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ABSTRACT: The Lattice-Fluid (LF) theory of r-mer mixtures, as modified recently by the 
author, is reformulated in terms of contributions of functional groups. The model is applied to the 
homologous series of n-alkanes and their mixtures which can be represented by appropriate 
combinations of only two groups: -CH3 and -CH2-. A single set of scaling constants for each of 
these groups has been used for all the investigated properties at all external conditions. The 
development is in conformity with the principle of congruence. The performance of the model is 
satisfactory. Comparison with the corresponding formulation of Flory's equation-of-state theory is, 
also, discussed. 
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Group contribution methods have been 
proved the most prominent tools in chemical 
thermodynamics for the prediction of the ther­
mophysical behavior of complex systems. 
Their value lies in the relatively small number 
of parameters needed for the description of a 
large diversity of systems. For instance, all 
normal alkanes and alkanols and all mixtures 
thereof may be conceived as consisting of 
appropriate combinations of only three 
groups, namely, ---CH2-, -CH3 , and -OH. 
Thus, instead of seeking the determination of 
the model parameters of all pure components 
and the multicomponent parameters of all 
conceivable combinations of mixtures, one has 
to evaluate in the previous example the model 
parameters for, only, the three groups and 
their interaction parameters. 

In the thermodynamics of polymer mix­
tures, group contribution methods play a par­
ticularly important role since they may form 
the basis for consistent treatments of copoly­
mer mixtures1 and chain-end effects in oligo-

mers and high polymers. 
In a series of recent papers2 - 4 we have 

presented a modified Lattice-Fluid (LF) 
theory of r-mer mixtures and discussed its 
advantages over, both, the original theory of 
Sanchez and Lacombe5 and the equation-of­
state theory of Flory and his collaborators.6 - 8 

In this work we are reformulating the LF 
theory in terms of contributions of functional 
groups. In this formulation we are centering 
our attention to the number and the type of the 
present groups regardless of the type of mol­
ecules they belong to. In order to test the 
validity of this approach we have chosen as 
model systems the homologous normal par­
affins and their mixtures. The effects of the 
characteristic properties of the component liq­
uids on the properties of their mixtures are 
nowhere more clearly manifest than in these 
mixtures. It is shown that group contributions 
may easily account for the negative volumes 
and the positive enthalpies of mixing in these 
mixtures and their variation with temperature. 
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THEORY 

The formalism of the group-contribution 
approach is equally valid to pur:e components 
and to mixtures. We will, then, present directly 
the case of mixtures. Let in our system be K 
kinds of groups, belonging to z types of mol­
ecules. As in the molecular version of the 
Lattice-Fluid theory3 each group of type L is 
characterized by three equation-of-state pa­
rameters, namely, a characteristic temperature 
T[, a characteristic pressure Pf and a charac­
teristic density pt- An equivalent set of scaling 
constants is a number of segments per group, 
rL, a segmental close packed volume, vt, and a 
characteristic interaction energy, i;L, for an 
external contact between two groups of type L. 
If ML is the mo Jar mass of the group L and SL 
the average number of external contacts per 
segment, the following relations between the 
scaling constants hold: 

*- ML VL---* 
rLpL 

(1) 

(6) 

Let N be the total number of molecules in our 
system, or 

N=N1 +N2 + · · · +N1+ · · · +N, (7) 

N 1 being the number of molecules of type t. 
Molar segment fractions and surface fractions 
of component t in the mixture are defined as 
following 

<pt 
Nl<1> Nl<i> 

(8) 
IN/i) rN 

91 
N1r<t)s<1> Nit)s<1> 

(9) 
IN/ns<n rSN 

On the basis of these definitions, the overall 
segment fraction of group L in our multi­
component-multigroup system is given by 

(10) 

while the overall surface fraction of group L in 
(2) the system is 

where k is Boltzmann's constant. 
Let vLt be the number of groups of type L in 

the molecule of type t. The total number of 
segments in the molecule t is 

r<t)_ '°' v r - L, Lt L 
L 

(3) 

while the total number of external contacts per 
molecule is 

r(t)s(t)= I vLtrLSL 

L 

(4) 

The segment fraction of group L m pure 
compound (molecule) t is 

(5) 

The surface fraction of group L in pure mol­
ecule t is 
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(11) 

In the one-fluid approach an average close­
packed volume per segment, v*, in our system 
is obtained from the classical quadratic mixing 
rule 

v*=I<Plvt+2I L <PL<PMvtM (12) 
L L M>L 

Following our previous work2 · 3 the following 
combining rule will be used for v (M 

* ;:. L M (
V *l/3 + v* 1/3)3 

VLM='-,LM 2 (13) 

¢LM being binary adjustable correction param­
eter expected to have values close to unity. 

