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The pet$ormance of two Gibbs free-energy-based equation-of-state (EOS) mixing rules 
is tested for the correlation and prediction of liquid- liquid equilibria (LLE). The L L E  
of ten binary mixtures were examined using the Peng - Robinson EOS combined with 
the Wong - Sandler and MHVl mixing rules with two excess free-energy models (NRTL 
and UNIQUAC). Good agreement with low-pressure experimental data was obtained 
for nonassociating and self-associating mixtures using temperature-independent parame- 
ters. However, in the case of aqueous mixtures that exhibit both a lower and an upper 
critical solution temperature, it was necessary to use temperature-dependeH parameters, 
as is also true when activity coefjkient models are used directly to describe such sys- 
tems. The Wong - Sandler mixing rule was capable of predicting the high-pressure phase 
behavior of the systems studied using parameters from correlation of only low-pressure 
L L E  data, while the MHVl model required the introduction of a binary interaction 
parameter. Consequently, the MHVl model was useful for the correlation, but not for 
the prediction of high-pressure L L E  from low-pressure data. 

Introduction 
Liquid-liquid equilibria (LLE) has been traditionally de- 

scribed using activity coefficient (or excess free energy, GeX) 
models. However, this method is unable to represent the 
pressure effects on the LLE. Moreover, Gex models cannot 
fit the temperature effects on the LLE unless a temperature 
dependence is assigned to the model parameters, so that their 
predictive capability is limited. Equations of state (EOS) have 
been a very valuable tool for the study of complex mixture 
phase behavior. Since an EOS accounts for the compressibil- 
ity of fluids, it can describe the effects of pressure on phase 
behavior. However, few systematic studies of LLE using cu- 
bic EOS have appeared in the literature. 

Kolasinka et al. (1983) used a van-der-Waals-type EOS that 
included an association model to describe the LLE of mix- 
tures of associating and nonassociating substances that ex- 
hibit an upper critical point using temperature-dependent 
parameters in the mixing rules. This model was able to give a 
good representation of the LLE (including the critical region) 
of mixtures, including an associating and a nonassociating 
species, provided that a parameter representing a specific as- 
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sociation scheme (i.e., dimers, trimers) was included in the 
mixing rule. Mathias and Copeman (1983) used the 
Peng-Robinson (1976) EOS in combination with density-de- 
pendent local composition mixing rules to study the LLE of 
mixtures of water +hydrocarbons. They demonstrated the 
poor performance of the classic van der Waals mixing rules 
in describing the LLE of these systems. They then suggested 
that a density-dependent mixing rule should be used together 
with a temperature-dependent binary interaction parameter 
to give an accurate description of these systems. However, 
these authors did not study the behavior of their model in the 
critical region. 

Suen et al. (1989) were able to obtain a qualitative descrip- 
tion of LLE and vapor-liquid-liquid equilibrium (VLLE) of 
mixtures containing alcohols using the Patel-Teja (1982) EOS 
with a Huron-Vidal-type (1979) mixing rule. Ludecke and 
Prausnitz (1985) used a modified van der Waals EOS with 
the Mansoori et al. (1971) expression for the repulsive term 
and density-dependent mixing rules to correlate LLE data of 
binary mixtures containing water + hydrocarbons. This ap- 
proach was successful for correlating LLE remote from the 
critical region using temperature-independent parameters; 
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however, the performance of the model near the critical point 
was rather poor. Huang (1991) calculated LLE and VLLE in 
ternary systems using the Patel-Teja equation of state with 
the Huron-Vidal-type mixing rules of Kurihara et al. (1987). 
Wong and Sandler (1992) have also applied their mixing rule 
to describe the LLE of some aqueous binary mixtures. Chou 
and Wong (1994) correlated LLE of ternary mixtures using 
the Peng-Robinson EOS with good results in the region far 
from the plait point. Filho and Costa (1996) correlated LLE 
data of various binary mixtures using several mixing rules that 
include a G"" model with the Soave EOS with the purpose of 
determining the influence of the mixing rule on the LLE cal- 
culation. However, these authors considered the parameters 
in the free-energy model to be temperature dependent, and 
they did not examine the predictive capabilities of the mixing 
rules. Also, none of these previous studies considered the in- 
fluence of the pressure on the LLE, or the predictive capabil- 
ities of the EOS models. Furthermore, these studies have 
been limited to the study of nonassociating and self-associat- 
ing mixtures that only exhibit an upper critical point. 

Recently, mixing rules incorporating a Gibbs free-energy 
model have been used in simple cubic EOS. Among these, 
the Wong-Sandler (WS) (Wong and Sandler, 1992) and the 
MHVl (Michelsen, 1990) mixing rules have been widely used 
for correlations and predictions of vapor-liquid equilibria 
(VLE). The WS mixing rule equates the excess Helmholtz 
free energy from an EOS at the infinite-pressure limit with 
that obtained from an activity coefficient model. On the other 
hand, the MHVl mixing rule equates the excess Gibbs free 
energy from an EOS at the zero-pressure limit. Orbey and 
Sandler (1997) compared different mixing rules based on the 
zero-pressure limit and found that none of these mixing rules 
was clearly superior to the others, though the MHV2 (Dahl 
and Michelsen, 1990) model was the least accurate. There- 
fore, in this article we use the MHVl model to test the zero- 
pressure approach. 

