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Extending the Van Laar Model to Multicomponent Systems
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Abstract: The original van Laar equation for representing the excess Gibbs free energies of liquid mixtures contains cer-
tain deficiencies that have prevented the equation from being applied to multicomponent systems. We have analyzed the
temperature dependency of the energy parameter in modern cubic equations of state and modified the original van Laar
equation with a view to extending the equation to multicomponent systems. It is found that the consideration of the tem-
perature dependency of the energy parameter has lead to a modified van Laar equation involving additional terms. These
extra terms serve to provide some physical significance that can be attached to the van Laar equation to allow it to unam-
biguously represent the behavior of the excess Gibbs free energy and activity coefficients of nonideal solutions. The final
form of the modified van Laar equation for multicomponent mixtures involves two size parameters and an interaction pa-
rameter for each of the constituent binary pairs; the latter parameter replaces a term consisting of a combination of the two
energy parameters and two size parameters for the components in a binary mixture. For mixtures involving only hydro-
carbons the size parameters can be readily calculated from the critical properties by means of any of the cubic equations of

state of the van der Waals type.
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1. INTRODUCTION

Vapor-liquid equilibrium (VLE) calculations constitute
an important part of the engineering calculations encountered
in chemical engineering practices. The main objectives of
these calculations are to determine the compositions of the
equilibrating phases in the system in question and subse-
quently the thermophysical properties, such as the heat ca-
pacity, enthalpy, entropy, and density, of the coexisting flu-
ids. There are two approaches to accomplishing these calcu-
lations. One is the equation-of-state approach in which a
single equation of state is used to represent the behavior of
both the liquid and the gas phases. The other approach in-
volves the use of an equation of state to represent the behav-
ior of the gas phase and an excess Gibbs energy model to
represent the behavior of the liquid phase. Among the many
excess Gibbs free energy models published in the open lit-
erature, only a few have found widespread usage. In particu-
lar, the Margules equation [1], the van Laar equation [2,3,4],
the Wilson equation [5], the NRTL equation [6], and the
UNIQUAC equation [7] are listed in the compilation pub-
lished by DECHEMA [8] and these equations are essentially
the mainstream models. Of all these models, the van Laar
model is the only one that was originated from a combina-
tion of an empirical equation of state with the rigorous ther-
mal equation of state.

The original expression proposed by van Laar to repre-
sent the excess Gibbs free energy contains two energy pa-
rameters and two size parameters that characterize the
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components in a binary system. The corresponding expres-
sions for the activity coefficients can be readily derived by
mathematical manipulation. However, the original forms of
the van Laar equations did not find wide use except in text-
books as an example of solution theory. One could suggest a
couple of reasons for this unfortunate consequence. One is
that the use of the van der Waals parameters did not lead to
any quantitative agreement between the calculated activity
coefficients and the experimentally measured values. The
other reason is that the form of the original van Laar equa-
tion dictates that the excess Gibbs energies calculated ac-
cording to this equation can never be negative. Involving
only two empirical parameters that are determined by means
of fitting the experimental data, the modern forms of the van
Laar equations can be applied to systems that exhibit nega-
tive deviations from Raoult’s law. Nevertheless, these em-
pirically evaluated parameters not only have masked the
physical significance that can be attached to the van Laar
equations, but also have prevented the van Laar equations
from representing the behavior of multicomponent systems.

While there have been a number of attempts, for exam-
ples, such as those made by White [9], Wohl [10], Black
[11], and Chien and Null [12], to extend the original van
Laar equations to multicomponent systems, none of these
attempts could be considered satisfactory and truly repre-
senting an extension of the original van Laar equations. In
this study, we have rectified the excess Gibbs free energy
equation developed by van Laar and extended the reformu-
lated equations to multicomponent systems.

