
VS v, = - 
1 - x  

is more nearly constant than V,. Examination of the present 
holdup data, data of Gayler, Roberts, and Pratt (1953), 
and data from an earlier study of Gayler and Pratt (1951) 
reveals that neither V, nor V, is a satisfactory parameter 
for correlating holdup over a wide range of fluid proper- 
ties and flow rates. Both our data and that of Gayler and 
Pratt (1951) contained primarily high values of holdup (> 
l o % ) ,  and in such cases V, appears to be the preferred 
correlating parameter. This is illustrated in Figure 2 of 
Watson and McNeese (1973). The data of Gayler, Roberts, 
and Pratt (1933) contained lower values of holdup (most 
values were < 10 % ) , and V, was shown to be more nearly 
constant. At low values of holdup, there is little difference 
between V, and V,. Generally, V, is believed to be a more 
useful correlating parameter over a wide range of holdup 
values. However, neither of the parameters is as accurate 
as one may desire, and improved correlations, especially 
those with a theoretical basis, are needed. 
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NOTATION 

a =  
d p =  vc = 

Vc.f - 
vd = 

- 

- 
Vd,f - 

v, = 

cm2 of packing surface/cm3 of packing volume 
diameter of packing, cm 
superficial velocity of the continuous phase, cm/s 
superficial velocity of the dispersed phase, cm/s 
superficial continuous phase velocity at flooding, 
cm/s 
superficial dispersed phase velocity at flooding, 
cm/s 
characteristic velocity defined by Equation (6) ,  
cm/s 

V, 
Greek Letters 
Ap 

phases, g/cm3 
E 

p = viscosity, poise 
AVc,01/2 = defined by Equation (5)  
AV,,01/2 = defined by Equation ( 5 )  
Subscripts 
c, d = continuous and dispersed phases, respectively 
o = intercept value; flow rate of other phase ap- 

= superficial slip velocity, cm/s 

= difference in densities of dispersed and continuous 

= void fraction of the packing, dimensionless 

proaching zero 
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Group-Contri bution Estimation of Activity 
Coefficients in Nonideal Liquid Mixtures 

A group-contribution method is presented for the prediction of activity 
coefficients in nonelectrolyte liquid mixtures. The method combines the 
solution-of-functional-groups concept with a model for activity coefficients 
based on an extension of the quasi chemical theory of liquid mixtures 
(UNIQUAC). The resulting UNIFAC model (UNIQUAC Functional-group 
Activity Coefficients) contains two adjustable parameters per pair of func- 
tional groups. 
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By using group-interaction parameters obtained from data reduction, 
activity coefficients in a large number of binary and multicomponent mix- 
tures may be predicted, often with good accuracy. This is demonstrated 
for mixtures containing water, hydrocarbons, alcohols, chlorides, nitriles, 
ketones, amines, and other organic fluids in the temperature range 275O to 
400OK. 
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SCOPE 
,..emical process design typically includes units for the 

separation of liquid mixtures. Design methods for such 
units require quantitative estimates of fluid phase equilib- 
ria. While these estimates can often be made from limited 
experimental mixture data or from empirical correlations, 
in many cases no experimental data at all are available. 
In that event, the design engineer can do little more than 
make a reasonable guess, often with large uncertainty. To 
reduce the uncertainty, this work provides a rational 
method for predicting activity coefficients in nonelectro- 
lyte liquid mixtures. 

The solution-of-groups concept is combined with a re- 
cently developed model for activity coefficients (UNI- 

QUAC) derived from an extension of Guggenheim's quasi- 
chemical theory of liquid mixtures. The resulting UNI- 
FAC method provides a simple procedure for calculating 
activity coefficients in terms of constants reflecting the 
sizes and surface areas of individual functional groups, 
and parameters representing energetic interactions be- 
tween groups. 

Size and area parameters for groups were evaluated 
from pure-component, molecular structure data. Group- 
interaction parameters were evaluated from phase equi- 
librium data for mixtures containing paraffins, olefins, aro- 
matic hydrocarbons, water, alcohol, ketones, amines, 
esters, ethers, aldehydes, chlorides, nitriles, and other 
organic liquids. 

CONCLUSIONS AND SIGNIFICANCE 
The UNIFAC method for predicting liquid-phase activ- 

ity coefficients provides the process design engineer with 
a useful tool for calculating vapor-liquid equilibrium 
compositions in the frequently encountered situation 
where no binary (or higher) experimental information is 
available. The UNIFAC method is applicable to a wide 
range of mixtures exhibiting either positive or negative 
deviations from Raoult's law. Parameters are given for 
eighty-three different group interactions in the temperature 
region 275' to 40O0K. 

Prediction of liquid-phase activity coefficients is demon- 
strated for a variety of binary and ternary mixtures in- 
cluding those containing alcohols, water, or other polar 

liquids. Predicted activity coefficients agree well with 
those obtained from experimental vapor-liquid equilib- 
rium data not included in the determination of group- 
interaction parameters. In most typical cases, predicted 
activity coefficients at infinite dilution deviate less than 
2001, from measured results. These measured results, how- 
ever, are often subject to appreciable experimental un- 
certainties. 

While the present range of applicability is already 
much larger than that of any other correlation, this range 
can readily be expanded as new experimental results be- 
come available for data reduction. 

Since chemical process design is often concerned with 
separation of fluid mixtures, design engineers must fre- 
quently estimate liquid-phase activity coefficients. In 
those fortunate cases where phase equilibrium data are 
at hand, such estimates can usually be made with ease. 
In many other cases, however, where the required experi- 
mental data are not available, it is difficult to make even 
rough estimates on a rational basis. This work is a con- 
tribution toward alleviating this common problem in 
chemical process design. 

The method presented here is based on the well-known 
group-contrillution concept which has been successful for 
estimating a variety of pure-component properties such as 
liquid densities, heat capacities, and critical constants. The 
basic idea is tliat whereas there are thousands of chemical 
compounds of interest in chemical teclinology, the num- 
ber of fiinclional groups which constitute these compounds 
is much smaller. Therefore, if we assume tliat a physical 
propertv of 11 fluid is the sum of contributions made by 
the molecule's functional groups, we obtain a possible 
teclinique for correlating the properties of a very large 
number of fluids in  terms of a much smaller number of 
parameters which characterize the contributions of indi- 
\idual groups. 

Any group-con tribulion method is necessarily approxi- 
mate because the contribution of a given group in one 
molecule is not necessarily the same as that in another 
molecule. The fundamental assumption of a group-con- 
tribution method is additivity; the Contribution made by 
one group is assumed to be independent of that made by 
another group. This assumption is valid only when the 
influence of anv one group in a molecule is not affected 
by the nature of other groups within that molecule. 
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For example, we would not expect the contribution of a 
carbonyl group in a ketone (say, acetone) to be the same 
as that of a carbonyl group in an organic acid (say, acetic 
acid). On the other hand, experience suggests that the 
contribution of a carbonyl group in, for example, acetone, 
is close to (although not identical with) the contribution 
of a carbonyl group in another ketone, say, 2-butanone. 