Despite the fact that several authors (Wang et al., 1996; 
Voustas et al., 1996) have compared such mixing rules in their 
capabilities of correlating and predicting VLE, little work has 
been done on LLE. Here we compare the capabilities of the 
WS and MHVl mixing rules for LLE. More specifically, the 
models are compared with respect to their performance in 
correlating low-pressure LLE data, and their ability to yield 
good predictions of the high-pressure LLE of binary mixtures 
using these low-pressure correlation parameters. The mix- 
tures studied include polar, nonpolar, nonassociating, self-as- 
sociating, and cross-associating components, and provides a 
rigorous test of' the models. 

Thermodynamic Model 
In our study, we used the original Peng-Robinson (PR) 

EOS 

where P is pressure, R is the universal gas constant, T is 
temperature, u is molar volume, and a, which is a function of 
temperature, and b are pure component parameters ob- 
tained from 

RTC 
PC 

b = 0.07780 - , (3) 

where Tc is the critical temperature and P, is the critical 
pressure. In Eq. 2 K is a constant given by 

K = 0.37464+ 1 .54226~ -0.269920', (4) 

where w is the acentric factor. Using the WS mixing rule, the 
mixture parameters a and b of this EOS are given by 

QD 
a=RT-  

1- D 

Q b = -  
1 - D '  

where Q and D are given by 

ail Aex 

biiRT CRT 
D=CxI-+- ,  

(7) 

where xi is the mole fraction. In these equations, C is a con- 
stant that depends on the EOS, and for the PR EOS it is 
equal to 

In Eq. 8 A"" is the Helmholtz free energy at infinite pressure 
calculated from an activity coefficient model, and a,, and b,, 
are the pure component EOS parameters. In all cases, we 
used the combination rule 

where k,,  is a binary interaction parameter. 
In the MHVl model the mixture parameters are given by 

where Gex is the Gibbs free energy at zero pressure calcu- 
lated using an activity coefficient model. In Eq. 19, we used 
the value of q1 = -0.53 suggested by Michelsen (1990) for 
the PR EOS. In the MHVl model one of the following mk- 
ing rules rules is used for the b parameter 
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b = x x , b I i  
1 

(11) 

In Eq. 12, we used the following combination rule 

b,, + bjj 
b .=- (1- k , J ) .  

lJ  2 (13) 

One excess free-energy model used in Eqs. 8 and 10 is the 
NRTL model (Renon and Prausnitz, 1965) 

where 

AG,, 
TI]  = - 

RT 

In g,, = - a -  T '1 ' I .  

(14) 

(15) 

Here AGij is a characteristic energy and aIJ is a nonrandom- 
ness parameter. The other free-energy model we used is the 
UNIQUAC model (Abrams and Prausnitz, 1975). 

where uiJ is an energy parameter characterizing the interac- 
tion of molecule i with molecule j ;  r and q are, respectively, 
the pure component volume and area parameters; and the 
coordination number, 2, has been set equal to 10 (Reid et al., 
1988). 

Methodology 
In this study we computed the number of liquid phases and 

their equilibrium compositions using an approach based on 
the minimization of the Gibbs free energy of the system that 
follows closely the procedure proposed by Michelsen (1982a, 
b). A rigorous stability test was done for each of the calcu- 
lated phases. The stability criterion is given by 

where +i is the fugacity coefficient of component i and yi 
are the mole fractions of component i in a trial phase. In Eq. 
20 

hi =In  zi  -In 4 i ( z > .  (21) 

here zi is the composition of component i and z the compo- 
sition vector of the investigated phase. The adjustable param- 
eters in the models were fitted to the experimental data using 
the Levenberg-Marquardt (IMSL, 1979) method. In this case, 
we correlated the experimental data using the following ob- 
jective function: 

Table 1. WS-NRTL Optimized Parameters 

012.1 012,2 a122 a21.1 021.2  0 2 1 , 3  
x x 100 x 10-6 x10-3  x 100 x 1 0 - 6  

System a 1 2  k , ,  (cal/mol) (cal/mol. K) kale K/mol) (cal/mol) (cal/mol* K) (cal . K/mol) 
Nitromethane (1) 0.15 -0.690 2.506 0 0 2.400 0 0 
Cyclohexane (2) 
Methanol (1) 0.2 0.349 0.294 0 0 1.469 0 0 
Hexane (2) 
Furfural (1) 0.22 -0.481 1.331 0 0 2.555 0 0 
Cyclohexane (2) 
Methanol (1) 0.125 -3.250 2.832 0 0 5.736 0 0 
Carbon disulfide (2) 
Styrene (1) 0.2 0.940 2.783 0 0 3.503 0 0 
Water (2) 

Water (2) 

Water (2) 

Water (2) 

Water (2) 

1-Butanol(1) 0.4 0.692 8.827 - 18.02 - 1.168 4.551 4.81 - 1.247 

2-Butanol (1) 0.2 0.325 11.199 -21.14 - 1.680 8.510 0.53 - 1.706 

Cyclohexanone (I) 0.2 0.170 -0.876 6.21 0.017 8.563 3.32 - 1.785 

2-Butoxyethano1 (1) 0.35 0.600 44.132 - 64.44 - 7.960 -25.684 46.15 4.594 
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Table 2. WS-UNIQUAC Optimized Parameters 

a12.1 a12.2 ‘12,3 a21,1 a21,2 ‘21,3 
x 1 0 - ~  x 100 x 10-6 x 1 0 - ~  x 100 x 10-6 

