0.9179 1.3289 
0.9579 1.3278 
0.9673 1.3274 
1.0 1 .3269 
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TABLE A.3 

CALIBRATION DATA FOR ACETONE/N-HEXANE MIXTURES 

Mole Fraction 
of Acetone 

0.0 

0.0559 

0.2432 

0.3609 

0.4450 

0.5959 

0.5209 

0.6869 

0.8545 

0.9115 

1.0 

Refractiv8 Index 
at 25 C 

1 .3778 

1 .3766 

1 .3726 

1 .3703 

1 .3679 

1.3646 

1.3660 

1 .3629 

1.3590 

1.3580 

1.3558 
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TABLE A.4 

CALIBRATION DATA FOR ACETONE/N-HEPTANE MIXTURES 

Mole Fraction 
of Acetone 

0.0 

0.0769 . 

0.2827 

0.3747 

0.3900 

0.5791 

0.6398 

0.6585 

0.7906 

0.8733 

0.8934 

0.9619 

0.9631 

1 .0 

Refractivg Index 
at 25 C 

1 .3850 

1 .3830 

1 .3778 

1 .3756 

1 .3752 

1 .3695 

1 .3678 

1 .3670 

1 .3620 

1 .3595 

j .3590 

1 .3561 

1 .3565 

1 .3560 

.... 
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TABLE A.5 

CALIBRATION DATA FOR ACETONE/N-DECANE MIXTURES 

Operating Conditions 

Injector temperature = 31sPC 
Oven temperature = 700 C 
Carrier gas flow = 30 c.c. per min. 
Samp 1 e s i ze = 0.5 r- 1 

(Hydrogen and air flows adjusted for optimum response) 

Mole Fraction 
of Acetone 

0.0495 
0.0966 
0.3298 
0.4875 
0.4981 
0.5443 
0.8281 
0.83lt4 
0.8697 
0.9344 
0.9414 
0.9601 
0.9825 

Fractional Height 
of Acetone Peak 

0.0642 
o. 1109 
0.3419 
0.4866 
0.5023 
0.5342 
0.7304 
0.7296 
0.7588 
0.8321 
0.8459 
0.8769 
0.9344 
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TABLE A.6 

CALIBRATION DATA FOR METHYL ETHYL KETONE/N-HEXANE MIXTURES 

Operating Conditions 

Injector temperature = 125°C 
Oven temperature = 32°C 
Carrier gas flow = 30 c.e. per min. 
Samp 1 e si ze = 0.5 fI 

(Hydrogen and air flows adjusted for optimum response) 

Mole Fraction 
of M.E.K. 

0.0619 

O. 1126 

0.1327 

0.2090 

0.4835 

0.56 1 1 

0.80 18 

0.8362 

0.9208 

0.9313 

Fractional Height 
of M.E.K. Peak 

0.0259 

0.0475 

0.0572 

0.0895 

0.2040 

0.2403 

0.4357 

0.4843 

0.6582 

0.6880 
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TABLE A.7 

CALIBRATION DATA FOR METHYL ETHYL KETONE/N-OCTANE MIXTURES 

Mole Fraction 
of M.E.K. 

0.0 

0.2010 

0.3457 

0.5692 

0.6747 

0.7949 

0.8262 

0.8364 

0.9308 

1.0 

Refractivg Index 
at 25 C 

1 .3762 

1 .3912 

1 .3888 

1 .3847 

1 .3828 

1 .3800 

1 .3791 

1 .3790 

1 .3771 

1 .3949 
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TABLE A.8 

CALIBRATION DATA FOR METHYL ETHYL KETONE/N-DECANE MIXTURES 

Operatinq Conditions 

Injector temperature = 
Oven temperature = 
Carrier gas flow = 
Sample size = 

(Hydrogen and air flows 

Mole Fraction 
of M.E.K. 

O. 1251 

0.2882 

0.4765 

0.5069 

0.4406 

0.7213 

0.7563 

0.8518 

0.9731 

31 S<>c 
700 C 
30 c.c. 

0.5 fi 
adjusted 

per mi n. 

for optimum response) 

Fractional Height 
of M. E • K. Pea k 

0.2010 

0.3776 

0.5606 

0.5873 

0.5316 

0.7029 

0.7266 

0.8049 

0.9390 
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TABLE A.9 

CALIBRATION DATA FOR DIETHYL KETONE/N-HEXANE MIXTURES 

Operating Conditions 

Injector temperature = 210°C 
Oven temperature = 75°C 
Carrier gas f10w = 30 c.c. per min. 
Samp1e size = 0.5 r1 

(Hydrogen and air f10ws adjusted for optimum response) 

Mole Fraction 
of Diethy1 Ketone 

0.3628 

0.6781 

0.7454 

0.8989 

0.8687 

0.9473 

0.0709 

0.2356 

0.2913 

0.4805 

Fractiona1 Height 
of Diethyl Ketone Peak 

0.2869 

0.5999 

0.6733 

0.8549 

0.8175 

0.9195 

0.0555 

0.1881 

0.2276 

0.3905 
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TABLE A .10 

CALIBRATION DATA FOR DIPROPYL KETONE/N-HEXANE MIXTURES 

Operating Conditions 

Injector temperature = 2100 C 
Oven temperature = 750 C 
Carrier gas flow = 30 c.c. per min. 
Sample size = 0.5 fI 

(Hydrogen and air flows adjusted for optimum response) 

