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Isothermal Vapor–Liquid Equilibrium of
Ethanol–Water Mixtures � Acetone–Ethanol Mixtures
Inside Capillary Porous Plates
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RAVINDRA DATTA
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ABSTRACT

Isothermal vapor–liquid equilibrium (VLE) of ethanol–water mixtures at different
temperatures and the isothermal VLE of acetone–ethanol mixtures at 305.15 K were
experimentally measured in three different macroporous plates: a 13.5-�m pore di-
ameter sintered stainless steel plate, a 30-�m pore diameter porous carbon plate, and
a 30-�m pore diameter porous Teflon plate. The experimental results showed that the
VLE of the ethanol–water system in the porous sintered stainless steel plate was dra-
matically altered, and the azeotropic point was shifted from ethanol mole fraction of
0.90 to � 0.99. However, there was no significant effect of this plate on the ace-
tone–ethanol system. The effect of either the porous Teflon plate or the porous carbon
plate on the VLE was insignificant for both systems. These results show that for sub-
stantial alteration of the VLE binary mixtures, two conditions are required: the liquid
components must be of different polarity, and the porous plate should possess high
polarization.
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INTRODUCTION

Distillation is the most common separation process used in the chemical in-
dustries. However, in many cases the vapor–liquid equilibrium (VLE) of a
given system imposes thermodynamics constraints on using distillation for
separating the components of the system. One thermodynamics constraint is
the presence of azeotropes. For these cases special techniques such as extrac-
tive and azeotropic distillation can be used. For binary mixtures, a third com-
ponent is added to alter the vapor–liquid equilibrium of the binary mixture;
thus efficient separation can be achieved. However, this adds substantially to
the cost, because additional columns are usually required to remove and recy-
cle the component added. As a result, alternative processes such as adsorption
and pervaporation are being considered, and in some cases have replaced
azeotropic or extractive distillation, e.g., in ethanol–water separation (1–3).

An innovative alternative separation method, called capillary distillation,
was proposed by Yeh et al. (4–6) and later Abu Al-Rub et al. (7) and Abu Al-
Rub and Datta (8–10) to separate binary mixtures with an azeotropic point.
Capillary distillation is a new method that utilizes the surface forces of the
solids and the consequent intermolecular interactions between the solid and
liquids, which in turn alter the intermolecular interactions among the solution
components, thus altering the VLE. Because of the porous solid–liquid inter-
actions, a layer with different physicochemical properties from those in the
bulk phases may be created next to the solid surface. Another interaction, in
principle, that is responsible for alteration of the VLE in a porous material is
the interface curvature, as given by the well-known Kelvin equation (4–10)
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However, the studies of Yeh et al. (4–6), Abu Al-Rub et al. (7), Abu Al-Rub
and Datta (8–10), and Wong (11) show that the Kelvin effect is negligible for
pores of radii � 0.1 �m. Abu Al-Rub and Datta (9–10) analyzed the VLE in
porous media using a molecular thermodynamics approach. They concluded
that the main factor affecting the alteration of VLE in porous media is the in-
termolecular interaction between the liquids and the solid.

This study investigates, experimentally and theoretically, the VLE of binary
mixtures inside capillary porous plates. A generalized framework of VLE in
the presence of arbitrary external fields was developed and applied to the VLE
of binary mixtures inside porous materials to account for the influence of long-
range surface forces exerted by the proximate solid on the liquid. The VLE of
two binary mixtures, one consisting of components of different polarity, e.g.,
ethanol–water system, the other containing components of similar polarity,
ethanol–acetone system, in porous plates of different polarization were exper-
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imentally studied to elucidate the effect of material properties on the alteration
of VLE.

