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ABSTRACT 

The ability of four existing activity coefficient models to extrapolate mutual solubility data 
to completely miscible regions is studied. The UNIQUAC associated-solution, extended 
UNIQUAC, UNIQUAC and NRTL models are used to predict the behaviour of alcoho1 f 
saturated hydrocarbon systems. Only experimental mutual solubility data are used to obtain 
parameters for the four models. The results obtained using these models are compared. In 
addition, the ability of these models to calculate ternary liquid-liquid equilibria using only 
binary parameters is studied. The calculated results indicate that the UNIQUAC associated- 
solution model has the best overall performance. 

INTRODUCTION 

Activity coefficient models, based on the local composition concept, have 
been widely used for the description of solution non-ideality. The models 
have two or three adjustable parameterSper binary system. These parame- 
ters must be estimated from binary experimental phase equilibrium data: 
vapour-liquid equilibrium (VLE) data (P, x, y) at constant temperature or 
pressure and total pressure data (P, x or y) at constant temperature. A full 
set of these data is not always available. Sometimes only a limited number of 
experimental data such as activity coefficients at infinite dilution, mutual 
solubilities and azeotropic data exist, from which it is possible to obtain only 
two parameters. If a three-parameter model is used, the third parameter 
must be set as a constant. In a previous paper [l] the ability of existing 
models to extrapolate properties from infinite dilution to regions far from 
infinite dilution was investigated. 

* Partly presented at the 4th Italian-Yugoslavian-Austrian Chemical Engineering Con- 
ference, Grado, Italy, 24-26 September, 1984. 
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In this work, we study the possibilities of extrapolating experimental 
information obtained from mutual solubilities to finite concentration. The 
models to be studied are the UNIQUAC associated-solution [2,3]. extended 
UNIQUAC [4], UNIQUAC [5] and NRTL [6] models. 

SOLUTION MODELS 

The symbol A stands for the alcohol and B for the saturated hydrocarbon. 
The liquid phase activity coefficients of the components are given below. 

UNIQUAC associated-solution model 

The model assumes the linear successive polymerization of alcohol mole- 
cules (A; + A, = A,+i) and that the self-association constant is independent 
of the degree of association: 

eA + OBrBA - ‘I3 + OArA, 
(1) 

(2) 

with 

‘A = xArA/(xArA + xByB) ‘B = xBrB/(xArA + XBrB) (3) 

eA = xAqA/(xAqA + xBqB) OB = xBqB/(xAqA + xBqB) (4 

rAB = exp(-aAB/T) 7 - exp(-aBA/T) BA - (5) 

and Z is the coordination number taken as 10. 
The segment fraction of alcohol monomer QA, and the true molar volume 

of an alcohol + saturated hydrocarbon mixture are given by the following 
equations: 

QA, = (2KAQA + 1 - /+j)/2K$DA (6) 

1/V= @A,/[ ‘AC1 - KAaA,)] + ‘BirB (7) 

In the pure alcohol state, aA, and I’ reduce to ai, and V,” respectively: 

@i, = (2K, + 1 - Jlj/)/2K,: (8) 

l/v,” = (1 - KA@i, j/r, (9) 
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The temperature dependence of the alcohol association constant KA is 
expressed by the van? Hoff relation: 

a In K*/a(l/T) = - h,/R 00) 

The values of KA at 50” C were taken from Brandani [7]: for methanol, 
K, = 173.9; for ethanol, KA = 110.4. The value of h, is -23.2 kJ mole*, 
which is the enthalpy of dilution of ethanol in n-hexane at 25 o C [8] and was 
assumed to be temperature independent. The molecular structural parame- 
ters of the pure components Y and q were calculated in accordance with the 
method of Vera et al. [9]. 

Extended UNIQ UA C model 

4* is set as 1.00 for methanol and ethanol, because previously assigned 
values for these two alcohols did not give a phase separation for binary 
mixtures of methanol or ethanol with n-alkanes. For 2-propanol, q* = 0.89 
and for other pure components studied in this work, q* = q”.* [4]. The 
values of r and q are given by Prausnitz et al. [lo]. 

UNIQ UA C model 

For alcohols, the following values of q’ are given: for methanol, q’ = 0.96; 
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for ethanol, q’ = 0.92; for 2-propanol, q’ = 0.89 [5,10]. For acetonitrile, 
q’ = 0.95 and f or other components, q’ = q. 