Mole Fraction Fractional Height 
of Dipropyl Ketone of Dipropyl Ketone Peak 

0.221 O. 1553 

0.2048 0.1495 

0.0301 0.0200 

0.1734 O. 1193 

O. 1252 0.0869 

0.0391 0.0264 

0.4743 0.2900 

0.80 1 0.6029 

0.4279 0.2639 

0.8578 0.6902 

0.9682 0.9129 
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TABLE A. 11 

CALIBRATION DATA FOR DIPROPYL ETHER/N-OCTANE MIXTURES 

Mole Fraction 
of Dipropy1 Ether 

0.0 

0.0578 

0.2256 

0.3964 

0.4334 

0.5172 

0.6511 

0.7878 

0.9076 

0.9469 

1 .0 

Refractivg Index 
at 25 C 

1 .3950 

1 .3938 

1 .3910 

1 .3878 

1 .3872 

1 .3858 

1 .3835 

1 .3811 

1.3791 

1 .3783 

1 .3775 
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TABLE A.12 

CALIBRATION DATA FOR DIPROPYL ETHER!N-NONANE MIXTURES 

Mole Fraction 
of Dipropyl Ether 

0.0 

0.0793 

0.3339 

0.4164 

0.4553 

0.4998 

0.5559 

0.6197 

0.7746 

0.7937 

0.9449 

0.9753 

1 .0 

RefractivB Index 
at 25 C 

1 .4028 

1 .4011 

1 .3951 

1 .3932 

1 .3922 

1.3915 

1 .3899 

1 .3884 

1 .3842 

1 .3838 

1 .3792 

1 .3785 

1 .3775 
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TABLE A. 13 

CALIBRATION DATA FOR DIBUTYL ETHER/N-HEPTANE MIXTURES 

Mole Fraction 
of Dibutyl Ether 

0.0 

0.0554 

0.0966 

O. 1868 

0.2587 

0.2468 

0.3392 

0.5267 

0.5313 

0.7719 

0.9225 

1 .0 

Refractiv~ Index 
at 25"'C 

1 .3850 

1.3855 

1 .3858 

1 .3868 

1 .3876 

1 .3875 

1 .3886 

1 .3908 

1 .3909 

1 .3933 

1 .3952 

1 .3960 
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APPENDIX B 

Auxiliary Data 



TABLE B. 1 

PURE COMPONENT DATA OF ALKANES AND KETONES 

Vapor Densic5Y Critical Critical Second Virial 
Compound Molecular PressH re at 65 C Pressure Temperature Coe f fic i es t 

Welght at 65 C gms./ cc • Pc Tc (13) at 65 C 
0111. Hg. Atm. oK cc./gm.mole 

n-Hexane 86.18 676.2 0.6158 29.9 507.3 -1337.2 

n-Heptane 100 .21 249.7 0.6443 27.0 540.3 -1847.3 l> 
1 

n-Octane 114.23 96.8 0.6657 24.6 568.6 -2425.0 lA> 
0 

n-Decane 142.3 14.7 0.6957 20.8 617.6 -3865.2 

Acetone 58.08 1016.7 0.7392 46.6 508.7 -866.8 
Methyl Ethyl 72. 11 456.8 0.7737 41.0 535.0 -1175.6 Ketone 
Diethyl Ketone 86. 13 217.5 0.7742 36.9 561 .0 -1544.7 

Dipropyl Ketone 114.18 46.7 0.8001 28.77 595.0 -2444.3 



1 _._" ,....,.~ , 

TABLE B.2 

PURE COMPONENT DATA OF ETHERS AND ALKANES 

Vapor Densi~y Critical Critical Second Virial 
Compound Molecular PressHre at 65 C Pressure Temperature Coefficieat 

Weight at 90 C Pc ~c (f3) at 65 C 
1Ml. Hg. gms./cc. Atm. K cc./gm.mole 

Dlpropyl Ether 102.18 766.2 0.6743 29.4 529.3 -1318.4 

Dlbutyl Ether 130.2 156.9 0.6938 24.2 580 .9 -2218.0 l> 
1 

VJ 

n-Heptane 100.21 585.8 0.6208 27.0 540.3 -1545. 1 

n-Octane 114.23 251.5 0.6442 24.6 568.6 -2024.6 

n-Nonane 128.25 1 10 • 1 0.6622 22.5 594.5 -2595.8 
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APPENDIX C 

Computer Programs 

1. Experimental Isothermal Activity Coefficients 

2. Experimental Isobaric Activity Coefficients 

3. Redlich-Kister Constants 

4. Prediction of Isothermal Equilibrium Data 

5. Prediction of Isobaric Equi librium Data 
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PROGRAM -EXPERIHENr~L ISOTHERMAl ACTIVITY COEFFICIENTS 

CALC.UlATION OF t\CTIVIT'( COEFFICIENTS FRml EXPERIf-1EtHAl EQUILIBRIUM 
DATA 
N = NUM9ER OF EXPERIMENTAL POINTS 
P = PURE COMPONtNT VAPOR PRESSURE 
PC = CRITICAL P~ESSuRE 
TC = CRITICAL TEilPERATURE 
D = OENSITY GMs/c.e 
~I = il 0 L r:; C tJ L AR \01 E 1 G H T 
PHI = TUTAL PRESSURE 
X = MOLE FRACTION IN LIQUID 
y = MOLE FPACTION IN VAPOR 
V ::: r~ 0 L :'\ R IJ 0 L LI r-I E 
o = SECOND VIRIAL COEFFICIENT 
GL = LeG GM·1A 
R1L = LOG (GAMAI/GANAZ) 

nI~ENSIJN Xl(ZS},X2(Z5),Yl(ZS>,YZ(ZS),PHI(Z5),GLl(25)~GL2(Z5)} 
lXS~(25)JRTL(Z5>,CZ(l5),Cl(25) 

P.E40 7,K.l 
7 fORi·1A T (1 l) 

K~O 

99 K=K.+1 
~E,\i) S,N 

5 F 0 ,U1 A T (1 l ) 
RE .\() l, il l, PZ 

Z FORM~T ClFIO.5). 
RE~O 3,PC1,PC2,TC1,TCZ,T. 