2. THE ORIGINAL VAN LAAR EQUATIONS

In 1906 van Laar [2] postulated that the behavior of two
pure liquids and that of the resulting mixture when these two
pure liquids are mixed could be represented by the van der
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Waals equation. He then proposed a reversible thermody-
namic path to represent the mixing process and manipulated
the thermal equation of state to develop an expression for the
heat of mixing. He used the conventional quadratic mixing
rule for the energy parameter a and the linear mixing rule for
the size parameter b. The resulting equation has the form

HE - X1 X,b,b, (ﬁ_ \/z)z 1)

xib + x,0, | by b,

Upon making further assumptions that the mixing proc-
ess involves no volume change and that the entropy of mix-
ing is identical to that of an ideal solution, van Laar con-
cluded that the expression for the excess Gibbs free energy is
identical to that for the heat of mixing. Thus, the original van
Laar equation implies that the excess Gibbs free energy, the
excess internal energy, and the excess Helmholtz free energy
are all equal to the excess enthalpy. Once the expression for
the excess Gibbs free energy is established, the correspond-
ing expressions for the activity coefficients can be obtained
by differentiation according to the principles of thermody-
namics. Thus, the original van Laar equations for the activity
coefficients of the components in a binary mixture are given

by

2
In Y= % ﬁ — E (2)
RT(x;b, +x,0,)* \ by b,
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2
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The limitation of the above equations is obvious. The
perfect square term in the right-hand members of these equa-
tions precludes their application to systems exhibiting nega-
tive deviations from Raoult’s law. This term also errone-
ously implies that components with identical critical pressure
would form an ideal solution. Van Laar, however, expressed
the activity coefficients in terms of two dimensionless auxil-
iary variables rand f and wrote the following equations for
the partial pressures of the components:

_ . Bx;
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Equations (4) and (5) are essentially the basis for the Carl-
son-Colburn [13] forms of the van Laar equations for the
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excess Gibbs free energy and the logarithms of the activity
coefficients:

GE - RTAB x,x,
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It can be readily shown that the parameters A and B in the
Carlson and Colburn [13] forms are related to the dimension-
less variables rand g by the following equations:

__ B
C(l+r) 1
g-bt_ (12)

1+r

In spite of the success of the equations (8) to (10) in correlat-
ing the experimental data of binary systems by using only
two empirical constants, these equations cannot be extended
to multicomponent systems.

3. REFORMULATION OF THE VAN LAAR EQUA-
TIONS

The perfect square term appearing in equation (1) was a
direct result of van Laar’s strict adherence to the van der
Waals equation by treating the energy parameter a as a con-
stant. Had van Laar had access to any of the modern cubic
equations of state, he would have considered the effect of
temperature on this parameter and developed a model that
would be applicable not only to systems exhibiting positive
deviations from Raoult’s law but also to systems exhibiting
negative deviations.

Let us consider a generic two-parameter cubic equation
of state of the form

P RT B a
v—b (v+ub)(v+wb)

(13)

where the a and b are, respectively, the temperature-
dependent energy parameter and temperature-independent
size parameter and the u and w in the denominator are con-
stants.

Upon adopting the same mixing rules and procedure as
those used by van Laar in the development of his equation
for the excess Gibbs free energy, we have obtained the fol-
lowing equation for the excess Gibbs free energy for a binary
system:

G* x,x,b.b

——— %2 "€ (14)
RT  x,b +x,b,

where
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Itis clear that the value of ¢, as represented by equation
(15) cannot be categorically declared as either positive or
negative or zero without completing the calculations term by
term. Thus, the excess Gibbs free energy represented by
equation (14) can be positive, negative, or zero depending on
the relative magnitude of the terms enclosed in the parenthe-
ses. The physical significance of equation (14) is quite clear:
whether a binary system is a positive deviation system or a
negative deviation system is entirely defined by the sign of
the interaction parameter while the magnitude of the devia-
tion is a result of this parameter in combination with the
volumetric effects of the components. To illustrate the char-
acteristics of the values of ¢,, we have used the PRSV

equation of state [14, 15] to calculate the values of ¢, for

several binary systems. The results are presented in Fig. (1).
It can be seen that for some systems the calculated ¢, val-

ues are positive and for some other systems the ¢,, values
are negative. However, all ¢;, values appear to be linearly
dependent on temperature and the calculated ¢, values do

not necessarily represent the best parameter values in the
reformulated van Laar equation. Therefore, the ¢, term will

be taken as an adjustable interaction parameter to be deter-
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Fig. (1). Interaction parameters (g;;) calculated for selected binary
mixtures by means of the PRSV equation of state: chloroform (1) +
benzene (2) —@— ; chloroform (1) + THF (2) —@— ; n-hexane
(1) + benzene (2)—Jll— chloroform (1) + methyl acetate (2) ——;
benzene (1) + methyl acetate (2) —&— ; n-butane (1) + n-heptane

(2), —@—; methanol (1) + water (2) - O—.
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mined from the experimentally measured VLE values for the
binary system of interest. This interaction parameter and the
size parameters b; and b, constitute the three parameters re-
quired to represent a binary system in the application of the
reformulated van Laar equations.

