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SEPARATION AND PURIFICATION METHODS, 7(2), 147-182 (1978) 

PREDICTION OF SEPARATION FACTORS USING 
GROUP CONTRIBUTION METHODS 

A REVIEW 

Peter Rasmussen and Aage Fredenslund 
Instituttet for Kemiteknik, Technical University 
o f  Denmark, Bygning 229, DK-2800 Lyngby, Denmark 

Introduction 

For separation process design calculations such as 
distillation, absorption and extraction it is unconditi- 
onally necessary to have quantitative information on the 
mixtures in consideration, i.e. knowledge about phase 
equilibrium compositions, heats o f  mixing etc. 

Since the number of different mixtures in chemical 
technology is extremely large, one cannot find all the 
desired information from experimentally determined obser- 
vations. It is, therefore, necessary by means of thermo- 
dynamic equations and suitable models for the mixturesto 
predict the required information from the available ex- 
perimental data. Very often we have no experimental data 
for our mixtures at all, and we have to rely on some gen- 
eralized method for prediction of the required informa- 
tion. 

Group contribution methods are examples of such 
methods; they have for many years with great successbeen 
used to predict properties f o r  pure substances, f.ex. 
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148 RASMUSSEN AND FREDENSLUND 

heat capacities and critical constants. During the last 
15 years, group contribution methods have also been de- 
veloped for the prediction of thermodynamic properties 
of liquid mixtures. In these methods, the liquids are 
treated as mixtures of the functional groups (CH3-, -CH2-, 
-OH etc.) which when added make up the molecular species 
present. In chemical technology, the number of different 
groups is much smaller than the number of different mole- 
cules. Therefore, if we assume that a physical property 
of the liquid is the sum of the contributions of the 
molecules' groups, we can predict the properties of a 
very large number of mixtures in terms of a relatively 
small number of parameters characterizing the individual 
groups. 

Deal and Derrl presented in 1968 an excellent review 
on group contribution methods for liquid mixtures. Some 
of the methods have since been further developed, andnew 
ones have been added. It is the purpose of this article 
to review some of the work published after 1968 on group 
contribution methods for mixtures. The main emphasis is 
on methods for the prediction of activity coefficients 
in liquid mixtures, 

For nonelectrolyte liquid mixtures it is today pos- 
sible to make such predictions with ,reasonable accuracy 
and by means of rather simple calculation procedures. 
This allows us to predict separation factors used in 
equilibrium calculations, This article reviews the de- 
velopment and the use of these methods. 

Phase Equilibrium 

For the design of separation processes we have to 
find an answer to a problem of the following kind: A 
mixture with M components is distributed between a vapor 
and a liquid phase. The two phases have reached an equi- 
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PREDICTION OF SEPARATION FACTORS 149 

librium state, and we know the temperature (T) and the 
mole fractions in the liquid phase (x 1,x2 .... %). The 
question then is to find the mole fractions in the vapor 
phase (yl, y2 .... yM) and the pressure (P). 
c o nd i ti on: 

To solve such a problem, we use the phase equilibrium 

i = 1,2 .... M a fiV = fi 1 - 
where fi is the fugacity of component iin the vapor (v) 
o r  liquid ( a )  phase. 

The fugacities are normally rewritten in terms ofthe 
vapor phase fugacity coefficient cpi, the liquid phase 
activity coefficient yi and the liquid phase reference 
fugacity fi . 0 

0 cp.y.P = y x f 
1 1  i i i  2 - 
The reference fugacity fio of pure-component i at 

temperature T and pressure P may be written as 

r- 1 

= cppi s .  Pis P0Yi 

where pi' is the vapor phase fugacity coefficient at the 
saturation pressure Pis and Vi is the molar liquidvolume. 

The separation factor (Ki), i. e. the ratio between 
the vapor and liquid phase mole fractions, may thus be 
calculated from equation 4 

At pressures up to a few bars, the fugacity coeffici- 
ents (pis and cpi are readily calculated using f.ex. the 
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150 RASMUSSEN AND FREDENSLUM) 

virial equation of state. This is explained in most 
textbooks, and f.ex. in Fredenslund et a1.2 one may find 
a detailed description of computer programs for such 
calculations. At these low pressures the ratio cpi /cpiis 
often nearly unity except for mixtures containing strong- 
ly associating components such as organic acids. 

S 

The Poynting correction factor POYi is also nearly 
unity and it is easy to calculate POYi within good accu- 
racy by means of experimental o r  estimated values of Vi. 

The vapor pressure Pis may f.ex. be calculated from 
the Antoine equation. This leaves us with the problem 
of finding a relation for calculating the activity coef- 
ficient Y i. 

The Wilson, NRTL, and UNIQUAC equations represent 
such relations which are widely used and for which many 
parameters have been published (see f.ex. Gmehling and 
onken3). 

It will, however, never be possible to furnish para- 
meters for all possible binary combinations and hence it 
is necessary to rely on approximative methods, likegroup 
contribution methods, for the estimation of activity co- 
efficients for mixtures for which no data are available. 

Fundamental Equations 
4 Wilson and Deal presented in 1962 the assumptions 

and equations which have since become the basis for most 
group contribution methods used for the estimation of 
activity coefficients . 
Assumption 1. The liquid solution can be treated as a 
solution of groups which make up the components of the 
mixture. The trgr~upslr are chosen to be convenient struc- 
tural units such as -CH3, -CH20- and -CH2N02. 
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PREDICTION OF SEPARATION FACTORS 151 

Assumption 2. The excess Gibbs energy of a solution is 
assumed to be the sum of two contributions - one associ- 
ated with the differences in molecular size and shape 
and the other with energetic interactions between the 
groups. As a consequence of this assumption, the loga- 
rithm to the activity coefficient yi may be written as: 

5 R - An yi =an Yi + an yi 

where y.' is the combinatorial or size or entropy part 
and YiR1is the residual or interaction or enthalpy part. 