Accuracy of correlation improves with increasing dis- 
tinction of groups; in considering, for example, aliphatic 
alcohols, in a first approximation no distinction is made 
between the position (primary or secondary) of a hy- 
droxyl group, but in a second approximation such distinc- 
tion is desirable. In the limit, as more and more distinc- 
tions are made, we recover the ultimate group, namely, 
the molecule itself. In that event, the advantage of the 
group-contribution method is lost. For practical utility, a 
compromise must be attained. The number of distinct 
groups must remain small but not so small as to neglect 
significant effects of molecular structure on physical prop- 
erties. 

Extension of the group-contribution idea to mixtures is 
extremely attractive because, while the number of pure 
fluids in chemical technology is already very large, the 
number of different mixtures is still larger, by many 
orders of magnitude. Thousands, perhaps millions, of 
multicomponent liquid mixtures of interest in the chemi- 
cal industry can be constituted from perhaps twenty, fifty, 
or at most one hundred functional groups. 

Estimation of thermodynamic properties of liquid mix- 
tures from group contributions was first suggested by 
Langniuir ( 1925). This suggestion, however, received 
little attention until Derr and co-workers (Redlich, Derr 
and Pierotti, 1959; Derr and Papadopoulos, 1959) used 

November, 1975 Page 1087 



group contributions to correlate heats of mixing, followed 
by Wilson and Deal (1962) who developed the solution- 
of-groups method for activity coefficients. This work was 
expanded by Derr and Deal (1969) with their Analytical- 
Solution-of-Groups (ASOG) method and by Ratcllff and 
co-workers (Ronc and Ratcliff, 1971). 

The success of this earlier work encouraged us to at- 
tempt a correlation which, in principle but not in detail, 
is similar to the ASOG method. Our efforts were much 
facilitated by recent development of what appears to be 
a particularly useful model based on an extension of 
Guggenheim's quasi-chemical theory of liquid mixtures. 
This extension, the universal quasi-chemical (UNIQUAC) 
equation (Abrams and Prausnitz, 1975), is particularly 
appropriate for establishing a group-contribution correla- 
tion where the important independent variables are the 
concentrations of the functional groups rather than those 
of the molecules themselves. Upon combining the concept 
of functional groups with the analytical results of the uni- 
versal quasi-chemical theory, we arrive at the UNIFAC 
( UNIQUAC Functional-group Activity Coefficients) 
method. 

THE UNIFAC METHOD 

The fundamental idea of a solution-of-groups model is 
to utilize existing phase equilibrium data for predicting 
phase equilibria of systems for which no experimental 
data are available. In concept, the UNIFAC model fol- 
lows Derr and Deal's (1969) ASOG model, wherein activ- 
ity coefficients in mixtures are related to interactions be- 
tween structural groups. The method entails the follow- 
ing: suitable reduction of experimentally obtained activity- 
coefficient data to obtain parameters characterizing inter- 
actions between pairs of structural groups in nonelectro- 
lyte systems, and use of these parameters to predict activ- 
ity coefficients for other systems which have not been 
studied experimentally but which contain the same func- 
tional groups. 

Derr and Deal (1969) separate the molecular activity 
coefficient into two parts: one part provides the contribu- 
tion due to differences in molecular size and the other 
provides the contribution due to molecular interactions. 
The first part is arbitrarily estimated by using the athermal 
Flory-Huggins equation, and the Wilson equation, applied 
to functional groups, is chosen to estimate the second part. 
Much of the arbitrariness is removed bv combining the 
solution-of-groups concept with the UNIQUAC equation. 
First, the UNIQUAC model per se contains a combina- 
torial part, essentially due to differences in size and shape 
of the molecules in the mixture, and a residual part, essen- 
tially due to energy interactions. Second, functional group 
sizes and interaction surface areas are introduced from 
independently obtained pure-component, molecular struc- 
ture data. 

Abrams and Prausnitz (1975) show that the UNIQUAC 
equation gives good representation of both vapor-liquid 
and liquid-liquid equilibria for binary and multicomponent 
mixtures containing a variety of nonelectrolytes such as 
hydrocarbons, ketones, esters, water, amines, alcohols, 
nitriles, etc. In a multicomponent mixture, the UNIQUAC 
equation for the activity coefficient of (molecular) com- 
ponent i is 

In yi = In yic + lnyiR (1) 
combinatorial residual 

where 
@i z ei @i 

X i  2 @i Xi 
In yiC = In - + - qi In - + Zi - - pjxjZj (2) 

and 

[ ujiR;uii] 
rji = exp - - 

In these equations, xi is the mole fraction of component i, 
and the summations in Equations (2) and (3)  are over all 
components, including component i; Bi is the area fraction, 
and ai is the segment fraction which is similar to the vol- 
ume fraction. Pure component parameters ri and qi are, 
respectively, measures of molecular van der Waals vol- 
umes and molecular surface areas. 

The two adjustable binary parameters rij and 7ji appear- 
ing in Equation (3) must be evaluated from experimental 
phase equilibrium data. As indicated by Abrams and 
Prausnitz ( 1975), no ternary (or higher) parameters are 
required for systems containing three or more components. 

In the UNIFAC method, the combinatorial part of the 
UNIQUAC activity coefficients, Equation (2) ,  is used 
directly. Only pure component properties enter into this 
equation. Parameters ri and qi are calculated as the sum of 
the group volume and area parameters, RJ, and QI,, given 
in Table 1: 

Ti  = xfcvIc(i)Rk and qi = ekVk(i)Qk (4) 

where v I , ( ~ ) ,  always an integer, is the number of groups of 
type 1c in molecule i. Group parameters RI, and Q k  are 
obtained from the van der Waals group volume and sur- 
face areas V,, and A,, given by Bondi ( 1968) : 

RIc = VWk/15.17 and Qk = AWk/(2.5 * l o9 )  (5) 

The normalization factors 15.17 and 2.5 * lo9 are those 
given by Abrams and Prausnitz. ( 1975). 