THEORY

Vapor–Liquid Equilibrium in the Presence of External
Fields

Abu Al-Rub and Datta (9–10) studied the equilibrium criteria for a hetero-
geneous multicomponent system containing 
 phases and n chemical species
that were under the influence of l external force fields. These fields may be ex-
ternally imposed or may be a long-range surface acting across the system
boundaries. The condition for equilibrium then is (9–10)

�i1 � �i2 � . . . �i� � . . . � �i
 (2)

where the generalized physicochemical potential becomes defined by

�i� � �i� � ∑
l

b � 1

ib� ⊗��ib� (3)

where the last term on the right-hand side denotes the additional term for the
work done against the system by increasing d��

ib infinitesimally. Here ��
ib is an

extensive parameter corresponding to the intensive parameter 
�
ib, which

characterizes the external field b acting on phase � and may be species spe-
cific. In Eq. (3), the symbol ⊗ denotes the appropriate scalar product depen-
dent on the tensorial character of 
 and �. For instance, for the system under
the influence of long-range surface forces considered here, 
b includes 
D,

K, 
L and 
O referring, respectively, to the Debye, Keesom, London, and
other molecular interactions, whereas �b � A��, i.e., the molar interfacial area
between phase � and phase �. Equation (3) further assumes spatial uniformity
of the external field in the system of interest. If this is not the case, then inte-
gration over the system volume V is required. Equation (3) is similar to the
usual criterion for phase equilibrium, i.e., in the absence of external fields,
when it reduces to �i1,o � �i2,o � . . . � �i�,o � . . . � �i
,o, because then �i�

� �i� � �i�,o.
Abu Al-Rub and Datta (10) showed that the criterion for VLE in the presence
of external fields is given by

yip � �ixipiv i � 1,2, . . . ,n (4)

Equation (4) is of a form equivalent to that in the absence of external fields,
when it reduces to

yipo � �i,oxipiv,o i � 1,2, . . ., n (5)
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i.e., the vapor pressure, the total pressure, and the activity coefficients are all,
in general, affected by the presence of external fields.

The distribution coefficient of the species i

Ki � �
y
x

i

i
� � �

�i

p
piv
� (6)

Furthermore, relative volatility is
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The distribution coefficient at a given temperature in the presence of external
fields may next be related to that in their absence
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Similarly, the analogous ratio of relative volatility

�
�

�

ij

i

,

j

o
� � ��

�

�

i,

i

o
�� ��

�

�
j,

j

o
�� ��

p
p

iv

iv

,o
�� ��

p
p
jv

jv

,o
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Thus, using the above relations, the activity coefficient can be determined
from experimental values for the liquid and vapor composition and the vapor
pressure and total pressure in the presence of external fields. Alternatively, if
predictive relationships are available for the activity coefficients and the va-
por pressures in the presence of external fields, the distribution coefficient or
the relative volatility in the presence of external fields may be predicted, as
discussed next.

Activity Coefficients in the Presence of External Fields

The presence of external fields may lead to a further deviation from the ide-
ality of a liquid mixture because of induced polarization and altered orienta-
tion, etc. The partial molar excess Gibbs free energy in the presence of exter-
nal fields is related to the corresponding activity coefficients by

RT ln�i � G�i
E � ��

�
�
G
n

E

i
��

T,p,n j�i

(10)

where �i is the activity coefficient of i in the presence of external fields. For
the entire solution, in molar form

G̃E � ∑
n

i � 1
xiG�i

E � RT ∑
n

i � 1
xi ln�i (11)

It is assumed that the excess Gibbs free energy in the presence of external
force fields is a sum of two contributions, an intrinsic contribution, G�E

i,o, and a
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contribution resulting from the effects of external fields, G�E
i,F

G�i
E � G�E

i,o � G�E
i,F (12)

Using Eq. (10) in Eq. (12)

ln�i � ln�i,o � ln�i,F (13)

or

�i � �i,o�i,F i � 1,2, . . . ,n (14)

Thus, from experimental measurements of the activity coefficients in the ab-
sence and in the presence of external fields, the effect of external fields on ac-
tivity coefficients can be discerned.

Use of Eq. (12) in Eq. (11) further gives

G̃E � ∑
n

i � 1
xi(G�E

i,o � G�E
i,F) � ∑

n

i � 1
xiG�E

i,o � ∑
n

i � 1
xiG�E

i,F (15)

Thus

G̃E � G̃o
E � G̃E

F (16)

and

�
R
G̃

T

E

� � ∑
n

i � 1
xi ln(�i,o�i,F) (17)

which can be used to obtain the excess Gibbs energy in the presence or ab-
sence of external fields from the corresponding activity coefficients deter-
mined from experiments, as discussed below.

