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ABSTRACT 

A groupcontibution method similar to the UNIFAC model is presented for the esti- 
mation of liquid phase activity coefficients. The method is based on an extension of the 
effective UNIQUAC equation, which represents well vapor-liquid equilibria of alcohol- 
saturated hydrocarbon mixtures with two parameters. Group-interaction parameters for 
35 groups are obtained from experimental vapor-liquid equilibrium and solubility data. 
Activity coefficients in many binary and multicomponent mixtures may be estimated 
with good accuracy_ Calculations are carried out for vapor-liquid, liquid--liquid, and 
solid-liquid equilibria. Both UNIFAC and effective UNIFAC seem to provide com- 
parable results in most cases. The method, like the SIGMA of Vera, may be used for the 
prediction of both vapor-liquid equilibrium and excess enthalpy data for binary and 
ternary systems containing CH2, CCOH, and CC1 groups. 

NOTATION 

hE 

Ahf 
Hk 

HZ’ 
P 
Pi” 
4i 

Qk 
pi 
& 
R 

group interaction parameter 
coefficient of group interaction parameter 
second virial coefficient for i-j interaction 
coefficient of group-interaction parameter 
effective UNIQUAC parameter defined by eqn. (5) 
excess enthalpy 
enthalpy of fusion 
excess enthalpy of group k 
excess enthalpy of group k in pure component i 
total pressure 
saturat$on pressure of pure component i 
pure conlponent area parameter of component i 
group area parameter for group k 
pure component volume parameter of component i 
group volume parameter for group k 
gas constant 
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T absolute temperature 
Tin melting temperature 

%i effective UNIQUAC binary interaction parameter 
U,, energy parameter for m-n interaction 
VF 1 molar liquid volume of pure component i 

2k 
liquid phase mole fraction of component i 
group fraction for group k 

Yi vapor phase mole fraction of component i 
z lattice coordination number, here equal to 10 

Greek letters 

Iyi activity coefficient of component i 
&s residual activity coefficient of group k 
I’$) residual activity coefficient of group k in pure component i 
#i fugacity coefficient .of component i 
@f fugacity coefficient of pure component i at its saturation pressure 

@i segment fraction of component i 
vki number of group of kind k in molecular species i 

61 area fraction of component i 
Ok area fraction of group k 
ti effective UNIFAC parameter defined in eqn. (11) 
q,“, derivative with respect to temperature of $J,, 

Subscripts 
f fusion 
i, j component 
k molecular group 
m melting in T,; otherwise refers to molecular group 
n molecular group 

Superscripts 
c combinatorial 
L liquid phase 
R residual 
S saturation pressure in Pi’ and 4” ; otherwise refers to solid phase 
I, II liquid phase 

INTRODUCTION 

The group-contribution concept has been used to estimate various 
physico-chemical properties of pure compounds such as densities, heat 
capacities, and critical constants and subsequently applied to calculate activ- 
ity coeffients in liquid mixtures, because the desired experimental data are 
often not available in the literature. The most significant approaches on the 
latter subject are the ASOG (Analytical Solution of Groups) method [l-3] 
and the UNIFAC (TJNIQUAC Functional Group Activity Coefficients) meth- 
od [ 4-101. The UNIFAC method, in principle, is similar to the ASOG meth- 
od. The UNIFAC method is based on the UNIQUAC equation [ll], which 
contains a combinatorial term due to differences in size and shape of the 
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molecules in the mixtures and a residual part due to energy interaction. It 
has been shown that the UNIFAC method has three advantages over the 
ASOG method [S,lO ] : (1) UNIFAC has a wellclefined molecular basis for 
establishing group sixes and shapes; (2) UNIFAC parameters are not strongly 
temperature-dependent for the temperature range studied; (3) UNIFAC 
parameters gore available for many various functional groups. SkjoldJ&gen- 
sen et al. [9] have reported extensions and revisions of the UNIFAC parame- 
ter tables. 

Nagata and Katoh [12] presented the effective UNIQUAC equation, 
which shows some advantages over the original UNIQUAC equation in repre- 
senting phase equilibria for non-ideal mixtures. In this work, we report 
another group-contribution method based on the effective UNIQUAC equa- 
tion in the calcuiations of vapodquid, liquid--liquid, and solid-liquid 
equilibria. The method has been tested for the prediction of vaporliquid 
equilibria and excess enthalpy data for alkane, alcohol, and chloroalkane sys- 
tems. 