3 FOiUlAT (Sr-10.5) 
qE~n 4,nl,~1,DZ,W2 

4 FOq:IAT (41=10.5) 
T~l=T/TCl 

TR2=T/TCZ 
P.=~2.0'> 
Ql-::O.0120*TRl 
'~ 2 :"" 1) • 40 1 T R l 
~3=O.1460/~BS(TR1**3.l70) 
~1~(R*T(1/~Cl)~(O.1970-Ql-02-Q3) 
~1~0.û120*rR2 . 
R2=O.trO/TRZ 
~J:O.14~O/~BS(TRZ#*3.27) 

û2=(R*'C2/PCl>*(O.1970-RI-R2-R3) 
.vl-:~H/Dl 

'i2-:.'rl2/0Z 
K E .\ 0 (" ( X 1 Cl) , y 1 ( 1 l , ~ H 1 ( 1 ).1 1 = 1 .1 ~o 

6 FO~MAT C3FIO.5) 
00 20 (=l,N 
Y 2 CI) = 1. O-y l( 1 ) 

" 
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X2(I)=1.0-XUI) 
GL1(I)=ALO~lO(PHICI)*Yl(I)/(P1*X1(1») 
GL2CI)=hLOGIOCPHICI)*V2(I)/CP2*X2CI») 
CICI)=C(P1-PHICI»*(V1-B1)j/C760.0*2.3026*R*T) 
C2!1)=(CP2-PHICI»*(V2-B2)~/(760.0*2.3026*R*T) 
GLICI)=GL1CI)+C1CI) 
GL2(I)=GL2CI)+C2(I) 
RTL(I)=GL1CI)-GL2CI) 

20 CONTINUE 
?RINT 31 

31 FORMAT (lHl,1111111148X,7HTABLE -II) 
?RINT 32 
PRINT 98 

98 FO~MAT (40X,33HSYSTEM: DlbUTYL ETHER - N-HEPTANE/) 
32 FO~MAT <40X,29HEXPERIMENTAL EQUILIBRIUM DATAI) 

PRINT 33 
33 FO~MAT (40X,35HVAPOR PHASE IMPERFECTIONS ACCOUNTED/) 

PR I~JT 50 
50 FO~MAT (40X,18HTEMPERATURE = 90 CI) 

PRINT 51 
51 ~O~MAT (40X,22HCOMPONENf ONE IS ETHER/) 

PRINT 41 
41 FORMAT (1HO,33x,2HX ,8X,2HY ,5X,5H (MM),6X,3HLOG,7X,3HLOG, 

°17X,3HLOG) 
P RI NT 34, ( X 1 ( 1 ), y 1 CI) , P'-f 1 ( 1 ) , GL 1C 1 ) , GL 2 ( 1 ) , RTL CI) , 1 = 1" N ) 

34 FO~MAT (1HO,26X,2F10.3,F9.1,3FIO.4) 
PRINT 35,Pl,P2,PC1,PC2,TC1,TC2,B1,B2 

3 5 F 0 RI" A T (1 Hl, 1 1 1 1 1 1 8 X , 8 F 14 • 4 ) 
PRINT 36, r,Dl,~Il,D2,W2· 

36 FOQMAT (//22X,5F12.411//I) 
PRINT 46 

46 FORMAT (1H1,11/1111148X,7HTABLE -II) 
PRINT 47 

47 FORMAT (40X,33HSYSTEM: DIBUTVL ETHER - N-HEPTANE/) 
oRINT 48 

48 FO~MAT (40X,39HACTIVITY COEFFICIENT CO~RECTION FACTORS/) 
PR P'IT 52 

52 FORMAT (40X,18HTEMPERATURE = 90 CI) 
PRINT 53 

53 FO~MAT (40X,22HCOMPONENT ONE IS ETHER/) 
45 FO~i~AT (1HO,30X,2HX ,11x,3HLOG,12X,2HC ,11X,3HLOG,12X,2HC 

PRINT 45 
PRINT 37,(X1CI),GL1(I),C1(I),GL2(I),C2(I),I=1,N) 

37 FOq~AT (lHO,20X,5F14.4) 
IF (K1-K) 100,100,99 

100 STOP 
ëNO 
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PROG~A~ - EX~E~IMEN1AL ISOBARIC ACTIVITY COEFFICIENTS 

A,B,C ARE A~TOINES CONSTANTS 
'N H = f1 0 :. E C LI L A R vI E 1 G H T 
QTHER NfJ;1~fiCLATURE IS THE SAi-lE AS IN' ISOTHERMAL PRlJGRAH 

REt.D S,R . 
8 FOR:·lflT (FIO.5) 

f) 1 ': ENS l U ~J T ( 25 ) , X l ( 25 ) , y 1 ( 25 ) , P 1 ( 25 ) , X 2 ( 2 5 " Y 2 ( 25 ) , P 2 ( 2 5 ) , 
ITR1(25)~TR2(25)~Bll25),92(~5),VI(25),V2(25),Dl(25),D2(25), 
IhF~1(25),AFA2(25),BTAl~25),BTA2(25),GLNI(25),GLN2C25), 
iTA(2S:',KAïL(25) .. 