To complete the set of the scaling constants 
for the mixture we need its characteristic in­
teraction energy, i;*, which is given by 
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s*=I<Ivt-I I <I'Lf~MkTXLM 04) 
L L M>L 

where 

(15) 

T being the absolute temperature of the 
system. 

Berthelot's rule is used for the evaluation of 
the binary interaction energy stM 

(16) 

(LM being a binary adjustable correction pa­
rameter expected to have values close to unity. 

In direct analogy to eq 2 we obtain for the 
characteristic temperature and pressure of the 
system 

B* 
T*=­

k ' 
s* 

P*=­
v* 

(17) 

These parameters may be used to scale the 
temperature T and pressure P of the system 
giving for the corresponding reduced quan­
tities 

- p 
P=­

P* 
(18) 

The total volume of the system is given by 

V=rNv*v (19) 

The reduced volume v may be obtained from 
the equation of state which, according to the 
Lattice-Fluid theory,3 · 5 may be written as 

P+p2 +t[1n(l-p)+(1-+ )p]=o (20) 

j5 being the reduced density (j5= 1/v). The 
excess volume is, then, given by 

VE= V- Ir<t)N1v*<t)v<t> 

=rN [v*6- cp1v*<1>v<1>] (21) 

The potential energy of the system is given by 
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rNs* 
-E=-­v 

and the excess enthalpy by 

HE=E+Pv- I(£<tl+Pv1t)) 

(22) 

=rN(~cp1p1t)st<t)-ps*)+PVE (23) 

All quantities with superscript t in eq 21 and 
23 refer, of course, to molecules of type t. 
Application, for instance, of eq I 4 to pure 
component t gives for s*<0 

s*1t)=I<P~>st=I L <P~>e~kTXLM (14a) 
L L M>L 

APPLICATIONS 

As pointed out earlier, the most appropriate 
class of systems for testing the above model are 
the homologous series of normal alkanes and 
their mixtures. The molar excess volume, VE, 
for these mixtures is negative and its magni­
tude increases rapidly with temperature. The 
molar excess enthalpy, HE, is positive at or­
dinary temperature but decreases markedly 
with temperature becoming negative at suf­
ficiently elevated temperatures. 

Description of the homologous series of 
normal paraffins can be made by considering 
contributions of only two groups: -CH3 and 
-CH2-. The parameters needed, then, are: 
three scaling constants for each of the two 
groups, the binary adjustable parameters~ and 
( of eq 13 and 16 and the "molecular" binary 
parameter Sctt)Scttz· For simplicity, the fol­
lowing steps have been taken in this work for 
the specification of the above parameters. 

High polyethylene has been considered as 
consisting of only -CH2- groups and, thus, the 
LF parameters for -CH2- have been obtained 
from the literature values of the correspond­
ing parameters for polyethylene. 5 Since the 
majority of systems of interest in this work are 
at much lower denisities than the high density 
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Figure I. Experimental6 •7 and calculated densities of normal paraffin liquids vs. the number of carbon 
atoms. 0, 20°C; D, 50°C; A, I00°C; 'v, 150°C. 

polyethylene and with some degree of arbitra­
riness we have taken as characteristic scaling 
constants for the ---CH2- group the arithmetic 
mean of the corresponding constants for the 
HOPE and the LDPE,5 or, Tttti =661K, 
utH2 =14.15 cm3 mol- 1 , rrn2 =l.ll8. No fur­
ther adjustment of these parameters has been 
made throughout. 

Both binary parameters, and (, have been 
taken equal to unity. 