The residual part of the activity coefficient, Equation 
(3), is replaced by the solution-of-groups concept. Instead 
of Equation (3), we write 

In yiR = xkVk(i)  [In r k  - In rkc i ) ]  (6) 
all groups 

where rlc is the group residual activity coefficient, and 
rlcci) is the residual activity coefficient of group k in a ref- 
erence solution containing only molecules of type i. In 
Equation (6) the term In rfc(i) is necessary to attain the 
normalization that activity coefficient yi becomes unity as 
xi + 1. The activity coefficient for group k in molecule i 
depends on the molecule i in which lc is situated. For ex- 
ample, I-Icci) for the COH group (see Table 1) in ethanol 
refers to a solution containing fifty group percent COH 
and fifty group percent CHB at temperature of the mix- 
ture, whereas I'lcci)  for the COH group in n-butanol refers 
to a solution containing twenty-five group percent COH, 
fifty group percent CH2, and twenty-five group percent 

The group activity coefficient rlc is found from an ex- 
CHB. 

pression similar to Equation (3) : 

In rfc = QIC[ 1 - In (Sm@rn*mk) - t r n  (@rn*krn&@nynm) 1 
(7) 

Equation ( 7 )  also holds for In r,c(i). In Equation ( 7 ) ,  0, 
is the area fraction of group m, and the sums are over all 
different groups. O, is calculated in a manner similar to 
that for ei: 
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TABLE 1. GROUP VOLUME AND SURFACE AREA PARAMETERS 

Group number and name R k  Q k  Sample group assignment 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

CH2 Alkane group 
Subgroups: 
1A CH3 

18 CH2 

1C CH 

c - C  

end group of hydrocarbon 0.9011 0.848 

middle group in hydro- 0.6744 0.540 

middle group in hydro- 0.4469 0.228 

olefin group, a-olefin 1.3454 1.176 

chain 

carbon chain 

carbon chain 

only 

ACH aromatic carbon group 0.5313 0.400 

ACCH2 
Subgroups : 
4A ACCHz 

aromatic carbon-alkane group 

general case 1.0396 0.660 

4B ACCH3 toluene group 1.2663 0.968 

COH alcohol group, includes nearest CH2 
Subgroups: 
5 A  COH general case 1.2044 1.124 
5B MCOH methanol 1.4311 1.432 
5c CHOH secondary alcohol 0.9769 0.812 

H2O water 0.9200 1.400 

ACOH aromatic carbon-alcohol group 0.8952 0.680 

c0 carbonyl group 0.7713 0.640 

CHO aldehyde group 0.9980 0.948 

COO ester group 1.0020 0.880 

0 ether group 0.2439 0.240 

CNH2 Primary amine group, includes 

Subgroups : 
12A CNH2 general case 

nearest CH2 

1.3692 1.236 

12B MCNHz methylamine 1.5959 1.544 

IiH secondary amine group 0.5326 0.396 

ACNHz aromatic carbon-amine group 1.0600 0.816 

CCN Nitrile group, includes 
nearest CH2 

Subgroups : 
15A MCCN acetonitrile 
l5B CCN general case 

c1 chloride group 
Subgroups: 
16A c1-I 

16B c1-2 

CHC12 Dichloride group, 
end group only 

C1 on end carbon 

C1 on middle carbon 

1.8701 1.724 
1.6434 1.416 

0.7660 0.720 

Ethane: 2CH3 

n-butane: 2CH3, 2CH2 

iso-butane: 3CH3,lCH 

a-butene: I W ,  1CH2, 1CH3 

Benzene: 6ACH 

Ethylbenzene: 5ACH, 1ACCH2, 

Toluene: SACH, 1ACCH3 
1CH3 

Ethanol: 1CH3, ICOH 
Methanol: IMCOH 
Isopropanol: 2CH3, lCHOH 

Water: lH2O 

Phenol: SACH, IACOH 

Acetone: 2CH3, 1CO 

Propionaldehyde: 1CH3, 1CH2, 

Methyl acetate: 2CH3, l C 0 0  

Diethyl ether: 2CH3,2CH2, 

lCHO 

10 

n-propylamine: ICH3, 1CH2, 
lCNHz 

Methylamine: 1MCNH3 

Diethylamine: 2CH3, 2CH2, 

Aniline: 5ACH, lACNHz 
1NH 

Acetonitrile: IMCCN 
Propionitrile: lCCN, 1CH3 

1,2 dichloroethane: 2CH2, 
2c1-1 

0.8069 0.728 1,2,3 trichloropropane: 2CH2, 

2.0672 1.684 1,l dichloroethane: 1CH3, 

ICH, 2C1-1, 1C1-2 

1CHC12 

ACCl aromatic carbon-chloride group 1.1562 0.844 Chlorobenzene: SACH, lACCl 

where X ,  is the mole fraction of group m in the mixture. 
The group interaction parameter Ymn is given by 
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where Urn, is a measure of the energy of interaction be- 
tween groups m and n. The group-interaction parameters 
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amn (two parameters per binary mixture of groups) are 
the parameters wliicli must be evaluated from experi- 
mental phase 'equilibrium data. Note that umn has units of 
degrees Kelviii and that umn # anm. Parameters Umn and 
anm were obtained from a data base using a wide range 
of experimental results. 

The cornbinatorial contribution to the activity coeffi- 
cient [Equation ( 2 ) ]  depends only on the sizes and 
shapes of the molecules present. For large chain molecules, 
qi/ri + I, and in that limit, Equation (2) reduces .to the 
F'lory-Huggins equation used in the ASOG method. 

The residual contribution to the activity coefficient 
[Equations ( 6 )  and ( 7 )  depends on group areas and 
group interactions. When all group areas are equal, Equa- 
tions (6)  and ( 7 )  are similar to those used in the ASOG 
method. 

The functional groups considered in this work are those 
given in Table 1. Whereas each group listed has its own 
values of 11 and Q, the subgroups within the same main 
group (for example, subgroups lA, lB, and 1C) are as- 
sumed to have identical group energy-interaction param- 
eters. Example 1 in the Appendix illustrates the nomen- 
clature and use of Table 1. 

Only straight-chain alkanes were used in the data base 
to determine interactions with a CHz group. The CH group 
(1C) was introduced to enable the inclusion oE /3, y, etc., 
substituted hydrocarbons such as, for example, 1, 2, 3-tri- 
chloropropane (2CHz, 1 CH, 2C1-1, 1Cl-2). I t  is possible 
that the CH group may be used to predict activity coeffi- 
cients for isomers such as iso-butane (3CH3, lCH) ,  al- 
though that possibility has not been investigated in this 
work. 

To determine interactions with a C=C group, data for 
a-olefins were used. The C=C group could be subdivided 
in a manner similar to that used for the CHz group, but 
at present this has not been done. However, as shown 
later, the activity coefficients of dienes are predicted well 
by using C=C group parameters based on monoolefin 
data. 

For the ACCHz group, both @-CH3(toluene) and 
@-CH2R (for example, ethylbenzene) were included in 
the data base to increase the flexibility of the correlation. 

Only primary alcohols (COH group, 5A)  excluding 
methanol were included in the data base. Table 1 includes 
two similar groups, MCOH (5B, methanol) and CHOH 
(5C, secondary alcohols). Groups HzO and ACOH are 
not assumed to have interaction parameters equal to those 
for the COH group. Note that both the ACOH and the 
COH group include the nearest carbon atom. 

For primary amines, methylamine ( lMCNHz) was not 
included in the data base. Group CNHz includes the near- 
est carbon atom. 

Both acetonitrile (1MCCN) and propionitrile ( lCH3, 
ICCN) were included in the data base; groups MCCN 
and CCN are assumed to have identical interaction param- 
eters. 