EFFECTIVE UNLFAC METHOD 

The two-parameter effective UNIQUAC equation [12] in a multicompo- 
nent system is expressed by 

in Ti = ln y: (combinatorial) + In $ (residual) (1) 

where 

lIl$= (In *i/Xi + 1 - *i/Xi) - (Z/Z) qi(iIl @i/ei + 1 - *i/ei) (2) 

(3) 

@i = riXi/C rjXj , ei = 4ixi/C QjXj (4) 
i j 

Gji = (qj/qi) exPC+uji - Uii)/RTl (5) 

In eqns. (V-o), Xi is the liquid phase mole fraction, @i is the segment 
fraction, and 0i is the area fraction. Pure component structural parameters ri 
and qi are the van der Waals molecular volumes and areas 111,131. The coor- 
dination number 2 is equal to 10. The combinatorial term ln rf contains 
only two composition variables: the average area fraction 8 and the average 
segment fraction Cp. The two parameters per binary (~+i - Uii) and (Uij - Ujj) 
are obtained from experimental phase equilibrium data. No ternary pareme- 
ters are necessary for a muiticomponent system. 

The combinatorial term of the effective UNIFAC method is the same as in 
effective UNIQUAC. Parameters ri and qi are obtained by the sum of the 
group volume and area parameters given in Table 1 [ 4,5,9]. 

ri = c VkiRk , ‘?i = c “k&k (6) 
k k 
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where vki is the number 
integer. ln $ is given by 
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of groups of type k in molecule i and is always an 

(7) 

where rk is the group residual activity coefficient and l?&‘) is the residual 
activity coefficient of group k in a reference solution containing only mole- 
cules of type i. In JY, and ln J?g) are calculated from the equation 

h r, = 1-ln 
( 

c x,\k* 
m E4~) 

(8) 
P 

using the group dictions X, in the mixture for ln r, and the group fractions 
*A) in pure component i for ln I’g). The mole diction of group k in the 
mixture is given by 

Xm = CVdXj /c C VeXj 
j j n 

(9) 

For pure component i, eqn. (9) reduces to 

x2’ = v,/cv,, 
II (16) 

The group interaction parameter ?I?,, is given by 

* mn = (Qm/Qn) ~PC-(Urnn - GJIJW = (Qm/Qd =P(---G,/T) (11) 

where I&.,, is the energy of interaction between groups m and n. The group 
interaction parameters a,, and anm (a,, # a& must be systematically 
evaluated from the existing literature concerning phase equilibrium data 
[ 14-161 as shown in Table 2. 

BASIC PHASE EQUILIBRIUM EQUATIONS 

We can summarize the following equations for three-phase equilibria [ 171. 
Vapor-liquid equilibria under normal pressures are calculated by 

WiP = WY&G =P c$v - e l/R Tl (12) 

where yi is the vapor phase mole haction, 4 is the vapor phase fugacity coef- 
ficient, VP is the molar liquid volume, e is the saturation pressure, and P is 
the total pressure. 

The fugacity coefficients of pure components and components in a mix- 
ture are calculated from the second virial coefficients Bii. 

In @i = (P/RT) -x C YiYjBLj) 

j 1 

(13) 

The pure component and cross-virial coefficients are calculated from the 
correlation of Hayden and O’Connell [ 183. 
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Liquid-liquid equilibrium compositions between two liquid phases (I and 
II) can be calculated by [19] 

fxiTi)’ = (WYiY1 (14) 

The solubility of a solid (component 2) in a liquid solvent (component 1) 
is calculated by eqn. (15) when there is no solubility of component 1. 

$ pure 2 = w2fL 2 (15) 

The ratio UVYpUre 2 is given elsewhere 1173 and its simplified form, which 
neglects terms containing specific heat difference between liquid and solid, 
is 

where Ahf_2 is the enthalpy of fusion, T,_, is the melting temperature of 
pure component 2 and T is the system temperature. The solubility x2 can be 
calculated if the activity coefficient cy2 is estimated by a group-contribution 
method. We must use the approximation 72 = 1 to obtain the ideal solubility. 