Vapor Pressure in Capillary Porous Plates

Abu Al-Rub and Datta (9) showed that the vapor pressure in capillary
porous media is given by (9)

ln��
p
p

iv

iv

,o
�� � Ci

E � �
�

R
H
T

E
ivl

� � �
2	

rR
i

T
lṼ l

i
� (18)

where Ci
E � Ci � Ci,o, Ci is the constant of integration in the Clapeyron equa-

tion, lnpiv � Ci � �H̃ivl/RT, whereas Ci,o is the constant in the corresponding
equation in the absence of external fields, lnpiv,o � Ci,o � �H̃ivl,o/RT (9). The
excess enthalpy due to the external fields, �H̃E

ivl � �H̃ivl � �H̃ivl,o. It was,
however, concluded by Abu Al-Rub and Datta (9–10) that the effect of curva-
ture of the capillary porous plates of pore diameter larger than 6.5 �m is usu-
ally negligible. Although the study of Abu Al-Rub and Datta (9–10) was for
two capillary porous plates, sintered stainless steel plates and porous carbon
plates, similar results have been obtained by Wong (11) for different porous
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plates with pore diameters less than 0.50 �m. The excess enthalpy of vapor-
ization of pure liquid i resulting from these interactions was related by Abu
Al-Rub and Datta (9) to the molar polarization and molar volume of both the
liquid and the solid, as well as a characteristic constant for the porous solid by
(9)

�
�

R
H̃
T

E
ivl

� � �
�H

R

˜

T

E
L,ivl
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P

V

˜

˜

l
i
l
i

�� ���
P
V

˜
˜

s
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V

P
˜

˜l
i
l
i

��� (19)

which may frequently be linearized to (9)

�
�

R
H̃
T

E
ivl

� � �
�H

R

˜

T

E
L,ivl
� � �s ��

V

P
˜

˜l
i
l
i

�� (20)

where �s is a characteristic constant for the porous solid, �H̃E
L,vl is the disper-

sion interaction contribution, which can be assumed to be constant. Thus, Eq.
(20), or (19), along with Eq. (18), can be used to correlate the vapor pressure
of pure liquids in porous plates.

Distribution Coefficient and Relative Volatility in Capillary
Porous Plates

For the specific case of VLE in porous media, use of Eqs. (19) and (20) in
Eq. (8) results in

ln�
K
K

i,

i

o
� � ln�i,F � Ci

E � �
�H

R

˜

T

E
L,ivl
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l
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Similarly,
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,

,

F

F
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Using Eq. (20)
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V

P̃l
j
l
j

��
(23)

This equation shows that for liquids of similar polarity in a porous medium,
even though the individual vapor pressure may be substantially affected, rela-
tive volatility may not be materially affected. Thus, disparate polarities are es-
sential for substantial alteration of the relative volatility. Equation (23) may be
somewhat further simplified by dropping the third term on its right-hand side,
because it was shown that the London terms for different species in a given
porous media are similar (9).
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EXPERIMENTAL

Procedure

The VLE of binary mixtures in macroporous plates under isothermal con-
ditions was experimentally measured using the static still method. The still
consists of two Pyrex chambers with ground glass joints, between which the
porous plate is mounted and sealed. The mixture solution, after being de-
gassed, is charged into the lower chamber, while the upper chamber contains
the vapor, the vapor–liquid interface being located within the porous plate.
The apparatus has ports for evacuation, pressure measurement, liquid intro-
duction, and sample withdrawal, and upon charging is placed in a thermostat-
ically controlled constant-temperature air bath. A detailed description of the
procedure and the still used to study vapor–liquid equilibria in capillary
porous plates can be found elsewhere (4, 12).

The porous polar plates used in this study were sintered stainless steel plates
with specifications listed in Table 1. These plates were air blown to remove
any dust and then washed in a beaker containing acetone for 24 h. Next, the
plates were dried in a vacuum then immersed in boiling distilled water for 8 h
twice, using fresh water each time. The plates were then tested for cleanliness
by using fresh distilled water and observing their ability to be wetted com-
pletely and instantly.