The scaling constants for ---CH3 have been 
obtained from reduction of experimental data 
on densities of n-alkanes from C5 to C40 and 
from 20°C to 150°C. Various sets of LF con­
stants reproduce equally well these experimen­
tal data. In addition there is no unambiguous 
procedure for the evaluation of the ratio Sett) 
Srn,.6 - 8 Fine adjustments of it and concom­
itant adjustments of the LF constants for the 
---CH3 group have been made in such a way 
that the excess enthalpy of the equimolar 
mixture of n-Hexane+n-Hexadecane between 
30°C and 40°C be correctly estimated. No 
other mixture data have been used for the 
estimation of these parameters. The values 
thus obtained are: TtH, =401 K, Uttt, = 
13.40cm3 mol- 1, rctt,=1.951 and Srn,/Sctt,= 
0.62. 

In Figure I are shown experimental and 
calculated densities for normal paraffin liquids 
from 20°C to l 50°C. Calculated values are the 
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Figure 2. Experimental 11 and calculated excess vol­
umes for the system n-Hexane(l)+n-Hedadecane(2). 
0, data at 20°c; e, data at 40°C; D, data at 60°C. --, 
calculated with the present model;----, calculated with 
Flory's model. 8 

result of the above mentioned optlm1zation 
scheme through which only three parameters 
were kept adjustable (TtH,• uttt,, rcHJ On the 
basis of these parameters we have calculated 
the excess volumes for a number of equimolar 
binary mixtures of n-alkanes. Experimental 
and calculated excess volumes are shown in 
Table I, where are shown, also, the calculated 
values with the new Flory theory.8 Notice that 
all equation-of-state parameters in the Flory 
theory are temperature dependent and, in ad­
dition, its binary parameter X 12 was treated as 
adjustable. In view of this, the performance of 
our elementary model is rather satisfactory. In 
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Table I. Excess volumes of equimolar 
n-alkane mixtures 

System 

C7+C24 
C7+C,6 
C8 +C,6 

Cs+C24 
C8 +C,2 
C8 +C,6 
C9+C16 
C9+C24 

Temp 

oc 

20 
25 
35 
20 
25 
30 
40 
50 
60 
51 
25 
35 
20 
25 
40 
76 
76 
76 
20 
30 
50 
76 

106 
106 
96 

106 
126 
76 

106 
96 

106 
20 
30 

Experimental 

-0.31 3 

-0.3Sb 
-0.38b 
-o.49a,c 
-0.56•-b 
-0.58' 
-0.69' 
-0.82" 
-0.97' 
- 1.19d 
-0.17b 
-0.20b 
-0.31· 
-0.343 
-0.45" 
-0.77d 
-1.22d 
- l.56d 
-0.19• 
-0.21· 
-0.33 3 

-0.48d 
-0.74d 
-1.33d 
- l.49d 
- l.85d 
-0.61d 
-0.63d 
-0.96d 
- l.25d 
- l.4Jd 
-0.07• 
-0.09• 

Calculated 

Flory' 
Present 
model 

-0.34 -0.32 
-0.37 -0.35 
-0.44 -0.39 
-0.56 -0.53 
-0.61 -0.57 
-0.65 -0.61 
-0.76 -0.69 
-0.89 -0.78 
- I.OS -0.89 
-1.34 - l.19 
-0.23 -0.19 
-0.26 -0.22 
-0.40 -0.35 
-0.42 -0.37 
-0.50 -0.44 
-0.74 -0.70 
-1.24 -1.14 
-1.77 -1.53 
-0.24 -0.22 
-0.27 -0.25 
-0.36 -0.32 
-0.52 -0.44 
-0.82 -0.64 
-1.46 -1.18 
-1.61 -1.36 
-2.07 -1.65 
-0.70 -0.51 
-0.62 -0.61 
-1.05 -0.86 
-1.39 -1.16 
-1.59 -1.30 
-0.10 -0.09 
-0.10 -0.10 

• Reference 12. b Reference 13. ' Reference I I. 
d Reference I 0. ' Reference 8. 