RESULTS 

The effective UNIFAC method can predict a better fit of vapor-liquid 
equilibria for alcohol-saturated hydrocarbon systems than the UNIFAC 
method as shown in Table 3. Figures 1 and 2 show typical examples to indi- 

0.8 

0.6 

Yl 

0.4 

0.2 

O-8 

r 
I I I I I 

0.2 0.4 . . 0.6 0.8 1.0 
x1 

150 - 
- EFFECTIVE IJNIFAC 

I I I I 

0.0 0.2 0.4 0.6 0.8 3 

HOLE FRACTION ETHANOL 

Fig. 1. Vapor-liquid equilibria for n-hexane (l)-ethanol (2) at 60°C. 8, Data from ref. 
21. 

Fig. 2. Vapor-liquid equilibria for ethanol-n-heptane at 40°C. 8, Data from ref. 22. 
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TABLE 3 

Prediction of vapor-liquid equilibria for binary alcohol-hydrocarbon systems from 
group-contribution methods 

System 
(component l- 
component 2) 

Methanol-n-hexane 
Ethanol-n-hexane 
Ethanol-n-heptane 
Ethanol-n-octane 

Ethanol-isooctane 
1-Propanol-n-hexane 
1-Propanol-n-heptane 

1-Propanol-x-decane 
l-Butanol-n-decane 
ZPropanol-n-heptane 
2-Propanol-isooctane 

Temp. No. of 
(“C) 

Root-mean square deviation 
data (X 1000) 
points 

Relative press. Vapor mole 
fraction 

Ia II” 
I II 

Ref. 

60 23 75 37 20 
60 8 153 45 56 18 21 
40 10 225 19 89 24 22 
45 17 242 32 55 16 23 
55 19 259 35 60 21 23 
65 18 246 33 57 14 23 
75 19 256 36 70 18 23 
40 18 206 43 86 31 22 
45 5 26 57 11 9 24 
30 9 29 52 25 
60 13 28 53 25 
90 11 104 42 10 7 22 

100 19 33 35 18 18 26 
30 11 45 49 25 
45 20 55 23 37 21 27 

a I = UNIFAC. 
b II = Effective UNIFAC. 

y1 
T = 4S°C - 

T = Ji'C -.' T = 90°C -- 

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0-G 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0 

xl 
x 
1 x 1 x1 

Fig. 3. Vapor-liquid equilibria for binary aicohol-hydrocarbon systems [ 22-24,26,27]. 
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TABLE 4 

Experimental and calculated activity coefficients for binary systems 

System 
(component l-component 2) FC) 

Ref. 

Methanol--hexane 
n-Hexane-methanol 
Ethanol-n-octane 
n-Octane-ethanol 
1-Propanol-benzene 
Benzene-1-propanol 
Methanol-benzene 
Benzene-methanol 
Methanol-toluene 
Toluene-methanol 
n-Octane-phenol 
Phenol--n-octane 
n-Heptane-1,Gdioxane 
l,IDioxane-n-heptane 
1-Octen~l,4_dioxane 
1,4-Dioxane-l-octene 
n-Pentane-acetone 
Acetone-spentane 
1-Hexene-5-nonanone 
5-Nonanone-l-hexene 
Benzene-dipropyl ether 
Dipropyl etherbenzene 
Benzene-acetone 
Acetone-benzene 
Tolueneacetone 
Acetone-toluene 
Methyl acetatpcyclohexane 
Cyclohexane-methyl acetate 
Methyl acetate-benzene 
Benzene-methyl acetate 
Cyclohexane-propionaIdehyde 
Propionaldehyde-cyclohexane 
Hexylamine--n -hexane 
n-Hexane-herrylamine 
Dimethylamine-n-hexane 
n-Hexane-dimethylamine 
AniIine-methylcyclohexane 
Methylcyclohexane-aniline 
n-Butylamine-benzene 
Benzene-n-butyhunine 
Acetonitrilt?benzene 
Benzene-acetonitrile 
Nitromethane-benzene 
Benzene-nitromethane 
n-Hexane-chloroform 
Chloroform--n-hexane 
Carbon disulfide-benzene 
Benzene-carbon disulfide 
Water-benzene 
Benzenewater 
Wate-l-propanol 

60 
60 
45 
45 
45 
45 
35 
35 
70.25 
63.62 

132.41 
125.59 

80 
80 

:: 
45 
45 
60 
60 
70 
70 
45 
45 
45 
45 
35 
35 
50 
50 
45 
45 
60 
60 
20 
20 