The porous nonpolar plates used in this study were porous carbon and
Teflon plates with specifications listed in Table 2. These porous plates were
prepared by machining them from a larger sheet of the same material. These
plates were air blown to remove any dust and then washed with distilled wa-
ter, then dried and immersed in 2-propanol for 1 h, then washed with water,
dried, and put in sulfuric acid for 1 h. Then the plates were immersed in boil-
ing distilled water for 8 h twice, using fresh water each time. The plates were
then tested for perfect cleanliness.

VLE OF ETHANOL–WATER AND ACETONE–ETHANOL MIXTURES 2209

TABLE 1
Specifications of Sintered Stainless Steel Plates

Manufacturer Technetics Corporation

Product number FM 1104
Plate thickness 4.9 � 10�5 m
Area density 439.2 kg/m2

Median pore size 13 �m
Pore size range 7–72 �m
Tensile strength 4.136 � 109 N/m2

Surface area 13,300 m2/kg
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After the plates were prepared, they were mounted in the static apparatus.
The apparatus was then closed, evacuated, and placed in the constant-temper-
ature air bath. The maximum error in temperature measurement was estimated
to be �0.1 K. After equilibrium was reached (24 h), samples of the liquid and
vapor were withdrawn for analysis by a Perkin Elmer Auto System Gas Chro-
matograph using a 6 ft, �

1
8

� in, Porapak R column under isothermal conditions at
443.15 K. Calibration was done for each mixture used, and the accuracy of
analysis was estimated to be within �0.1%. The experiments were conducted
with different feed compositions to cover the entire range between x1 � 0 to
1.

Two different binary mixtures were studied: (i) ethanol(1)–water(2) sys-
tem (ethanol was obtained from Midwest Grain Product, 200 proof), and (ii)
acetone(1)–ethanol(2) system (acetone was obtained from Fisher with 99.7%
purity). The first system has an azeotropic point and has components of dis-
tinctly different polarity, the relative permittivity at 298.15K being 24.55
and 78.5, respectively, whereas the second system has no azeotrope and
components of similar polarity, with relative permittivity at 298.15 K of
20.75 and 24.55, respectively (13). Both systems were studied in both the
porous plates; however, the first system was studied at three temperatures,
i.e., 323.15, 328.15, and 333.15 K, whereas the second system was studied
only at 305.15 K.

RESULTS AND DISCUSSION

VLE of Binary Mixtures in Capillary Porous Plates

The experimental isothermal VLE data for ethanol(1)–water(2) mixtures at
323.15 K with and without the porous plates are shown in Fig. 1 and presented
in Table 3, while those for the acetone(1)–ethanol(2) system at 305.15 K are
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TABLE 2
Specifications of Porous Carbon and Teflon Plates

a. Porous carbon plate b. Porous Teflon plate

Manufacturer Union Carbide Corporation Engineering Seal Products Inc.
Porosity 52% 52%
Plate thickness 4.9 � 10�5 m 4.9 � 10�5 m
Bulk density 1050 kg/m3 30 �m
Median pore size 30 �m
Flexural strength 2.76 � 108 N/m2

Compressive strength 4.136 � 108 N/m2
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shown in Fig. 2 and presented in Table 4. Figure 1 shows that the VLE for the
ethanol–water system in the sintered stainless plates is quite different from the
normal VLE (14). It is seen that although the x � y plot in either the porous
Teflon or the porous carbon plate is very similar to the normal plot, that in the
porous sintered stainless steel plate has been greatly altered. This is particu-
larly evident at low ethanol concentrations, e.g., x1 � 0.5. Although appar-
ently less dramatic at higher concentrations, the shifting of the azeotropic
point from x1 � 0.90 to x1 � 0.99 is very significant. The shifting of the
azeotrope is more easily seen in Fig. 3, where the relative volatility of ethanol
with respect to water at 323.15 K is plotted. Figure 3 shows that there is a sub-
stantial increase in the relative volatility of ethanol in the sintered stainless
steel plate, the increase being about threefold the normal increase at low con-
centrations. Furthermore, it is clear that the azeotropic point in this case has
shifted from x1 � 0.90 to the neighborhood of x1 → 1. These results are sim-
ilar to those obtained by Yeh et al. (4) and Wong (11). In the case of an
ethanol–water system in porous carbon or Teflon plates, however, the change
in the VLE is insignificant, with no discernible shift in the azeotropic point.

