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ABSTRACT 

The UNIQUAC model is modified to include ternary parameters. Correction terms reduce 
to zero if a ternary system degenerates to a binary system. The proposed model greatly 
improves the correlation of ternary liquid-liquid equilibria for many systems. Predicted 
results for quatemary liquid-liquid equilibria confirm the promising ability of the proposed 

It is well known that commonly used local composition models for the 
excess Gibbs free energy can predict ternary (or multicomponent) 
vapour-liquid equilibria of non-electrolyte solutions from binary parameters 
alone; however, larger solubility envelopes than those observed experimen- 
tally are calculated in the prediction of type I ternary liquid-liquid equi- 
libria. To obtain a satisfactory representation of such ternary liquid-liquid 
equilibria the binary parameters need to be adjusted using ternary tie-line 
data and this causes some loss of accuracy in the representation of the 
binary vapour-liquid equilibria [l]. Fuchs et al. [2] have proposed a method 
for calculating ternary vapour-liquid-liquid equilibria of acetonitrile-n- 
heptane-benzene. Cha and Prausnitz [3] have presented a procedure which 
maintains thermodynamic consistency: the usual ternary expression for the 
excess Gibbs energy is multiplied by a composition-dependent correction 
factor C such that C = 1 whenever the ternary system degenerates to a 
binary system. This method gives a good representation of ternary 
vapour-liquid-liquid equilibria. Our preliminary study showed that this 
method is limited to ternary systems and does not work for quaternary 
liquid-liquid equilibrium calculations. 

method. 

INTRODUCTION 
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We propose another thermodynamic method which can be applied to 
systems containing more than three components. The systems are studied at 
low or moderate pressures. In order to evaluate binary and ternary parame- 
ters in a newly modified UNIQUAC model, the following experimental 
values are necessary: vapour-liquid equilibrium data for completely misci- 
ble binary systems; mutual solubility data for partially miscible systems; 
tie-line data for ternary systems. 

SOLUTION MODEL 

According to the UNIQUAC model [l] the excess molar Gibbs free 
energy gE is given by the sum of the combinatorial and residual terms 

g E = &mbinatorial + gE.sidual 0) 

We retain the original form for g&binatoria, and correct the original expres- 
sion of gEsidual by adding ternary empirical correction terms. The correction 
terms reduce to zero whenever the ternary system degenerates to a binary 
system. 

where the coordination number 2 is set equal to 10, the segment fraction Oi, 
the area fractions 19, and 0: and the binary parameters 7ji are given by 

0, = 4ixi 

’ Cqjxj 

i 

(5) 

(6) 

Tkj are ternary parameters to be derived from ternary tie-line data; 5ki = rkji 
for i Z j f k, 7iii = riji = 7ijj = 5,; = 0 and aij ( = Auij/R) are binary energy 
parameters. 
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For a ternary mixture eqn. (3) is expressed by 

- q;x2 ln( 0i-ri2 + eir,, + O;T,, + e,lft$~~) 

- qix, ln( eiT13 + eir,, + elT,, + e;e;T,23) (8) 

Equation (8) is derived in the same way as used by Maurer and Prausnitz 
[4]. The excess energy of mixing uE for the ternary mixture can be given by 

UE = x1q1’81,Au,, + x2q;e,‘,Au,, + xJq;e;,Au,, 

+x14;e;iAu3, + x24;e;ZAu,, + +4;e;,Au,, 

+xi4;e;,,(Au,i + At+) + x24X,,(Au12 + A%) 

++4;ek(A+ + Au,,) (9) 

where the local surface fractions O& and (&i are defined as 

(11) 

and the other t$; and B,ii parameters are similarly defined. $i are ternary 
coefficients. 

An expression for the excess molar Helmholtz energy is obtained using 
the relation 

d(aE/T) = 
d(l/T) ’ 

E 

Integrating eqn. (12) from l/T, to l/T, we obtain 

$ = i2Ed( f ) + constant of integration 

(14 

(13) 

At low pressures uE = gE and as l/T, + 0 we take the equation of 
Guggenheim [5] for athermal mixtures of molecules of various size and 
shape as a boundary condition of eqn. (12). Finally we obtain eqns. (2) and 
(8) by putting 7jki = GjkiTirki. 

The activity coefficient yi of component i is derived from 

where nT is the sum of the number of moles of component i. Substituting 
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eqns. (2) and (8) into eqn. (14), we obtain the activity coefficient of 
component i in the mixture. 