The excess Gibbs free energy equation for binary sys-
tems can be readily extended to multicomponent systems.
The resulting excess Gibbs free energy equation and the cor-
responding equations for the logarithm of the activity coeffi-
cient of the k-th component in an N-component system are

N-1 N
o Exlij,bjeu
i=1 j=i+l
R 8 4o
Ex,b,
i=1
and
N E
Iny, = ka E'xi b, & _g_T (19)
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In particular, the equations for a ternary system are given by

E
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and
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4. APPLICATION OF THE REFORMULATED VAN
LAAR EQUATIONS

We have found that the size parameters for hydrocarbons,
which generally belong to the normal fluids, can be esti-
mated from the critical constants by means of any of the cu-
bic equations of state that conform to the generic cubic equa-
tion of state represented by equation (13). In this paper, all
size parameters including those for the polar components
were calculated by means of the Peng-Robinson equation of
state [16] according to the equation

_0.077796RT,
P

¢

b (24)

The critical constants along with the calculated size parame-
ters for ten hydrocarbons and four non-hydrocarbons are
presented in Table 1.

As the size parameters have units of cm® mol™, the inter-
action parametere,, has units of mol cm®. However, for

simplicity, all parameters may be taken to be dimensionless
without affecting the calculated VLE results. It should be
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Table1. Critical Constants and the Size Parameters Calculated by Means of Equation (24)
Substance TJ/K P.J/kPa b/(cm*/mol)
n-Pentane 469.70 3369.02 90.175
n-Hexane 507.30 3012.36 108.92
n-Heptane 540.10 2735.75 127.69
n-Octane 568.76 2486.49 147.95
Cyclohexane 553.64 4075.00 87.875
Methylcyclohexane 572.12 3471.00 106.61
Benzene 562.16 4898.00 74.235
Toluene 591.80 4106.00 93.223
Water 647.29 22089.75 18.953
Methanol 512.58 8095.79 40.952
Chloroform 536.55 5472.00 63.421
Tetrahydrofuran 540.10 5190.00 67.309
Table 2.  Correlation of Vapor-Liquid Equilibrium Data Measured under Isobaric Conditions
Component 1 Component 2 P/kPa NP 102512 AT /°C Ay Reference
n-Hexane Benzene 101.33 24 0.4909 0.20 0.0045 [18]
n-Hexane Benzene 101.33 12 0.4732 0.11 0.0076 [19]
n-Heptane Benzene 24.0 9 0.6038 0.16 0.0043 [20]
n-Heptane Benzene 53.33 9 0.4962 0.11 0.0015 [20]
Cyclohexane Benzene 101.19 20 0.4534 0.10 0.0057 [21]
Cyclohexane Benzene 101.33 20 0.4166 0.06 0.0020 [22]
Cyclohexane Benzene 101.33 30 0.4283 0.07 0.0188 [18]
Cyclohexane n-Hexane 101.33 16 0.0265 0.07 0.0056 [18]
Cyclohexane n-Heptane 101.33 19 -0.0013 0.08 0.0071 [22]
Cyclohexane n-Heptane 101.33 25 0.0294 0.07 0.0069 [23]
Cyclohexane Toluene 101.33 20 0.2859 0.13 0.0071 [22]
Cyclohexane Toluene 101.33 21 0.2973 0.10 0.0071 [24]
Methylcyclohexane Benzene 101.33 23 0.2847 0.20 0.0094 [22]
Methylcyclohexane n-Heptane 101.33 11 0.0059 0.04 0.0010 [22]
Methylcyclohexane n-Heptane 101.33 12 0.0125 0.02 0.0020 [24]
Benzene Toluene 101.33 12 -0.0174 0.05 0.0046 [19]
n-Hexane Toluene 101.33 25 0.3158 0.41 0.0110 [22]
n-Heptane Toluene 101.33 22 0.2346 0.23 0.0048 [22]
n-Heptane Toluene 101.33 17 0.2623 0.04 0.0029 [25]

noted that for a binary system, if necessary, the value of one
of the size parameters can be arbitrarily set and the values of
the other size parameter and the interaction parameter can
then be determined by regression on the VLE data. This is so
because the three parameters in the reformulated van Laar
equation for a binary system are related to the coefficients in
the Carlson and Colburn [13] forms by the following simul-
taneous equations:
b, A

b, B (29)

be, =A (26)