RE.lD 9,N 
9 FURMA T (12) 

R~AD 2,All,Bll,Cll 
? ;: 0 R ~1 AT' 3 F 10 • 5 ) 

RE~D 3,h22,G22,C22 
3 FU~MAT (3FIO.5) 

~EAO &,~Cl,PC2,TC1,TC2 

4 FURMAT (4FIO.5) 
RE~D 5,WMl,~M2,PHI 

5 FURMAT ()~lO.5) 
K E 1\ f) 6, ( T ( l ) , X 1 ( 1 ) , y 1 ( 1 ) , 0 ICI ) , 02 ( 1 ) , 1 = l , N ) 

6 ~O~MflT (5FiO.5) 
00 10(1 l = 1 " N 
Pl(I)=f~P(2.303~CA11-CBll/(Cil+T(I»») 

P2'I)=E~P(2.303~CA22~(BZ2/'C22+T(I»») 
TAC I>=273.16+TC 1) 
T(;~1=273. !6+TCl 
TC.\2=273.16+T(2 
TRl Cl}= fA( 1) /TCAI 
TRZ(I)=TA(I)/TCA2 
VI: 1 ) ~ ".1 :', 11 [) 1 ( 11 
'/2 { 1 ) = ~-; "21 (\ 2 ( 1 ) 
'( 2 ( 1 ) = 1 • 0 - 'f 1 ( 1 ) 
X2 ( 1 ):- 1. o-x 1 ( 1 ) 
'3 1 : 1 ) =? * TC .11 * ( 0 • 1') 7 - ( 0 • 0 12 f.c T R 1 ( 1-> ) - ( 0 • 40* ( 1 • 0/ T R 1 CI) ) ) 
1-(O.146n(1.0/(r~lCI)**3.27»»/PCl 

9 ~ f ! , :; ~ ,': T C ~ 2 * ( 0 • i 9 7 - ( 0 • Ù 1 2 * T ~ 2 ( 1 ) ) - ( 0 • 40 *' ( 1 • 0 / T R 2 ( 1 ) ) ) 
1-('.146*(1.0/CTR2CI)**,.27}»)/PC2 

;\ F 1_ 1 ( 1 ) = ALe G C ( Pli 1 *' Y l ( 1 i i / , j. 1 ( 1 ) * >. 1 ( 1 ) ) ) 
f. F .\ 2 ( 1 ) = fi. L r G ( (. PH·l :;.- y 2 ( 1 ) : / ( p 2 ( 1 ) * X 2 ( 1 ) ) ) 
Ai;'. 1 ( 1 l = C " 1 ( 1 ) - If l ( 1 ) ) * ( .P H 1 - P 1 ( 1 ) ) 1 ( ï 6 0 • 0 * i? * T t. ( 1 ) ) 
0' ;.2 ( 1 ) = ( 1:; 2 ( 1 ) :-V ~ ( 1·) ) ~ ( tl H l - P 2 ( 1 ) ) 1 ( 760 • 0 ~ R * T A ( 1.> ) . 
G l'Il ( 1 ~ :: ( l- FI. 1 ( 1 ) + i} rA 1 ( 1 ) ) 17. • 3026 
G L~: 2 ( 1 ) = u. r .\ 2 ( 1 ) + è T .... 2 ( 1 ) ) 12 • 3026 
RATL(I)=GL~i(I)-GLN2(I) 
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100 CCPITINlIE 
PRPH 12 . 

12 FORMAl (1~!1,,11111122X,,25H ~YSTEM BENZENE ETHANOL) 
PRINT 13 . 

13 FU~MAT (lHO,,22X,,33H SUBSCRIPT ONE IS FOR ETHANOL) 
PRINT 15 

15 FORnAT (lHO,,22X,,33H TOTlL PRESSURE PHI IS 760 MMIIIII) 
l'R 1 NT 16 

16 FG~MA' (IHO,,8X,2HX1,8XI2HY1,lOX,2HTA,llX,2HPl,,9X,2HP2, 
1 1 0 X , 6 H L Cl G MH , 5 X, 6 H LOG A I·i ? .1 5 X , 6 H LOG P. A T 1 0) . 

P ~ 1 NT 1 7, ( :< 1 ( 1 ) 1 YI ( 1 ) , T I~ ( 1 ) , P 1 ( 1 ) 1 P 2. ( 1 ) , G L N 1 ( 1 ) , 
. 1 G UI2 ( 1 ) , R iH L ( 1 ) , 1 = 1" N ) . 

1 7 t= GR t~ AT (1 fi 0" F Il • 3" F 11 • 3, F 1 3 • 2, 2 F 1 2 • 2, F t 3 • '., Fil • 4 , r- 1 3 • 4 ) 
PP.lt-IT 18 

16 FOr~!T (1'~117XJ5HALFA1,7XI5HBETA1,7X,6HLNGAMl,7X, 
i 2H r L\, 7'(, 6HLNGM12, 7XI 5HA 1. F 1~2" 7X, 5HB ET A2" 1) 

P R I NT l 9, l ,\ F A 1 ( 1 ) , 0 TAI ( 1 ) 1 G LN 1 ( 1 ) , TA ( 1 ) , G L N 2 ( 1 ) , 
1~FA2(I),BTA2(I),I=liN) 

19 ~ORMAT (1~OI7F12.6) 

PRINT 31,All,Ol1,Cll 
3 1 F 0 K ~·1 A T l 1 hl, 3 F 12 • 5/ 1 ) 

PRINT 32"A22,B22,C22 
- 32- t=(j;{;'lAT (lHO,3F12.5) 

PRJ~T 33"~Cl,PC2,TC1,,TC2 
33 FO~MAT (lHOI4F15.5) 

PP. l ~I T 3 41 ~.: ~'11 , \'Hl2" PHI 
34 ï=OK:IAT (lHOI3F15.5111I) 

P:t r t i T 3 5, \ T ( 1 ) , X 1 ( 1 ) , y 1 ( 1 ) , 0 1 ( 1 ) , 02 ( 1 ) , 1 = 11 N ) 
35 fO~HAT (lriOI5F15.6) 

STOP 
ENO 
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?RQGRAM -·REOLICH KISTER CONSTANTS 

