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Abstract

A simplified procedure for predicting vapor-liquid equilibrium of a non-ideal 
binary solution based on the known azeotropic condition under constant pressure is 
developed in this work. First, liquid-phase activity coefficients of both components 
at the azeotropic condition under a certain system pressure are calculated and 
then substituted into two-parameter activity coefficient models (such as Van Laar, 
Margules, and Wilson). The model parameters can be easily solved directly or with 
simple numerical procedures. Assuming that these model parameters are insensitive to 
temperature, one may further calculate the activity coefficients, the bubble point and 
dew point temperatures as well as equilibrium vapor-phase compositions at any liquid-
phase compositions under the given system pressure. The results of calculation indicated 
that the predicted vapor-liquid equilibrium agrees very well with both published data 
as well as that calculated by more elaborated procedures in the literature. The non-
ideal binary solution containing 1-propanol and water at 1 atm (101.325kPa) is 
chosen to illustrate the procedure developed in this work. 

THEORY
For low to moderate total pressure (PT ) when the vapor 

phase can be assumed to be an ideal gas, the partial pressure 
(Pi , i = 1, 2) of each component above a non-ideal homogeneous 
binary liquid mixture can be expressed by the modified Raoult’s 
law [1(a)]:

( )1 1 1 1 1
sat

TP P Y X P Tγ= =   			              (1)

( )2 2 2 2 2
sat

TP P Y X P Tγ= = 			              (2)

Xi is the mol fraction of  component i in  the liquid phase, Yi 
is the mol fraction of component i in the vapor phase, Pi

sat is the 
vapor pressure of pure species i at the system temperature, PT 
is the total pressure of the binary system, and γi is the activity 
coefficient of component i in the liquid phase (γi = 1.0 for an ideal 
solution). When the sum of partial pressures  Pi‘s equals the 
applied pressure, the mixture boils and the temperature is called 
the bubble point temperature at liquid composition Xi (and also 
the dew point temperature at vapor composition Yi) .

There are many theoretical and empirical models of excess 
Gibbs free energy (GE) for estimating the activity coefficients 

of components in non-ideal liquid solutions. In the literature, 
elaborate procedures for computing bubble point (B.P.) and dew 
point (D.P.) temperatures of non-ideal solutions are available 
[1(b)]2,3]. In this work, a simplified approach for predicting 
vapor-liquid equilibrium (VLE),  B.P., and D.P. for non-ideal 
binary solutions that form azeotropes is developed. 

When a non-ideal binary solution  forms an azeotrope, 
the liquid-phase composition is identical to the vapor-phase 
composition (Xi,az= Yi, az, i= 1, 2) at the temperature of Taz. Basically, 
at the azeotropic condition, the two components have the same 
volatility. So, the boiling liquid produces vapor with the same 
composition as that in the liquid phase. By canceling Yi and Xi 
from both sides of Eqs. 1 and 2, the activity coefficients of the 
components at Xi,az can be easily calculated by Eqs. 3 and 4: 
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Pi
sat, the vapor pressure of pure species i, can be calculated by 

the Antoine equation:
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where T= Taz. Once the γi, az’s at the azeotropic condition are 
calculated, we may substitute the γi, az values into empirical or 
theoretical models for computing model parameters. Three of the 
widely used empirical models that contain two parameters A12 
and A21 for binary systems are tackled in this work [1(c)]:

Van Laar model
2
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Margules model

( ) 2
1 12 21 12 1 2ln 2A A A X Xγ = + −   		             (8)

( ) 2
2 21 11 21 2 1ln 2A A A X Xγ = + −   		             (9)

Wilson model
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RESULTS OF COMPUTATION FOR MODEL PARA-
METERS

A binary system containing 1-propanol (species 1) and water 
(species 2) is chosen for illustrating the procedure developed in 
this work. Published azeotropic condition for this binary system 
at atmospheric pressure (PT = 1 atm or101.325 kPa) is listed in 
Table 1. The parameters of the Antoine equation for computing 
the vapor pressure of pure components are listed in Table 2. By 
substituting the data from Tables 1 and 2 into Eqs. 3-5, we may 
obtain

( )1 1,69.8451 , 1.45071sat
az azP T kPa γ= = 	          (12)

( )2 2,63.8623 , 1.58662sat
az azP T kPa γ= = 	            (13)

When the γ1,az and γ2,az values from Eqs. 12 and 13 and 
azeotropic data from Table 1 are substituted into Eqs. 6 and 7 to 
compute the parameters for the Van Laar model, it is noted that 
the ratio A21 / A12 can be easily obtained by dividing Eq. 6 with 
Eq. 7: 

2
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Equation 14 is then plugged back into either Eq. 6 or 7 to solve 
for A12 and A21. Similarly, the values from Eqs. 12 and 13 and Table 

1 are substituted into the Margules model (Eqs. 8 and 9) and the 
values of A12 and A21 may be obtained easily by solving the two 
linear algebraic equations simultaneously. As far as the Wilson 
model is concerned, a procedure using Excel’s solver is illustrated 
below. Initially, values of A12 and A21 are guessed. Then, the 
activity coefficients are predicted using Eqs. 10 and 11. The sum 

of square of errors pred 2 pred 2
1,az 1,az 2,az 2,az[( – )  ( ) ]γ γ γ γ+ −  

is set at the minimum value by changing the two guessed values 
of A12 and A21simultaneouslyusing Excel’s Solver tool. Table 3 
shows the procedure and results of computation by Excel for the 
Wilson model parameters.