Assumption 3. The contribution from group interactions, 
the residual part, is assumed to be the sum of the indi- 
vidual contributions of each solute group in thesolution 
less the sum of the individual contributions in the pure- 
component environment. We write 

all groups 

k = 1,2 .. N, where N is the number of different groups 
in the mixture. 

r 
solut ion; 

r (i) is the residual activity coefficient of group k 
in a reference solution containing only molecues of 
type i; and v k  (i) is the number of llinteractionll groups 
of kind k in molecule i. 
must attain the normalization that activity coefficient 
yi becomes unity as xi -, 1. The standard state for the 
group residual activity coefficient need not be defined 
due to cancellation of terms. 

Assumption 4. The individual group contributions in any 
environment containing groups of kinds 1,2 .. N are as- 

is the residual activity coefficient of group k in a k 

k 

In Equation & the term Rnrk (1) 
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152 RASMUSSEN AND FREDENSLUNJI 

sumed to be only a function of group concentrations and 
temperature: 

The same function is used to represent rk and rk(i). The 
group fraction X is defined by: 

i = 1,2 .. M (number of components) 
j = 1,2 . . N (number of groups) 

According to this assumption, for example the residual 
activity coefficients for all ketone-alkane mixtures may 
be calculated from the same function F. That is, the 
same parameters are used to represent vapor-liquid equi- 
libria in acetone-hexane mixtures and decane-5-nonanone 
mixtures, 

The difference between the various group contributi- 
on methods is essentially due to differences in the de- 
finition of functional groups and in the equations used 
for calculating: 

- The combinatorial o r  size activity coefficient, 
C 

Yi 
The group activity coefficient, rk - 

Combinatorial or Size Activity Coefficient 

Wilson and Deal4 used a Flory-Huggins relation for 
calculating the size term 

'i an yic = a n  ri + 1 - 9 - 
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PREDICTION OF SEPARATION FACTORS 153 

j 
ri = ni/%.x. 

J J  j = 1 , 2  .. M 
n = number o f  a t o m s  (o the r  than hydrogen) i n  i 

molecular component i 

x = molecular mole f r a c t i o n  o f  component i 

I n  1969 the method w a s  fu r the r  developed by Derr and 
Deal5 i n t o  the  socal led ASOG-method (Analyt ical  Solution 
O f  Groups). 
groups t o  the  t o t a l  number o f  groups i n  the  average 
1 i quid molecule : 

i 

Here ri i s  defined as the r a t i o  o f  so lu te  

j 
ri = si /Csjxj  j = 1 , 2  .. M - 9b 

here S a r e  the  number of "size" groups i n  each o f  the  
molecular species  i n  the solut ion.  

Normally, the s i ze  groups a r e  taken as the chemical 
groups which might be expected on a chemical b a s i s  t o  
i n t e r a c t .  Acetone would thus be considered as twomethyl 
and one carbonylic groups. However group i d e n t i t i e s  and 
c o u n t s  may be assigned i n  any desired manner. Any such 
assignments must, of course, be cons is ten t ly  used s ince 
the calculated values  o f  y i c  and hence a l s o  the values  
o f  yiR a r e  dependent on the  choice o f  groups. 
ing  the  ASOG method one must r e c a l l  that  thermodynamic 
consistency requi res  tha t  although the  choice o f  groups 
and group counts may be made i n  any manner des i red ,  the 
same assignments must be used i n  pred ic t ion  o f  a c t i v i t y  
coe f f i c i en t s  as were used i n  data reduction. 

In  apply- 

6 Schel ler  presented i n  1965 e s s e n t i a l l y  the same 
procedure as proposed by Wilson and Deal . A Flory- 
Huggins r e l a t i o n  i s  again used f o r  ca l cu la t ing  y i c  but 
ri i s  calculated by means o f  the  m o l a r  volume Vi of pure 
component i i n  s tead of the number of a toms i n  compo- 
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154 USMUSSEN AND FREJENSLUND 

nent i. Thus it is not assumed that all atoms regard- 
less of type have the same volume. 

J 
ri = vi/Zx.v j = 1,2 .. M 

~j 
In 1969 Ratcliff and Chao 7 generalized an equation 

developed by Bransted and Koefoed8 for mixtures of n-pa- 
raffins; they used 

where ni is the number of atoms other than hydrogen in 
molecular component i. The coefficient B is a function 
of temperature only, and a figure with B as a function 
of the temperature is presented by Ratcliff and Chao . 7 

Although Ratcliff and coworkers 9,” later use equa- 

In 1975 Ronc and Ratcliff’’ give a most thorough 

They observe that yic from the Bransted-Koefoed re- 
lation is nearly unity and that the value might just as 
well be set equal to one. 

tion 2, they were apparently not totally satisfied with 
it. 
discussion of the size contribution. 

For different binary alkane(l)-alcohol(2) mixtures 
they calculate the group residual activity coefficients 
r .  
CH2 

According to equation 1, the group activity coeffi- 
cients TCH 
and temperature. It turned out, however, that the cal- 
culated values of r 
fic alkane-alcohol system used. 

are only functions of group concentrations 2 

were also functions of the speci- 
CH2 

The rCH2-va1ues were thus o n l y  identical for mixtur- 
es with the same relative size ratio: 

P = sl/s* 11 - 
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PREDICTION OF SEPARATION FACTORS 155 

Ronc and Ratcliff'' could therefore conclude that the 
Brmsted-Koefoed relation did not present the total size 

contribution. 