100 
100 

70 
70 
45 
45 
45 
45 
35 
35 
25 
25 
25 
25 
90 

0.045 
0.0513 
0.0206 
0.0985 
0.0972 
O-0807 
0.0242 
0.0803 
0.130 
0.073 
O-250 
0.014 
O-049 
0.023 
0.063 
0.120 
0.105 
0.094 
0. 
0. 
0.0751 
0.0350 
0.0916 
0.0470 
0.1974 
0.0688 
0.111 
0.079 
0.080 
0.073 
0.0090 
0.0093 
0.123 
0.094 
0.0498 
0.0440 
0.0976 
0.0763 
0.0720 
0.1135 
0.0940 
0.0427 
0.0445 
0.0399 
0.0991 
0.1005 
0.0581 
0.0211 
0.0027 
0.0004 

13.50 
14.90 
16.36 

6-679 
5.010 
3-738 

11.08 
4.977 
4.574 
5.714 
2.789 
8.730 
3.172 
2.464 
2.393 
1.742 
3.500 
3.861 
1.287 
1.633 
1.052 
1.099 
1.409 
1.531 
1.403 
1.656 
3.167 
3.641 
1.294 
1.321 
4.436 
3.624 
1.546 
1.486 
2003 
2.469 
4.318 
4.979 
1.185 
1.130 
2.300 
2.669 
2.968 
3.072 
1.622 
1.415 
1.343 
1.700 

366.6 
2427. 

11.88 
13.60 
16.30 

6.223 
4.881 
3.470 

11.34 
5.204 
4.454 
5.748 
2.731 
8.730 
3.317 
2484 
2.457 
1.828 
3.577 
3.568 
1.283 
1.564 
1.050 
1.147 
1.327 
1.474 
1.400 
1.583 
3.026 
3.409 
1.290 
1.352 
4.411 
3.599 
1.504 
1.443 
1.871 
2.468 
5.430 
5.049 
1.190 
1.127 
2.130 
2.608 
2.763 
2.897 
1.691 
1.444 
1.325 
1.637 

366.6 
2430. 

0.162 2.674 2.801 

20 

23 

28 

29 

30 

31 

32 

32 

33 

34 

35 

36 

37 

38 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

15 

22 
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TABLE 4 (continued) 

System 
(component l-component 2) 

Xl Yl Yl Ref. 
(exptl.) (calcd.) 

1-Ropanol-water 90 0.111 4.663 
Water-Bpropanol 45 0.1 2.985 
BRopanol-water 45 0.1 4.708 
Wateracetic acid 113.5 0.099 1.745 
Acetic a&l-water 100.1 0.015 2.860 
Wate~cetonitrile 60 0.0529 5.231 
Acetonitrik-water 60 0.0654 7.335 
Butyl acetate-phenol 176.6 0.1300 0.606 
Phenol-butyl acetate 128.6 0.0500 0.558 
3-Pentanone--acetic acid 70 0.0314 1.434 
Acetic acid-3-pentanone 70 0.0890 1.525 
Acetone-chloroform 62.06 0.0563 0.579 
Chlorofo rm-acetone 58.77 0.1609 0.662 
Cbloroform-methanql 61.9 0.095 2.292 
Methanol-chloroform 58.9 0.030 5.345 
Diethyl ether-methanol 55.78 0.0390 3.118 
Methanol-diethyl ether 32.48 0.1716 2.413 
Methanol-water 93.5 0.040 2.093 
Water-methanol 65.0 0.050 1.670 

4.753 
3.135 
5.226 
1.620 
2.911 
5.698 
6.825 
0.606 
0.543 
1.517 
1.432 
0.534 
0.650 
2.384 
5.376 
3.022 
2.475 
2.011 
1.632 

48 

49 

50 

51 

52 

53 

54 

55 

56 

cate the predictive ability of both methods. Figure 3 illustrates experimental 
and calculated vapor mole fractions for some alcohol-hydrocarbon systems. 
Table 4 presents typical experimental and calculated activity coefficients in 
the dilute regions for various binary systems, demonstrating that the effec- 
tive UNIFAC method is able to represent a wide range of mixtures with few 
group P- eters. Table 5 shows some of the predicted results for the 
chloroform-methanol-ethyl acetate system which exhibits positive and 
negative deviations from the Raoult law. Table 6 compares predictions ob- 
tained by the two methods for selected ternary systems. For the ethyl ace- 
tate-ethanol-water system, the effective UNIFAC method shows consider- 
able improvement. 