The reformulated van Laar model was tested by correlating
the VLE data of a number of hydrocarbon systems. The op-
timal values of the binary interaction parameters for all the
binary systems were determined by means of Barker’s
method [17]. For each of the binary mixtures tested, the cor-
relation of the VLE data was essentially a one-parameter
regression process because the size parameters have already
been calculated by means of Equation (24). The optimal in-
teraction parameters determined from VLE data measured
under isobaric conditions are presented in Table 2 whereas
those determined from data measured under isothermal con-
ditions are presented in Table 3. As shown in Figs. (2 to 19),
the VLE values of the hydrocarbon systems as well as the
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Table 3. Correlation of Vapor-Liquid Equilibrium Data Measured under Isothermal Conditions
Component 1 Component 2 t/°C NP 10%¢, AP /kPa Ay Reference
n-Pentane Benzene -17.78 16 1.2286 0.05 0.0036 [26]
n-Pentane Benzene 16 24 0.8490 0.54 0.0401 [26]
n-Pentane Benzene 35 12 0.7572 0.29 0.0029 [27]
n-Pentane Benzene 40 14 0.7010 0.31 0.0050 [27]
n-Pentane Benzene 45 14 0.6533 0.40 0.0065 [27]
n-Pentane Benzene 50 14 0.6141 0.84 0.0074 [27]
n-Hexane Benzene 25 10 0.7079 0.01 0.0017 [28]
n-Hexane Benzene 25 30 0.7066 0.02 0.0019 [29]
n-Hexane Benzene 25 21 0.7077 0.01 0.0013 [29]
n-Heptane Benzene 25 12 0.6081 0.01 0.0014 [28]
n-Heptane Benzene 45 15 0.5326 0.10 0.0034 [30]
n-Heptane Benzene 60 14 0.4508 0.06 0.0086 [31]
n-Heptane Benzene 75 11 0.3795 0.38 0.0079 [32]
n-Heptane Benzene 80 15 0.3811 0.09 0.0122 [31]
n-Octane Benzene 55 27 0.3622 0.26 0.0061 [33]
n-Octane Benzene 65 26 0.3311 0.39 0.0072 [33]
n-Octane Benzene 75 13 0.2996 0.36 0.0109 [33]
Cyclohexane Benzene 8 12 0.7513 0.00 0.0011 [34]
Cyclohexane Benzene 14 12 0.7142 0.00 0.0006 [34]
Cyclohexane Benzene 20 12 0.6791 0.00 0.0010 [34]
Cyclohexane Benzene 25 11 0.6009 0.01 0.0021 [35]
Cyclohexane Benzene 40 7 0.5765 0.02 0.0039 [36]
Cyclohexane Benzene 40 7 0.5705 0.03 0.0040 [37]
Cyclohexane Benzene 40 6 0.5809 0.08 0.0037 [38]
Cyclohexane Benzene 70 7 0.4618 0.05 0.0032 [36]
Cyclohexane n-Hexane 25 29 0.1221 0.03 0.0026 [39]
Cyclohexane n-Heptane 25 11 0.1002 0.06 0.0018 [40]
Cyclohexane Toluene 25 11 0.5304 0.11 0.0056 [40]
Methylcyclohexane | Benzene 40 18 0.5220 0.02 0.0018 [41]
Methylcyclohexane | Benzene 75 29 0.4208 0.42 0.0082 [42]
Methylcyclohexane | Toluene 40 18 0.3641 0.01 0.0006 [41]
Methylcyclohexane | Toluene 75 27 0.2903 0.05 0.0017 [42]
Methylcyclohexane | Ethylbenzene 40 17 0.2800 0.02 0.0011 [41]
n-Hexane Toluene 70 9 0.2966 2.68 0.0192 [43]
n-Heptane Toluene 25 11 0.4150 0.13 0.0032 [40]
Chloroform Tetrahydrofuran 30 19 -2.4610 0.10 0.0029 [44, 45]
Methanol Water 24.99 13 1.9906 0.13 0.0150 [46]
Methanol Water 35 12 2.2029 0.35 0.0257 [47]
Methanol Water 39.9 10 2.3674 0.19 0.0069 [48]
Methanol Water 50 10 2.1812 0.47 0.0178 [47]
Methanol Water 50 14 2.4223 0.17 0.0150 [49]
Methanol Water 55 20 2.3820 0.31 0.0120 [49]
Methanol Water 60 18 2.3433 0.47 0.0070 [49]
Methanol Water 65 10 2.2793 0.73 0.0132 [47]
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Fig. (2). Correlation of vapor-liquid equilibrium values for the {n-
hexane (1) + benzene (2)} system at 101.33 kPa. Experimental