THIS PROGRAM CALCULATES R.K CONSTANTS USING THE WEIGHTED LEAST 
SQUAR~S FIT ON LOG (GAMA1/GAMA2) FUNCTION. 
~= MOLE FRACTION IN LIQUID 
y~ MOLE FRACTION IN VAPOR 
Z= LOG (GAMA1/GAMA2) 
XC= VALUES OF X FOR INTERPOLATION 
N= ~W~1BER OF DATA POINTS 

M= NUMBER OF INTERPOLATION POINTS 
Kl= NUMBER OF SeTS OF DATA 
B,C,D ARE THE R. K CONSTANTS 

READ 128,Kl 
128 ;:ORMAT (IZ) 

K=O 
13t) K=K+l 

REL\O 2,N 
2 FOiHtAT C 12) 

READ 16,t1 
l é F 0 ~ r1 A T (1 2 ) 

O!~ENSIQN XC(25),PCC25),QCC25),RCC25),AP(25),ASP(25), 
lAS~(25),~O(25),ARC25),ASR(Z5),ZC(2S)/X(2S),Y(25),ZC25 ),XX(25)1 
lYV(2S),P(25),OC25),R(2S)/A12(25)IA21(Z5),W(25),SK1(25),SK2(2S), 
lSK3(2S),SK4(2S),SK5(Z5),SK6C2S),SK7(2S),SK8(2S),SK9(2 S),C1(Z5)1 
1C2(25),C3(25) 

READ 3, (X( n,Y( n,Z( 1>, I=l,N) 
3 FORMAT (3FIO,5) . 

READ lS,eXCeJ),J=l/M) 
15 FORMAT C8FIO.5) 

DO 50 I::;l,N 
yye 1 )=l.-Y( 1) 
XX(I)=l .... X(}) 
P(I)=I.-(2.*XCI» 
Q( I>=-( 1.-(6.*X( 1) )+(6.*ABseX( 1 ).*2.») 
R(I)=1.-(10.*xCI»+(24.*A8Sex(I)**Z.»-elb.~ABSCX(')**3.» 
~12(1)=(Y(I)*XX(I»/(X(I)*YYCI» 
A2lC 1>=1./A12(1) 
W(I)=64.~AaS«(X(I)*XX(I»/C1,+(A21CI)*ABS«XX(I)+(A12(1) 

l*X( I»)*~2.»»**2.) 
AP( I)=.\R5CPCI)l 
A5P(1)=A~SCAD(1)~*2.0) 
A':l( 1) =ABSCQC 1» 
A5QCI)=hBSCAQCI)·*Z.O) 
A~(I)=AèSC~CI»· . 
~SRCI)=A~S(AR(I)*·Z.O) 
SK1(I)=riCI1*ASP(I) 
SK2(I):w(I).PCI)*Q(I) 



SK3CI)=WCI)*PCI)*RCI) 
SK4CI)=WCI)*PCI)*Q(I) 
SK5CI)=~CI)~ASQCI) 
SK6CI)=WCI)*Q(I)*RCI) 
SK7CI)=WCI)*PCI)*Rti) 
SKSCI)=WCI)*Q(I)*RCI) 
5K9CI)=WCI)*ASRCI) 
Cl(I)=WCI)*PCI)*Z(I) 
C2CI)=WCI)*Q(I)*Z(I) 
C3(I)=WCI)*R(I)*Z(I) 
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50 CONTINUE 
SSK1=O. 
SSK2=0.O 
5SK3=0.O 
SSK'.=O.O 
SSK5=0.0 
SSK6=0.0 
SSK7=0.0 
SSK8=O.0 
SSK9=0.0 
5SC1=0.0 
5SC2=0.0 
SSC3=0.0 

100 

DO 100 I=l,N 
SS~~1=SSK1+5Kl CI) 
SSK2=SS~2+SK2(1) 
SS;(3=SSK3+SK3CI) 
SSK 1t=S5K4+SI<4C 1) 
SS~3=SS,<5+SK5CI) 
SS,<r,=S5K6+Sk6CI) 
SSK7=SSK7+SK7CI) 
SSKS=SSK~+SKS(I) 
SSK9=SSK9+SK9CI) 
5SC1=SSC.l+ClC 1) 
SSC2=SSC2+C2CI) 
SSC3=SSC3+C3Cl) 

.. 
. 1 

CO~TINUE 
DETA=CSSK1*«SSK5*SSK9)-CSSKS*SSK6)·» 

1+{SSK2*CCSSK6*SSK7)-CSSK9*SSK4») 
1+(SSK3*C(SSK4*SSKS)-CSS~7*SSK5») 

DETA1=(SSC1*«SSKS*SSK9}-(SSKS*SSK6») 
1+(SSK2*C(SS~b*SSC3)-(SSK9*5SC2») 
1+CSSK3*«~SC2*SSK8)-CSSC3*SSK5») 

DETAZ=(SSK1*CCSSC2*SSK9)-(SSC3*SSK6») 
1+CSSC1*C(SSK6*SSK7)-(SSK9*SSK4») 
1+(SSK3*«SSK4*SSC3)-(SSK7*SSC2») 

DETA3=(SSK1*«SSK5*SSÇ3)-(SSK8*SSCZ») 
1+(SSK2*CCSSCZ*SSK7)-(SSC3*SSK4») 
1+(S~Cl*CCSSK4*SSK9)-CSSK7*SSK5)) 
l=J)~T/.I/OEiA 
B:(\ETf2/DETA 
C=OET~3/JETA 
PRI~T 98 