System k , ,  (cal/mol) (cal/mol. K) (cal - K/mol) (cal/mol) (cal/mol* K) (cal * K/mol) 
Nitromethane (1) 
Cyclohexane ( 2 )  
Methanol (1) 
Hexane ( 2 )  
Furfural (1 ) 
Cyclohexane (2 )  
Methanol (1) 
Carbon disulfide (2) 
1-Butanol (1) 
Water ( 2 )  
2-Butanol 1 1) 
Water (2) 
Cyclohexanone (1) 
Water (2) 
2-Butoxyethanol (1) 
Water (2)  

- 0.988 

0.310 

-0.414 

0.05586 

0.175 

0.215 

0.42 

0.527 

0.300 

- 0.066 

0.125 

0.388 

1.956 

2.566 

4.130 

17.518 

0 

0 

0 

0 

- 13.16 

- 4.59 

- 7.28 

- 2.5.43 

0 

0 

0 

0 

- 1.114 

- 0.328 

- 0.214 

-3.169 - 

1.44 

1.74 

1.22 

1.78 

3.16 

4.93 

1.18 

22.04 

0 

0 

0 

0 

-2.14 

- 4.38 

0.074 

33.31 

0 

0 

0 

0 

- 0.745 

- 0.936 

-0.3.51 

3.965 

where N, is the number of components and N, the number 
of phases present in the system. 

The adjustable parameters in the thermodynamic models 
used in this work are the binary parameter k,, in Eq. 9 or 13, 
and the parameters of the excess models AG,,, a,,, and u,, in 
Eqs. 15, 16 and 19, respectively. However, as when using an 
activity coefficient model directly (that is, not in an EOS), we 
found that it was necessary to use temperature-dependent in- 
teraction parameters to correlate LLE in mixtures that ex- 
hibit both an upper and a lower consolute temperature. In 
this case. we used 

(23)  

where A, ,  corresponds to the AG,, or u,, in the NRTL and 
UNIQUAC parameters in Eqs. 15 and 19, respectively. 

No LLE critical data were directly used for parameter fit- 
ting. However, for some systems, several different parameter 
sets provided almost equally good correlations of the low- 
pressure experimental data; in these cases, critical-region data 

were used as a basis for selecting the best parameter set. All 
of the optimized parameters and the absolute average devia- 
tions are summarized in Tables 1 to 6. 

Results and Discussion 
The binary mixtures studied were classified into three 

groups according to their likelihood of forming hydrogen 
bonds: 

1. Polar + nonpolar (nonassociating) 
2. Nonassociating + self-associating 
3. Cross-associating 

All the systems considered are strongly nonideal. Further 
complications arise from the fact that most of the compounds 
studied are hydrogen-bonding species. Therefore, this set of 
binary mixtures represents a very stringent test for the mod- 
els studied. The critical constants of the pure substances were 
obtained from Reid et al. (1988) with the exception of 2- 
butoxyethanol. For this substance we used the critical pres- 

Table 3. MHV1-NRTL Optimized Parameters 

a12,1 a12,2 ‘12.3 a21.1 a21,2 ‘21,3 
x 10-3 x 100 x 10-6 x ~ o - ~  x 100 x 10-6 

System aI2  k , ,  (cal/mol) (cal/mol* K) (cal * K/mol) (cal/mol) (cal/mol* K) kale K/mol) 

Nitromethane (11 0.15 -5.01 0.984 0 0 1.081 0 0 
Cyclohexane (2) 
Methanol (1) 0.2 0.15 0.633 0 0 0.812 0 0 
Hexane (2) 
Furfural (1 ) 0.2 -5.96 0.092 0 0 1.614 0 0 
Cyclohexane ( 2 )  
Methanol (1) 0.15 -7.83 -0.158 0 0 1.938 0 0 
Carbon disulfide (2) 
Cyclohexanone (1) 0.15 0.3 9.112 - 19.00 - 1.159 - 1.170 17.63 - 0.432 
Water (2) 
1-Butanol (1) 0.2 0.25 10.664 - 21.50 - 1.475 6.208 4.08 - 1.345 
Water (2) 
2-Butanol(l) 0.2 0.25 7.340 - 15.32 - 1.095 8.323 - 0.56 - 1.586. 
Water (2) 
2-Butoxyethanol (1) 0.25 0.4 46.391 - 68.02 - 8.421 -27.317 49.59 4.958 
Water (2) 
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Table 4. MHV1-UNIQUAC Optimized Parameters 

%,l a12,2 (212.3 a21,1 a, , , ,  a21,3 
x 10-3 x loo x x 10-3 x 100 x 10-6 

System kl2 (cal/mol) (cal/mol* K) (cal. K/rnol) (cal/mol) (cal/rnol. K) (cal - K/mol) 