mole fraction of component 1 in liquid O ; experimental mole frac-
tion of component 1 in vapor @ ; calculated mole fraction of com-
ponent 1 in liquid —— ; calculated mole fraction of component 1
in vapor - --.
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Fig. (3). Correlation of vapor-liquid equilibrium values for the
{benzene (1) + n-heptane (2)} system at 53.33 kPa. Experimental
mole fraction of component 1 in liquid O; experimental mole frac-
tion of component 1 in vapor @; calculated mole fraction of com-
ponent 1 in liquid —— ; calculated mole fraction of component 1
invapor ---.
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Fig. (4). Correlation of vapor-liquid equilibrium values for the
{benzene (1) + cyclohexane (2)} system at 101.33 kPa. Experimen-
tal mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid ——; calculated mole fraction of component
1invapor - - - .
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Fig. (5). Correlation of vapor-liquid equilibrium values for the {n-
hexane (1) + cyclohexane (2)} system at 101.33 kPa. Experimental
mole fraction of component 1 in liquid O; experimental mole frac-
tion of component 1 in vapor @; calculated mole fraction of com-
ponent 1 in liquid ——; calculated mole fraction of component 1 in
vapor - --.
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Fig. (6). Correlation of vapor-liquid equilibrium values for the
{n-hexane (1) + n-heptane (2)} system at 101.33 kPa. Experimen-
tal mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-
nent 1 in vapor - - -.
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Fig. (7). Correlation of vapor-liquid equilibrium values for the
{cyclohexane (1) + toluene (2)} system at 101.33 kPa. Experi-
mental mole fraction of component 1 in liquid O; experimental
mole fraction of component 1 in vapor @; calculated mole frac-
tion of component 1 in liquid — ; calculated mole fraction of
component 1 in vapor - --.
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Fig. (8). Correlation of vapor-liquid equilibrium values for the
{benzene (1) + methylcyclohexane (2)} system at 101.33 kPa.
Experimental mole fraction of component 1 in liquid O; experi-
mental mole fraction of component 1 in vapor @; calculated mole
fraction of component 1 in liquid —— ; calculated mole fraction
of component 1 in vapor - - - .
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Fig. (9). Correlation of vapor-liquid equilibrium values for the
{n-heptane (1) + methylcyclohexane (2)} system at 101.33 kPa.
Experimental mole fraction of component 1 in liquid O; experi-
mental mole fraction of component 1 in vapor @; calculated mole
fraction of component 1 in liquid — ; calculated mole fraction
of component 1 in vapor - - - .
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Fig. (10). Correlation of vapor-liquid equilibrium values for the
{benzene (1) + toluene (2)} system at 101.33 kPa. Experimental
mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid ——; calculated mole fraction of compo-
nent 1 in vapor - - - .
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Fig. (11). Correlation of vapor-liquid equilibrium values for the
{n-hexane (1) + toluene (2)} system at 101.33 kPa. Experimental
mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-
nent 1 in vapor - --.