Chlorine has different size and volume parameters de- 
pending upon its position in the hydrocarbon. Therefore, 
we distinguish between a C1-1 group and a C1-2 group. 
Group I6 only incliides cases where there is one chlorine 
per carbon atom. 1,l-chlorides are covered bv the CHClz 
group, which has interaction parameters different from 
those for the C1-1 and C1-2 groups. 

GROUP INTERACTION PARAMETERS 

To make the UNIFAC method useful for process design, 
a large number of group-interaction parameters must be 
available. The broader the data base with respect to tem- 
perature and molecular species, the more reliable the 
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group-interaction parameters and the better the predic- 
tion of activity coefficients. A large data reduction problem 
is thus indicated. Binary vapor-liquid and liquid-liquid 
equilibrium data from more than 200 different literature 
references were used as the base data in this work. Where- 
ever a choice was available, only those data were used 
which appeared to be most reliable. In most cases, how- 
ever, less than adequate data are available, and for numer- 
ous group interactions no or very little data could be 
found. The extent of our data base is shown schematically 
in Table 2.  While it was our goal to calculate group- 
interaction parameters for all possible binary combinations 
of groups shown in Table 1 and to obtain these param- 
eters for the temperature range 275" to 400"K, at present 
it is not possible to reach this goal in its entirety because 
of a serious lack of reliable experimental data. 

Table 2 contains useful preliminary information for the 
user of the UNIFAC method, For a given phase equilib- 
rium problem, a rapid glance at Table 2 indicates whether 
or not the necessary group-interaction parameters are 
available in the desired temperature range. To illustrate, 
suppose we want to predict the activity coefficients for 
the octane-a-octene-benzene-water system at 350°K. In 
that event, we need group-interaction parameters for 

( (332 ,  C=C), (CH2, ACH), (c=C, ACH), (H20, CHz), 
(H20, C d ) ,  and (H20, ACH). All of the required 
parameters are available, although the parameters for the 
(H20, C=C) group interaction are estimated from data 
in the 275" to 325°K temperature range, somewhat lower 
than desired. If the mixture, in addition to the above 
named components, also contains acetaldehyde, predic- 
tions cannot be made, since parameters for (CHO, ACH) 
are not available. 

To obtain group-interaction parameters, it was neces- 
sary first to calculate activity coefficients from the data 
base. Only low-pressure, phase equilibrium data were 
used. Vapor-phase nonidealities were not taken into ac- 
count except in those cases where the original authors 
had done so. 

Binary phase equilibrium data used in the data base are 
listed in the Supplement which also gives activity coeffi- 
cients and group assignments for each molecular species. 

Group-interaction parameters umn were calculated 
wherever possible by using a nonlinear, least-squares, 
data reduction scheme. In reducing the data, the order of 
calculating the parameters is important. For example, if 
the (COH, CO) group-interaction parameters are to be 
estimated from alcohol-ketone vapor-liquid equilibrium 

TABLE 3. GROUP IKTERACTION PARAMETERS, a,,,,,, O K  

CH2 
C=C 
ACH 
ACCH2 
COH 
H2O 
ACOH 
co 
CHO 
coo 
0 
CNH2 
NH 
ACNH2 
CCN 
C1 
CHCl2 
ACCl 

CH2 
C==c 
ACH 
ACCH2 
COH 
H20 
ACOH 
co 
CHO 
coo 
0 
CNH2 
NH 
ACNHz 
CCN 
c1 
CHClz 
ACCl 

CH2 

0 
2,520 

15.26 
-15.84 
169.7 
657.7 

3,000 
3,000 

343.2 
348.0 

2,160 

3,000 
3,000 

- 16.74 

27.31 
-119.6 

31.06 
121.1 
1 

coo 
687.5 

159.1 
110.0 
174.3 

X 

X 
-470.2 
-180.1 

X 
0 

- 290.0 
X 
X 

X 

X 

X 
X 
X 
10 

w 
-200.0 

- 144.3 
-309.2 

0 

254.2 
485.4 

X 
3,000 

X 

X 
X 

90.37 
8.922 
X 

43.03 
242.1 

-72.88 

2 

0 

472.6 

X 

X 
37.24 

680.0 
-204.6 

X 
X 

475.5 

-26.15 
0 

X 

X 
X 

X 
X 
X 
X 
X 
11 

ACH 

32.08 
651.6 

0 
- 146.8 

83.50 
361.5 

101.8 

325.5 
-75.50 
-38.64 

37.94 

-66.44 
-90.43 

1,000 
3 

CNH2 

422.1 
349.9 
179.7 

3,000 

X 

3,000 

X 

X 
-166.8 

385.3 
X 

X 
X 

X 
X 

0 
X 

X 

X 
X 

X 

3,000 
12 

ACCH2 

26.78 
1,490 

167.0 
0 

385.0 
92.61 

3,000 
75.00 
X 

3,000 
3,000 

X 
X 

3,000 
-150.0 

52.69 
X 

X 
4 

NH 

800.0 
515.2 
487.2 
X 

3,000 
743.8 

X 

X 
X 
X 

X 

X 

0 
X 

X 
X 
X 

3,000 
13 

COH 

931.2 
943.3 
705.9 
856.2 

0 
287.5 

X 
-106.5 
3,000 

167.5 
- 13.44 
- 109.8 
-700.0 

337.9 
357.0 

586.3 
5 

ACNHz 

1,330 

X 

X 

X 
680.0 
640.0 
X 

-314.6 
X 

X 
X 

X 
X 
X 

X 
0 

X 

X 

X 
110.0 
14 

H2O 

1,452 
578.3 
860.7 

3,000 

0 
-320.8 

-558.2 
-532.6 
-226.4 

X 
X 

- 527.7 
-882.7 

236.6 
227.0 
618.2 
467.0 

1,472 
6 

CCN 

601.6 
691.3 
290.1 

3,000 
79.85 

118.5 
X 

-307.4 
X 

X 

X 
X 

X 
X 
0 

100.0 
X 

3,000 
15 

ACOH 

1,860 

1,310 
X 

740.0 

462.6 
0 

X 

X 

X 

-254.1 
X 

X 
X 

X 

X 
X 
X 

X 
7 

c1 

523.2 
253.8 
124.0 

194.6 
158.4 

628.0 

33.84 

X 

X 
X 

X 
X 
X 

X 
- 100.0 

0 
790.0 

16 
X 

co 

1,565 
1,400 

3,000 
651.1 

462.3 
470.8 

0 

333.6 

X 

39.47 

-39.81 
X 
X 

X 
447.7 

62.00 
37.63 

8 

CHClz 

X 

60.45 
259.5 
X 
X 
X 

247.2 

874.5 
X 

X 
X 

X 

X 
X 
X 
X 

-308.5 
0 

17 
X 

CHO 

685.9 
X 
X 
X 

480.0 
234.5 

-49.24 
0 

X 

X 
X 
X 
X 
X 

X 
X 

X 
X 
9 

ACCl 

194.2 

-99.9 
X 

X 
69.97 

190.6 
X 

X 
X 
X 
X 

- 10.0 
- 60.0 

25.0 
3,000 

X 

X 
0 

18 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
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data, it is necessary first to determine the (CHZ, CO) 
parameters from alkane-ketone data and the (CH2, COH) 
parameters from alkane-alcohol data. 