NRTL model 

'AB='AB /T 'BA =aBA/T (17) 

GAB = exp(-aABTAB) G BA = exp(-aBA7BA > 08) 

where aAB(= CXBA) is th e non-randomness parameter, here set as 0.2 for 
partially miscible mixtures. 

RESULTS AND DISCUSSION 

Binary mixtures 

A literature search showed that experimental information on a full set of 
liquid-liquid equilibrium (LLE) and VLE data and activity coefficient data 
at infinite dilution is available for only a limited number of binary alcohol + 
saturated hydrocarbon mixtures as shown in Table 1, which gives the binary 
parameters of the four models together with experimental data. 

The binary parameters of each model are determined solving numerically 
the equation of LLE for every component I: 

(Y,x,)’ = (Y,-G (19) 

where the superscripts I and II represent equilibrium liquid phases. 
Figures l-7 show calculated and experimental activity coefficients. In the 

methanol + saturated hydrocarbon systems mutual solubilities are ap- 
proximately symmetric. This may be the main reason why the NRTL model 
gives nearly symmetric curves for the activity coefficient vs. composition 
relation. Moreover, this model gives smaller slopes near the dilute regions. 
The other three models are capable of showing unsymmetric behaviour and 
of giving values closer to the experimental results for all the systems 
investigated. In the alcohol-diluted region the experimental activity coeffi- 
cient of the alcohol changes rapidly and these three models are able to 
reproduce this behaviour very well and in the meantime are able to repro- 
duce also the behaviour in the hydrocarbon-diluted region where this 
variation is not so sharp. Table 1 indicates that the solubilities of methanol 
in a saturated hydrocarbon-rich phase reported in refs. 11, 13 and 14 are 
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MOLE FRACTION OF METHANOL 

METHANOL(A)-CYCLOHEXANE(B1 AT 25-C 

Fig. 1. Activity coefficients for methanol + cyclohexane at 25 ’ C. Experimental values (0) 
were obtained from P-x data of ref. 18. Two-liquid phase region was taken from ref. 12. 
Calculated: -, UNIQUAC associated-solution model; .-.-., extended UNIQUAC 
model; - - - - - - , UNIQUAC model; - - -, NRTL model. 
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, 
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MOLE FRACTION OF METHANOL 

METHANOL(A)-CYCLOHEXANE(B) AT 30-C 

Fig. 2. Activity coefficients for methanol + cyclohexane at 30 ’ C. Experimental activity 
coefficients at infinite dilution (0) were interpolated from original data of ref. 19. Calculated: 
-, UNIQUAC associated-solution model; . -. -. , extended UNIQUAC model; - - - - - -, 

UNIQUAC model; - - -, NRTL model. 
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0.0 0.1 0.2 0.8 09 I.0 

MOLE FRACTION OF METHANOL 

METHANOL (A) - CYCLOHEXANE(E) AT 40-C 

Fig. 3. Activity coefficients for methanol + cyclohexane at 40 o C. Experimental activity 
coefficients at infinite dilution (0) were interpolated from original data of ref. 19. Two-liquid 
phase region was taken from ref. 12. Calculated: - UNIQUAC associated-solution 

model; .- .-. , extended UNIQUAC model; - - - - - -, UNIQUAC model; - - -, NRTL 

model. 

markedly different from those given in ref. 12. However, different sets of 
solubilities for each mixture lead to nearly the same results as shown 
typically for the UNIQUAC associated-solution model in Fig. 4. 

In the ethanol + n-hexadecane system a comparison of the models can be 
made on the basis of predictions of the limiting activity coefficients. Again, 
the activity coefficients calculated by means of the association model and 
the extended UNIQUAC model are in excellent agreement with the activity 
coefficients obtained from VLE, while the activity coefficients given by the 
NRTL equation are rather lower. 

Ternaly mixtures 

Ternary LLE calculations provide further rather severe tests of the models 
and were carried out for five type I systems, where only one binary is 
partially miscible and the other two binaries are completely miscible, and for 
three type II systems, where two binaries are partially miscible and the third 
binary is completely miscible. Table 2 gives binary parameters derived for 
the models from VLE data. 

