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ABSTRACT

Benmekki, EH. and Mansoori, G.A., 1987. Phase equilibrium calculations of highly polar
systems. Fluid Phase Equilibria, 32: 139-149.

It is well known that highly polar and hydrogen bonding mixtures pose a serious challenge
to equations of state. In the present report it is shown that excellent correlations and
predictions of complex systems can be achieved when the van der Waals mixing rules are
properly associated with an equation of state. In this report the proper form of the van der
Waals mixing rules is used with the Peng-Robinson equation of state to predict the
vapor-liquid equilibrium properties of water—ketone, water—alcohol, alcohol-ketone, and
other complex mixtures, which exhibit either positive or negative azeotropy, with an accuracy
which was not achievable by the original form of Peng—Robinson equation of state of
mixtures.

INTRODUCTION

Among the many techniques of phase equilibrium calculations the ana-
lytic combined methods (‘Gamma-Phi’ approach) and the analytic direct
methods (equation of state approach) are more widely used for performing
practical fluid phase equilibrium calculations than the other existing tech-
niques.

In the ‘Gamma-Phi’ method, definition of the fugacity coefficient is used
to describe the vapor phase and definition of the activity coefficient is used
to describe the liquid phase. This method can be applied to a wide variety of
mixtures and is accurate for low to moderate pressure calculations. As a
result, applications of this method for critical and supercritical pressures
become rather difficult and inaccurate.

* To whom correspondence should be addressed.
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In the equation of state approach, definition of the fugacity coefficient is
used to describe both liquid and vapor phases through the application of a
single equation of state. The major advantage of this technique is its
applicability for the ranges of pressures including critical and supercritical
pressures. However, phase equilibrium calculations by this method will be
rather lengthy except for simple equations of state. Another problem with
the use of the equation of state technique is the insufficiency of information
about the exact form of the equation of state of mixtures and inaccuracy of
the existing mixing rules for mixtures consisting of polar and hydrogen
bonding components and components with large molecular size and shape
differences.

Cubic equations of state, such as the Redlich-Kwong, Soave and
Peng—Robinson equations, have been shown to yield accurate predictions of
hydrocarbon and non-polar fluid phase behavior. But a common deficiency
of all such equations of state is their inability to provide acceptable
predictions of phase behaviour of systems involving highly polar fluids.

In a recent publication (Kwak and Mansoori, 1985) a new format for the
formulation of the van der Waals mixing rules for cubic equations of state
was presented. The new format was previously used for prediction of
solubility of solids in supercritical fluids and fluid mixtures with success
(Mansoori and Kwak, 1985). In the present report we apply this new
concept of the van der Waals mixing rules to vapor-liquid equilibrium
calculations of mixtures of highly polar fluids of practical interest.

THE CONCEPT OF THE VAN DER WAALS MIXING RULES

As an example the Peng-Robinson equation of state (Peng and Robinson,
1976; Robinson, et al., 1985) is chosen in this study to perform vapor-liquid
equilibrium calculations. To apply the van der Waals mixing rules correctly
in the Peng—Robinson equation of state, we must separate thermodynamic
variables from constants of the equation of state. Thus, we can write the
Peng—Robinson equation of state in the following form (Kwak and Mansoori,
1985)

v ¢/RT+d—2/ (cd/RT)

ZZ0Tb T (01 b)+ (b/0)(v=b) M

where ¢ = a(T,)(1 + k)2 and d = a(T,)x*/RT,

This new form indicates that this equation of state has three independent
constants which are b, ¢ and d. Parameters b and 4 are proportional to
(molecular length )3 or (b« k1 and d « k), while parameter ¢ is proportional
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to (molecular length)? - (molecular energy) or (c & fh). Thus, the mixing
rules for ¢, b and d will be
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The correct combining rules (Rowlinson and Swinton, 1982) for the
unlike interaction parameters b, ¢ and d will be

b3 4+ /3|3
3 il
bij=(1_1ij) [—%] (5)
di?+di? P ‘
3 ii
dij=(1_mij) l—j_i] (6)
¢, ==k, )ei /b, ;)8 (7)

In eqns. (5)~(7) parameters k,, /;; and m,; are the binary interaction
parameters that can be adjusted to provide the best fit to the experimental
data.

VAPOR-LIQUID EQUILIBRIUM CALCULATIONS

When applying the analytic direct method for vapor-liquid equilibrium
calculations, the success of the vapor-liquid equilibrium predictions de-
pends on the accuracy of the equation of state and on the mixing rules that
are used.

The Marquart minimization procedure is used ini the computation of the
binary interaction parameters through the bubble pressure vapor-liquid
equilibrium calculation method with the following objective function

M _ 2

OF= Y P(exp) — P(cal)
P(exp)

where M is the number of experimental data considered, P(exp) is the

experimental equilibrium pressure and P(cal) is the calculated equilibrium
pressure.

(8)

i=1 i
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From the above equation the average deviation in pressure can be
expressed as

AP/P=(OF/M)"? (9)

The vapor-liquid equilibrium calculation described above can be used for
any kind of mixture so long as an equation of state, with proper mixing
rules, is available for that mixture. In the present report we specifically
concentrate on mixtures of highly polar fluids to demonstrate the versatility
of the correct form of the van der Waals mixing rules.