Group-interaction parameters are given in Table 3. In 
most cases the parameters were estimated as indicated 
above without difficulty. However, in some cases one of 
the two parameters describing the interaction of a pair 
of groups tends to become very large. For reasons of 
computer programming, an upper limit of 3 000°K was 
placed on the parameters, and subject to this constraint 
the optimal value of the corresponding other parameter 
was found. Note that where a,,,,, = 3 000, vm,, = e-'O, 
that is, very close to zero. In most of these cases the 
UNIFAC method represents the experimental data well. 

In other, fortunately few, cases it was found that the 
UNIFAC method could not represent the activity coeffi- 
cient data successfully. For [his reason parameters for the 
(HzO, COO) and ( HzO, 0) group interactions are not as 
yet included in Table 3. 

With the parameters in Table 3, it is now possible to 
predict activity coefficients for a large variety of binary 
and multicomponent systems. A detailed illustration is 
given in Example 2 of the Appendix. 

RESULTS 

The ultimate test of the UNIFAC method lies in its 
ability to predict activity coefficients for systems which 
were not included in the data base, that is, the set of 
data used to determine the parameters in Table 3. There- 
fore, we distinguish between calculated results for systems 
contained in the data base and predicted results for sys- 
tems not contained in the data base. 

Table 4 compares predicted and experimental activity 
coefficients at infinite dilution. Only the last ten entries 
correspond to systems that were included in the data base; 
also the open points of Figures 1 and 12 correspond to 
such systems. All the other results in this section are 
extrapolations of the data base with respect to molecular 
species or temperature. 

The numerical operations carried out in the computer 

T- i 
4 

4 5 6 7 8 
No. of C a r b o n  A toms  in Hydroca rbon  

0,. Observed, and - I UNIFAC: Alkane in water 
0 Observed, and - 2 UNIFAC : O le f i n  in water 
A Observed, and - 3 UNIFAC : Dienes in water 
V Observed, and -.- 4 UNIFAC: Water in  alkane 

Solid points:  Not included in data base 

Fig. 1. Activity coefficients a t  infinite dilution in' binary hydrocarban- 
water systems a t  room temperature. (Black, e t  al., 1948, and 

McAuliffe, 1966). 

program for the prediction of activity coefficients consist 
of straigli tforward additions and multiplications. No itera- 
tions are required, and the computer time for calculating 
one typical activity coefficient is of the order of milli- 
seconds on a CDC-6400 computer. 

TABLE 4. OBSERVED AND CALCULATED ACTIVITY COEFFICIENTS AT INFINITE DILUTION 

System 

n-pentane( 1 )-acetonitrile( 2 )  
Water( 1)-hexadiene( 2 )  
Hexadiene( 1)-water( 2 )  
Aniline( 1)-water( 2 )  
1,2 dichloroethane( 1)-n-propanol( 2 )  
n-propanol( 1 )-1,2 dichloroethane( 2 )  
Methylamine ( 1 ) -nonane ( 2 ) 
Nonane( 1)-methylamine( 2 )  
Ethylaniine ( 1 )-butane ( 2 )  
Butane( 1)-ethylamine( 2 )  
Methylamine( 1 )-n-hesane( 2 )  
n-heuane( 1 )-methylamine(2) 
n-octane ( 1 )-polyethylene, 

p.rq = 1,600(2) 

Diethylamine( 1 ) -chlorobenzene( 2 )  
Chlorobenzene( 1 )-diethylamine( 2 )  
Ethanol( 1)-diethyl ether( 2 )  
Diethyl ether( l)-ethanol(2) 
Benzene( 1)-water( 2 )  
Water( 1)-benzene( 2 )  
Phenol( l)-hutyl acetate( 2 )  
Butyl acetate( 1)-phenol( 2 )  
n-propanol( 1 )-n-propylamine( 2 )  
n-butylamine ( 1 ) -n-butanol( 2 ) 
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T, "K 

298 
293 
298 
373 
370 
357 
273 
273 
293 
293 
273 
273 
400 

313 
313 
273 
273 
298 
298 
318 
318 
320 
392 

YI* (obs) 

20 
226 

26,900 
80 
12.9 
23 

4.8 
10.7 
3.2 
3.1 
5.4 
8.3 
0.32 

1.17 
1.41 
2.82 
3.84 

488 
430 

0.12 
0.18 
0.37 
0.50 

71- (calc) 

18 
105 

30,600 
115 

6.7 
14 
5.5 

13.2 
3.4 
2.7 
7.0 
8.6 
0.22 

1.17 
1.43 
3.21 
3.50 

458 
359 

0.13 
0.19 
0.35 
0.48 

Gerster et al. ( 1960) 
Black et al. (1948) 
McAuliffe (1966) 
Cukor and Prausnitz (1969) 
Sagnes and Sanchez ( 1971 ) 

Wolff et al. (1964) 

Newman and Prausnitz ( 1973) 

Included in data base. For ref- 
erences see supplement. 
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- UNIFAC 
_-_- Raoult's Law 

Experimental 

Fig. 2. Vapor-liquid equilibria for the ethanol (1 )-toluene (2) system 
a t  328°K. (Kretschmer and Wiebe, 1949). 

The discussion of predictions is divided into three parts: 
activity coefficients at infinite dilution, binary systems, and 
ternary systems. 

I .4 

I .2 

I .o 

AN 0.8 
C - 
L 

0.6 
0 

h- 
C - 

0.4 

0.2 

L 
0 

II 

0 0 

0 .2  0.4 0.6 0.8 1.0 

UN I FAC - 
0 Observed, n-Hexane 
A Observed, 2-Butanone 

Fig. 3. Activity coefficients for the n-hexane (I)-Z-butanone (2) 
system a t  333°K (Hanson and Van Winkle, 1967). 
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UN I FAC 
Observed, n- Hexone 

A Observed, n-Hexylamine 

Fig. 4. Activity coefficients for the n-hexane (1)-n-hexylamine (2) 
system a t  333°K (Humphrey and Van Winkle, 1967). 

ACTIVITY COEFFICIENTS AT INFINITE DILUTION 

Table 4 shows activity coefficients at infinite dilution. 
The infinitely dilute region provides an especially severe 
test of the UNIFAC method, since the corresponding cal- 
culated activity coefficients are very sensitive to the inter- 
action parameters. By taking into account that the activity 
coefficients in this region are subject to relatively large 
experimental error, the predicted and experimental activity 
coefficients at infinite dilution' agree satisfactorily. The 
activity coefficients listed in Table 4 span five orders of 
magnitude. The pentane-acetonitrile, butane-ethylamine, 
and 1,2-dichloroethane-propanol systems were not in- 
cluded in the data base at all, and neither were systems 
containing dienes or methylamine. 