They assumed that yic; was equal to unity for mix- 
tures with p = 1.0 f. ex. hexane/l-pentanol, pentane/l- 
butanol. For  such mixtures 

and the values of 
ered to be the fltruefl values of rCH2. Using these true 
values of ~ C H ~  it is possible to calculate yLC for mix- 
tures with P # 1. Based on such calculations of ylc it 
is proposed that ylC is calculated from the following 
correlation 

calculated from 12 may be consid- CH2 

FH An yic = a  An yi 13 - 
where An yiFH is the Flory-Huggins activity coefficient 
calculated from equations 9 and 2; a is a function of 
the size ratio p .  This new size contribution is defined 
only for binary alkane-alcohol systems. 

14 a = 2.9239 - 5.4777~ + 12.8016~' - 
An important conclusion of this careful study of the 

size contribution is that no effect of temperature could 
be observed. 

Fredenslund, Jones and Prausnitz" proposed in 1975 
the UNIFAC group-contribution method based on theUNIQUAC 
model13 for liquid mixtures. 

In the UNIFAC method, the combinatorial term of the 
activity coefficient takes into account not onlythe dif- 
ferences in molecular sizes as given by the groupvolumes 
but also the differences in molecular forms as presented 
by group surface areas. 
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156 RASMUSSEN AND FREDENSLUND 

The somewhat a r b i t r a r y  se l ec t ion  o f  a r e l a t i o n  f o r  
I n  the UNIFAC method, ca lcu la t ing  yic i s  now removed. 

the  combinatorial contr ibut ion is uniquely r e l a t ed  t o  
the  expres.sion f o r  the res idua l  term o f  the  a c t i v i t y  co- 
e f f i c i e n t ,  y i  . R 

The combinatorial a c t i v i t y  coef f ic ien t  is ca lcu la ted  
from 

r. x - q i  x1 - i i  
J J 
cq .x Cr .x 

G i  - - e i - -  ; 

J j  J J  
Molecular surface Molecular volume 
a rea  f r ac t ion  f r ac t ion  
j = 1 , 2  .. M (number of components) 

Rk The van der  Waals volume: ri = Cvk ( i> 

16 'k - (1) and van der Waals surface area: qi = Cvk 

k = 1,2 . . N (number o f  groups i n  molecule i )  

a r e  found by summation o f  the corresponding group pro-  
pe r t i e s .  

Note that  yic  does not depend on temperature. The com- 
b i n a t o r i a l  contr ibut ion is of ten  small. It is, however, 
far  f r o m  negl ig ib le  when the  molecules d i f f e r  much i n  
s i z e  and shape. 

The de f in i t i on  o f  groups and the  values  f o r  Rk and 
Qk a re  given by Fredenslund e t  a l .  2,14 
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PREDICTION OF SEPARATION FACTORS 157 

Table I shows some calculated combinatorial activity 
coefficients for an equimolar mixture of acetone (1) and 
methanol (2). 

The use of equation 2 corresponds to the ASOGmethod 
while equations 2 and 13/14 represent slightly modified 
ASOG methods. 

Group Activity Coefficients 

In order to understand the practical use of thegroup 
activity coefficients rk,  we first show how Tk values 
can be found from experimental activity coefficients, 

For a binary alkane(1)-alcohol( 2 )  mixture we may cal- 

For a mixture of decane(1) and 1-propanol(2) 
culate r 
for yi . 
we may thus write: 

from equations 2 and 6 and from a relation c CH2 

In pure decane, the value of r ( l )  equals one, the 
CH2 

group fraction for CH2 is X C ~  
ence between groups CH3 and CH2). 
X C ~ 2  is 0.75, assuming that 1-propanol consists of 3 CH2 
groups and 1 OH group. Equation lJ will thus give rCH2- 
values for solutions built from OH and CH2 groups in the 
CH2 group fraction range 0.75-1.00. 

= 1.0 (assuming no differ- 
In pure 1-propanol, 

2 

Based on the residual activity coefficient for l-pro- 
panol(2) we can now calculate roHFoH ( 2 )  . 

Since we do not k n o w  rOH ( 2 )  (the group activity coef- 
ficient of OH in pure 1-propanol),it is not possible 
from data for this particular mixture to estimate TOH, 
and we are not able to move below a methylene group 
fraction of 0.75. 
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0.9554 
(nl=4) 

RASWSSEN AND FREDENSLUND 

0.9304 
( n2=2 ) 

TABLE I 
Combinatorial A c t i v i t y  C o e f f i c i e n t s  

Acetone (1)-Methanol  ( 2 )  
x1 = x2 = 0.5  

- ~~ ~~ 

0.9654 
(v,=73.33) 

Method 

0.9490 
( V 2 = 4 0 .  41) 

ri c a l c u l a t e d  as 

ni/Cn . x 
j 

3 j  

0.9737 
(rl = 2.5735) 

q1 = 2.336 

j 

eq. 2 
sips x 

0.9634 

311) (r2 = 
q2 = 1.432 

j 
v i p x  jv 

eq. 2 
( T = 2 5  O C )  

B r ~ n s t  ed-Koefoed 
eq. 2 

:B=-0.00113, T = 2 5  OC 

Ronc-Rat c l i f f  
eq. - 1 3  and 9 

UNIFAC 
eq. 15 and 16 

I C 
Y, Y., 

0.8244 
( S*=l) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



PREDICTION OF SEPARATION FACTORS 159 

If we continue our calculations with data for water 
(l)-l-propanol(2) mixtures, it is possible to calculate 
rOH from: 

R 19 An y1 = 1.4 An rOH - 
In equation2 it is assumed that the number of OH 

interaction groups in pure water is 1.4 (see below). 
Based on the activity coefficients for 1-propanol we 
have : 

In equation 20 we know TOH and rOH ( 2 )  from eq. 2 and 
( 2 )  from eq. 17, and hence it is possible to calculate 

I? for values of XCH from 0.0 up to 0.75. From equa- 
t i o n 2  we have rOH in the same concentration range. 
Combining these results with the previous calculated val- 
ues of roHFoA2) from eq. 2 the values of rCH2 and rOH 
can be found for the whole CH2 group fraction range 0.0- 

1.0. 