Nitromethane (1) - 3.631 0.073 0 0 0.994 0 0 
Cyclohexane (2) 
Methanol (1) - 0.667 - 0.055 0 0 1.204 0 0 
Hexane (2) 
Furfural (1) - 5.485 - 0.127 0 0 0.848 0 0 
Cyclohexane (2) 
Methanol (1) - 4.273 0.160 0 0 1.162 0 0 
Carbon disulfide (2) 
Cyclohexanone (1) 0.500 4.500 - 9.06 - 0.296 - 2.213 5.22 0.149 
Water (2) 

Water (2) 

Water (2) 
2-Butoxyethano1 (1) 0.340 15.207 - 21.87 - 2.777 - 17.057 25.60 3.113 
Water (2) 

1-Butanol (1) - 0.150 - 0.683 - 0.79 0.259 3.185 - 1.09 - 0.709 

2-Butanol (1) 0.170 -0.105 - 1.04 0.091 5.154 - 4.90 - 0.973 

sure and temperature reported by Schneider and Wilhelm 
(1959), while the acentric factor was estimated by fitting va- 
por pressure data (Boublik et al., 1973). 

Nonassociating mixtures 
The correlation of the experimental data for the system 

nitromethane + cyclohexane (S~rensen and Arlt, 1979) is 
shown in Figure 1. This is a mixture of two nonassociating 
compounds with a large difference in polarities: 3.1 debye for 
nitromethane and 0.3 debye for cyclohexane (Reid, 1988). The 
NRTL free-energy model was used in the WS mixing rule. It 
is worth noting that in this case all the parameters are inde- 
pendent of the temperature, and the good agreement with 
the experimental data, including in the critical LLE region, 
was obtained with the WS model. Good agreement was also 
obtained with the MHVl mixing rules combined with the 
NRTL model and Eq. 12 for the b parameter, and this is also 
shown in the figure. Similar results were obtained using the 
UNIQUAC model in both mixing rules. In Figure 1 we show 
the poor preformance when the NRTL model with tempera- 

ture-independent parameters is used driectly (i.e., not in an 
EOS mixing rule) to fit the data. It is interesting that the 
direct use of the NRTL model with temperature-indepen- 
dent parameters leads to poor results, while because of the 
inherent temperature dependence of an EOS, using the same 
model with constant parameters in an EOS yields very good 
results. 

Mixtures of nonassociating + self-associating compounds 
The second type of mixture we considered contained a 

self-associating component, that is, mixtures in which one 
component is capable of forming hydrogen bonds while the 
second component cannot. In Figures 2 to 6 we show the 
binodal curves obtained for the sytems: furfural+ cyclohexane 
(S~rensen and Ark, 1979), methanol + hexane (Holscher et 
al., 19861, methanol +carbon disulfide (S~rensen and Ark, 
19791, styrene-twater (S~rensen and Ark, 19791, and ben- 
zene + water (S~renen and Arlt, 1979). In each of these cases 
we used the combination rule of Eq. 12 in the MHVl mixing 
rule. In general, we observe that both the WS and MHVl 

Table 5. Average Absolute Deviation using the NRTL Model in the Mixing Rules 

Phase Rich in Comp. 1 Phase Rich in Comp. 2 
System w-s MHVl w-s MHVl 

(1) Nitromethane-(2)cyclohexane 
(1) Furfural-(2) cyclohexane 
(1) MethanolF(2) hexane 
(1) Methanol-(2) carbon disulfide 
(1) Styrene42) water 
(1) Benzenee(2) water 
(1) Cyclohexanone-(2) water 
(1) l-Butanol-(2) water 
(1) 2-Butanol-(2) water ( P  = 1 atm) 
(1) 2-Butanol-(2) water ( P  = 800 atm) 
(1) 2-Butoxyethanol-(2) water (1 bar) 
(1) 2-Butoxyethanol-(2) water (201 bar) 
(1) 2-Butoxyethanol-(2) water (401 bar) 
(1) 2-Butoxyethanol-(2) water (601 bar) 
(1) 2-Butoxyethanol-(2) water (781 bar) 

6.1 x 10-3 

6 . 7 ~ 1 0 - 3  
6 . 0 ~  

8 . 3 ~  10-3 

6 . 0 ~ 1 0 - 3  

9.1 x 10-3 

3 . 4 ~  
2.1 x 10-3 

1.8X lo-* 
1.7X 

4.6X10-4 
3.9x 

6 . 2 ~  

3.4 X lo-’ 

1.4X 

1.7 X lo-’ 
2.2x 10-2 
1.8X 10-2 
5.5 x*10- 

**  
7.9 x 10- 
1.7X10-* 
6.3 X lo-; 
3.1 x 10-3 
7.4 X 
7.9x 10-3 
1.2x10-2 
3.9 x 10- 3 
6.2 x 10- 

4.1 x 10-3 

2.0x 10-2 
6.1 x 10- 3 
9.3 x 10-6 
9.3X10-5 
1.5 X 
4.6 X 10- 

3.0X 

2.2 x 10.- 3 

1.4 x 10- 3 

1 . 7 ~  10-3 
5.4 X 10- 
5.0X10-3 
1.2x 10-3 
1.2 x 10- 

5.1x10-3 
4 . 7 ~  
3.5x 10-2 
4.6 x*10v3 

* *  
2 . 1 ~ 1 0 - )  
4 . 9 ~ 1 0 - ~  
2 . 3 ~ 1 0 - 3  

2.6 x 10- 3 

5.6 x 10- 3 

1.9X10-) 

6 . 2 ~  lo-’ 
1.3 x 
3.6X10-3 

*No optimized parameters were found. 
**LLE was predicted only with the WS mixing rule. 