Figure 1 shows infinite-dilution activity coefficients for 
alkane-water, olefin-water, and diene-water systems as 
functions of the number of carbon atoms. These results 
are typical for systems with very large activity coefficients 
[exp( 14) = lo6]. The UNIFAC method gives correct 
trends wihh respect to number of carbon atoms and num- 
ber of double bonds. The prediction of the activity coeffi- 
cients for dienes is encouraging. 

Among the mixtures covered in this work, negative 
deviations from Raoult's law are observed for the systems 
phenol-ester, benzene-ether, amine-alcohol, and ketone- 
chloroalkane. The last four entries of Table 4 indicate that 
the UNIFAC method also represents well systems with 
negative deviations. Predictions for systems of this type 
outside the data base could not be tested owing to scarcity 
of experimental data. 

BINARY SYSTEMS 

Predictions for various binary systems are shown in 
Figures 2 to 11 and Table 5. Figure 2 for the ethanol- 
toluene system indicates very poor results based on 
Raoult's law; the UNIFAC method, however, predicts 
vapor compositions well. Ethanol-toluene data were in- 
cluded in the data base, but not at 328°K. 
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x" 
C 

0 

- 
L 

x- 
c - 

0.6 I I I I 2 

0 0.2 0.4 0.6 0.8 I .O 
X I  X I  

UN I FAC - UNI FAC 
0 Observed, 1 - Hexene 0 Observed, Cyclohexone 
A Observed, l , l ,  2-Trichloro- A Observed, l t2-Dichloroethane 

Fig. 6. Activity coefficients for the cyclohexane (1)-1.2-dichloroethane 
(2) system a t  1 atm. (Mesnage and Marson, 1971). 

ethane 
Fig. 5. Activity coefficients for the 1-hexene (1)-1.1,2-trichloroethane 

(2) system a t  333°K. (Hanson and Van Winkle, 1967). 

Figures 3, 4, and 5 show activity coefficients for systems b I I I I 
that are related to, but not identical with, those included 

eluded in the data base, but the system hexane-2-butanone 
was not. No amines larger than butylamine appear in the 
data base. The a-hexene-1,1,2-trichloroethane system was 
not included in the data base. Calculated and experimental 
activity coefficients are in good agreement for these and 
similar systems. 

Cyclic alkanes were not included in the data base. 
Figures 6 and 7 show good predictions for the systems 
cyclohexane-1,2-dicliloroethane and cyclohexane-methyl 
acetate; these favorable results suggest that the UNIFAC 
method is applicable to systems containing cyclohexane 
( 6CHz groups) and, perhaps, other cyclic alkanes. 

Only primary alcohols excluding methanol were used 

in the data base, The system heptane-2-butanone was in- 1 .4s  - 

- 

- in data reduction. Attempts were made to include metha- 
no1 in the predictions counting methanol as one MCOH 

x 
C 

group with R and Q given in Table 1 and by assuming that 
the group-interaction parameters for MCOH are equal 
to those for COH. For methanol, this method was unsuc- 
cessful. However, as already indicated, a similar procedure 
was successful for methylamine. For methanol, it appears 
that either RMCOA and QMCOH should be changed or else 
that methanol, like water, must be treated as a separate 
group with its own group-interaction parameters. 

Predictions were also made for systems containing sec- 
ondary alcohols. Parameters RCHOH and QCHolT from Table 
1 were used, and the group-interaction parameters for 
CHOH were assumed equal to those for COH. Figures 
8 and 9 show calculated and observed activity coefficients 

- 0.4- 

- 

0 0.2 0.4 0.6 0.8 1.0 
X I  

UN I FAC 
0 Observed, Cyclohexane 
A Observed, Methy l  Acetate 

for the systems I-propanol-water and 2-propanol-water. 
The calculated and observed activitv coefficients are in 
excellent agreement for the first system and in fair agree- 
ment for the second system. Table 5 shows results of 

Fig. 7. Activity coefficients for the cyclohexane (1)-methyl acetate 
system a t  1 otm. (Nagota, 1962). 
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I I I I I 

A I 
X I  

UN I FAC - 
0 Observed, 1 - Propanot 
A Observed, Water 

Fig. 8. Activity coefficients for the I-propanol (1)-water (2) system 
a t  333°K. (Murti  and Van Winkle, 1958). 

similar calculations for alcohol-heptane systems. Predic- 
tions for the system 1-octanol-heptane are encouraging. 
No alcohol larger than propanol entered into the data base 
for the determinetion of the (COH, CH2) group interac- 
tion parameters. Table 5 shows that whereas activity CQ- 

efficients for secondary alcohol-heptane systems are lower 
than those for primary alcohol-heptane systems, the magni- 
tude of the decrease is exaggerated in the calculated ac- 
tivity coefficients. Although the predictions for the sec- 
ondary alcohols are not highly erroneous, we believe that 
systems containing alcohols should be reexamined to 
ensure the successful inclusion of methanol and secondary 
alcohols in the UNIFAC method and to improve predic- 
tions for systems containing primary alcohols in the very 
dilute region. 

Experimental data are scarce for systems containing 
many different functional groups. One of the main ad- 
vantages of the UNIFAC method is its ability to predict 
activitv coefficients for systems of this type from experi- 
mental information on normal systems, that is, those with 
only a few different functional groups. Results for the 
system ethylbenzene ( 1CH3, 1ACCH2, SACH) cellosolve 
(ICHn, 2CH2, ICOH, 10) shown in Figure 10 illustrate 
this ability. Twenty group-interaction parameters were 
used in the calculation of these activitv coefficients. Sys- 
tems containing cellosolve ( CH&H20CH2CH20H) were 
not included in the data base. 

Alcohol 

I-propanol 
I-propanol 
2-propanol 
2-propnnol 
1 - oc t anol 
2-octanol 
3-octanol 

- 

- 

c - 

0 0 . 2  0.4 0.6 0.8 1.0 

UNIFAC - 
0 Observed, 2-Propanot 
A Observed, Water 

Fig. 9. Activity coefficients for the 2-propanol (l)-water (2) system 
a t  1 atm. (Wilson and Simons, 1952). 

I .6 , 
X I  

- UNI FAC 
0 Observed, Ethy l  benzene 
A Observed, Cel IoSOlVe 

Fig. 10. Activity coefficients for the ethylbenzene (l)-Cellosolve (2) 
system a t  1 atm. (Murti and Van Winkle, 1957). 

