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Vapor Pressures from a Corresponding-States
Principle for a Wide Range of Polar
Molecular Substances

H. W. Xiang'
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In this work, the performance of equations that describe vapor-pressure
behavior over the entire region from the triple point to the critical point is
surveyed and compared. The vapor pressures of highly nonspherical molecules
are considered, and the performance of the recently developed general extended
corresponding-states principle used with the Xiang—Tan vapor-pressure equa-
tion is demonstrated. Comparisons with highly accurate vapor-pressure data
and existing models show that the method has an accuracy for a wide range of
polar molecules which agrees approximately with the accuracy of highly
accurate data over the entire vapor-pressure region.

KEY WORDS: corresponding-states principle; critical parameters; nonspherical
molecules; thermodynamic properties; vapor-liquid equilibrium; vapor pressure.

1. INTRODUCTION

The vapor pressure is of great significance in the development of fundamen-
tal theories for vapor-liquid phase transitions, and it is also important for
obtaining the other thermodynamic properties of a substance. Reliable
vapor pressures contribute to efficient process design and operation in
engineering applications. For these reasons, it has been the objective of
extensive studies to obtain vapor pressure values as a function of tempera-
ture along the entire vapor-liquid coexistence curve. Since the experimental
determination of all required data is a formidable task, it is useful to have
models that can predict vapor pressure, as well as models that allow the
extrapolation of vapor-pressure data to wider temperature ranges.
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2. SURVEY OF VAPOR-PRESSURE EQUATIONS

When the vapor phase of a pure fluid is in equilibrium with the liquid
phase, the equality of chemical potential, temperature, and pressure in both
phases leads to the Clausius—Clapeyron equation, proposed in 1834, which
is one of the earliest fundamental contributions to physical chemistry. Most
vapor-pressure equations stem from an approximate integration of the
Clausius—Clapeyron equation. In addition to giving a reasonably precise fit
to vapor-pressure data, an equation should also give suitable values for the
heat of vaporization of the substance. The heat of vaporization also
depends on the saturated liquid and vapor densities, although the saturated
vapor density is usually less well known than the vapor pressure.

Waring [1] proposed a qualitative test for the suitability of various
vapor-pressure equations. As a result, a vapor-pressure equation must
possess at least three parameters to describe the correct physical behavior.
Many models have been proposed for representing experimental data and
predicting the behavior in a wide range for vapor pressure [2-40]. A simple
form, high accuracy, and good extrapolation are the main requirements in
a vapor-pressure equation. An equation is required which can represent
vapor pressures over a wide temperature range with a high accuracy using
a relatively small number of coefficients. It also should allow for extrapola-
tion to the triple point, interpolation in the range in which data are
available, and extrapolation to the critical point. A number of studies have
evaluated different equations in terms of their abilities to correlate and/or
predict vapor pressures over wide ranges of temperature. The three-param-
eter Antoine equation proposed in 1888 [2],

Inp=A+B/(T+C) (1)

has been used over limited temperature ranges,where p is the pressure and
T is temperature. A, B, C are substance-dependent parameters. With C=0,
the Antoine equation reverts to the Clapeyron vapor-pressure equation,
In p= A+ B/T. The applicable temperature range is not large and, in most
instances, corresponds to a pressure interval of about 1 to 200 kPa. The
Antoine equation is a useful approximate equation; however, it does not
represent vapor pressures to within experimental error, does not reproduce
the correct shape of a vapor-pressure curve over the entire temperature
range, and should not be used for extrapolation. In 1973, Wagner proposed
the equation [12]

Inp,=(c;t4+cy,t® + 313 +¢,79)/T, (2)

where 1=1—T, and T,=T/T, is the reduced temperature, with 7, being
the critical temperature. p, = p/p. is the reduced pressure, with p_ being the
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critical pressure. This equation generates a reasonable shape for the vapor-
pressure curve from a reduced temperature of 0.5 up to the critical point,
but it may not extrapolate well to reduced temperatures below 0.5 as pointed
out by Reid et al. [ 30]. As a result, Poling [ 38], as well as King and Al-Najjar
[14], has determined the low vapor pressures from the available heat
capacity data by means of the Clausius—Clapeyron equation, neglecting the
nonideality of the vapor phase and volume of the liquid phase.