-4; I 0,) 3 711 - e;e;r231 + e712 + K- e;e?h32 
2 3 

+/13 + ce; - fl;e;bi23 
3 3 

C e,!T3 + e;e;r123 
j 

(15) 

06) 

In y2 is derived by cyclic advancement of the subscripts, i.e. 1 + 2, 2 + 3 
and 3 + 1 and In y3 is expressed similarly. 

In a quaternary mixture ( gE/RT),,id”al and (In yl)residual are given by 

4 
C eiql + e;e;r231 + e;e;r241 + e;e;r341 

i 

- q;x2 In i eiT2 + e;e;r,32 + e;e;r,42 + e;e;r342 
i j I 

4 
- q;x, In C e;?3 + e;e;r,23 + e;e;r,43 + e;eir2,, 

l i I 

i 

4 
- q;x4 In C eiT4 + e;eiT12, + e;e;r,34 + e;e.jr2,, 

i 
(17) 

4 
(In YI )residual = 
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+ 
0; [ 713 + (8; - o;o;) 7123 + toi - @x) ?43 - e;eb2431 

4 

CALCULATED RESULTS 

Correlation of ternary liquid-liquid equilibria 

Table 1 shows values of the pure component structural constants r, q and 
q’. The UNIQUAC binary parameters were obtained from binary experi- 
mental vapour-liquid and mutual solubility data. The fugacity coefficients 
for mixtures including acetic acid were calculated using a chemical theory of 
vapour imperfections and those for most other mixtures were obtained by 
the truncated volume-explicit form of the virial equation [6]. Pure and cross 

TABLE 1 

Pure component molecular structural constants a 

Component r 4 4’ 

Acetic acid 2.30 2.04 2.04 
Acetone 2.57 2.34 2.34 
Acetonitrile 1.87 1.72 1.72 
Benzene 3.19 2.40 2.40 
n-Butanol 3.45 3.05 0.88 
2-Butanone 3.25 2.88 2.88 
n-Butyl acetate 4.83 4.20 4.20 
Chloroform 2.70 2.34 2.34 
Cyclohexane 3.97 3.01 3.01 
Ethanol 2.11 1.97 0.92 
Ethyl acetate 3.48 3.12 3.12 
n-Heptane 5.17 4.40 4.40 
Methanol 1.43 1.43 0.96 
Methyl acetate 2.80 2.58 2.58 
Methylcyclohexane 4.64 3.55 3.55 
Toluene 3.92 2.97 2.97 
Water 0.92 1.40 1.00 

a Taken from ref. 6. 
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Mole fraction CYCLOHEXCE 

MfiXHYL ACETATE 

0. 2 
iCETONlTRlLE 

C 

WATER Mole ,raLt,o” 

V V 
0. 2 0.1 - 0. 6 0. 8 

W:\I‘IX Molr frac t,on N ItITI'AwI. 

Fig. 1. Calculated and experimental liquid-liquid equilibria for type I ternary systems. 
Calculated: - - -, without correction; - 

it 
with correction. Experimental tie-line 

(O- .- .-0): A, methanol-ethanol-cyclohexane 25’ C [18]; B, acetonitrile-methyl 
acetate-cyclohexane at 25OC [48]; C, water-ethanol-ethyl acetate at 40 “C [41]; D, 
water-ethanol- n-butanol at 25 o C [51]. 
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WATER N-BlJlYL ACETATE 

N-BLPTANOL 

B 

WATER Mole fraction CHLOROFORM 

C 

Fig. 2. Calculated and experimental liquid-liquid equilibria for type II ternary systems. 
Calculated: - - -, without correction; - with correction. Experimental tie-line 
(o- . -. -0): A, water- n-butanol- n-butyl acetate ai 25 o C 1331; B, water- n-butanol-chloro- 
form at 25O C [51]; C, water-2-butanone-n-butanol at 25°C [52]. 
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second virial coefficients were estimated by the correlation of Hayden and 
O’Connell [7]. The Poynting correction included the pure liquid molar 
volume calculated from the modified Rackett equation [8]. 