TABLE 5. OBSERVED AND CALCULATED ACTIVITY COEFFICIENTS FOR ALCOHOL( 1 ) -~-HEPTANE ( 2 )  SYSTEbfS 

Observed Calculated 
T, "K y1 at x1 = 0.1 7 2  at r 2  = 0.1 y1 at XI = 0.1 y2 at xz = 0.1 Reference 

303 6.02 4.98 6.01 4.74 Van Ness et al. 
333 5.38 4.58 5.29 4.42 
303 5.75 4.98 3.10 2.68 
333 5.06 4.43 2.80 2.53 
313 3.90 2.45 3.06 
313 3.59 2.27 2.03 1.61 
313 3.31 2.23 2.03 1.61 

2.08 Geiseler et al. ( 
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- 
A- 0.2 

* 0.8 
.- 4- Immiscible Region 

- 
rc 

* C 
0 
>r - f l  

- 
0.1 .> 0.6 

c 

2 
0.4 

TABLE 6. OBSERVED AND CALCULATED ACTIVITY COEFFICIENTS FOR THREE-COMPONENT SYSTEMS 

The acetonitrile( 1)-benzene( e)-n-heptane( 3 )  system at 318°K (Palmer and Smith, 1972) 

- - 

- - 

Sl 

0.0620 
0.3527 
0.8869 
0.0297 
0.5719 

x1 

0.4564 
0.2720 
0.8780 
0.3970 

x1 

0.0810 
0.0043 
0.0043 
0.1440 
0.2680 
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XZ 

0.5379 
0.3942 
0.0991 
0.8648 
0.4120 

XZ 

0.0416 
0.0270 
0.0180 
0.5415 

x2 

0.6420 
0.0507 
0 8834 
0.0455 
0.5010 

5.09 5.70 1.11 1.08 
2.00 2.13 1.08 1.09 
1.03 1.02 2.15 2.23 
3.34 3.74 1.02 1.01 
1.23 1.21 1.37 1.44 

The Ethanol( 1)-benzene( 2)-water( 3 )  system at 1 atm. (Norman, 1945) 

YI (obs) YI (calc) Y (obs) YZ (calc) 

1.21 1.06 11.70 13.60 
1.60 1.30 25.89 39.61 
1 .oo 1.00 4.51 4.93 
1.43 1.42 1.57 1.57 

The acetone( 1)-acetonitrile( 2)-water( 3 )  system at 1 atm. (Pratt, 1947) 

YI ( obs 1 YI (talc) w(0hS) YZ (calc) 

1.02 0.79 1.15 1.16 
7.83 10.98 7.11 7.39 
0.95 0.92 1.01 1.05 
2.96 2.63 3.68 2.77 
1.07 0.91 1.14 1.14 

Y3 ( obs ) 

1.27 
2.16 

16.93 
1.49 
6.17 

Y (obs) 

1.52 
1.14 
2.55 
7.07 

Y3 ( obs ) 

2.79 
0.99 
4.16 
1.17 
3.26 

7 3  ( calc 1 

1.20 
2.20 

19.13 
1.62 
7.12 

73 (talc) 

1.49 
1.44 
1.85 
6.69 

~3 ( talc) 

2.72 
1.01 
5.18 
1.18 
2.58 
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Because of the semitheoretical nature of UNIQUAC 
and the large temperature span of the data base, the 
UNIFAC metliod usually predicts the correct temperature 
dependence of the activity coefficients. Figure 12 shows 
an example. 

TERNARY SYSTEMS 

The UNIFAC method given by Equations (l), (2),  
(6) ,  ( 7 ) ,  (8), and (9) is directly applicable to multi- 
component systems; Table 6 gives activity coefficients 
calculated from these equations for ‘three ternary systems. 
No ternary systems were included in the data base. There 
is excellent agreement between calculated and observed 
activity coefficients for these systems. 

APPLICATIONS: PRESENT AND FUTURE 

In  the preceding sections we have indicated that 
UNIFAC may be used to predict multicomponent vapor- 
liquid equilibria when no mixture data at  all are available. 
However, the prediction of multicomponent activity co- 
efficients using UNIFAC may also be carried out in a 
slightly different manner. A given multicomponent system 
contains a number of constituent binary systems. In many 
cases, experimental activity coefficients may be available 
for some, but not all, of these binaries. In that event, 
UNIFAC may be used ‘to predict the activity coefficients 
for each of the components in the unknown binaries. These 
predicted activity coefficients can then be used to gener- 
ate binary parameters in any model for the excess Gibbs 
energy. As described in many texts and articles, multicom- 
ponent vapor-liquid equilibria can readily be estimated 
when all constituent binaries are characterized. 

Further, UNIFAC may be useful for extrapolating ex- 
isting (possibly proprietary) data with respect to molec- 
ular structure; thus, if experimental data are at hand for 
systems chemically similar to those of interest, UNIFAC 
can establish trends indicating how activity coefficients 
change with molecular size or with modifications in the 
nature or assembly of a molecule’s functional groups. 

Finally, UNIFAC may be useful for estimating activity 
coefficients of highly sensitive or transitory (activated 
complex) molecules whose properties are experimentally 
unattainable. 

Future applications are limited only by scarcity of re- 
liable data. As more data become available, it will be- 
come possible and worthwhile to consider refinements in 
UNIFAC. Although the group-interaction parameters now 
available are useful for a large variety of practical phase 
equilibrium problems, Table 3 does not exhaust the groups 
that eyentually should be included. Not included at pres- 
ent are fluorides, carboxylic acids, tertiary amines, sulfur- 
organic compounds, carbon tetrachloride, chloroform, 
methanol, and many others. Inclusion of these in the UNI- 
FAC method is straightforward, provided reliable experi- 
mental data are available. (However, for mixtures con- 
taining carboxylic acids it will be essential to include 
vapor phase corrections in data reduction.) 

Isomeric effects have so far been studied to only a lim- 
ited extent. However, inclusion of components such as 
iso-butane in UNIFAC appears to be straightforward. 

The UNIFAC model assumes that accessibility for inter- 
action of a functional group is determined by its area 
parameter Q which is independent of the size, number, 
and nature of other functional groups in the same mole- 
cule. This aqsumption may require modification for poly- 
mers, where some of the groups are partially shielded by 
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other groups of the chain. Further, it appears likely that 
free-volume contributions may be required to represent 
activity coefficients in polymer solutions.. Nevertheless, 
limited experience with polymers indicates that it may be 
possible to include these in UNIFAC, especially since Derr 
and Deal (1973) have reported modest success in apply- 
ing their ASOG method to polymer-solvent systems. 

CONCLUSION 

A generalized group-contribution model for the predic- 
tion of activity coefficienlts of nonelectrolytes has been 
developed. Exisling phase equilibrium data were used to 
generate a large number of group-interaction parameters. 
These are useful for prediction of activity coefficients in 
binary and multicomponent systems where little or no 
experimental information exists. The method gives good 
predictions for a large variety of systems and should, there- 
fore, provide a useful tool for solving practical phase 
equilibrium problems as encountered in chemical process 
design. 