Prediction of liquid-liquid equilibria has been carried out for four ternary 
systems having a plait point. The data are obtained from Landolt-Bornstein 
[ 603. The agreement between predicted and experimental solubility curves 
are quantitatively good for the water-propionic acid-n-octane and cyclo- 
hexane-ethanol-water systems at 25°C as shown in Figs. 4 and 5. However, 
the predictions agree qualitatively with experimental values for the toluene- 
acetic acid-water and water-2-propanol-chloroform systems at 25OC 
(Figs. 6 and 7). We may state that the prediction of liquid-liquid equilibria 
using group-contribution methods with parameters obtained corn vapor- 
liquid equilibrium data will give results which agree qualitatively with exper- 
iment [ 51. To predict liquid-liquid equilibria well by the present method, 
we should prepare a separate effective UNIFAC group interaction parameter 
table for liquid-liquid equilibria, which are derived from published binary 
and ternary liquid-liquid equilibrium data, and work on such a table is cur- 
rently under way. 



PROPIONIC ACID 
202 

HATER N-OCTANE 

Fig. 4. Liquid-liquid equilibria for water-propionic acid--n-octane at 2S°C [SO]. - - -, 
Effective UNIFAC; - - - - -, UNIFAC; -, experimental. 

ETHANOL 

CYCLOHWNE UATER 

Fig. 5. Liquid-liquid equilibria for cyclohexane-ethanolr at 2S°C [60]. ---, 
Effective UNIFAC, - - - - -, UNIFAC; -, experimental. 
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TABLE 6 

prediction of vapor-liquid equilibria for ternary systems from group-contribution meth- 
OdS 

System Temp. 
or 
press. 

No. of Root-mean square deviation Ref. 
data (X 1000) 
points 

Relative Vapor mole 
press. fraction 

Ia IIb I II 

Ethanol- 
2-butanone- 
benzene 

Acetonitik- 
benzene 
n-heptane 

Ethyl acetate- 
ethanol- 
water 

Ethyl acetate 
ethanol- 
water 

Chloroform- 
methanol- 
ethyl acetate 

1 
24 

25°C 33 44 1 29 11 1 
25 

25 
45°C 51 44 43 10 

20 

4ooc 

7o*c 

1 atm 

111 
9 213 103 61 

100 

98 
9 215 43 

:: 

11 
72 24 17 14 

12 

28 

22 
13 58 
13 

22 
26 59 
24 

10 
18 59 
15 

11 
12 54 
11 

aI = UNIFAC. 
b II = Effective UNIFAC. 

TABLE 7 

Solubility of naphthaiene, anthracene, and phenanthrene in solvents 

Solvent Temp. 
(“C) 

Naphthalene-methanol 40 4.8 6.7 4.4 
Naphthalenwthanol 40 5.4 10.1 7.3 
Naphthalene-l-butanol 40 11.1 15.0 11.6 
Naphthalene-acetone 40 35.8 37.0 37.8 
Naphthalena-chloroform 40 47.0 43.0 47.3 
Anthracene-acetone 20 0.25 0.91 0.31 
Anthracen~chloroform 20 1.82 1.86 0.94 
Anthracene-carbon tetrachloride 20 0.53 0.42 0.41 
Anthracena-cyclohexane 20 0.31 0.29 0.12 
Anthracene-methanol 20 0.03 0.12 0.02 
Anthracene--aniline 20 0.27 0.30 0.35 
Phenanthrenmcetone 20 9.7 14.0 14.5 
Phenanthrene-ehloroform 20 26.4 19.4 23.8 
Phenanthrenecarbon tetrachloride 20 16.8 14.0 14.5 
Phenanthren e-carbon disulfide 20 18.5 17.2 23.5 

Solubility (mole%) Ref. 

1a IIn Exptl. 

65 
62 
65 
65 
66 
67 
67 

s”; 
67 
67 
68 
68 
68 
68 

e I = UNIFAC. 
b II = Effective UNIFAC. 
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Fig. 6. Liquid-liquid equilibria for tolueneacetic acid-water at 25OC [SO]. - --, 
Effective UNIFAC; . - . - *, UNIFAC; - experimental_ 

P-PROPANOL 

WATER CHLOROFORII 
Fig. 7. Liquid-liquid equilibria for water-2-propanol-chloroform at 25OC [SO 
Effective UNIFAC; . - * - *, UNIFAC; -, experimental. 