CH2 
CH2 2 

r 

CH2 Figure 1 shows and rOH as a function of X CH2 
based on data presented by Ratcliff and Chao’ and apply- 
ing eq. 2 for the calculation of the combinatorial 
activity coefficient. 

Figure 1 allows us to predict the activity coeffici- 
ents for all possible mixtures containing water and/or 
any alkanes and/or any alcohols. 

In 1962 Wilson and Deal4 used a such graphical com- 
position relation derived directly from an appropriate 
set of experimental data. Others have presented the 
group activity coefficients in a similar way: 
Ratcliff and Chao’ for alkane-alcohol-water mixtures, 

6 Scheller, 
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160 RASWSSEN AND FREDENSLUND 

4. 
rk 

3. 

2. 

1. 

0. 
0. .2 .4 .6 .8 1. 

FIGURE 1 
Group activity coefficients for solutions built f r o m  OH 
and CH2 groups at 90 OC. 

XCH, 

Mari puri and Rat cl i f f 
mixture s . 

for a1 c oho l  -aromat i c hydrocarbon 

It has later turned out to be much more convenient 
having an analytical expression f o r  the group activity 
coefficients, 
activity coefficients for methylene and carbonyl groups 
in alkane-ketone mixtures by power series in the carbonyl 
group fractions. 

Maripuri and Ratcliff' thus fit the group 

The method is, however, still dependent on full-range 
binary data in order to define the dependence of the 
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PREDICTION OF SEPARATION FACTORS 161 

group activity coefficients on group fractions, and it 
is in practice restricted to systems having a maximum of 
two groups. 

The ASOG Method 
5 In 1969 Derr and Deal proposed the Analytical Solu- 

tion Of Groups (ASOG) method. This method presented a 
most significant step in the evolution of group contri- 
bution methods for correlating and predicting activity 
coefficients. 

Derr and Deal5 use the Wilson equation for the calcu- 
lation of the group activity coefficients, For a group 
k in a mixture containing groups 1, 2, ... N, the fol- 
lowing expression is used: 

'mam 
n,m = 1, 2 ... N 

where a are binary group parameters analogous to conven- 
tional molecular binary parameters, the are group 
fractions of interaction groups n as defined by eq. 8. 
The sums are to be taken over all groups in the mixture 
including k. 

In order to apply the ASOG method it is necessary 

1) to establish the "size" and the "interaction" 
groups to be dealt with. The size groups areused 
as previously explained (equations 2 and 2) to 
calculate the combinatorial activity coefficient. 
Normally the size and the interaction groups are 
identical, but in some cases they are chosen dif- 
ferently. The reason is that negative parameters 
am may result in negative values for the argument 
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162 RASMUSSEN AND FREDENSLUND 

of the logarithmic term in eq. 3. Only positive 
parameters can therefore give meaningful results. 
By changing the interaction group definition and/ 
or count it is possible to ascertain positive 
values of the parameters. 

Table I1 shows some group assignments for var- 
5 ious compounds as presented by Derr and Deal . 

to establish group interaction parameters am. 
Such parameters may be estimated by fitting equa- 
tion 2 to experimental values of rk obtained as 
previously explained. Since it is assumed that 
eq. 2 gives a good representation o f T k  for all 
group fractions Xk, one may select only a few ex- 
perimental results as the basis for the parameter 
determination. 

Derr and Deal5 recommend using limiting activity co- 
5 efficient3 only. They give interaction parameters for 

alcohol-hydrocarbon-water systems at 60 O C ,  methanol-gly- 
cerol systems at 2 5  C, ketone-alcohol-water systems at 
60 O C ,  ether-alcohol-water systems at 60 
trile systems at 75 OC, ester-alcohol systems at 50 C, 
aromatic hydrocarbon-alcohol systems at 80 OC, chloride 
systems, some fluoro-compound containing mixtures, and 
aromatic hydrocarbon-ketone mixtures. The parameters 
vary with temperature but no mathematical relation is 
present ed. 

0 

0 C, aqueous ni- 
0 

Derr and Deal'' extended in 1973 the ASOG method to 
cover solvent-alkyd resin solutions. The solvents in- 
cluded paraffin, aromatic, chloride, ketone, ester, and 
alcohol types. The resins used had varying methylene/ 
aromatic ratios. Tables with group definitions and 
counts and with interaction parameters are given. These 
parameters are different from the ones presented pre- 
viously . 5 
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164 RASMSSEN AND FREDENSLUND 

Palmer17 presented in 1975 a most detailed and easy- 
to-read description of the ASOG method with a worked out 
example of how to use the method. New groups and inter- 
action parameters are included for carboxylic acids and 
anhydride s . 

Cukor18 distinguished betwe en interactions involving 
methyl (CH ) and methylene (CH2) groups, and he redefines 
the alcohol and ether groups to ensure a good fit to ex- 
perimental data. A table of group interaction parameters 
at 25 OC is presented for the following groups H20, CH2, 
CH3, COH (alcohol), CO, COO, OCH3 (ether), CN and ACH. 
Note that Cukor has a special H20-group. 