The results of computation for the parameters of all three 
models based on the published azeotropic condition (for the 
binary mixture of 1-propanol and water at 1 atm) are summarized 
in Table 4.

VLE BP AND DP CALCULATIONS
Once the model parameters are obtained based on the 

azetropic condition of the binary system, we may assume that 
these parameters are weak functions of temperature and may 
still be valid for the whole range of B. P. encountered at various 
compositions under the desired system pressure PT . A procedure 
for calculating B. P. at any liquid-phase composition (X1 and X2 (= 
1- X1)) is outline below:

1)	 Guess the temperature T of the binary mixture.

2)	 Calculate the vapor pressures P1
sat and P2

sat of the pure 
liquids at the guessed T (Eq. 5 and Table 2).

3)	 Calculate the activity coefficients γ1 and γ2 at this liquid-
phase composition according to any of the models chosen 
(Eqs. 6 and 7; Eqs. 8 and 9; or Eqs. 10 and 11).

4)	 Calculate the predicted total vapor-phase pressure PT 
pred 

= P1 + P2 according to Eqs. 1 and 2.

5)	 Use Excel Solver to find the root of the target equation 
PT 

pred - PT = 0 by changing the guessed value of T. In this 
work, PT is set at 1 atm (101.325 kPa or 1.01325 bar).

6)	 Once the root ( T ) is found, the vapor-phase composition 
is calculated as Y1 = P1 / PT and Y2 = P2 / PT (or simply Y2 
= 1- Y1 )

7)	 A plot of Y1 vs X1 gives the VLE equilibrium curve. By 
plotting T vs. X1 and T vs. Y1, we may obtain the B. P. curve 

Table 1: Azeotropic condition for the binary mixture of 1-propanol 
(species 1) and water (species 2) at 1 atm [5].
Taza (°C) X1,az ( = Y1,az ) by mole X2, az( = Y2,az)

87.7 0.432 0.568

Table 2: Parameters of Antoine equation for the 1-propanol and water 
(Appendix A, Ref.[14] ): 
Ln[P (kPa)] = A – B/[ C + T (°C) ]

A B C

1-propanol 16.1154 3483.67 205.807

water 16.3872 3887.70 230.170
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and the D. P. curve, respectively. 

The results of computation for VLE data at 1 atm using Van 
Laar, Margules, and Wilson model parameters from the azetropic 
condition are presented in Figures 1-3. The predicted values 
are compared with the published experimental values available 
in the literature [4]. Excellent agreements exist between the 
predicted and the published VLE data. Moreover, using the 
spread sheet available in the website of ChE Guide [3], the results 
of prediction using Wilson model parameters based on the least-
square regression over the whole ranges of temperature and 
liquid-phase composition at 1 atm are also plotted in Figure 3. 
It is evident that the simplified approach using Wilson model 
parameters from the azeotropic condition (this work) offers 
comparable quality of prediction as that based on the least-
square regression over the whole ranges of temperature and 
composition.

The results of computation for B.P. and D.P. using Van Laar, 
Margules, and Wilson model parameters from the azeotropic 
condition are presented in Figures 4-6. Again, using the 
spreadsheet provided by the website of ChE Guide [3], the results 
of computation using the Wilson model (based on the whole 
ranges of temperature and liquid composition under PT = 1 

atm) are also plotted in Figure 6. It is evident that the simplified 
procedure developed in this work offers excellent prediction of B. 
P. and D. P. at various liquid-phase compositions at 1 atm.

DISCUSSION
The simplified approach developed in this work mainly 

applies to non-ideal binary solutions that form azeotropes. 
Liquid-activity models containing two parameters are used in 
computing model parameters based on the azeotropic condition 
at 1 atm (or any other system pressure). When such model 
parameters are extended to compositions and B. P. away from 
the azeotropic condition, it is assumed in this work that model 
parameters are insensitive to changes in system temperature. In 
the literature, it has been reported that except at compositions 
near infinite dilution (X1 -->0), the activity coefficients for both 
components in the 1-propanol/water mixture vary insignificantly 
with temperature [5,6]. Rigorously speaking, parameters A12 
and A21 of Van Laar, Margules, and Wilson models depend on 
temperature. As a matter of fact, mathematical expressions 
for Wilson model parameters as functions of temperature are 
available in the literature [1,2,6]. If the activity coefficients γ1 
and γ2 using the Wilson model based on the simplified approach 
developed in this work are compared with those using the 

Table 3: Solver procedure for finding Wilson model parameters. The target cell (sum of square of errors) is set at the minimum value by changing 
the cells containing the guessed A12 and A21 values simultaneously using Excel Solver.
Guessed Values of A12 and A21 
A12: 0.0210280
A21: 0.724013
γ1,az 
(Eq. 3) γ2,az (Eq.4) γ1,az

pre (Eq. 10) γ2,az
pre (Eq. 11) (γ1,az -γ1,az

pre)2 (γ2,az  -γ2,az
pre)2 Sum of square

of errors
1.45071 1.58662 1.45071 1.58662 1.94054 x 10-13 8.35545 x 10-15 2.02409 x 10-13

Table 4: Summary of Parameters of Van Laar, Margules, and Wilson models based on the azeotropic condition of the 1-propanol/water mixture at 
1 atm.