I. -- 
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80 

-100 

il 0.2 0.4 0.6 0.8 1.0 
fk3LE FRACTION Enano~ 

Fig. 8. Solid-liquid equilibria. Experimental: (A) ethanol-naphthalene, 0, Sunier [62]; 
(B) ethanol-benzene, O, Viala [ 631. Calculated: -, effective UNIFAC; _--_-- 9 
UNIFAC; - - - - -, ideal. 

In solid-solubility calculations, enthalpies of fusion and melting tempera- 
tures for the solids studied in this work are taken from the literature 
[15,61]. Figure 8 shows temperatur=omposition diagrams for the etha- 
nol-naphthalene and ethanol-benzene systems. In the ethanol--naphth&ne 
system, effective UNIFAC gives calculated results closer to experimental 
data than UNIFAC [64]. However, for the ethanol--benzene system, 

40 

30 

20 

1 1 I I 

-30 t I I I I 1 -30 I. I I I I 

0 0.2 0.4 0.6 Cf.8 1.0 ROLE FRACTION ACETIC ACID Q 0.2 0.4 0.6 0.8 1.0 
HOE FRACTION PHENOL 

Fig. 9. Solid-liquid equilibria for acetic acid--benzene. 8, Experimental data of Tan et al. 
[69]. Calculated: -, effective UIUIFAC; - - - - - -, UNIFAC; - - - - -, ideal. 

Fig. 10. Solid-liquid equilibria for benzene-phenol. Experimental: 0, Tsakalotos and 
Guye [703; 0, Hatcher and Skirrow 1711. Calculated: -, effective UNIFAC; - - - - - -, 
UNIFAC; . - * - -, ideal_ 
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TABLE 8 

Calculated and experimental eutectics in binary systems 

System 
(component l-component 2) 

Mole% of component I Temp. (“C) 

1a II b Exptl. I II 
C601 

Exptl. 
[6’31 

Acetone-diethyl ether 32.0 34.0 24.0 -123 -123 -126 
Acetone-ethanol 24.4 22.4 21.0 -124 -122 -119 
Benzenel,2-dichloroethane 31.6 30.6 32.0 -55 -56 -55 
Benzene-phenol 65.4 65.8 62.5 -7 -6 -6 
Benzenel,4_dioxane 56.9 67.4 56.5 -26 -25 -26 
Benzene-acetonitrile 12.6 3.4 5.0 -49 -45 -51 
Benzene-cyclohexane 26.6 28.0 26.5 -48 -50 -44 
Benzennitrobenzene 51.7 49.4 50.0 -27 -23 -26 
Phenol--naphthalene 83.7 81.1 83.8 30 27 29 
Acetic acid-benzene 44.6 40.9 40.9 -8 -7 -8 
Acetic acid-cyclohexane 7.4 9.8 7.4 -6 -8 -1 

a I = UNIFAC. 
b II = Effective UNIFAC. 

UNIFAC works much better. Table 7 presents solubilities for naphthalene, 
anthracene, and phenanthrene in different solvents. Figures 9 and 10 show 
two eutectic systems where UNIFAC and effective UNIFAC predict the 
experimental eutectic composition and eutectic temperature well. Calculated 
and experimental eutectic compositions and eutectic temperatures are listed 
for 11 binary systems in Table 8. 
ment with experiment. 

SIMULTANEOUS CORRELATION OF 
ENTHALPY DATA 

Both methods give generally good agree- 

VAPOR-LIQUID EQUILIBRIA AND EXCESS 

In the estimation of excess enthalpies with group-contribution methods, it 
has been found that a set of group parameters required for reproducing 
experimental excess enthalpy data are different from that used for activity 
coefficients 172,731. Two recent investigations [74,75] were attempted to 
find a unique set of parameters which are able to reproduce activity coeffi- 
cients and excess enthalpies simultaneously. Skjold-J$rgensen et al. [74] pre- 
sented the modified UNIFAC model suited for the representation of mix- 
tures containing non-associating .components. Ashraf and Vera 1751 tested 
SIGMA (Simplified Group Method Analysis) for the prediction of both data 
for aIkane, alcohol, and chloroalkane systems. In this section, we will com- 
pare the ability of the effective UNIFAC method W-;th that of SIGMA in the 
simultaneous representation of these two thermodynamic properties. 