1182 May 1998 Vol. 44, No. 5 AIChE Journal 



Table 6. Average Absolute Deviation using the UNIQUAC Model in the Mixing Rules 

System 
Phase Rich in Comp. 1 Phase Rich in Comp. 2 

w-s MHVl W-S MHVl 
(1) Nitromethane 4 2 )  cyclohexane 
(1) Furfuralk(2) cyclohexane 
(1) Methanok(2) hexane 
(1) Methanol42) carbon disulfide 
(1) Cyclohexanone-(2) water 
(1) l-Butanol-(2) water 
(1) 2-ButanolH2) water (P = 1 atm) 
(1) 2-Butanol42) water (P = 800 atm) 
(1) 2-Butoxyethanol-(2) water (1 bar) 
(1) 2-Butoxyethanol-(2) water (201 bar) 
(1) 2-Butoxyethanol-(2) water (401 bar) 
(1) 2-Butoxyethanol-(2) water (601 bar) 
(1) 2-Butoxyethanol-(2) water (781 bar) 

L O X  10-3 
2.0 x 10-2 
6.0 X lo-’ 
1.1 x 10-2 
6.1 x 10-3 
1.6 X lo-’ 
9 . 2 ~  10-3 
7 .9~10-3  
2 . 4 ~ 1 0 - 3  
9.6 x 10-3 
1.3 X lo-’ 
1.ox 10-2 
8 . 9 ~ 1 0 - 3  

6.8 X 
1.7X10-’ 
3.2X10-‘ 
3.1 X lo-* 
1.9 X lo-’ 
2.1 x 10-2 
1.5 X lo-’ 
7.8 x 10- 3 
3 . 7 ~ 1 0 - 3  
1.0x 10-2 
1.3 X 
8.5 X 
6.9 x 10-3 

1.7 x 10- 
4.1 X 
4.2 X 
9 . 7 ~ 1 0 - 3  
1.6X10-4 
3 . 6 ~ 1 0 - 3  
3.5 x 10-3 
2.ox10-2 
1.4X10-3 
5.6 X 
4.1~10-3 
4.3 x 10- 3 
9.6 x 

3.1 x 10-j  
3.6 X 
1.4 x lo-’ 
1.9 X 
4.1 X 
5.7 x 10- 3 

6.2 x 10- 3 
1.5 X lo-‘ 
1 . 9 ~ ! 0 - ~  
5 . 9 ~ 1 0 - ~  
4.9 x 10- 3 
4.0 x 10- 3 

8.3 x 

mixing rules with the NRTL model give good correlations of 
the LLE data with temperature-independent parameters. In 
contrast, we again see the poor performance of the direct use 
of the NRTL and UNIQUAC models with temperature-inde- 
pendent parameters. This again shows the advantage of the 
built-in temperature dependence of cubic EOS over the ac- 
tivity-coefficient approach, in that with the EOS we are able 
to eliminate the temperature dependence of the activity-coef- 
ficient parameters and yet represent accurately the effect of 
temperature on the LLE for these systems. 

In the case of the styrene +water system (Figure 51, there 
is remarkably good agreement between the experimental data 
and the calculated values when using the WS mixing rule, 
even though the difference in the compositions of the two 
liquid phases is approximately four orders of magnitude. In 
contrast, it was not possible to obtain a good correlation of 
the data for this system using the MHVl model, and these 
results are not shown since they do not fit on the scale of 
these graphs. Finally, the parameters used for the system 

380 7- I 

320 

i 
280 h- 

0 0  0 1  

NRTL -. 

0 Experimental 

I 
I 

‘1. I i 
-I 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Mol fraction of nitromethane 

Figure 1. Correlation of the LLE of the nitromethane+ 
cyclohexane system using the WS and MHVl 
mixing rules, the PR EOS, and the NRTL model 
with temperature-independent parameters. 
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benzene +water (Figure 6) are those reported by Wong and 
Sandler (1992) at 25°C. Despite the fact that these parame- 
ters were not optimized over the whole temperature range, 
there is a reasonable agreement between the predicted val- 
ues and the experimental compositions using the WS mixing 
rule with the NRTL model. We do see that both the WS and 
MHVl models tend to predict higher critical temperatures 
for these systems than actually occurs. This happens to a 
greater extent with the MHVl model; for example, in the 
case of the methanol-hexane system (Figure 3) the MHVl 
model predicts an LLE critical point about 12 deg higher than 
the reported experimental value, but the prediction is only 4 
degrees higher with the WS model. 