3 

The aim of Cukorls work was to predict activity co- 
efficients of volatile solutes typically encountered in 
water pollution abatement and in vacuum drying of food 
products. Such systems may contain polyfunctional mole- 
cules (f.ex. fructose) and Cukor states that group inter- 
action parameters reduced from data for simple polar mo- 
lecules are not capable of reflecting polyfunctional mo- 
lecules. This experience is common for all group contri- 
bution methods, 

Cukor assumes that the group interaction parameters 
vary with temperature according to the following relation: 

22 

The S ' s  are the size group counts, R is the gas con- 
stant and T is the absolute temperature. The X's repre- 
sent interaction energies between groups n and m. The 
parameters hm-Xm are assumed independent of temperature. 

'm am = - exp(-(A,, - Xm)/RT) 
'n 

- 

Tochigi and KO jima19 determine group interaction pa- 
rameters from infinite dilution activity coefficients at 
temperatures between 40 and 100 OC. Paramoters from mix- 
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PREDICTION OF SEPARATION FACTORS 165 

tures containing CH2, OH and CO groups are presented as 
functions of temperature: 

An am = + BJT - 23 

Here A, and Bnm are constants for the pair of groups 

Tochigi and Kojima treat the CH interaction group (as 

n and m. 

is found in 2-propanol and 2,3-dimethyl butane) as 0.8 
CH2 groups. 

Tochigi et a1.20 extend the ASOG method to vapor-li- 
quid equilibria in which chemical reactions may occur. 
Group interaction parameters are determined on the basis 
of measured infinite dilution activity coefficients for 
five binary systems made up of CH2,  OH, COO and COOH groups. 

Scheller et al." combine a rapid method for deter- 
mining activity coefficients by gas-liquid chromatography 
with group contribution parameter estimation. The method 
is restricted to systems made up from groups of not more 
than two kinds and cannot be applied to ternary and 
higher systems of groups. The same restrictions holdfor 
the application of the group contribution method de- 
scribed by Tikhonova, et al. . 22 

Methods Similar to the ASOG Method 

Ronc and Ratcliff'' use equation 2 for calculation 
of the combinatorial activity coefficient and eq. 2 for 
the group activity coefficients. 
meters for methylene/hydroxyl mixtures are presented as 
temperature functions similar to eq. 22. 

Group interaction para- 

Ronc and Ratcliff'' use equations 13/14 for the com- 
binatorial activity coefficients. To calculate the group 
activity coefficients, they use the Wilson equation 2 
multiplied by a constant C. The reason for this correc- 
tion factor is that the Wilson equation cannot generate 
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16 6 RASMUSSEN AND FFIEDENSLUND 

activity coefficients above a certain limit and the lltruell 
values of 
limit. 
is 1.6. 
are presented. 

determined by equation 12 are above this CH2 
For alcohol/alkane/water mixtures the value of C 
Group parameters for methylene/hydroxyl mixtures 

Group Counts for Water in the ASOG and Similar Methods 

The water molecule is assumed to consist only of the 
hydroxyl group, thereby avoiding a special llwaterll group. 
Since the water molecule forms hydrogen bonds witheither 
of its hydrogen atoms it seems reasonable that the inter- 
action group count may be larger than unity. 

Derr and Deal5 choose 1.4 for the H20 group, andRonc 
and Ratcliffloyll use a number of, respectively, 1.2 and 
1.55, based on empirical observations for the relation 
between interactions in mixtures containing alcohol and 
water. 

6 Scheller has shown a plot of the molar volumes of 
n-alcohols versus the reciprocal OH-group fraction ofthe 
alcohols. An extrapolation to the molar volume of water 
gives a number of 1.6 OH groups in water. The value 1.6 
is a l s o  used by Tochigi et al. 19,20 

The UNIFAC Method 

The UNIFAC method was proposed by Fredenslund, Jones 
The combinatorial activity co- and Prauanitz12 in 1975. 

efficient is calculated from equations 15/16 and the 
group activity coefficient for group k by: 

m and n = 1,2 ... N (all groups) 
Equation 24 also holds for rk(i), the group activity 

coefficient for group k in pure compound i. The equation 
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PREDICTION OF SEPARATION FACTORS 167 

is similar to the one used in the UNIQUAC model for cal- 
culating the residual activity coefficient yi R 

Group surface area Group fraction 
fraction 
j = 1,2 ... M (all compounds); n = 1,2 ... N 
In equation 24 the parameter Y is given by nm 

Y m  = exp(-arur/T) 26 - 
where am is the group interaction parameter between 
groups n and m. 
from the value of am, and that we need two parameters 
per pair of groups. 

Note that the value of am is different 

order to apply the UNIFAC method it is necessary: 

to know the definition of g r o u ~ ~  and the corre- 

Qk. 
groups by Fredenslund et a1:2 Fredenslund et al. 

applicability of the UNIFAC method and theypresent 
R, and Q, values for 56 different groups. 

to bow the values of the group interaction para- 
meters. __---- 

2,14 phase equilibrium data and Fredenslund et al. 
have determined parameters for so many different 
groups that the basis of the UNIFAC method now 
covers 7Q$ of all published vapor-liquid equili- 
brium data. 

----_--------- --- 
spending values Of mouE volwnes, Rk7 and areas, 

Such values are given for many different 

have later revised and extended the range of 

These parameters must be evaluated from 
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168 RASMUSSEN AND FREDENSLUND 

There is some difference in the approach used by the 
authors of ASOG and UNIFAC publications. The ASOG para- 
meters have mostly been determined from experimentally 
measured infinite dilution activity coefficients and 
hence from a minimum of data points. The experimental 
information must, therefore, be highly accurate. A given 
pair of UNIFAC parameters is obtained from a collection 
of all available, consistent, relevant experimental data. 

CH2/COOH and aCOOH/CH2 are For example, the parameters a 
based on information on several systems with alkanes 
(including isomers) and organic acids; data at various 
compositions and temperatures are used. 

The UNIFAC parameters are essentially independent of 
temperature for the temperature range applicable for the 
method, typically 30-125 'C. 
this problem is given by Fredenslund et al. . 