Figure 2 are shown experimental and calcu­
lated VE for the system n-Hexane+n­
Hexadecane over the complete composition 
range. The model properly predicts the effect 
of composition on VE for this system while the 
predicted effect of temperature is qualitatively 
correct. With the same set of characteristic 
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Table II. Excess enthalpies of equimolar 
n-alkane mixtures 

Temp 
System 

C6+C10 
C6+C12 
C6+C16 

oc 

20 
20 
20 
30 
40 
50 
60 
51 
60 
76 

C7+C,6 20 
25 
50 

C7+C36 76 
C8 +C16 20 
C8 +C24 51 

76 
96 

106 
C8 +C32 76 
C9 +C36 76 
C10 +C16 20 

30 
73 

c,6+c,6 76 

• Reference 14. 
d Reference 17. 
• Reference 20. 

Experimental 

4• 
11 b,c 
3]d 
23d 

16' 
8d 

4' 
33" 
22' 
6' 

263 

23r 
10r 

31' 
21· 
28' 
10' 

-1' 
-6' 
23' 
29' 
12,3 10• 
8" 
4• 

14' 

b Reference 15. 
' Reference 18. 
• Reference 8. 

Calculated 

Floryh 

7 
12 
23 
21 
19 
16 
13 
31 
27 

Present 
model 

7 
12 
22 
21 
19 
17 
14 
30 
26 

19 20 
16 16 
16 15 
13 12 
35 27 
12 II 
21 19 
16 14 
II 9 
8 6 

24 21 
26 20 
5 5 
5 5 
4 3 
9 7 

' Reference I 6. 
r Reference 19. 

parameters we have calculated the excess en­
thalpies of a number of equimolar binary 
mixtures, of normal paraffins. Experimental 
and calculated HE with, both, the Flory 
theory8 and the present model are shown in 
Table II. Once again the performance of the 
LF group contribution model is satisfactory 
and comparable with the Flory's model which 
uses many more adjustable parameters. The 
comments made previously concerning the 
predictions for the effect of composition and 
temperature on VE are valid for the HE also. 
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DISCUSSION 

The development of the group contribution 
model in this work is in conformity with 
Bronsted 's principle of congruence. 9 · 1 ° Ac­
cording to this principle, a property of the 
mixture of components I and 2 such as the 
molar volume or the molar enthalpy should 
equal that for the intermediate homolog for 
which Nc = L xiNci• Nc being the number of 
carbon atoms in the molecule. In fact the 
present approach goes beyond the principle of 
congruence as it may predict not only the 
properties of the mixtures from the properties 
of their pure components but, also, the proper­
ties of the pure components at any (in prin­
ciple) external conditions. It must be noticed 
that in the present treatment we have not given 
emphasis on the mere agreement between ex­
perimental and calculated values but rather, 
on the development of a most simple and 
consistent group contribution model which is 
at least as good as similar models in the litera­
ture and which may, certainly, form the basis 
for more refined treatments. All calculations in 
this work have been made by treating as 
adjustable parameters, only the three scaling 
constants of group -CH3 and, to a lesser 
extend, the characteristic molecular parameter 
Srn)Srn,· Adjustment of the corresponding 
parameters for group -CH2- and use of an 
overall optimization scheme would, certainly, 
improve the performance of the model. 

The present model has, of course, all basic 
drawbacks of the molecular Lattice-Fluid 
theory. 2 - 5 The later is an approximate model 
of the fluid state. As with all similar models, 
the set of the characteristic scaling constants 
for a pure compound depends strongly on the 
property(ies) which has been used in the data 
reduction for the estimation of these constants. 
In this work we have used only volumetric 
properties for n-alkane liquids and high poly­
ethylenes for the estimation of the scaling 
constants for groups -CH3 and -CH2-. The 
comparison, thus, with the new Flory theory 
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has been made, in this respect, on an equal 
basis. However, the LF theory predicts vapor­
liquid transition and, thus, other thermophysi­
cal properties such as vapor pressures, heats of 
vaporization and orthobaric densities may, 
also, be used for the estimation of the scaling 
constants. Evaluations of the chemical poten­
tials or the activity coefficients are more ap­
propriately done with scaling constants ob­
tained from these later properties than the 
volumetric properties. 2 -s Work along these 
lines, but mainly oriented to small molecules, 
is underway in our Laboratory. 
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