VLE OF ETHANOL–WATER AND ACETONE–ETHANOL MIXTURES 2211

FIG. 1 x1 � y1 diagram (isothermal) for ethanol(1)–water(2) system at 323.15 K. The normal 
curve is from Ohe (14).
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TABLE 3
Experimental Data of VLE of Ethanol–Water Mixtures

a. In 30-�m porous Teflon plate at 323.15 K

x1 y1 P (mm Hg)

0.0000 0.0000 86.2
0.0491 0.2980 122.1
0.1711 0.5104 159.2
0.5219 0.6610 193.9
0.7790 0.8021 202.3
0.8950 0.8960 207.4
0.9081 0.9089 208.7
0.9453 0.9500 209.1
1.0000 1.0000 208.1

b. In 30-�m porous carbon plate at 328.15 K

x1 y1 P (mm Hg)

0.0000 0.0000 87.5
0.0550 0.3100 125.1
0.1610 0.4999 157.9
0.5121 0.6601 193.6
0.6519 0.7199 201.4
0.7892 0.8121 204.9
0.8849 0.8887 208.5
0.9049 0.9041 208.8
0.9550 0.9462 209.0
1.0000 1.0000 208.5

c. In 13.5-�m sintered stainless steel plate at 323.15 K

x1 y1 P (mm Hg)

0.0211 0.3850 93.2
0.1670 0.6600 144.3
0.2349 0.6893 150.2
0.3321 0.7101 164.3
0.4900 0.7299 173.2
0.6247 0.7600 181.2
0.7570 0.8121 185.4
0.8670 0.8949 191.6
0.9560 0.9650 192.1
0.9870 0.9880 192.3
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VLE OF ETHANOL–WATER AND ACETONE–ETHANOL MIXTURES 2213

TABLE 3 Continued

d. In 13.5-�m sintered stainless steel plate at 328.15 K

x1 y1 P (mm Hg)

0.0200 0.3610 127.6
0.1511 0.6600 205.0
0.2899 0.7012 217.2
0.4010 0.7150 233.0
0.5981 0.7600 243.5
0.7011 0.8012 250.1
0.8446 0.8803 256.7
0.9040 0.9179 257.8
0.9400 0.9480 258.0
0.9810 0.9820 258.1

e. In 13.5-�m sintered stainless steel plate at 333.15 K

x1 y1 P (mm Hg)

0.0200 0.3601 150.1
0.2950 0.7000 260.1
0.4888 0.7280 277.0
0.5947 0.7521 285.2
0.7100 0.8022 292.4
0.7982 0.8413 298.0
0.9010 0.9172 307.1
0.9501 0.9580 308.5
0.9800 0.9810 310.2

Furthermore, for the acetone(1)–ethanol(2) system, it can be seen from Fig. 2
that there is no perceptible change in the x � y plot for any of the porous
plates.

These experimental results can be qualitatively rationalized as follows. As
discussed above, the long-range surface forces exerted by the porous material
have two effects: (a) they reduce the vapor pressure of each component, and
(b) they alter the intermolecular interaction of the mixture components,
thereby changing their activity coefficients. As discussed above, the vapor
pressure reduction can be explained in terms of the excess enthalpy of vapor-
ization in porous solids, which is a function of both the solid and the liquid po-
larization. Thus, Abu Al-Rub and Datta (9) showed that excess enthalpy of va-
porization in porous sintered stainless steel is high, increasing directly with
liquid polarity. However, the excess enthalpy of vaporization in nonpolar
plates is relatively low and largely independent of the liquid polarity. Nonpo-
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lar liquids have low excess enthalpy of vaporization that is relatively inde-
pendent of the polarization of the porous material.