SUPPLEMENT 

A Supplement to this paper is available from the 

The Supplement contains 
authors. 

( 1 )  A listing of the binary phase equilibrium data 
used in the data base. 

( 2 )  A description and printout of a “UNIFAC Pre- 
diction Computer Program” for the estimation 
of activity coefficients as a function of composi- 
tion and temperature. 
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NOTATION 

see Equation (9) 
see Equation (3) 

= pure component area parameter 
= group area parameter 
= pure component volume parameter 
= gas constant (without subscript) 
= group volume parameter (with subscript) 
= temperature 
= UNIQUAC binary interaction parameter 
= UNIFAC binary interaction parameter 
= liquid phase mole fraction 
= liquid phase group fraction 
= vapor phase mole fraction 
= lattice coordination number, a constant here set 

equal to ten 

Greek Letters 
yi 
r k  
r k C i )  = activity coefficient of group k in pure com- 

= activity coefficient of component i 
= activity coefficient of group k 

ponent i 

November, 1975 Page 1097 



Qi = segment fraction of component i 
vk(i) = number of groups of kind k in a molecule of 

ei = area fraction of component i 
8 k  = area fraction of group k 

v see Equation (9) 

component i 

7 see Equation (3 )  

Superscripts 
C = combinatorial 
R = residual 

00 = infinite dilution 

Subscripts 
i ,  i ,  k = component i, j ,  a n d  k 
lc, m, n = group IF, $12, and n 
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APPENDIX 
Example 1 

Consider an equimolar benzene ( 1)-n-propanol ( 2 )  binary 
mixture. Benzene has six ACH groups, group No. 3. Thus v3(1) 
= 6, R3 = 0.5313, and Q 3  = 0.400. rl = 6 . 0.5313 = 
3.1878; 41 = G . 0.400 = 2.400. n-propanol has one CH3 
group ( 1A ) , 1 CH2 group ( 1B ), and 1 COH group ( 5 A ) .  Thus 
v l ~ ( 2 )  = 1, v l ~ ( 2 )  = 1, and v j ~ ( ’ )  = 1; R I A  = 0.9011, R I B  = 
0.6744, Rj.4 = 1.2044, and r2 = 1 * 0.9011 + 1 * 0.6744 + 
1 3 1.2044 = 2.7799. Similarly, q z  = 1 * 0.848 + 1 - 0.540 
+ 1 . 1.124 = 2.512. The needed group interaction parame- 
ters are obtained from Table 3: 

al,,j = 931.2, aj,l = 169.7, (11.3 = 32.08, ~3,1 = 15.26, 

a3,5 = 705.9 and a5,3 = 83.50”K. 

1 
x1 = x2 = - 

2 

2 
= (6/2) / (6/2 + 1/2 + 1/2 + 1/2) = - 

3 
X 3  

1 
Similarly, XIB = = - 

9 
At constant temperature, the activity coefficient of group k 
( k  = lA, lB, 3, or 5 A )  is a function of the group composition: 
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r k  = r ( X l A ,  X l B ,  XS,  X 5 A  

For an equimolar mixture 

rk.r(L 1 2  L) 
9' 9' 3' 9 

In pure benzene (1) 

r p  r(o,o, 1, 0)  = 1 

In pure n-propanol (2 )  

1 1  
rk(2) = r (7 3' 0, '> # 1 (k = lA, lB,  or 5A) 

3 

Example 2 

(1)-n-pentane ( 2 )  system at  307°K and zl = 0.047: 
It is desired to obtain the activity coefficients for the acetone 

TI = 2 . 0.9011 + 1 * 0.7713 = 2.5735; 

r2 = 2 . 0.9011 + 3 * 0.6744 = 3.8254; 

41 = 2 * 0.848 + 1 . 0.640 = 2.336 

4 2  = 2 * 0.848 + 3 * 0.540 = 3.316 

2.5735 0.047 = 0.0321; 
2.5735 . 0.047 + 3.8254 * 0.953 

= 0.9679 

2.336 * 0.047 
2.336 . 0.047 + 3.316 . 0.953 

81 = = 0.0336; 

e2 = 0.9664 

11 = 5(2.5735 - 2.336) - 1.5735 = -0.3860 

12 = 5(3.8254 - 3.316) - 2.8254 = -0.2784 

0.0321 0.0336 
0.047 0.0321 

In yIC = In - + 5 * 2.336 In - - 0.3860 

0.0321 
0.047 

+- (0.047 0.3860 + 0.953 * 0.2784) = -0.403 

CH3 = 1A; CH2 = 1B; 60 = 8 

q . 8  = 1 565; u8,1 = 3 000°K (see Table 3 )  
\ 

q 1 . 8  = exp (-1 565/307} = 0.00611 

9 8 . 1  = exp { -3 000/307} = 0.000057 

FOT pure acetone 

2 - * 0.848 
3 

2 1 - 
3 3 

01A") = = 0.726; H g ( 1 )  = 0.274 

0.848 + - * 0.640 

In r lA( ' )  = 0.848 1 - In (0.726 + 0.274 * 0.oooO57) II 
0.726 

- { 0.726 + 0.274 * 0.000057 

0.274 - 0.00611 } ] = 0.2664 
+ 0.726 - 0.00611 + 0.274 

In I'E(I) = 0.640 1 - In (0.726 0.00611 + 0.274) 

0.726 * 0.000057 
- { 0.726 + 0.274 * 0.000057 

0*274 } ] = 0.8284 
0.726 - 0.00611 + 0.274 

FOT X I  = 0.047 

0.047 1 2 + 0.953 - 2 
0.047 . 3 + 0.953 * 5 

X l A  = = 0.4077 ' X 1 B  = 0.5828; 

xs = 0.0098 
H ~ A  = 0.5187; H ~ B  = 0.4721; Hs = 0.0092 

In r l A  

1 - In (0.5187 + 0.4721 + 0.0092 . 0.000057} 

0.5187 + 0.4721 
- { 0.5187 + 0.4721 + 0.000057 * 0.0092 

0.0092 0.00611 
(0.5187 + 0.4721 )0.00611 + 0.0092 J 

In r8 

1 - In ((0.5187 + 0.4721) * 0.00611 + 0.0092) 

(0.5187 + 0.4721) 0.000057 
- { 0.5187 + 0.4721 + 0.0092 * 0.000057 

0.0092 
(0.5187 + 0.4721)0.00611 + 0.0092 

} ] = 2.9310 

In ylR = 2 * (0.0047 - 0.2664) + 1 - (2.9310 - 0.8284) 

= 1.5792 

In y1 = In yiC + In ylR = -0.403 + 1.5792 = 1.5389 

Thus y1 = 4.66 

By following exactly the same procedure for pentane (2). it is 
found that yo = 1.02. The corresponding experimental values 
(Lo et al., 1962) are y1 = 4.41; yz = 1.11. 

Manuscript receiued March 7. 1975; revision received June 23, and 
accepted June 24, 1975. 
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