Mixtures of cross-associating components 
The last type of binary system we considered was cross-as- 

sociating mixtures; in these systems the components can form 

350 

340 - 

330 - 

- 
320 

I- 

310 - 

300 - 

I ‘A 3 

290 
0 0  0 1  0 2  0 3  0 4  0 5  0 6  0 7  0 8  0 9  1 0  

Mol fraction of furfural 

Figure 2. Correlation of the LLE of the furfural+ 
cyclohexane system using the WS and MHVl 
mixing rules, the PR EOS, and the UNIQUAC 
model with temperature-independent parame- 
ters. 
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320 I I 

310 - 

300 - 

290 - 
F 
L 

F 
280 - 

260 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Mot fraction of methanol 

Figure 3. Correlation of the LLE of the methanol+ 
hexane system using the WS and MHVl mix- 
ing rules, the PR EOS, and the NRTL model 
with temperature-independent parameters. 

a mixed hydrogen bond, and may also self-associate. Further- 
more, the systems we considered exhibit a closed-loop or al- 
most closed-loop liquid-phase split (i.e., an upper and a lower 
critical point) characteristic of type VI phase behavior. This 
behavior cannot be calculated using cubic EOS with the clas- 
sic van der Waals mixing rules (van Konynenburg and Scott, 
1980). The first mixture we considered is cyclohexanone+ 
water (Serensen and Arlt, 1979). In this case, cyclohexanone 
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Figure 4. Correlation of the LLE of the methanol+ 
carbon disulfide system using the WS and 
MHVl mixing rules, the PR EOS, and the UNI- 
QUAC model with temperature-independent 
parameters. 
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Figure 5. Correlation of the LLE of the styrene+water 
system using the WS mixing rule, the PR EOS, 
and the NRTL model with temperature-inde- 
pendent parameters. 

forms hydrogen bonds only with water, and the lower critical 
point of this mixture is masked by the mixture freezing point. 

We found that the models we were studying could not rep- 
resent the LLE of these sytems with temperature-indepen- 
dent parameters. Indeed, we know of no model with temper- 
ature-independent parameters that can describe such sys- 
tems. Therefore, we introduced temperature-dependent pa- 
rameters into the activity-coefficient models we were using 

2 7 0 1 -  8 I 1 1 ,  1 7  1 ,  , I I I 1 

00002 00004 00006 0994 0996 0998 1000 

Mol fraction of benzene 

Figure 6. Prediction of the LLE of the benzene+water 
system using the WS mixing rule, the PR EOS, 
and the NRTL model with the parameters re- 
ported by Wong and Sandler (1992) at 25°C. 
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Figure 7. Correlation of the LLE of the cyclohexane+ 
water system using the WS and MHVl mixing 
rules, the PR EOS, and the UNIQUAC model 
with temperature-dependent parameters. 

through Eq. 23. It should be stressed that temperature-de- 
pendent parameters are also needed when an activity-coeffi- 
cient model is used directly (i.e., not in an EOS mixing rule 
as here) to correlate LLE of systems that exhibit both upper 
and lower critical-solution temperatures. We used the UNI- 
QUAC model with the two EOS mixing rules for the cyclo- 
hexanone + water system. Excellent agreement between the 
experimental data and our correlation was obtained using the 
WS mixing rule (Figure 7). The MHVl mixing rule was less 
successful, although the results are still acceptable. Similar 
results were obtained for the 1-butanol+ water system; in this 
case, we used the NTRL model in both mixing rules (Figure 
8). In both cases, the MHVl model underpredicted the com- 
positions in the organic-rich phase and overpredicted the 
critical temperature. Similar results were observed when the 
UNIQUAC model was used in the mixing rules. 

Figure 9 shows the excellent agreement between the exper- 
imental and predicted values for the mixture 2-butanol+ 
water (Moriyoshi et al., 1975) using the WS mixing rule com- 
bined with the UNIQUAC model. In this case, the parame- 
ters were optimized using the experimental data at P = 1 atm, 
and temperature-dependent UNIQUAC model parameters 
were used as is necessary for mixtures of this type. Again, the 
capabilities of this model are confirmed by the good predic- 
tion of the high-pressure phase behavior using parameters 
fitted only to low-pressure data. While the MHVl model was 
as successful as the WS model for the correlation of the low- 
pressure data, using Eq. 11 for the b parameter, the MHVl 
model did not accurately predict the high-pressure LLE be- 
havior of this system (Figure 10). Similar failure was reported 
for the MHV2 model by Knudsen et al. (1994) in their study 
of this mixture. Therefore, we introduced a binary interaction 
parameter using Eq. 13, and in this way obtained a good pre- 
diction of the high-pressure behavior for this binary mixture. 
However, when the UNIQUAC model was used in the MHVl 
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Figure 8. Correlation of the LLE of the 1-butanol+water 
system using the WS and MHVl mixing rules, 
the PR EOS, and the NRTL model with tem- 
perature-dependent parameters. 

mixing rule it was not possible to predict the occurrence of 
an upper critical point at P = 1 atm, because the model in- 
correctly predicted the existence of a VLLE region. A similar 
problem was not found with the WS mixing rule. An impor- 
tant observation is that the EOS-G"" models considered here 
are capable of representing the pressure dependence of liq- 
uid-liquid equilibria, something that is not possible with the 
direct use of activity coefficient models. 
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Figure 9. Correlation of the low-pressure LLE and pre- 
diction of the high-pressure LLE of the 
2-butanol+water system using the WS mixing 
rule, the PR EOS, and the UNIQUAC model 
with temperature-dependent parameters. 
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Figure 10. Correlation of the low-pressure LLE and pre- 
diction of the high-pressure LLE of the 
2-butanol +water system using the MHVl 
mixing rule, the PR EOS, and the NRTL model 
with temperature-dependent parameters. 