115

110

°C

105

t/

100

95 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

X1 Yy

Fig. (12). Correlation of vapor-liquid equilibrium values for the
{n-heptane (1) + toluene (2)} system at 101.33 kPa. Experimen-
tal mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-
nent 1 invapor - - - .
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Fig. (13). Correlation of vapor-liquid equilibrium values for the
{n-hexane (1) + benzene (2)} system at 298.15 K. Experimental
mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-
nent 1 in vapor - - -.



136 The Open Thermodynamics Journal, 2010, Volume 4

21

P/kPa

11
0.0 0.2 0.4 0.6 0.8 1.0

XYy

Fig. (14). Correlation of vapor-liquid equilibrium values for the
{n-hexane (1) + cyclohexane (2)} system at 298.15 K. Experi-
mental mole fraction of component 1 in liquid O; experimental
mole fraction of component 1 in vapor @; calculated mole frac-
tion of component 1 in liquid —— ; calculated mole fraction of
component 1 in vapor - - -.
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Fig. (15). Correlation of vapor-liquid equilibrium values for the
{cyclohexane (1) + benzene (2)} system at 298.15 K. Experimen-
tal mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-

nent 1 in vapor - - -.
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Fig. (16). Correlation of vapor-liquid equilibrium values for the
{toluene (1) + methylcyclohexane (2)} system at 313.15 K. Ex-
perimental mole fraction of component 1 in liquid O; experimen-
tal mole fraction of component 1 in vapor @; calculated mole
fraction of component 1 in liquid —— ; calculated mole fraction
of component 1 in vapor - - - .
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Fig. (17). Correlation of vapor-liquid equilibrium values for the
{chloroform (1) + THF (2)} system at 303.15 K. Experimental
mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-

nent 1 in vapor - - - .
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Fig. (18). Correlation of vapor-liquid equilibrium values for the
{methanol (1) + water (2)} system at 298.15 K. Experimental
mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-

nent 1 in vapor - - - .
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Fig. (19). Correlation of vapor-liquid equilibrium values for the
{methanol (1) + water (2)} system at 101.33 kPa. Experimental
mole fraction of component 1 in liquid O; experimental mole
fraction of component 1 in vapor @; calculated mole fraction of
component 1 in liquid —— ; calculated mole fraction of compo-

nent 1 in vapor - - -.
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two strongly polar non-hydrocarbon systems all can be accu-
rately represented by the reformulated van Laar equations
with constant size parameters.

For each of the benzene-alkane pairs, the interaction pa-
rameters appear to be linearly dependent on temperature; the
value of ¢, decreases as the temperature is increased. It is

interesting to note that the two sets of data reported for the
{cyclohexane + n-heptane} system at 101.33 kPa would
characterize this mixture differently. The data obtained by
Myers [23] can be represented by the reformulated van Laar
equations with a positive interaction parameter. However,
the data reported by Sieg [22] would characterize this mix-
ture as a negative-deviation system because the interaction
parameter determined from the data has a negative value. In
practice, the {cyclohexane + n-heptane} system could be
considered an ideal solution and the small values of the in-
teraction parameter probably resulted from experimental
errors. Similar reasoning may be used to explain the small
negative value of the interaction parameter for the {benzene
+ toluene} system.

Although the size parameters generated by an equation of
state are not necessarily suitable for polar fluids, some VLE
values of non-hydrocarbon mixtures can be correlated by
using the equation-of-state-based size parameters and a suit-
able interaction parameter. It is remarkable that the VLE data
for the methanol-water system can be very well correlated by
means of a single set of equation-of-state-generated size pa-
rameters over the temperature range of 25 to 60 °C with tem-
perature-dependent interaction parameter. The root-mean-
squares (RMS) errors of the calculated VLE values along
with the number of data points used are also presented in
Tables 2 and 3 for each of the systems considered. These
values may be used as a guide to assess the quality of the
experimental data when more than one set of data were
measured at the same temperature or pressure condition for
the same mixture but the RMS errors were quite different. It
is also remarkable that the VVLE data reported by Byer et al.
[44] and Van Ness and Abbott [45] for the chloroform-
tetrahydrofuran system at 30 °C can be accurately repre-
sented by the reformulated van Laar equation with a single
adjustable parameter.