95 FOR~AT (lnl,IIIIIIZOX,7H SYSTEMII) 
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PR rrn 97 
97 FORMAT CZOX,43H EVALUATION OF REOLICH KISTER CONSTANTS 1 //) 

pRIr'ÎT 5,A 
5 FOR~'AT CZOX,5H 8 IS .. F10.5//) 

. PRINT 6,6 
6 FORnAT (ZOX,5H C IS .. F10.5//) 

PRINT 7,C 
7 FORMAT CZOX .. 5H D IS .. F10.511///) 

. PRINT 9, (XC 1 ),VC 1 ),Z( 1) .. I=1,N) 
9 FOR~AT CIHO,14X,3F14.4) 

DO 60 J = 1 .. r., 
PCeJ)=l.-CZ.*XC(J» 
QC(J)=-(1.-e6,*xCCJ»+e6.*ABS(XC(J)**2.») 
RC(J)=1.-CIO.*XC(J»+(Z4.*ABS(XC(J)**2,»-(16.*ABS(XC(J)**3.» 
ZC(J)=(A*PC(J»+(B*QCCJ»+CC*RC(J» 

60 CONTINUF. 
PR.INT 95 I A,B,C 

95 FORMAT (lH1,//11/18X .. 3F14.4111//) 
PRINT 99,(XCCJ),ZC(J),J=1 .. M) 

99 FO~HAT !IHO,14X,ZF20.5) 
PRI~H 12 

12 FO~~IAT C IH1,8X,2HPI,8X,2HI~I,8X,ZHRI,8X,3HA12.1SX,3HA211 
18X,2~XI,aX,2HWI,/I) 
PRl~T 13,CPCI),Q(I),RCI).IAIZ(I)/A21CI).IX(I),WCI)II=1,N) 

13 FO~MAT CIHK,7FI0.5) 
IF (KI-K) 131,131,130 

131 STOP 
END 



A-4Q 

PROGRAM - PREDICTED ISOTHERMAL EQUILIBRIUM DATA 

THYS PROGRAMME CALCULATES y USING TRIAL PROCEDURE FROM PREDICTED 
ACTIVITY COEFFICIENTS. 
INPUT D~TA FOR THIS PROGRhMME ARE VIRIAL COEFFICI~NTS, DENSITIES, 
TEMPERATURE, VAPOR PRESSURES AND MOLECULAR WEIG~TS OF THE 
CO~PONENTS. OTHER INPUT D'TA INCLUDE Xl/Y-EEPERIMEfJTAL, PREDICTED 
LO~ ACTIVITY COEFFICIENT VALUES, EXPERIMENTAL LOG hCTIVITY COEFF
ICiENT VALUES, AND GROUP FRACTIONS COR~ESPONDING Ta VALUES OF Xl. 
PRINTEO OUTPUT GIVES COMPARISON OF PREDICTED AND EXPERIMENTAL VA
LUES OF Y AND THE R.M.S DEVIATION. 
SUqSCRIPTS lAND 2 REFER 10 THE COMPONENTS. 
B : SECOND VIRIAL COEFFICIENT. 
o : OENS!TY. 
R = 82.06 
T = A6S0LUTE TEMPERATURE. 
P = PURE CCP-PONENT VAPOR PRESSURE. 
W = MOLECULAR WEIGHT. 
Xl: MOLE FRACT!ON IN LIQUID. 
X = GPOUP FRACTION. 
yx= EXPERI~ENTAL MOLE FRACTION IN VAPOR. 
CIl M'D C22 ARE VAPOR PrlASE CORRECTION FACTORS. 
GLIX AND GL2X ARE EXPERIMENTAL LOG GAMAS. 
S IS T~E R.~.S VALUE IN Y. 
Y i'ALliES ARE CALCULATED GI\!ING TOTAL PRESSURE PY, 4!~ INCREM~ENT 
OF O.~ ~M. STARTING FRO~ ~ VALUE lOOMM. LESS THAN THAT CALCULATED 
USING SIMPLE EQUATION. . 
N'ND G ARE THE NUMBER UF DATA POINTS. 

REto 2,N/G 
2 FORMAT <I2/FlO.5) 

OI~ENSIC~ XIC20',Yl'20)/Y2C20)/SYC20),PYC20),GLlC20),GL2C20), 
IGl(20)/G2(20),Cl(20),C2<20),X2C20) 

DIliENSICN C11(20)/C22(20) 
OI~ENSICN YD(20)/YDDC20),YXC20) 
OI:·'ENSJON GLIX(20)/GL2X(20),XC20) 
RE~D 3/~1,~2/Dl,D2/R,T/Pl,P2/Wl,W2 

3 FQF.MAT C8FlO.5) 
RE!· 0 4, ( Xl CI) , Y)C (" 1 ) , G L 1 ( 1 ) 1 G L 2 CI) , G L 1 X ( 1 ) 1 G l2 XCI" 1 Y. CI) 1 1 = 1, N ) 

4 F8RMAT (7FIO.5) 
VI =\0:1 / 0 l 
V2=W2/C2 
PR!NT ea . 

88 FUkMAT ClHl,////II//16CX/~P.TABLE-/) 
PRINT 81 

81 FO~HAT (lHO/ 44X,41HPRECICTED DATA USING GROUP SOLUTION :IODEL/) 
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PRun 80 
80 FORMAT C45X,33HSYSTEM: OIETHYL KETO~E - N-HEXANE/) 

PRINT 50 
50 FORMAT (45X,18HTEMPERAT0RE" = 65 CI) 

PRINT 51 
51 FORMAT C45X,23HCOMPONENT ON~ 15 KETONE//) 