The parameters were estimated using a computer program similar to that 
described by Prausnitz et al. [lo], based on the maximum likelihood princi- 



MOLE FRACTION OF METHANOL 

METHANOL(A). n-HEXANEtB) AT 25-C 

Fig. 4. Activity coefficients for methanol + n-hexane at 25 o C. Experimental values (0) were 
obtained from P-x data of ref. 18. Two-liquid phase region I was taken from ref. 12 and II 
from ref. 11. Calculated activity coefficients based on solubilities of ref. 11 are shown for only 
those from the UNIQUAC associated-solution model to avoid overlap. Calculated: - 
and -..--, UNIQUAC associated-solution model; -. -. , extended UNIQUAC model; 
______ , UNIQUAC model; - - -, NRTL model. 

ple, and the following thermodynamic relations for component I: 

PY&, = YI~ICW exp[ uk( P - P,S)/RT] 

where P, y and + are the total pressure, vapour phase mole fraction and 
vapour phase fugacity coefficient respectively. The second virial coefficients 
B,, were calculated from the correlation of Hayden-O’Connell [22]. The 
modified Rackett equation [23] was used to estimate the pure component 
liquid molar volume uL. The pure component vapour pressure P” was 
obtained from the Antoine equation [24,25]. The standard deviations in the 
measured variables were taken as u, = 1 Torr, ur. = 0.05 K, a, = 0.001 and 
uv = 0.003. 

The UNIQUAC associated-solution model assumes that two alcohols, A 
and B, solvate linearly to yield the multisolvated chemical complexes (A iB,)k, 
(B,A,),, A,(B,A,), and B,(A,Bk),, where the subscripts i, j, k and I have 
values from unity to infinity and that alcohol A and an active non-associat- 
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METHANOL(A)- n-HEXANE(B1 AT 30-C 

Fig. 5. Activity coefficients for methanol + n-hexane at 30 o C. Experimental values (0) were 
obtained from P-x data of ref. 20. Calculated: -, UNIQUAC associated-solution 
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MOLE FRACTION OF METHANOL 

METHANOL(A)-n-HEPTANEIB) AT 25-C 

Fig. 6. Activity coefficients for methanol + n-heptane at 25 o C. Experimental values (0) were 
obtained from x-y data of ref. 21. Two-liquid phase region was taken from ref. 12. 
Calculated: - 
model; - - - - - -, 
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MOLE FRACTION OF ETHANOL 

ETHANOL(A)- n-HEXADECANEtB) AT 45OC 

Fig. 7. Activity coefficients for ethanol+ n-hexadecane at 45 o C. Experimental values (0) 
were obtained from P-x data of ref. 16. Calculated: -, UNIQUAC associated-solution 
model; .- .-. , extended UNIQUAC model; - - - - - -; UNIQUAC model; - - -, NRTL 
model. 

ing component B form A,B. The solvation equilibrium constants at 50” C 
and the enthalpies of complex formation are as follows: for methanol + 2- 
propanol, KAB = 70 and h,, = -23.2 kJ mol-’ [26]; for methanol + 
benzene, K,, = 4 and h,, = -8.3 kJ mol-’ [3]; for methanol + 
tetrachloromethane, KAB = 1 and h,, = - 5.5 kJ mol-’ [3]. h,, was as- 
sumed to be temperature independent and the temperature dependence of 
the solvation constant is fixed by the van’t Hoff relation (eqn. (10)). 

The binary parameters listed in Tables 1 and 2 were used to calculate the 
ternary LLE. Anderson and Prausnitz [33] stated that for systems of type II, 
if the mutual binary solubility data are known for the two partially miscible 
pairs, and if reasonable VLE data are known for the miscible pair, it is 
relatively simple to predict the ternary equilibria as shown previously by 
several researchers. This statement holds for systems whose solubility en- 
velopes are nearly straight lines. However, this is not the case for the systems 
studied here, as shown in Fig. 8. Only the UNIQUAC associated-solution 
model is able to reproduce the skewed solubility envelopes of the acetonitrile 
+ methanol + cyclohexane and acetonitrile + methanol + n-hexane systems 
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BENZENE 