The Xiang-Tan equation [36,37], which has only three adjustable
parameters, represents experimental data over the entire range from the
triple point to the critical temperature and represents the vapor-pressure
curve based upon known physical behavior. This equation reads

In p,=(ay+a;t'% +a,7>)In T, (3)

where the substance-dependent «, is the Riedel parameter [4,7] and «a,
and a, are also substance-dependent parameters. The exponent 1.89 in the
second term of Eq. (3) was derived from the critical exponent 0.11 of the
renormalization-group theory of critical phenomena. The exponent 5.67 in
the third term is equal to 3 x 1.89. The equation reproduces experimental
vapor-pressure data over the entire temperature range with an excellent
accuracy considering the present experimental uncertainties and agreement
with different data sets. The equation with only three parameters represents
experimental data with a very high accuracy from the triple point to the
critical point. It yields excellent predictions and extrapolations for the
range in which data usually are available both to the critical point and to
the triple point. The Xiang-Tan equation has a simple functional form
comparable to the Antoine equation, and it represents data with an
accuracy comparable to the equation of Wagner. The second derivative
calculated from the Xiang—-Tan equation is only slightly less than that of
the critical-power law as the temperature very closely approaches the critical
point.

3. THE EXTENDED CORRESPONDING-STATES PRINCIPLE

The two-parameter corresponding-states method holds only for
monatomic species such as argon, krypton, and xenon [41]. To apply the
corresponding-states principle to molecular fluids, Pitzer et al. [42-44]
considered the nonspherical nature of a real molecule through the acentric
factor. However, the corresponding-states principle of Pitzer et al. excludes
systems containing highly polar species and species exhibiting specific inter-
actions such as hydrogen bonding and association [45, 46]. Generally, an
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effective fourth parameter can describe polar fluids better than a three-
parameter corresponding-states principle. A fourth corresponding-states
parameter was recently defined in terms of deviations of the critical com-
pression factor of a real molecule from that of the spherical molecule argon
[47-50]. The extended corresponding-states parameter provides a simple
convenient means to account for the main effects of highly nonspherical
molecular shapes on the physical properties of a real fluid. Consequently,
the general extended corresponding-states principle to describe the vapor
pressure p is

Inp,=Inp®+wh p+0In p@ (4)

where the acentric factor = —1—log p,|7_o7= —1—(ag+0.3"%a, +
0.3%%7a,) log 0.7 according to Eq. (3) and 0=(Z,—0.29)? are the corre-
sponding-states parameters. Here Z,=p./Rp. T, is the critical compression
factor and R is the gas constant. Z,=0.29 is the corresponding value for
argon.

It should be noted that the corresponding-states parameter 6 is defined
as an independent parameter for a real molecule. Thus, any relation between
the defined parameter 0 and the acentric factor w is only approximate for a
specified class of fluids and is not, and cannot be, universally correct. In
fact, the extended corresponding-states principle corresponds to a quad-
ratic correlation for the acentric factor by means of the approximation 6 =
0.0064? for nonpolar substances [ 10, 16, 30, 42] and significantly improves
on reflecting the behavior of a polar substance; a detailed explanation and
description are given elsewhere [47-50].

To predict the vapor pressure from the corresponding-states principle,
it is important to select an equation as a reference equation, which is valid
from the triple point to the critical point. For the vapor pressure, the equa-
tion proposed by Xiang and Tan fulfills this requirement. It can be used to
correlate and extrapolate effectively the vapor-pressure behaviors of simple,
nonpolar, polar, hydrogen-bonding, and associating compounds [ 36, 37].
The corresponding-states method extends the vapor pressure equations, (3)
and (4), as

In pl9 = (ago+ a;ot"* + ayy ™) In T,
In pV = (ag; +a,, "% +ay ) In T, (5)
In p@ = (ag+ a, "% + a,>)In T,

The coefficients of Eq. (5) are given in Table I from fitting Egs. (4) and (5)
to the vapor-pressure data for argon, the weakly nonspherical molecules
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Table I. General Coefficients of Eq. (5) [47-49]

oo 5790206 o 6.251894 dao 11.65859
doy 4.888195 an 15.08591 sy 46.78273
o 3391196 g —315.0248 a —1672.179

ethane, propane, difluoromethane, 1,1,1,2-tetrafluoroethane, and 1,1-di-
fluoroethane, and the highly nonspherical molecule water. The coefficients
are independent of the specific substance and are expected to be universal
for all classes of molecules. For other comparisons with vapor-pressure
data for fluids of other classes, see Refs. 47-49.

4. COMPARISONS OF VARIOUS PREDICTION MODELS

In this section, some representative polar substances tabulated by
Wilding et al. [31] have been used to compare and evaluate the existing
methods. The critical parameters, acentric factor, and critical compression
factor of each substance are listed in Table II. The experimental data result
from highly accurate experimental measurements and are regarded as the
most reliable and accurate data available. Values of the critical parameters
are taken from the recommended values in the literature when available.

The corresponding-states prediction for vapor pressure is calculated
from Egs. (4) and (5). Vapor pressures for 48 polar fluids from Wilding et
al. [31] have been calculated from this extended corresponding-states
model and have been compared to experimental values and predictions
made with three other methods. The Lee—Kesler method [ 15] was chosen
to examine the significance of separating size/shape interactions from polar
interactions using a four- rather than a three-parameter corresponding-
states principle. The method of Wilding et al. [31] is used as a comparison,
because it is also a four-parameter corresponding-states method. The
method of Edalat et al. [35] was chosen to test quadratic and higher
correlations for the acentric factor.