On the other hand, the variation of the activity coefficients depends on the
change of intermolecular interactions of the mixture components and, hence,
upon the difference between the effects of the porous material on individual
components of the mixture. If it is assumed, for instance, on the basis of a lin-
ear free energy relation, that the excess partial molar Gibbs free energy change
of a component due to external fields, G�E

i,F, is proportional to its excess en-
thalpy change, �H̃ivl, then it can be seen that both dissimilar polarity of com-
ponents along with a porous material of high polarization are required for any
substantial alteration of the relative volatility. The ethanol–water system, has
a considerable difference in the polarization of the mixture components; thus,
the change in relative volatility is high in the porous sintered stainless steel
plate, resulting in a shifting of the azeotrope, but not so in the porous carbon
plate. For the acetone–ethanol system, however, it can be seen from Fig. 2 that
there is no significant change in the x � y plot in any of the porous plates. This
is because acetone and ethanol have similar polarization, i.e., �1 � 20.75 and
�2 � 24.55, respectively (13); thus the intermolecular interactions between the
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FIG. 2 x1 � y1 diagram (isothermal) for acetone(1)–ethanol(2) system at 305.15 K. The nor-
mal curve is from Ohe (14).
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TABLE 4
Experimental Data of VLE of Acetone–Ethanol

Mixtures at 305.15 K

a. In 30-�m porous Teflon plate

x1 y1 P (mm Hg)

0.1101 0.4714 138.2
0.1988 0.6012 166.5
0.3012 0.6611 184.0
0.4012 0.7145 198.8
0.5501 0.7912 222.3
0.7102 0.8524 241.1
0.8109 0.9033 251.9
0.8988 0.9429 265.2
0.9521 0.9710 271.1

b. In 30-�m porous carbon plate

x1 y1 P (mm Hg)

0.0512 0.3211 106.3
0.1488 0.5401 154.2
0.3101 0.6600 188.5
0.4500 0.7409 211.4
0.5491 0.7703 223.3
0.7088 0.8479 245.3
0.8010 0.8916 255.6
0.9099 0.9420 269.1
0.9479 0.9687 279.1

c. In 13.5-�m sintered stainless steel plate

x1 y1 P (mm Hg)

0.0488 0.3122 108.8
0.1510 0.5420 144.2
0.2948 0.6589 176.3
0.4259 0.7278 194.1
0.5517 0.7811 211.3
0.6888 0.8413 225.3
0.7980 0.8901 235.5
0.8441 0.9190 240.0
0.9100 0.9488 246.7
0.9499 0.9801 255.0
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two liquids are not substantially altered even in the porous sintered stainless
steel plate.

Experimental Activity Coefficients and Excess Gibbs
Free Energy

The activity coefficients for VLE in porous media can be calculated by us-
ing Eq. (4) and the molar excess Gibbs free energy for the mixture in porous
media can be calculated from Eq. (11). The resulting molar excess Gibbs free
energy for the ethanol–water system in porous plates is shown in Fig. 4. This
figure shows that the molar excess Gibbs free energy of the ethanol–water
mixture in porous sintered stainless steel is substantially different from that for
the normal (i.e., without porous plates) case. The change in G̃E from the nor-
mal is particularly evident in the intermediate concentration range, 0.30 � x1

� 0.70. On the other hand, for the ethanol–water system in porous carbon or
Teflon plates, and for the acetone–ethanol system in any of the three porous
plates, however, for the reasons mentioned above, there was no significant
change in G̃E.

2216 ABU AL-RUB AND DATTA

FIG. 3 Relative volatility of ethanol(1) with respect to water(2) at 323.15 K. The normal curve
is from Ohe (14).
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FIG. 4 Molar excess Gibbs free energy for ethanol–water system at 323.15 K.

Effect of Temperature on VLE

The effect of temperature on VLE was studied for the ethanol–water mix-
tures in the porous sintered stainless steel plate in the limited range of 323.15
to 333.15 K. The x � y data for these temperatures is shown in Fig. 5 and does
not show a significant effect in this range of temperatures, which is similar to
the effect of temperature under normal conditions. However, a decrease in the
activity coefficients was seen as the temperature increased. This also led to a
slight decrease in G̃E with temperature.

Thermodynamic Consistency of the Experimental Data

The thermodynamic consistency of the measured VLE data of
ethanol–water mixtures and acetone–ethanol mixtures was checked by the
point-to-point method of Van Ness et al. (15), and the infinite dilution test
of Kojima et al. (16) as modified by Jackson and Wilsak (17). A four-pa-
rameter Legendre polynomial was used for the excess Gibbs free energy.
According to the Van Ness-Byer-Gibbs test (18), the VLE data are consis-
tent if the mean absolute deviation between the measured and calculated va-
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por-phase mole fraction is less than 0.01. The experimental VLE data of this
study, as shown in Table 5, were found to be thermodynamically consistent
according to this test.