Van Laar Margules Wilson

A12 2.57597 2.29390 0.0210281

A21 1.20101 0.97366 0.7240130

Figure 1 Vapor-liquid equilibrium compositions predicted by the Van 
Laar model for 1-propanol/water mixture at 1 atm.

Figure 2 Vapor-liquid equilibrium compositions predicted by the 
Margules model for 1-propanol/water mixture at 1 atm.
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Figure 3 Vapor-liquid equilibrium compositions predicted by 
theWilson model for 1-propanol/water mixture at 1 atm.

Figure 4 P.and D. P. predicted by the Van Laar model for 1-propanol/
mixture at 1 atm.

Figure 5 P.and D. P. predicted by the Margules model for 1-propanol/
mixture at 1 atm.

Figure 6 P.and D. P. predicted by the Wilson model for 1-propanol/
mixture at 1 atm.

Figure 7 Activity coefficients of 1-propanol and water calculated by 
Wilson model.

rigorous mathematical expressions (for temperature-dependent 
A12 and A21 in the Wilson model from ChE Guide [3]), it is found 
that the results agree very well (Figure 7). Major discrepancy 
between the two approaches only exists for 1-propanol near 
infinite dilution (X1 -->0). Evidently, there is only a very minor 
effect of temperature on the activity coefficients encountered in 
the binary system of 1-propanol/water at 1 atm [6]. 

In the literature, Van Laar constants for the 1-propanol/
water mixture at 760 mmHg (1 atm) by fitting the data collected 
over the whole range of composition to the model have been 
reported [5]. The best-fit A12 value from Ref. [5] is 2.6710 (after 
the original reported value of 1.160 is multiplied by ln (10) due 
to the different bases of logarithm used in Ref [5] and this work), 
which compares very well with the value 2.57597 obtained by the 
simplified approach developed in this work. Likewise, the best-fit 
A21 value from Ref. [5] is1.1582 (after the original reported value 
of 0.503 is multiplied by ln (10)), which agrees very well with the 
value 1.20101 obtained in this work.
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The procedure developed in this work applies to miscible 
binary solution systems that are sufficiently non-ideal to form 
azeotropes. Also, one important limitation is that under a 
constant total pressure (resulting in varying B. P. as liquid-phase 
composition varies), the temperature has an insignificant effect 
on the parameters of the activity coefficient models determined 
from a single data point (namely the azetropic condition of the 
binary solution chosen). This can be true for non-ideal liquid 
mixtures that have very small heat of mixing [6] and whose B.P. 
varies in a small temperature range. For example, the rage of B.P. 
for the 1-propanol/water binary system is 87.7-100 °C under 1 
atm. The parameters of activity coefficient models at any given 
composition would vary for only a few percent at different 
temperatures [5,6].

VLE for 1-propanol/water mixture at 1 atm is chosen in this 
work for illustration purpose. Interested readers may use the 
simplified procedure developed in this work to predict the VLE 
for any other binary systems whose azeotropic conditions under 
constant pressure (varying B. P. and D. P.) or constant temperature 
(varying total pressure) are known. This procedure is particularly 
suitable to undergraduate students or field engineers, who wish 
to understand fundamental concepts of liquid activity and make 
reasonable predictions of VLE based on limited information (i.e., 
azeotropic condition). However, important limitations (formation 
of azetropes, small heat of mixing, small B. P. range, and miscible 
liquid solution) mentioned above must be recognized for the 
constant pressure case. As far as the constant temperature case 
is concerned, model parameters determined from the azeotropic 
condition may extend more readily to liquid-phase compositions 
outside of the azeotropic composition. Exactly which empirical 
model fits a particular binary mixture better is beyond the scope 
of this work.

The thermodynamic behavior of mixed solution systems not 
only affects vapor equilibrium which is of vital importance in the 
design of separation processes, but also impacts the kinetics of 
many liquid-phase reactions and synthesis [7-10]. Information of 
VLE, particularly the compositions of azeotropes under different 
pressures [11] may be important in the operation of distillation 
columns that use pressure swing for separating binary mixtures 
[12,13].

CONCLUSION
The simplified procedure developed in this work allows 

the parameters of liquid activity models to be computed easily 
from the azeotropic condition of a non-ideal binary liquid 
solution. With the parameters of Van Laar, Margules, and Wilson 

models determined for the binary mixture, one may predict 
the equilibrium vapor-phase compositions, B.P. and D.P. at any 
other liquid-phase compositions under the assumption that 
model parameters are insensitive to temperature. Results of 
computations done in this work agree very well with published 
experimental data, as well as predictions made by more elaborate 
procedures in the literature.
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