PRINT 83 

• 

&3 FORMAT C46X,2HX ,10X,6HY-PRED,5X,5HY-EXP,8X,11HY-DIFFCABS)//) 
DO 100 1=I,N 
X2C I>=LO-XlC 1) 
Gle 1 )=EXP(2.303*GLl< Il) 
G2 Cl) =fXP (2 .303*GL2e 1» 
PYCI)=(Pl*XlCI)*GlCI»+(PZ*X2(I)*r,2CI» 
p y ( 1 i = P y CI) -100.0 

20 PY'I)=PYCI1+O.50 
Cie I)=CBI-Vl)*CPYCI)-PI}/C760.0*R*T) 
C2(I)=(U2-V2)*(PYCI)-PZ)/C760.0*R*T) 
Cl1(1)=Cl(I)/Z.303 
CZ2(1)=CZ(I)/2.303 
Cic 1)=r:XPCClCI» 
CZC 1 )=FXP(CZ( 1» 
Yl(I)=CGlCI)*PI*XI(I»/CPYCI)*CI(!» 
YZ( 1)=(GZ(r)*P2*X2C!»/(PYCI)*CZ(!» 
SYi 1 )=yl( 1 )+YZ( 1) 
IF 'I.O-Sye 1» ZO,21,Zl 

21 YO(I)=ABSeYXeI)-YICI» 
YOD( 1 )=YDC 1 )*YU( 1) 

100 CCNTINUE 
500=0.0 
DO 40 I=I,tJ 
50D=SOO+YDOCI) 

40 CONT HJUE 
55=5DO/G 
S=SQRTCSS) 
PRINT 30, (Xl C 1 ),YI (1 ),YX( 1 ),YDC 1), I=I,N) 

30 FO~HAT ilHO,34X,2F14.3,Fl1.3,FI5.3) 
PKINT 32,5 

32 FeRMAT cIHO,//44X,27HR.H.S DEVIATION IN Y IS,FIO.4) 
PR PH 60 . 

60 FORMAT C1Hl,////////60X,6HTABLf-//) 
PRINT 61 

61 FO~MAT C45X,41HPREDICTEO DATA USINC GROUP SOLUTION MODEl/) 
PRPH 63 

63 FOPIl,.\T C45X,33HSYSTEH: OIETHYL KETmiE - N-HEXANE/) 
PR ltH 52 

52 FORMAT C45X,18HTEMPERA7URE = 65 CI) 
PkTNT 53 " 

53 FO~"AT C45X,23HCOMPONENT ONE IS KETONE/I) 
PR PH 64 " 

64 Fo~nAT c3ZX,ZHX ,7x,2Hx ,14X,U~Y ,17X,3HLOG,16X,3HLOG/) 
PRHIT 65 

65 FORPAT (51X,4HEXPT,6X,4HPREO,5X,4MExPT,6X,4HPREO,6/,4HEXPT,6X, 
14HlREO/) 

pR PIT 661 C)( 1 ( 1 ) 1 X ( 1), YX ( 1 ~, y LC 1), CL IX ( 1), CL lC 1), 
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IGl2XCI',GL2(I)~I=1~N) 
66 FORMAT(lHO,24X,FIO.3~FIO.4,2FIO.3,4FIO.4) 

PR!NT 39 
39 FORMAT (lHl,/I///I//32X,2HX1,lOX,2HY1,lOX,2HSV,lOX~2HPV,lOX~ 

12HC1,10X~2HC211) 
pRINT 44~(1.1(I)~Vl(I),SY(I),PV'I),Cll(I),C22(I),I=1,N) 44 FORMAT 'lHO,27X,2FIO.3,3X,~lO.3,F12.1,Fll.4,F12.4) STOP 
END 
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PROGRAM - PREDICTION OF ISOBARIC ~QUILIBRIUM DATA 

THIS PRQGRAM CAlCULATES ISOBARIC EQUILI8RIUM DATA FROM PREDICTEO 
ACTIVITY COEFFICIENTS FOR BUTANOL-ETHYL BENZENE SYSTEM. 
YX=EXPERIMENTAL Y 
GlIX=lOG ~AMAI EXPERIMENTAL 
Gl2X=lOG GAMA2 EXPERIMENTAL 
XX=MOlE FRACTION IN LIQUID 
X=G~QUP F~ACTION 
GL1=P~EOICT~D LOG G~MAl 
Gl2=PREDICTEO LOG GAMA2 
N"G=NUMBE~ OF DATA POINTS 

READ l"N,G 
1 FORMAT CI2"FIO.5) 

.' 

DIMENSIUN XXClS)"X(IS)~Pl(15)/P2C15)/YX(15)~GllXClS), 
IGL2XC1S),GLl(lS)"GL2C15),VYC15)/YY2(lS)/YOClS),YDDClS)"T(15)" 
ITP(15)IGIC15),G2CIS),SY(15) 

READ 6" (XX( 1 )"XC 1 )"CLl CI ),Gl2C 1), I=I,N) 
6 FORMAT C4~lO.5) 

READ 20"CVXCI),GLIXCI),GL2XCI)"I=IIN) 
20 FORMAT (3~lO.5) 

DO 100 I=l.lN 
GICI)=EXPC2.3026*GLICI» 
G2CI)=EXP(l.3026*GL2CI» 
TCI)=61.0 

23 TC [)=T( I>+0.02 
TPCI)=CTCI)*1.8)+32.0 
PICI)=EXPC2.3026*C7.56483-(1416,99/C184.99+T(I»») 
P2CI)=ExPC2.3026*C5.24358-C2563,659/(3S1.771·TPCI»») 
P2(I)=51.71473*P2(I) 
yve 1)= CGl CI )*Pl (1 )*XX( 1) )/100,0 
YV2CI)=CG2(I)*P2(I)*CI.0-XXCI»)/IOO.O 
SVC 1 )=vvc 1 )+YV2( 1) 
IF CI.u-SYC!» 24,24,23 