Figure 11 shows in a three-dimensional P - T - x projec- 
tion the LLE of the more complicated 2-butoxyethanol f 
water (Schneider, 1963) system predicted by the WS mixing 
rule with the NRTL model (we also studied this mixture us- 
ing UNIQUAC, obtaining similar results). As before, we cor- 
related the parameters of the NRTL model using only low- 
pressure data. The predictions of the WS mixing rule and the 
correlation in the MHVl mixing rule led to good descriptions 
of the phase behavior at 201, 401 and 601 bar, and a fair 
description of the LLE at 781 bar. In particular, the UCST 
and LCST of this system were described reasonably well. A 
comparison of the results in Figures 9-11 with the results 
presented by Knudsen et al. (19941, who studied these sys- 
tems using the SRK EOS as modified by Mathias and Cope- 
man and the MHV2 mixing rule, shows the better perfor- 
mance of the WS mixing rule. 

Conclusions 
We have performed a detailed study of the capabilities and 

limitations of the PR EOS with the WS and MHVl mixing 
rules for the correlation and prediction of LLE by consider- 
ing a number of representative systems. We observe that these 
EOS models with temperature-independent parameters are 
useful for the description of nonassociating and self-associat- 
ing mixtures, though the direct use of the NRTL and UNI- 
QUAC models with temperature-independent parameters 
cannot describe the LLE of these mixtures satisfactorily. Our 
results show that the performance of the two mixing rules are 
both satisfactory, though the WS mixing rule proved to be 
more accurate for the correlation of LLE data for the nonas- 
sociating and self-associating binary mixtures studied. Our 
results also suggest that the free-energy model used in the 
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Figure 11. Correlation of the low-pressure LLE and pre- 
diction of the high-pressure LLE of the 
2-butoxyethanol (C,E,)+water system using 
the WS mixing rule with the NRTL model with 
temperature-dependent parameters in the PR 
EOS. 

mixing rule has little influence on the performance of the WS 
and MHVl models. 

However, these models with temperature-independent pa- 
rameters were not satisfactory for the description of cross-as- 
sociating mixtures that exhibit a closed solubility loop. This 
failure is not attributable to the EOS approach, but rather to 
the capabilities of the excess Gibbs free-energy model used 
in these mixing rules. With the available G"" models, such 
mixtures can only be described using empirical temperature- 
dependent parameters that have little physical meaning. Nev- 
ertheless, with temperature-dependent parameters, the WS 
mixing rule is able to reproduce accurately the LLE of these 
systems as a function of pressure, including at conditions very 
different from those at which the parameter optimization was 
carried out. This is an important result that shows one of the 
advantages of the EOS over the activity-coefficient approach. 
We have also shown that when using the MHVl model, in 
addition to the correlation parameters obtained from low- 
pressure data, it is also necessary to introduce a binary inter- 
action parameter in Eq. 10 in order to obtain a satisfactory 
representation of the high-pressure LLE behavior. 

Our results do show, however, that cubic equations of state 
can predict closed-loop liquid-liquid miscibility gaps charac- 
teristic of type VI phase behavior when they are used in com- 
bination with mixing rules that include an excess Gibbs free- 
energy model with temperature-independent parameters. In- 
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deed, the most significant conclusion of this work may b e  that 
simple EOS can be used to describe complex liquid-liquid 
phase behavior provided free-energy-based mixing rules are 
used. 

Acknowledgments 
This research was supported in part by Grant DE-FG0285ER13436 

from the US .  Department of Energy, and in part by Grant (33- 
9521406 from the US. National Science Foundation, both to the 
University of Delaware. 

Literature Cited 
Abrams, D. S., and J. M. Prausnitz, “Statistical Thermodynamics of 

Liquid Mixtures: A New Expression for the Excess Gibbs Energy 
of Partly or Completely Miscible Systems,”AlChEJ., 21,116 (1975). 

Boublk, T., F. Vojtech, and E. HBla, The Vapour Pressures of Pure 
Substances, Elsevier, Amsterdam (1973). 

Chou, C. H., and D. S. H. Wong, “An Equation of State Mixing Rule 
for Correlating Ternary Liquid-Liquid Equilibria,” Fluid Phase 
Equilib., 98, 91 (1994). 

Dahl, S., and M. L. Michelsen, “High Pressure Vapor-Liquid Equi- 
librium with a UNIFAC-Based Equation of State,” AIChE J., 36, 
1829 (1990). 

Filho, C. V., and G. M. N. Costa, “Influence of the Mixing Rule on 
the Liquid-Liquid Equilibrium Calculation,” Fluid Phase Equilib., 
16, 503 (1996). 

Holscher, I. F., G. M. Schneider, and J. B. Ott, “Liquid-Liquid 
Equilibria of Binary Mixtures of Methanol with Hexane, Nonane 
and Decane at Pressures up to 150 MPa,” Fluid Phase Equilib., 27, 
153 (1986). 

Huang, H., “Study of Ternary Liquid-Liquid Equilibria and of Mul- 
tiphase Equilibria,” Fluid Phase Equilib., 65, 181 (1991). 

Huron, M. J., and J. Vidal, “New Mixing Rules for Cubic Equations 
of State for Representing Vapor-Liquid Equilibria of Strongly 
Non-ideal Systems,” Flud Phase Equilib., 3, 255 (1979). 