A thorough discussion on 
2 

Here2 one may also find a detailed description of how 
to use the method, and many comparisons between calcula- 
ted and experimental activity coefficients for binary and 
ternary mixtures are given. The method can be used for 
nonelectrolyte solutions made up of two, three o r  more 
different groups. Isomers such as branched hydrocarbons, 
secondary alcohols, and others may be included with good 
results (see also Rasmus~en*~, page 476). 

Gmehling and Onken24'25 also desribe the UNIFAC me- 
thod and present some results. 

2 The UNIFAC method as presented by Predenslund et al. 
does not apply to polymers. As a rough guide, it should 
rarely be applied to mixtures containing components with 
more than ten functional groups. Oishi and Prausnitz 
have most recently extended the UNIFAC method to polymer 
solutions. In the UNIFAC method as applied by Fredens- 
lund et a1.2, the changes in free-volume caused bymixing 

26 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



PREDICTION OF SEPARATION FACTORS 169 

a r e  negl igible .  In  polymer-solvent so lu t ions ,  however, 
these e f f e c t s  a r e  far  from negl igible .  Oishi and Praus- 
n i t z  rewri te  eq. 5 by adding a free-volume term. 

a n  y i  = a n  yiC + an  yiR + FV - 27 

The combinatorial and res idua l  p a r t s  a r e  ca lcu la ted  as 
previously described. The FV term i s  estimated based on 
a r e l a t i o n  proposed by Flory . The r e s u l t s  presented 
by Oishi and Prausni tz  ind ica te  t h a t  the solvent-act ivi-  
t i e s  i n  solvent-polymer systems calculated f r o m  TJNIFAC 
alone a r e  t o o  l o w .  The free-volume cor rec t ion  improve 
the  pred ic t ions  s o  t h a t  the agreement with experiment i s  
within 2 10%. It should be noted t h a t  the free-volume 
term does  not requi re  ex t ra  ad jus tab le  parameters. 

27 

Comparison Between ASOG and UNIFAC 

The UNIFAC method w a s  not published before 197512. 
Only a few authors  have therefore  made comparisons be- 
tween the  UNIFAC and ASOG methods. 

Roekens and Verhoeye28 compare experimental values 
o f  azeotropic temperatures and compositions f o r  var ious 
alkane/alcohol mixtures with values computed by means o f  
4 d i f f e ren t  methods. One of these i s  the TJNIFAC method 
and the remaining three  a re  ASOG variants :  1) eq. 
and eq. 2, 2 )  eq. 10 and eq. 2, 3) eq. 13/14 and 
eq. 2 mult ipl ied by a f ac to r  o f  1 . 6  ( see  t h e  section: 
Methods S i m i l a r  t o  the  ASOG Method). 

A l l  four  methods y i e ld  excel lent  predict ions.  UNIFAC 

Messow e t  a l .  29 compare experimental and computed 

and ASOG va r i an t  1) a re  the  bes t .  

values o f  the  excess Gibbs energy f o r  binary mixtures. 
They use equimolar mixtures o f  a solvent (cyclohexane, 
benzene, toluene, acetone o r  2-butanone) and an alkane. 
For  each solvent d i f f e r e n t  alkanes with a carbon a t o m  
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170 USMUSSEN AND FREDENSLUND 

number between 5 and 20 a r e  used, Even though the  i n t e r -  
ac t ion  parameters used f o r  the U N I F A C  method and f o r  t he  
ASOG methods a r e  determined from experimental data w i t h  
lower alkanes (alkanes w i t h  a number o f  carbon a t o m s l e s s  
than t e n ) ,  the  agreement between experimental and calcu- 
l a t e d  values i s  good f o r  a l l  the mixtures. Messow e t  al .  
conclude that i t  i s  not possible  t o  d i s t inguish  between 
the  U N I F A C  and the ASOG methods with respect  t o  accuracy. 

A s  a general  remark we may add that a r e a l  comparison 
between ASOG and U N I F A C  i s  r a t h e r  d i f f i c u l t .  A s  s t a t ed  
by Messow e t  a l .  it i s  not possible  t o  see much d i f fe ren-  
ce i n  the accuracy o f  t he  predict ions.  B o t h  methods give 
as a crude average the a c t i v i t y  coe f f i c i en t s  with an 
accuracy of 5 10%. Yet we think t h a t  a t  present the  
U N I F A C  method does have some advantages compared w i t h  
ASOG methods. ( F o r  obvious reasone, our point o f  view 
may be s l i g h t l y  biased but i t  i s  supported by o thers ,  see 
f .ex.  Palmer23, p. 451 . )  

1) The U N I F A C  method has a broad range o f  applica- 
b i l i t y  because a l a rge  number of i n t e rac t ion  
parameters ha s been pub1 i shed. 

The m o s t  severe l i m i t a t i o n  t o  the  appl icabi-  
l i t y  o f  the  ASOG method i s  t h a t  only a l imited 
number of group in t e rac t ion  parameters a r e  pub- 
l i shed  i n  the  open l i t e r a t u r e ,  Most  of the  pub- 
l i shed  work has centered on a l imited number o f  
groups, and the groups have been the  same i n  most 
of the  publications.  

Some i n d u s t r i a l  companies do have extensive 
l ists  of ASOG parameters appl icable  t o  mixtures 
which a r e  of importance t o  the  company. The 
possession of such a list i s  indicated by van 
Aken e t  a l .  30 . 
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PREDICTION OF SEPARATION FACTORS 171 

2 )  The group interaction parameters are much less 
dependent on temperature for UNIFAC than for 
ASOG. 