The infinite dilution test of Kojima-Jackson-Wilsak involves the calcula-
tion of the excess Gibbs free energy from the experimental data, and then the
extrapolation to infinite dilution. A comparison is then to be made between
these extrapolated values and those values obtained by extrapolating the ln �1

and ln �2 curves to infinite dilution. According to this test, the VLE data are
consistent if the values agree within 30%. The experimental data of this study,
as shown in Table 5, were also found to be thermodynamically consistent ac-
cording to this test.

Correlation of the Experimental Data

The Wilson model, which is based on molecular considerations and whose
adjustable parameters are related to the energies of interaction between the
molecules, is used to correlate the activity-coefficients data, although other
models may also be appropriate. The Wilson correlation is also useful for so-

2218 ABU AL-RUB AND DATTA

FIG. 5 Effect of temperature on x1 � y1 data for ethanol(1)–water(2) system in sintered porous
stainless steel plate of 13.5-�m pore diameter.
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lutions of polar or associating components (e.g., alcohols) in nonpolar sol-
vents, where other equations are not adequate (19–20).

This Wilson equation can be used to correlate the activity coefficients, �i
p.

Then the total pressure, pp, and the vapor phase composition, yi
p, for a given

liquid-phase composition can be predicted using Eq. (4), from the vapor pres-
sure of the pure components. Defining the residuals �yi � yi

p � yi, and �p �
pp � p, the objective is then to find the adjustable parameters in the Wilson
equation that minimize ∑(�yi)2 and ∑(�pi)2. Van Ness and Abbott (21)
showed that for the function to be used in data reduction, the following crite-
rion should be achieved

	1

0
�
y
�

1

y
y
1

2
� dx1 � �	1

0
ln �

�

�
1

2
� dx1 (27)

and if the data satisfy the Gibbs-Duhem equation, Eq. (27) should be equal to
0. Furthermore, they suggested that correlations that give scattered values of
�yi and �p around zero are likely to represent the VLE data well.

A computer program provided by Kyle (22), along with the infinite dilution
activity coefficients, was used to find these parameters for the VLE of the sys-
tems studied, and the results are shown in Table 6. These parameters were
used to predict the activity coefficients and then the vapor composition in the
sintered stainless steel plate with 13.5-�m pore diameter as shown in Fig. 6.
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TABLE 5
Thermodynamic Consistency Tests for the Experimental VLE Data for the

Ethanol(1)–Water(2) System at 323.15 K and for the Acetone(1)–Ethanol(2)
System at 305.15 K

Kojima–Jackson–Wilsak

Van Ness–Byer–Gibbs Error for dilute Error for dilute
System MAD (y) component 1 (%) component 2 (%)

Ethanol–watera 0.0097 10.8 8.4
Ethanol–waterb 0.0084 14.1 6.6
Ethanol–waterc 0.0081 16.5 7.6
Ethanol–waterd 0.0093 11.8 8.9
Acetone–ethanola 0.0087 11.4 9.4
Acetone–ethanolb 0.0100 10.4 8.1
Acetone–ethanolc 0.0096 11.3 9.6
Acetone–ethanold 0.0083 14.4 7.1

a Normal.
b In sintered stainless steel plate of 13.5-�m pore diameter.
c In porous carbon plate of 30-�m pore diameter.
d In porous Teflon plate of 30-�mm pore diameter.
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2220 ABU AL-RUB AND DATTA

FIG. 6 Comparison between experimental and predicted VLE data using Wilson equation 
for ethanol(1)–water(2) system in sintered stainless steel plate of 13.5-�m pore diameter at 

323.15 K.

TABLE 6
Wilson Parameters for the Ethanol(1)–Water(2)