Parameter estimation, based on the maximum likelihood principle as 
described by Prausnitz et al. [6], was performed by minimizing the objective 
function 

N (P-Q2 + (T-f.)’ + (x*i-P*;)2 + (J+;-j$;)* 
F=C * 

[ OP 
2 

i (JT d U)? 
I 

09) 

where a circumflex indicates the most probable calculated value correspond- 
ing to each measured point and the standard deviations for the measured 
variables were set as up = 1 Torr for pressure, ur = 0.05 K for temperature, 
a, = 0.001 for liquid-phase mole fraction and r+ = 0.003 for vapour-phase 
mole fraction. 

Table 2 gives the binary calculated results. The computer program used in 
fitting the proposed model to ternary experimental tie-lines was similar to 
that as described in the supplement to ref. 9. Ternary calculated results are 
summarized in Table 3, which contains 18 type I and 5 type II systems. In 
type I, one binary system is partly miscible and the other two binary systems 
are completely miscible; in type II, two binary systems are partially miscible 
and one binary system is completely miscible. Figures 1 and 2 compare 
calculated results with experimental values for typical systems. It can be 
seen that the calculated results based on binary parameters alone deviate 
appreciably from the experimental data in many systems. However, when 
ternary parameters are included in the calculations, the calculated results are 
much improved. Figure 3A shows calculated ternary liquid-liquid equilibria 
for the acetonitrile-benzene-cyclohexane system at 45 o C. We estimated 
ternary liquid-liquid equilibria at 25 o C using the same ternary parameters 
and the same binary parameters for the acetonitrile-benzene and 
benzene-cyclohexane systems and changed only the binary parameters for 
the acetonitrile-cyclohexane system. Figure 3B compares predicted results 
with experimental values. If the ternary liquid-liquid equilibrium prediction 
obtained using binary parameters only is extremely poor, the use of three 
ternary parameters may be insufficient for reasonable quantitative agree- 
ment with experiment. 

Prediction of quaternaly liquid-liquid equilibria 

The binary and ternary parameters given in Tables 2 and 3 were used to 
predict four type I and five type II quaternary liquid-liquid equilibria. 
Table 4 shows the absolute arithmetic mean deviations between the experi- 
mental and calculated liquid-liquid equilibrium compositions. Ruiz and 
Gomis [55] calculated liquid-liquid equilibria for quaternary aqueous sys- 
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BENZENE 

A A 

ACFTOSITRILE Mole fraction CYCLOHEXWE 

BENZEhE 

B 

ACUI'OONITR I LE Mole fraction CYCLOHE XANE 

Fig. 3. Calculated and experimental liquid-liquid equilibria for acetonitrile-benzene-cyclo- 
hexane. Experimental tie-line (O-.-.-O): A, 45 ’ C; B, 25 ’ C [18]. Calculated: - - -, 
without correction; - with correction; - - - - - -, with correction using binary parameters 

for acetonitrile-benzene and benzene-cyclohexane and ternary correction parameters identi- 
cal with those used at 45’C. 

terns by establishing the parameters of the ordinary UNIQUAC model [l] 
representing the binary and ternary systems involved in the quaternary 
systems. The ordinary UNIQUAC model has 12 adjustable binary interac- 
tion parameters in the correlation of quaternary data sets. Some of these 
parameters can be fixed in fitting the model to the binary and ternary 
liquid-liquid equilibrium data included in the quaternary system. 

For type I quaternary systems as shown in Fig. 4A, three options are 
available. (1) The parameters a,, and u2i from the binary system 1-2, ai4, 

u419 (224 and a42 from the ternary system l-2-4 and ui3, u3i, u23 and u32 
from the ternary system l-2-3 are obtained independently and the two 

. . 
remammg parameters u34 and u43 are adjustable. (2) The parameters ui2 
and u21 from the binary system l-2 are obtained and the other 10 
parameters are fitted. (3) All 12 parameters are fitted. 

For type II quaternary systems as shown in Fig. 4B, four options are 
available. (1) The parameters ui2, uzi, u13 and uj2 from the two binary 
systems l-2 and 2-3, ui3 and u3i from the ternary system l-223 and ui4, 

u419 u24, u42, u34 and u43 from the simultaneous correlation of the ternary 
systems l-2-4 and 2-3-4 are obtained. There are no more adjustable 
parameters. This simultaneous correlation is poorer in correlating the ternary 
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A B 

Fig. 4. Quatemary examples of liquid-liquid equilibria for type I (A) and II (B) systems. 