The UNIFAC method is based on the UNIQUAC model, 
and hence the relations for the calculation of 
the combinatorial and residual terms are theore- 
tically based. Much of the arbitrariness in the 
choice of equations for the two terms in ASOG is 
thus removed and the user will have no difficul- 
ties in defining the structural groups building 
up a given mixture. 

The differences in molecular structures are taken 
closely into account by the use not only of the 
group volumes but also the group areas. 

3 )  

4) 

Liquid-Liquid Equilibria 

For the design and operation of liquid-liquid extrac- 
tion and azeotropic distillation apparatus it is essen- 
tial to know the compositions of the two liquid phases 
in equilibrium. 

The condition for equilibrium between two liquid 
phases I and I1 containing different components is: 

28 - i = 1,2 ... M IIy I1 x i IYiI = x i i 

Several attempts have been made to use the ASOG and 
UNIFAC methods to predict the liquid-liquid equilibrium 
compositions. In general, the interaction parameters 
estimated from vapor-liquid equilibrium data are not the 
best f o r  predicting liquid-liquid equilibria and vice 
versa. 

The use of the UNIFAC method for liquid-liquid cal- 
culations is described by Fredenslund et al. . Predic- 
tion of liquid-liquid equilibrium compositions has been 

2 
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172 RASMUSSEN AND FREDENSLUND 

carried out for several ternary systems exhibiting phase- 
splitting. In general the UNIFAC method yields a phase- 
split in cases where such occurs, but the predicted li- 
quid compositions are usually not quantitatively accept- 
able for the design of extraction cascades. It has to 
be noted that only vapor-liquid equilibrium based para- 
meters have been used in these calculations. 

ASOG methods are also described for liquid-liquid 

Tochigi and KO jima31discuss the prediction of liquid- 

calculations P,32 

liquid equilibria for 9 ternary systems made up of CH2 
(=  CH ) , OH and CO groups at 2 5  
rameters were estimated from vapor-liquid equilibrium 
data. 

0 C and 37.8 OC. The pa- 3 

Sugi and Kata~ama~~ measure liquid-liquid equilibrium 
data for three different aqueous alcohol solutions. 
Based on the data for the mutual solubility of the water- 
1-butanol system at 25 C they determine the group-inter- 
action parameters aCH2/0H and aOUCH2. 
are then used for the prediction of liquid-liquid equi- 
libria for all the other measured systems. 

0 

These parameters 

The agreement between experimental and calculated 
equilibrium compositions is not too convincing in either 
of the two articles. 

There is a strong need for more work on methods for 
the correlation and prediction of liquid-liquid equili- 
bria. Such work is at the moment going on at our depart- 
ment and at other universities, and we can only hope for 
good and rapid progress in these activities. 

Solid-Liquid Equilibria 

Gmehling et a1.33 have most recently used 
method to calculate the solubility of a solid 

the UNIFAC 
2 in a 
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PREDICTION OF SEPARATION FACTORS 173 

liquid solvent 1. Such solubilities of solids in pure 
and mixed solvents are of interest in chemical process 
design, especially when process conditions must be spe- 
cified to prevent precipitation of a solid. 

As a basis for the calculations, Gmehling et al. use 
the following relation which is derived from standard 
thermodynamic considerations 

3 T  -1) 
y2x2 = 

where Y 2  is the activity coefficient of the solidifying 
component in the solution, x2 is the mole fraction, AHf 
is the heat of fusion, Tm is the melting temperature of 
pure solid, and T is the temperature of the system. 

Gmehling et al. apply the previously determined in- 
teraction parameters2 based on vapor-liquid equilibrium 
data to calculate the activity coefficient y2. 

ties of naphthalene, anthracene and phenanthrene in var- 
ious solvents like alcohols, diethyl ether, acetone, 
chloroform, tetrachloromethane, hexane and acetic acid 
are calculated. There is a remarkable good agreement 
between experimental results and solubilities calculated 
using UNIFAC. UNIFAC does also in general predict eutec- 
tic temperatures and compositions, which are in good 
agreement with experiments. 

bilities of nonelectrolyte solids in mixed solvents, 
Gmehling et al. have found. some data for the solubility 
of naphthalene in alcohol-water mixtures and for the 
solubility of anthracene in mixtures of acetone and etha- 
nol. The experimental and predicted solubilities agree 
well in most cases. 

Solubili- 

Few experimental data have been reported on the solu- 
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174 RASMUSSEN AND FREDENSLUND 

Other Group Contribution Methods 

A recent group-contribution model for phase equili- 
bria, Nitta et a1.34 and Nitta et al.23, page 421, de- 
rives - as does UNIFAC - from the lattice model for the 
liquid state. A n  equation for the configurational parti- 
tion function for the mixture of groups forms the basis 
for calculating all liquid phase thermodynamic properties 
such as activity coefficients, heats of mixing, andmolar 
volumes. ASOG and UNIFAC can not be used to predict vo- 
lumetric properties. However, the model by Nitta et al. 
suffers from the serious disadvantage that the method can 
not give the activity coefficients explicitly as func- 
tions of mole fractions and temperature. This means that 
additional trial-and-error calculations must be carried 
out in the determination of separation factors. 

At present, Nitta et al. give group parameters for 
mixtures of alkanes, alcohols and ketones only. For 
these mixtures, the predicted activity coefficients 
appear to be of similar accuracy as those resulting from 
ASOG and UNIFAC. 

Because of their roots in lattice theory, ASOG, UNI-  
FAC, and the model by Nitta et al. can only be used to 
predict liquid phase properties. A group-contribution 
model which can predict simultaneously the thermodynamic 
properties of liquid and vapor phases would be a decided 
improvement. This would enable the prediction of high- 
pressure phase equilibria, Henry constants, and other 
such properties. 
429 and C~mningham~~ may ultimately lead to a model of 
this type. 