RESULTS AND DISCUSSION
The binary systems chosen for this study are the ones for which cubic
equations of state (specifically the Peng—Robinson equation of state), with

their conventional mixing rules, have been incapable of properly predicting
their phase behavior. The systems chosen for this study consist of water—ke-

ACETONE (1) - WATER (2)

P - BARS

T= 423.15K

°~° T T T T 1 T T 3 T
0.0 0.1 02 03 04 05 08 07 0.8 0.9 1.0

X(1) . (1)

Fig. 1. Equilibrium pressure-composition diagram for acetone—water. , New mixing
rules with the binary interaction parameters, k,,, /;; and my,, equal to zero; O and @,
experimental data (Griswold and Wong, 1952).
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tone, water—alcohol, alcohol-ketone and other complex mixtures, which
exhibit either positive or negative azeotropy.

The acetone-water system provides an interesting example of the in-
fluence of the mixing rules and combining rules on the vapor-liquid
equilibrium calculations involving highly polar fluids. In Fig. 1 the solid line
is the prediction by the Peng-Robinson equation of state with the new
mixing rules and combining rules and with the binary interaction parameters
(k,;, 1;; and m, ) equal to zero. It should be pointed out that no phase
behavior is predicted with the use of the Peng—-Robinson equation of state
and its conventional mixing and combining rules when the interaction
parameter &, ; is set equal to zero.

The question may arise concerning the reason for replacing the geometric
mean combining rule

¢, = (c,c;. )" (10)
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Fig. 2. Vapor-liquid equilibrium composition diagram for acetone—water. , DEW
mixing rules with eqn. (7) as the combining rule; - - - - - - , new mixing rules with eqn. (10) as

the combining rule; ®, experimental data (Griswold and Wong, 1952).
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Fig. 3. Equilibrium pressure-composition diagram for acetone-water. - - - - - - , original mix-
ing rules with a fitted parameter §;,; ——, new mixing rules with three fitted parameters

k12, I35 and my,; O and @, experimental data (Griswold and Wong, 1952).

with eqn. (7) as the combining rule for parameter c¢. Of course, theoretically
it is proved (Rowlinson and Swinton, 1982) that eqn. (7) is a more accurate
combining rule than eqn. (10) for parameter c. However, to demonstrate the
superiority of eqn. (7) over eqn. (10), we use Fig. 2. In Fig. 2 the Y-X
diagram corresponds to the same data as in the P-X diagram of Fig. 1. This
figure illustrates the marked improvement which is gained by the introduc-
tion of the correct combining rule, eqn. (7), over the geometric mean
combining rule, eqn. (10), for parameter ¢ of the Peng—Robinson equation
of state. The solid line in Fig. 2 is the prediction with the new mixing rules
and Eqn. (7) as the combining rule for ¢, while the dashed line represents the
same equation of state and mixing rules but with eqn. (10) as the combining
rule for ¢. In this figure, as in Fig. 1, the interaction parameters are set equal
to zero. Figure 2 is also indicative of the fact that eqn. (10) falsely predicts
phase splitting for the acetone—water system. The Peng—Robinson equation
of state with its original mixing rules does not predict any phase equilibrium

for these data when its interaction parameter, £, , is set equal to zero.
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2-BUTANOL (1) - WATER (2)
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Fig. 4. Vapor-liquid equilibrium composition diagram for 2-butanol-water. - - - - - - , original
mixing rules with a fitted parameter §,,; ———, correct mixing rules with three fitted

parameters ki, /;, and m,,; ®experimental data (Chem. Data Ser., 1977).

To demonstrate the superiority of the new mixing rules over the conven-
tional mixing rules in predicting vapor-liquid equilibrium at different
temperatures and pressures, we use Fig. 3a, b, c. According to this figure
data correlation is greatly improved by the new mixing rules. Also it can be
seen from this figure that the conventional mixing rules have a tendency
towards false phase-splitting due to the unexpected shape of the bubble
point curve.

Figure 4 demonstrates that the correct van der Waals mixing rules
properly predict a phase splitting of the 2-butanol-water system at 353.15 K
and correlate the vapor-liquid equilibrium data more accuratly than the
conventional mixing rules.

The 1-propanol-water system is another example for which the correct
van der Waals mixing rules outperform the classical mixing rules, as demon-
strated in Fig. 5. A false phase-splitting is predicted by the classical mixing
rules while an excellent correlation of the experimental data is obtained with
the correct mixing rules.
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1-PROPANOL (1) - WATER (2)
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Fig. 5. Vapor-liquid equilibrium composition diagram for 1-propanol-water. - - - - - - , Origi-
nal mixing rules with a fitted parameter £,,;, ——, correct mixing rules with three fitted

parameters kq,, /;; and m,,; @, experimental data (Chem. Data Ser., 1977).

The values of the binary interaction parameters, as well as the corre-
sponding average pressure deviations for all the mixtures considered in this
study, are reported in Table 1.

Overall it is demonstrated here that the statistical mechanically proper
van der Waals mixing rules can improve prediction of highly polar mixture
properties with the Peng—-Robinson equation of state. This method is general
and may be applied as well to other cubic equations of state.

LIST OF SYMBOLS

a, b, ¢, d equation of state parameters

P pressure

R gas constant

T temperature

v molar volume

Z compressibility factor
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superscripts or subscripts

c critical property
i, J component identification
ijj or 12 binary pair of components i and j or 1 and 2
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