The capability of the reformulated van Laar equations in
representing the VLE values of multicomponent mixtures
was tested by using the parameters determined from the ex-
perimental VVLE data for the constituent binary mixtures to
predict the bubble-point pressures and bubble-point tempera-
tures of the {n-hexane + cyclohexane + benzene} system.
The predicted values were then compared with the experi-
mental values reported by Li et al. [50] and those by Ridg-
way and Butler [18], respectively. As shown in Figs. (20 and
21), respectively, the predicted values agree very well with
the experimental values. In particular, the RMS deviation of
the predicted bubble-point temperatures was 0.19 °C and that
of the predicted bubble-point pressures was 0.032 kPa. The
corresponding RMS errors of the vapor compositions were
0.0060, 0.0062 and 0.0046 for the bubble-point temperature
predictions and 0.0041, 0.0076, and 0.0062 for the bubble-
point pressure predictions. Similar calculations were also
made to compare the predicted VLE values with the experi-
mental results reported by Katayama et al. [40] and Myers
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Fig. (20). Comparison of the predicted bubble-point pressure
with the experimental values reported by Li et al., [50] for the
{n-hexane + cyclohexane + benzene} system at 298.15 K.
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Fig. (21). Comparison of the predicted bubble-point temperature
with the experimental values reported by Ridgway and Butler

[18] for the {n-hexane + cyclohexane + benzene} system at
101.33 kPa.

[51] for the {n-heptane + cyclohexane + toluene} system.
The comparisons are shown in Figs. (22 and 23), respec-
tively. The RMS errors were 0.17 kPa and 0.37 °C, respec-
tively. The corresponding RMS errors of the predicted vapor
compositions were 0.0059, 0.0081, and 0.0086 for the bub-
ble-point pressure predictions and 0.0042, 0.0068, and
0.0049 for the bubble-point temperature predictions. These
comparisons serve to show that the reformulated van Laar
equations can be used with the information obtained from
the constituent binary systems to predict with very good ac-
curacy the behavior of multicomponent hydrocarbon systems.

The reformulated van Laar equations were tested for its
capability to predict the VLE values of multicomponent sys-
tems involving non-hydrocarbons or polar fluids. The size
parameters calculated from the critical constants were used
to represent the hydrocarbon components. However, the pa-
rameters calculated in the same manner did not always repre-
sent the polar components as well as they did the binary sys-
tems of water-methanol and chloroform-tetrahydrofuran.
Thus, to predict the VLE values of polar-component-
containing multicomponent systems, one would have to de-
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Fig. (22). Comparison of the predicted bubble-point pressure
with the experimental values reported by Katayama et al., [40]
for the {n-heptane + cyclohexane + toluene} system at 298.15 K.
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Fig. (23). Comparison of the predicted bubble-point temperature
with the experimental values reported by Myers [51] for the {n-
heptane + cyclohexane + toluene} system at 101.33 kPa.

termine the optimal size parameters for the non-hydrocarbon
components and the binary interaction parameters by regres-
sion on the VLE data of all constituent binary systems. A
more extensive account of the application of the reformu-
lated van Laar equations to multicomponent mixtures involv-
ing one or more polar components is in preparation and will
be presented in a forthcoming paper

5. CONCLUSIONS

The original van Laar equation for the excess Gibbs free
energy of mixing has been rectified by taking into considera-
tion the temperature-dependency of the energy parameter in
modern cubic equations of state. A simplified expression has
been obtained by grouping all terms involving the energy
parameters into a single parameter to characterize the inter-
action between two different molecules in a mixture. The
reformulated van Laar equation has been successfully applied
to multicomponent hydrocarbon mixtures as well as mixtures
involving non-hydrocarbons. For the hydrocarbon systems,
the size parameters can be accurately calculated by means of

Ding-Yu Peng

the critical constants of the constituent components and the
correlation of the VLE data of a binary hydrocarbon system
is reduced to a simple one-parameter searching process.

ACKNOWLEDGEMENT

The financial support provided by the Natural Sciences
and Engineering Research Council of Canada is gratefully
acknowledged.

NOMENCLATURE
A, B

Dimensionless parameters in the Carlson-
Colburn forms of the van Laar equations

a = Energy parameter in Equation (13)

b = Size parameter in Equation (13)

C = Dimensionless constant defined in Equation
(16)

G = Molar Gibbs free energy

H = Molar enthalpy

R = Universal gas constant

P = Pressure

p = Partial pressure

r = Dimensionless parameter defined in Equation
(6)

T = Absolute temperature

u,w = Constants in Equation (13)

X = Mole fraction of component in the liquid phase

y = Mole fraction of component in the vapor phase

a = Dimensionless parameter defined in Equation
)

y = Activity coefficient

€ = Interaction parameter

Superscripts

E = [Excess property

o = Pure state

Subscripts

c = Critical property

i,j,k = Component indices

1,2,3 = Componentindices
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