A 

METHANOL 
0.2 0.4 0.6 

MOLE FRACTION “* CY CLOHEXAN E 

TETRACHLOROMETHANE 
0.6,, , I\ A \ 40.4 

METHANOL 
0.2 0.4 0.6 0.6 

MOLE FRACTION CYCLOHEXANE 

METHANOL 

ACETONITRILE0’2 
0.4 0.6 0.6 

MOLE FRACTION CYCLOHEXANE 

Fig. 8. Ternary liquid-liquid equilibria for mixtures containing one alcohol: (A) methanol + 
benzene + cyclohexane at 25 o C [34]; (B) methanol + tetrachloromethane + cyclohexane at 
25 o C [21]; (C) acetonitrile + methanol + cyclohexane at 25 o C [14]; (D) acetonitrile + 
methanol + cyclohexane at 40 o C 1131; (E) acetonitrile + methanol + n-hexane at 25 o C [14] 
(0 -. . - 0, ref. 35). Experimental tie-line (O- . . -0). Calculated: -, UNIQUAC 
associated-solution model; . -. -. , extended UNIQUAC model; - - - - - -, UNIQUAC model; 
- - -, NRTL model. 
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METHANOL 

METHANOL 

0.2 0.4 0.6 0.6 
ACETONITRILE MOLE FRACTION n- HEXANE 

Fig. 8 (continued) 

very well. For systems of type I, the association model also gives calculated 
results close to the experimental values and those derived from the NRTL 
equation show too large envelopes (Figs. 8 and 9). For systems containing 
two alcohols the extended UNIQUAC model works better than the UN- 
IQUAC model. 



2-PROPANOL 

0.2 0.4 0.6 
METHANOL MOLE FRACTION O.6 CYCLOHEXANE 

2- PROPANOL 

0.2 0.4 0.6 
METHANOL 

0.6 
MOLE FRACTION n-HEXANE 

2 -PROPANOL 

0.2 0.4 0.6 0.6 
METHANOL MOLE FRACTION n-HEXANE 

Fig. 9. Ternary liquid-liquid equilibria for mixtures containing two alcohols: (A) methanol + 
2-propanol+ cyclohexane at 25 o C [34]; (B) methanol + 2-propanol + n-hexane at 5 ’ C [15]; 
(C) methanol + 2-propanol-t n-hexane at 25 o C [15]. Experimental tie-line, (O- - - -0). 
Calculated: - UNIQUAC associated-solution model; . -. -. , extended UNIQUAC 

model; - - - - - -, &IQUAC model; - - -, NI?XL model. 

CONCLUSIONS 

More experimental data are needed for partially miscible alcohol + 
hydrocarbon systems in order to test the UNIQUAC associated-solution 
model in the interpolation of thermodynamic information derived from 
mutual solubilities to miscible and infinitely diluted regions. The binary and 
ternary calculated LLE results may confirm the flexibility of the UNIQUAC 
associated-solution model, although the association model involves addition- 
ally the equilibrium constants, in contrast with the other commonly used 
local composition models. 
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LIST OF SYMBOLS 

A B 
aLI 
B IJ 

G 

h: 
h AB 

KA 
K AB 

P 

Pf 

4/ 

4r* 

4; 

R 

rI 

T 

V 

VA0 
L 

“I 

XI 

YI 
z 

components 
binary interaction parameter related to rrJ 
second virial coefficient 
coefficient as defined by exp( - CX~~T~~) in the NRTL model 
enthalpy of hydrogen-bond formation 
enthalpy of chemical complex formation 
alcohol association constant 
solvation constant between unlike molecules 
total pressure 
vapour pressure of pure component I 
molecular geometric area parameter of pure component 1 
molecular interaction area parameter of pure component I in the 
extended UNIQUAC model 
molecular interaction parameter of pure component I in the UN- 
IQUAC model 
universal gas constant 
molecular geometric volume parameter of pure component I 
absolute temperature 
true molar volume of alcohol mixture 
true molar volume of pure alcohol solution 
molar liquid volume of pure component I 
liquid phase mole fraction of component I 
vapour phase mole fraction of component I 
coordination number, here equal to 10 

Greek letters 

(yI.i non-randomness parameter of the NRTL model 

YI activity coefficient of component I 

8, area fraction of component I 

6 area fraction of component I in residual contribution to the 
activity coefficient of the UNIQUAC model 

OPT uT standard deviations in pressure and temperature 

9,) 4, standard deviations in liquid phase and vapour phase mole fraction 
respectively 
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TIJ binary parameter 

@‘I segment fraction of component Z 
QA,, Qi+ monomer segment fractions of components A and B 

+I vapour phase fugacity coefficient of component Z 

6 vapour phase fugacity coefficient of pure component Z at P;’ and 
T 

Subscripts 

A, B components 

A,, B, monomers of components A and B 
AB binary complex 

Z, J components 
i, j, k, I degree of association 

Superscripts 

0 pure liquid reference state 
I, II equilibrium liquid phases 
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