A n  approach suggested by Wil~on*~, page 

Wilson derives an equation o f  state from relations 
f o r  the activity coefficients in the liquid state. Based 
on a group contribution method for calculation of the 
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PREDICTION OF SEPARATION FACTORS 175 

activity coefficients it is thus possible to derive an 
analogous equation of state. The equation is called the 
PFGC (parameters from group contributions) equation of 
state. 

The PFGC equation was used to simultaneously calcu- 
late vapor- and liquid-phase non-idealities: vapor pres- 
sures, densities, K-values and infinite dilution activi- 
ty coefficients. The equation appears suitable for both 
polar and non-polar compounds. 

More work is needed to see if a general equation of 
state applicable both in the vapor and liquid phaseeven- 
tually may be derived based on the ideas behind the PFGC 
e quat i on. 

In the solution-of-groups approximation, there is no 
difference between a mixture of two or more components 
and a pure substance as long as the groups and the group 
fractions in the liquids are identical. This means that 
f.ex. the UNIFAC method can be used not only formixtures 
but also for pure compounds, Hence it should be possible 
at least in principle to estimate group interaction para- 
meters from pure component properties f.ex. vapor pres- 
sures. 

Fredenslund and Rasm~ssen~~ have extended the UNIFAC 
method into correlations which are capable of predicting 
simultaneously pure-component vapor pressures and stand- 
ard Gibbs energies of formation and mixture vapor-liquid 
equilibrium compositions. The results support the ap- 
proach, but it is not yet possible to use the method for 
accurate estimation of interaction parameters from pure 
component properties. 

has used an equation of state approach to 
relate the vapor pressure of pure compounds from the 
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176 RASMUSSEN AND FREDENSLUND 

properties of the constituent groups, The method as- 
sumes that interacting groups are small enough that they 
can be considered as interacting spheres, and that the 
properties of materials can be correlated in terms of 
entropy (non-interacting hard spheres, joining inter- 
changeable lattice groups, polar effects) and energy 
(ideal and non-ideal interacting between groups) contri- 
butions. Good representation of vapor pressures was 
obtained. 

Conclusion 

Our review shows that it is possible to predict with 
reasonable accuracy vapor-liquid equilibria for systems 
for which we have no experimental information. 

The different methods are all based on the group-con- 
tribution concept, i.e. the liquid mixtures are consid- 
ered as solutions of structural groups and not of the 
actual molecules. This is necessarily an approximation 
because any group within a molecule is not completely 
independent of the other groups within that molecule. 
But it is precisely this independence which is the basis 
for every group-contribution method, Despite this ap- 
proximative character, the group-contribution methods 
have evolved into effective and reliable tools to beused 
by the design engineer. 

ASOG and U N I F A C  are the methods which are fur- 
thest developed, It is not possible to make a conclusive 
comparison between these two methods, but the potential 
user will find it more easy to implement the U N I F A C  me- 
thod than the ASOG methods. The reason for this is that 
all the necessary information and parameters for the 
use of U N I F A C  have been published in a ready-to-use 
form . 2,14 
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PREDICTION OF SEPARATION FACTORS 177 

Most o f  the  published work has centered on vapor- 
l i q u i d  equ i l ib r i a ,  and hence the  in t e rac t ion  parameters 
a r e  mostly based on experimental data  f o r  vapor-liquid 
equ i l ib r i a .  It may be dangerous t o  extend t h e  applica- 
t i o n  of  the methods t o  other  a reas  without changing the 
parameters. I n  the review we have shor t ly  discussed the  
problems w i t h  the  pred ic t ion  of l iquid- l iquid equ i l ib r i a .  
The same problems a r e  encountered i n  the  recent a t tempts  
t o  co r re l a t e  and predic t  hea t s  of mixing by means of the 
ASOG and UNIFAC methods. The l i s t  of references does 
include some publ icat ions f r o m  t h i s  area: 
ASOG 

UNIFAC*’ 38; 
3 9,40 ,41,42 

A s  a f i n a l  conclusion, we may add t h a t  even though 
we have good procedures f o r  pred ic t ing  vapor-liquid 
e q u i l i b r i a  at l o w  t o  moderate pressures  f o r  many mixtures 
o f  i n d u s t r i a l  i n t e r e s t ,  it would s t i l l  be extremely help- 
f u l  i f  more d i f f e ren t  groups were included. 

L i s t  o f  Symbols 

in t e rac t ion  parameter between groups n and m 

fugaci ty  o f  component i fi  

f; l i q u i d  phase reference fugaci ty  

heat o f  fusion 

separat ion f a c t o r  f o r  component i (z yi/xi) 

llHf 

Ki 

M number o f  components i n  a mixture 

N number of groups i n  a system 

number o f  a t o m s  (o the r  than hydrogen) i n  
component i 

ni 
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P 
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pressure 

S 
'i 

qi 

'k 

'i 

Rk 

R 

'i 

1 

Tm 

'i 

i X 

Fk 
Yi 

"i 
C 

"i 
R 
"i 

rk 

'i 

vapor pressure of pure component i 

area parameter for pure component i 

area parameter for group k 

size parameter for pure component i 

volume parameter for group k 

the gas constant 

number of size groups in component i 

temperature 

melting point 

molar liquid volume of component i 

liquid phase mole fraction of component i 

group fraction of group k 

vapor phase mole fraction of component i 

activity coefficient of component i 

combinatorial part of the activity coefficientyi 

residual part of the activity coefficient yi 

activity coefficient of group k 

activity coefficient of group k in pure 
component i 

area fraction of component i 
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area fraction of group k 

number of interaction groups of kind k in 
component i 

'k 
(i) 
k v 

P 

qi 

relative size ratio ( z  s1/s2) 

fugacity coefficient of component i 

volume fraction of component i 'i 
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