The extended corresponding-states method can describe the experimen-
tal data almost within their experimental uncertainties, as shown in Table III
and also in Figs. 1 and 2. The extended corresponding-states principle
allows predictions which are almost in agreement with highly accurate data
sets in the high-temperature range and which are usually good in the low-
temperature range, in contrast to other methods which result in large
errors. It can be seen that the extended corresponding-states method is sub-
stantially superior to conventional linear and quadratic correlations for the
acentric factor. The Lee—Kesler method [ 15] and the method of Edalat et al.
[35], which are correlated only by the acentric factor, cannot follow the
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Fig. 1. Comparison of the highly accurate experimental data for substances which
were used to determine the general coefficients of Eq. (5) for vapor pressure in the new
simple extended corresponding-states principle. () Argon; (A) ethane; (<) propane;
(x) 1,1,1,2-tetrafluoroethane (R134a); (O) 1,l-difluoroethane (R152a); (+) difluoro-
methane (R32); (@) water.

vapor-pressure behavior of highly polar molecules and show very large
deviations, up to 36%. Quadratic correlations for the acentric factor are
not able to represent the vapor pressure for all classes of fluids.

For polar substances, the present result is much better than that
obtainable from any currently available method. Other four-parameter
corresponding-states models, for example, by Wu and Stiel [27] and by
Wilding et al. [ 29, 31], require the critical parameters, the radius of gyration
or the acentric factor, and a pressure—density—temperature point. As shown
in detail in Table III for 1452 vapor-pressure data points, the extended
corresponding-states method for vapor pressures, Eq. (5), has an average
overall relative deviation of 1.0% (Lee—Kesler method, 3.9%; Edalat et al.,
3.0%; Wilding et al., 2.3%), an average overall root-mean-square deviation
of 1.8% (Lee—Kesler method, 6.3%; Edalat et al., 5.8%; Wilding et al.,
3.5%), and an overall maximum deviation of 11% (Lee—Kesler method,
36%; Edalat et al, 34%; Wilding et al, 37%). Wilding et al. [31]
indicated that prediction results for alcohols are not very good for all
models, and there are questions about the critical parameters and the
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Fig. 2. Comparison of the vapor-pressure data for some highly polar substances with
values calculated from the new simple extended corresponding-states principle, Egs. (3)
to (5). (¢) Ammonia; (O) trifluoromethane (R23); (A) methanol; (x) acetonitrile;
() ethanol; (O) acetone; (+) ethyl acetate; (@) ethyl ether.

reliability of experimental data because of decomposition. It can be seen
that the new method, as a four-parameter corresponding-states principle,
provides a good prediction accuracy and that it is superior to commonly
used methods.

Using the general corresponding-states principle, one may also deter-
mine critical parameters from available experimental data which are
usually limited approximately to the range 10 to 150 kPa. That is, if the
property of a substance is some function of the reduced temperature,
reduced pressure, and/or reduced density, then by knowing the values of
the property over a range of temperatures, pressures, and/or densities, it is
possible, in principle, to estimate the critical parameters and the acentric
factor from this general corresponding-states principle [30]. In principle,
only several (not less than three) precise vapor-pressure data points spanning
a wide range in the vapor-pressure curve are required to establish the three
equations f( 7., p., p.) =0 which have to be solved to obtain the three criti-
cal parameters T, p., and p.. All of the other coefficients or parameters are
known in the general corresponding-states principle, Eqs. (4) and (5), if we
assume that this extended corresponding-states principle is applicable to the
substance, at least in a reasonable degree. For example, a change of 0.1 K
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in the boiling-point temperature causes a change of about 1% in the critical
density for highly nonspherical molecules. Compared to experimental
uncertainties of 1 to 3%, sometimes 5 %, in the present experimental data,
this prediction is considered as very good.

5. CONCLUSIONS

We conclude that the Xiang—Tan vapor-pressure equation is a useful
form to represent vapor pressures over the entire temperature range with
a very high accuracy using only three parameters, that it can be used for
interpolation beyond the range in which data are available, and that it may
be extrapolated to both the critical point and the triple point. The simple
general extended corresponding-states principle has been successfully used
with the Xiang-Tan vapor-pressure equation to include highly nonspheri-
cal polar molecules in the corresponding-states framework. The accuracy of
predicted vapor pressures approximately agrees with the accuracy of
experimental data above a reduced temperature of 0.6 and is also quite
good below this temperature. Only the critical parameters and acentric
factor are required in the simple extended corresponding-states principle.
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