24 VOCI)=ABSCVXCI)-YYCI» 
YOD CI) =yO CI) *YD CI) 

100 CONTHJUE 
500=0.0 
DO 40 1 = l,,~, 
SDO=SOD+VDOCI) 

40 CONTINUE 
SS=SOO/G 
S=SORTCSS) 
PRINT 88 , 

88 FOR~AT (lHl,/II//////60X,6HTA8LE-/) 
PRPJT 81 

81 FOR~AT CIHO,44X,41HPREOICTEO DATA USING GROUP SOLUTIO~ MQDEl/) 
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PRINT 80 
80 FOR~AT C45X,33HSYSTEM: N-BUTANOl - ETHYL 6ENZENE/) 

PRINT 55 
55 FORMAT C45X,24HTOTAl PRESSURE = 100 MM./) 

PRINT 9~ 

98 FORMAT C45X,44HPREOICTED FROM AlCOHOL - AlKANE DATA AT 40 CI) 
PRH~T 57 

37 FOR~AT C45X,24HCOMPONENT ONE IS AlCOHOL/) 
PR P!T 63 

83 FORMAT C1HO,46X,2HX ,lOX/6HY-PREO,5X,5HY-EXP,8X,11HY-DIFFCABS)/) 
P RH! T 3 C, C X XCI ) , y y CI) , y X ( 1 ) , y 0 ( 1 ) , 1 = l, ~n 

30 FORMAT C1HO,34X,2F14.3,Fll.3,F15~3) 
PRINT 32,$ 

32 FORKAT CIHO,1144X,27HR.M.S DEVIATION IN Y IS,FIO.4) 
PRINT 60 

60 ;: OR r1 A T C 1 Hl, Il / / / / 1 / 6 0 X, 6 H T A BLE .. / 1 ) 
~RINT 61 

61 FURMAT C45X,41HPREOICTED DATA USING GROUP SOLUTION MODEl/) 
PRINT 63 

63 FORI1AT C45X,33HSYSTE,.,: N-BUTANOl - ETHYL BENZENEI> 
PRINT 56 

56 FORHAT C45X,24HTOTAl PRESSURE = 100 MM./) 
PP-I~JT 94 

94 FOR~'AT C45X,44HPRéOICTED FROM ALCOHOL - ALKANE DATA AT 40 CI) 
PR!r1T 58 

~3 FJRHAT C4~X,24HCO~PONENT ONE IS ALCOHOl/) 
P RI liT f:>'. _ 

64 FORMAT CIHO,3?X,2HX ,7X,2HX ,14X,2HY ,17X,~HLOG,16X,3HLOG/) 
PRINT 65 

65 FORMAT C51X,4HEXPT,6X,4HPRED,5X,4HEXPT,6X,4HPRED,6X,4~IEXPT,6X, 
14HDRED/) 

PRINT 66,CXXCI),XCI),YXCI),YYCI),GlIXCI),GLICI), 
IGL2XCI),GL2CI),I=l,N) 

66 FUR~ATCIHO,24X,FIO.3,FIO.4,2FIO.3,4FIO.4) 
PR HIT 22 

22 FOR~AT CIHl,11111115X,6~SYSTEMIIII) 
PRIMT 12,(XXCI),YYCI),XCI),GLICI),GLZCI),SYCI),PlCI),P2CI),I=l,N) 

12 FOR~AT (lHO,8X,SFIO.4) 
STOP 
END 
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SUGGESTIONS FOR FURTHER WORK 

1. In view of the relative success of the mode 1 in 

predicting the equilibria of mixtures studied in the 

present investigation, it is logical to extend the 

mode 1 to mixtures containing other functional groups, 

particularly multicomponent, multigroup mixtures. 

Among the groups for immediate further study should 

be aldehydes, aromatic hydroxyl, and methylene for a 

logical extension of the model. 

2. There is considerable published information on the 

heats of mixing of aromatic hydrocarbons and alcohols, 

and these systems should be examined for a treatment 

using the group solution concept. 

3. Since paraffin-ether systems are nearly ideal, exami

nation must be made of the behaviour of ether-alcohol 

systems and the possibi lit y of predicting their data 

from those of paraffin-alcohol mixtures. 

4. Experimental determination of vapor-liquid equilibria 

of mixtures with high relative volatility must be 

confined to static methods. 
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SUMMARY OF CONCLUSIONS AND CONTRIBUTION TO KNOWLEDGE 

1. A modified Gillespie still was constructed to measure 

vapor-liquid equilibrium data and testing indicated 

good experimental data can be obtained using the still. 

2. 1 sotherma 1 vapor-liquid equilibrium data on eight 

alkane-ketone systems at 650 C, and three alkane-ether 

systems at 900 C, were determined. These data should 

be useful in engineering designs and testing of models 

to predict equi 1.ibrium data. 

3. Data on alkane-ether systems indicate that these 

mixtures may be regarded as nearly ideal. 

4. The group solution mode 1 of Ratcliff and Chao was 

successfully tested on the eight alkane-ketone systems. 

The mode 1 predicts the equilibrium data reasonably 

weIl with an average R.M.S. deviation of 0.013 in the 

mole fraction of y (ketone). 

5. The mode 1 was also applied to predict equilibrium data 

on six aromatic hydrocarbon-a lcoho 1 systems. The 

pred1,ctions for these systems also are in good agree

ment with experiment with an average R.M.S. deviation 

in y (alcohol) of 0.013 mole fraction. 
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6. Further testing of the model indicates that reasonable 

estimates of equi librium data on aromatic hydrocarbon

alcohol systems could be made using alkane-ketone data. 

7. The recirculation still is not suitable for measuring 

equilibrium data on mixtures of high relative volatil

ity. Static methods should prove to be better alterna

tives. 