The Gibbs-Helmholtz equation provides the thermodynamic relation 
between excess enthalpy and activity coefficients. 

-hE/RT2 = C Xi a In yi/aT 
i (17) 

-. . 



The basic equwtion of the effective UNIFAC may be given by 

hE = C Xi C Uki(Hk - H$‘) 
i k 

with 

(18) 

-c[xm~km(cxn%m)/(~xn~nm)2] 
n n 

n / 

(19) 

where 

rl nm = a 3/,,/aT 

The group parameters a,, are considered to be 

a mn = A,,T + %, 

Then 

qmn = GmnBmnlT2 

(20) 
temperature-dependent. 

(21) 

(22) 

Table 9 lists the coefficients A,, and B,,, which were obtained according 
to the procedure described by Ashraf and Vera [ 751. Root-mean square rela- 
tive deviations (percent) between experimental and calculated pressures and 
excess enthalpies for the reference systems studied in this work are given in 
Table 10 together with the values obtained using SIGMA coefficients. Excess 
enthalpies and total pressures for ternary systems including all three groups, 
CH2, CCOH, and Ccl, are predicted and compared with literature values and 
the values by SIGMA in Table 11. It may be stated that the results obtained 
by effective UNIFAC are comparable with those by SIGMA for the systems 
tested here. 

In conclusion, the practical utility of effective UNIFAC has been demon- 
strated. Omissions in the group-parameter table show where new reliable 
experimental data are necessary. The effective UNIFAC method will be 
retied as new phase equilibrium data become available. Further modifica- 
tions of the present group-contribution method will contain the modified 
combinatorial expression suggested by Kikic et al. [81]. 

TABLE 9 

Effective UNIFAC coefficients evaluated for prediction of both activity coefficients and 
excess enthdpies 

m/n amn at 25OC A mn B mn (K) 

CH2 /CCOH 1081.0 -1.292 1466.0 
CCOH/CH2 143.7 0.135 103.4 
CH2/CCI 278.1 -0.746 500.6 
CCl/CH2 27.77 0.061 9.400 
CCOH/CCI 167.6 -0.022 174.2 
CCi/CCOH 641rl -2.315 133.1 
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TABLE 10 

Predicted results of vapor-liquid equilibria and excess enthaipies for binary systems 

System T 
(“C) gp: 

No. of Root-mean square Ref. 
data relative deviation (W) 
points 

SIGMA Effective 
UNIFAC 

n-Heptanel-propanol 25 Va 11 2.8 
n-Heptane-1-propanol 30 v 9 2.9 
n-Hexane-ethanol 55 v 17 4.5 
n-Heptane-ethanol 40 10 8.2 
n-Heptanel-chlorobutane 26 v” 11 0.6 
l-Propanol-l-chlorobutane 25 V 15 1.5 
n-Heptane-1-butanol 30 Hh 11 8.6 
n-Hexane-l-octanol 25 H 10 
n-Hexane-2-chlorobutane 25 H 19 2.8 
n-Octane2-chlorobutane 25 H 19 1.4 
I-Heptanol-lchlorobutane 26 H 19 5.1 
1-Octanol-1-chlorobutane 25 H 19 5.0 

aV= vapor-liquid equilibria and deviation means pressure. 
b H = excess enthaipy. 

4.5 76 
2.6 77 
3.8 78 
6.6 22 
0.5 76 
1.1 76 
6.6 77 
9.7 79 
1.0 80 
1.9 80 
3.2 80 
2.6 80 

TABLE 11 

Predicted results of vapor-liquid equilibria and excess enthalpies for ternary systems at 
at 2SaC 

System Data 
type 

No. of Root-mean square Ref. 
data relative deviation (%) 
points 

SIGMA Effective 
UNIFAC 

n-Hexane( l)-1-octanol( 2 jl- 
chlorobutane( 3) 

(x7&3) = 0.993 
(x&3) = 1.000 
(x1/x*) = l-00? 
n-Heptanel-propanol-l- 

chlorobutane 

79 
Ha 10 3.5 7.4 
H 10 8.0 5.3 
H 10 4.5 7.6 

V’= 44 2.6 2.1 76 

s H = excess enthaipy. 
h V = vapor-liquid equilibria and deviation means pressure_ 
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