System at 323.15 K and for the
Acetone(1)–Ethanol(2) System at 305.15 K

System �12 �21

Ethanol–watera 0.21 0.83
Ethanol–waterb 0.17 0.57
Ethanol–waterc 0.18 0.85
Ethanol–waterd 0.19 0.81
Acetone–ethanola 0.33 0.98
Acetone–ethanolb 0.28 1.00
Acetone–ethanolc 0.32 0.99
Acetone–ethanold 0.31 0.99

a Normal.
b In sintered stainless steel plate of 13.5-�m pore

diameter.
c In porous carbon plate of 30-�m pore diameter.
d In porous Teflon plate of 30-�m pore diameter.
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Figure 6 shows that the maximum error in predicting the vapor composition
was 1.5% at low ethanol concentrations. However, at higher concentrations,
the maximum error was less than 0.5%, which was within the experimental er-
ror. For the ethanol–water system in a porous carbon plate (not shown), the
Wilson correlation predicted the VLE within 0.5% maximum error over the
whole concentration range. These results were then used to calculate the resid-
uals, and the results, as shown in Fig. 7, show that scattering of the residuals

about zero is indeed obtained and 	1

0
�y
�

1

y
y
1

2
� dx1 � 0, implying that the Wilson

equation can adequately correlate the VLE data of the ethanol–water system
in porous plates.

CONCLUSIONS

The isothermal VLE data of two systems of different relative polarization
in three different porous plates obtained using the static still show that
porous plates can be used to alter the VLE of binary mixtures. The extent of
alteration was found to be a function of the difference in the polarization of
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FIG. 7 Residuals in y1 predicted for ethanol(1)–water(2) system at 323.15 K.
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the mixture components as well as the polarization of the solid. The experi-
mental results for the ethanol–water system that possesses dissimilar com-
ponent polarities show a significant alteration of its x � y plot in porous sin-
tered stainless steel plates, including a shift or elimination of the azeotrope.
On the other hand, the x � y plot of the ethanol–water system in porous
plates of low polarization, as well as those for the acetone–ethanol system,
possessing similar component polarization, in different porous plates show
little variation.
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NOTATION

ai activity coefficient of component i � ƒi/ƒi
o

A�� molar interfacial area between phases � and �, m2/mol
C constant in vapor pressure equation, dimensionless
CE excess constant, � C � Co

ƒ fugacity
G Gibbs energy, J
G̃ molar Gibbs energy, J/mol�1

�H̃E
vl excess molar enthalpy of vaporization due to presence of external

fields, J/mol
Ki distribution coefficient of component i
l number of external fields
n number of components
p pressure, kPa; mm Hg
pi

v vapor pressure in the presence of external fields, kPa; mm Hg
pv

i,o vapor pressure in the absence of external fields, kPa; mm Hg
P̃ molar polarization, m3/mol�1

r radius of curvature; pore radius, m
R universal gas constant � 8.3143 J/mol�1 K�1

S entropy, J K �1

S̃ molar entropy, J/mol�1 K �1

T temperature, K
V volume, m3

Ṽ molar volume, � M/�, m3/mol�1

xi
� molar fraction of species i in phase �

x vector of species molar fraction
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Greek Letters

�1,2 relative volatility of component 1 with respect to component 2
� residual
� permittivity, C2 J�1/m�1

�r relative permittivity, or dielectric constant, � �/�0

�0 permittivity of free space, 8.854 � 10 �12 C2 J �1/m�1

�i fugacity coefficient of i in the presence of external fields
�i activity coefficient of the ith component in the presence of external

fields
�i,o activity coefficient of the ith component in the absence of external

fields
� extensive parameter conjugate with 

�, �s constants, dimensionless
�i

� chemical potential of species i in phase � in the presence of exter-
nal fields

�i,o
� chemical potential of species i in phase � in the absence of external

fields

 number of phases
	 surface energy or tension, mJ/m�2, or mN/m�1

�i
� generalized physicochemical potential of species i in phase � in the

presence of external fields

 intensive parameter characterizing the external field

Subscripts

A property at azeotropic point
F property due to the external field
i species i
L London (dispersion) interactions
o property in the absence of external fields
O other interactions

Superscripts

E excess thermodynamic property in presence of external fields
l liquid phase
o reference value
p predicted
s solid phase
v vapor phase
� property with infinite radius of curvature, plane interface
� partial molar thermodynamic property
~ molar thermodynamic property
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Operations

⊗ appropriate scalar product between 
 and �

Abbreviations

VLE vapor–liquid equilibrium
SSS sintered stainless steel
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