TABLE 5 

Comparison of the present calculated results with those of Ruiz and Gomis for quaternary 
liquid-liquid equilibria 

Type System 

I Water 

This work Ruiz and Gomis 

Number of AAM b Number of Number of fitted AAM 
tie-lines (mol%) tie-lines parameters to (mol%) 
used a used ’ quatemary data 

32 0.89 25 2 1.14 
-acetone 
-acetic acid 
-chloroform 
Water 
-ethanol 
-chloroform 
-toluene 
Water 
-ethanol 
- n-butanol 
-chloroform 
Water 
-acetic acid 
- n-butanol 
- n-butyl acetate 
Water 
-ethanol 
-2-butanone 
- n-butanol 

10 
12 

17 0.71 31 0 3.33 
6 2.00 
8 1.97 

12 1.88 
44 1.85 34 0 1.66 
38 d 1.13 6 1.22 

8 1.07 
12 1.03 

40 0.69 34 0 0.98 
6 0.97 
8 0.86 

12 0.64 
11 1.03 29 0 1.23 
10 d 0.58 6 1.04 

8 0.64 
12 0.56 

0.55 
0.51 

a Included only quatemary tie-lines. b Absolute arithmetic mean deviation between experi- 
mental and calculated liquid-liquid equilibrium compositions. ’ Included some binary, 
ternary and quaternary tie-lines. d Rejected tie-lines for which the calculations did not show 
phase separation. 
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systems because the parameters obtained for the 2-4 interaction are very 
different when the two ternary systems l-2-4 and 2-3-4 are correlated 
separately. Our new approach does not have this disadvantage. (2) The 
parameters ui2, aZ1, uZ3 and u3* from the binary systems l-2 and 2-3 and 
ui3 and usi from the ternary system l-2-3 are obtained and the other six 
parameters are fitted. (3) The parameters u12, uzl, al3 and us2 from the 
binary systems l-2 and 2-3 are obtained and the eight remaining parame- 
ters are fitted. (4) All 12 parameters are adjustable. 

In Table 5 the absolute arithmetic mean deviations (mol%) for the five 
aqueous systems obtained in this study are compared with the results of 
Ruiz and Gomis. The number of tie-lines used by Ruiz and Gomis in fitting 
the UNIQUAC binary parameters to quaternary liquid-liquid equilibria is 
less than the total number of quaternary tie-lines reported in their experi- 
mental data. The tie-lines used by them include selected quaternary tie-lines 
plus some binary and ternary tie-lines. The number of quaternary tie-lines 
used in both methods is not equal. Our method based on ternary informa- 
tion gives better results than the corresponding values of Ruiz and Gomis. 
Ruiz and Gomis have stated that they do not recommend the use of 
parameters obtained from ternary liquid-liquid equilibrium data because 
they lead to substantial increases in the mean deviation between experimen- 
tal and calculated molar fractions due to the small physical significance of 
some parameters obtained in this way. Our method does not suffer from this 
disadvantage. 

Our method based on the UNIQUAC model which includes additional 
quaternary parameters improves the prediction of the quaternary 
liquid-liquid equilibria for most of the systems studied here. Further work is 
in progress. 

LIST OF SYMBOLS 

‘ij 

UE 

F 

gE 
P 

4; 
4: 

i 
T 

Auij 
UE 

xi 

UNIQUAC binary interaction parameter related to Auij and rij 

excess molar Helmholtz energy 
objective function as defined by eqn. (19) 
excess molar Gibbs energy 
total pressure 
molecular-geometric area parameter for pure component i 
molecular-interaction area parameter for pure component i 
molecular-geometric volume parameter for pure component i 
universal gas constant 
absolute temperature 
UNIQUAC binary interaction parameter 
excess molar energy of mixing 
liquid-phase mole fraction of component i 
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Yi vapour-phase mole fraction of component i 

z lattice coordination number, here equal to 10 

Greek letters 

e;, e;jk 

*P, uT 

u XT uY 

‘ij 

‘ijk 

‘i 

activity coefficient of component i 

ternary coefficient 
area fraction of component i in combinatorial contribution to 
the activity coefficient 
area fraction of component i in residual contribution to the 
activity coefficient 
local surface fractions 
standard deviations for the pressure and temperature 
standard deviations for the liquid and vapour phase composi- 
tions 
UNIQUAC binary parameter 
UNIQUAC ternary parameter 
segment fraction of component i 
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