IMSL, IMSL Library, IMSL Inc., Houston (1979). 
Knudsen, K., E. H. Stenby, and J. G. Andersen, “Modelling the In- 

fluence of Pressure on the Phase Behavior of Systems Containing 
Water, Oil and Nonionic Surfactants,” Fluid Phase Equilib., 93, 55 
(1994). 

Kolasinka, G., R. A. S. Moonvood, and H. Wenzel, “Calculation of 
Vapour-Liquid and Liquid-Liquid Equilibrium by an Equation of 
State,” Fluid Phase Equilib., 13, 121 (1983). 

Kurihara, K., K. Tochigi, and K. Kojima, ‘‘Mixing Rule Containing 
Regular Solution and Residual Excess Free Energy,”J. Chem. Eng. 
Jpn., 20, 227 (1987). 

Ludecke, D., and J. M. Prausnitz, “Phase Equilibria for Strongly 
Nonideal Mixtures from an Equation of State with Density-Depen- 
dent Mixing Rules,” Fluid Phase Equilib., 22, 1 (1985). 

Mansoori, G. A,, N. F. Carnahan, K. E. Starling, and T. W. Leland, 
“Equilibrium Thermodynamic Properties of the Mixture of Hard 
Spheres,” J. Chem. Phys., 54, 1523 (1971). 

Mathias, P. M., and T. W. Copeman, “Extension of the Peng-Robin- 
son Equation of State to Complex Mixtures: Evaluation of the 
Various Forms of the Local Composition Concept,” Flu& Phase 
Equilib., 13, 91 (1983). 

Michelsen, M. L., “The Isothermal Flash Problem. Part I. Stability,” 
Fluid Phase Equilib., 9, 1 (1982a). 

Michelsen, M. L., “The Isothermal Flash Problem. Part 11. Phase 
Split Calculation,” Fluid Phase Equilib., 9, 21 (1982b). 

Michelsen, M. L., “A Modified Huron-Vidal Mixing Rule for Cubic 
Equations of State,” Fluid Phase Equilib., 60, 213 (1990). 

Moriyoshi, T., S. Kaneshina, K. Aihara, and K. Yabumoto, “Mutual 
Solubility of 2-butanol f Water Under High Pressure,” J. Chem. 
Thermodyn., 7, 537 (1975). 

Orbey, H., and S. I. Sandler, “A  Comparison of Huron-Vidal Type 
Mixing Rules of Mixtures of Compounds with Large Size Differ- 
ences, and a New Mixing Rule,”Fluid Phase Equilib., 132, 1 (1997). 

Patel, N. C., and A. S. Teja, “A New Cubic Equation of State for 
Fluids and Fluid Mixtures,” Chem. Eng. Sci., 37, 463 (1982). 

Peng, D., and D. Robinson, “A New Two Constant Equation of 
State,” Ind. Chem. Eng. Fundam., 15, 59 (1976). 

Reid, R. C., J. M. Prausnitz, and B. E. Poling, The Properlies of Gases 
& Liquids, McGraw-Hill, New York (1988). 

Renon, H., and J. M. Prausnitz, “Local Compositions in Thermody- 
namic Excess Functions for Liquid Mixtures,” AIChE J . ,  14, 135 
(1965). 

Schneider, G., and G. Wilhelm, “Verdampfungsgleichgewitche im 
System Wasser-Butylglykol,” Z .  Phys. Chem. Neue Folge, 20, 219 
(1 959). 

Schneider, G., “Druckeinfluss auf die Entmischung Fliissiger Sys- 
teme: 1. Geschlossene Mischungsliicken bis 5000 bar,” Z. Phys. 
Chem. Neue Folge, 37, 333 (1963). 

Sarensen, J. M., and W. Ark, “Liquid-Liquid Equilibrium Data 
Compilation: 1. Binary Systems,” DECHEMA Chemisty Data Se- 
ries, Vol. V, Part 1, Frankfurt (1979). 

Suen, S., Y. Chen, and D. S .  H. Wong, “Calculation of Multiphase 
Equilibria by a Group Contribution Equation of State,” Fluid Phase 
Equilib., 52, 75 (1989). 

Van Konynenburg, P. H., and R. L. Scott, “Critical Lines and Phase 
Equilibria in Binary van der Waals Mixtures,” Philos. Trans. R. SOC. 
London Ser. A ,  298, 495 (1980). 

Voustas, E. C., C. J. Boukouvalas, N. S. Kalospiros, and D. P. Tas- 
sios, “The Performance of EoS/GE Models in the Prediction of 
Vapor-Liquid Equilibria in Asymmetric Systems,” Fluid Phase 
Equilib., 116, 480 (1996). 

Wang, W., Y. Qu, C. H. Twu, and J. E. Coon, “Comprehensive Com- 
parison and Evaluation of the Mixing Rules of WS, MHV2, and 
Twu et al.,” Fluid Phase Equilib., 116, 488 (1996). 

Wong, D. S., and S. I. Sandler, “A Theoretically Correct Mixing Rule 
for Cubic Equations of State,” AIChE J.,  38, 671 (1992). 

Manuscript received Nou. 4, 1997, and revision received Feb. 17, I998 

AIChE Journal May 1998 Vol. 44, No. 5 1187 


