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VAPOR PRESSURE data for the aromatic hydro-
carbons in the high pressure region are limited. Conse-
quently, it becomes necessary to extrapolate the low pres-
sure data to obtain information near the critical point. The
usual straight-line extrapolation expressing the logarithmic
vapor pressure-reciprocal absolute temperature relationship
is inadequate for properly defining the vapor pressure of
liquids over the entire range included between the triple
point and the critical point. For normal paraffins, a non-
linear vapor pressure relationship exists which exhibits a
reversal in curvature in the high pressure region (74). This
vapor pressure function resembles an elongated S-shaped
curve between the triple point and the critical point.
Numerous equations have been employed to define the
vapor pressure function accurately over limited ranges. For
example, the Antoine equation (2)

B
=A- — 1
log P=A- 1)
gives reliable results in the low pressure region, but fails
in the critical region. Gamson and Watson (6) propose the

following empirical reduced state vapor pressure equation:

2
logP=A+ — e ®T-C 2)

B
T,

Equation 2 becomes linear in the high pressure region where
the exponential term becomes insignificant. Waring (15)
reviews several vapor pressure equations and proposes a
method for testing the consistency of experimental data
over the entire range. Barrow (3) uses the heat capacities
of the liquid and vapor in equilibrium to define the vapor
pressure function as

B C
lgP=A+ 7 +(Cam-Clog T+ -5 (3)

Equation 3 does not satisfactorily define vapor pressures
near the critical point. Frost and Kalkwarf (5, 8), beginning
with the Clausius-Clapeyron equation and assuming the
van der Waals equation to apply, developed the relationship

B P
logP=A+T+ClogT+D T 4)

Equation 4 accurately defines the vapor pressure function
over the entire range included between the triple point and
the critical point and also accounts for the reversal of
curvature in the high pressure region. This fact is verified
by Perry and Thodos (11), who investigated the vapor
pressure behavior of the normal paraffins through n-dodec-
ane. From their studies they reported an over-all deviation
between calculated and literature reported values of 0.27%
for these normal hydrocarbons.

TREATMENT OF LITERATURE DATA

The experimental results of several investigators (4, 7, 10,
12, 16, 17) are presented in the literature for a number
of alkyl aromatic hydrocarbons. The work of Willingham
and others (16) and that of API Project 44 (12) constitute
the bulk of data available for these types of compounds.
For over 40 aromatic hydrocarbons, vapor pressure data are
limited in the range of 10 to 1500 mm. Vapor pressures
above 1500 mm. have been reported only for benzene
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(4, 7, 17) and extend to the critical point. In spite of
the lack of vapor pressure data in the high pressure region,
critical constants have been reported for many aromatic
compounds. These values are summarized by Kobe and
Lynn (9). Utilizing this information, Thodos (13) has
developed a method for predicting the critical constants of
aromatic hydrocarbons with an estimated deviation of 1%
for over 20 such compounds. This method predicts the
van der Waals constants ¢ and b from the molecular
structure of the aromatic hydrocarbons. The van der Waals
constants are then used to calculate the critical tempera-
ture and critical pressure of the substance. Following this
approach, the critical temperatures and pressures of all the
aromatic compounds investigated in this study have been
calculated and were used in the subsequent treatment of
the data. The calculated critical constants for the aromatic
hydrocarbons included in this study are presented in
Table L.

Vapor Pressure Constant D. A knowledge of any three of
the four constants of Equation 4 suffices to define the vapor
pressure function if one reliable vapor pressure measurement
is available. Hence, the normal boiling point can be used
as the reliable vapor pressure point. In their original
development of Equation 4, Frost and Kalkwarf (5) show
that D = ﬁ;, where a is the pressure van der Waals

constant and R is the gas constant. The pressure van der
Waals constant, a, was calculated for the alkyl aromatic
hydrocarbons (13) and was used to evaluate the constant
D which is presented in Table I. For m-xylene (13),
a = 30.909 x 10° (cc. per gram mole)’ atm.; therefore,

(30.909 x 10%)760

= 2.62296
2.303(62,360)*

D=

Vapor Pressure Constant B. Using a reliable pressure point
in Equation 4, preferably the normal boiling point, and
subtracting the resulting equation from the general form,
the following expression results:

log%:B(%-—%)+Clog%+D<§—%) 6)

where subscript b refers to any arbitrary reference point.
Rearranging and dividing Equation 5 by log T/ T\, yields
the following equation:

P P P, 1 1

log 5 -D (- = = - =
log — log —

T

Equation 6 serves to define constants B and C as the slope
and intercept, of the function:

Y= {log%—-D <$2_7_}")§> }/log%us.

X=(g-7)/0eg,

Values of X can be evaluated from any set of vapor pressure
measurements and a reference point. Corresponding values
of Y can then be calculated from these vapor pressures
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and the established constant D. This treatment, when
applied to the data of benzene, produced the straight-line
relationship presented in Figure 1. The slope and intercept
of this line were B = -2457.12 and C = -5.28840. To
produce consistency in this analysis, the data of each
investigator were referred to a reliable vapor pressure point
occurring within his set of data. For all the aromatic hydro-
carbons included in this study, relationships similar to
Figure 1 were obtained, from which the B and C values
were calculated. In Figure 1 the plotted critical points for
benzene do not coincide, but are displaced along the straight
line. This results from the use of different reference points
for the evaluation of Y and X. Both values B and C
established from the experimental data of the alkyl aromatic
hydrocarbons considered are reported in Table I.

Several methods of correlation for constants B and C
have been attempted in which the physical properties of
these compounds were considered as variables. The results
of these attempts point to a correlation for B which indicates
the existence of an additive contribution resulting from the
replacement of hydrogen by a methyl group. Thus, using
benzene as the base group, values of B can be produced
for an alkyl aromatic hydrocarbon in the successive addition
of group contribution values, AB, associated in the replace-
ment of hydrogen by a methyl group. The group contri-
bution values, AB, depended on the nature of the carbon
atom involved in the substitution and on the nature of
the carbon atoms adjacent to it. To differentiate between
the types of carbon atoms involved in these studies, the
following classification proposed by Andersen, Beyer, and
Watson (/) was adopted and was applied to the carbon
atoms of the alkyl side chains.

Type
1 2 3 4 A
I | | 1
—CH. —CH. —CH —C— C atom in

| |

The position and sequence of substitutions on the aromatic
nucleus influenced the final value of B. The results of

aromatic ring

< | 3
A "
X 4 API Project 44
@ Bender et ol
4 Gornowski "
" 4 Kobe and Lynn '
- N 4+ Thodos R
A v Willingham o e
® Youn ! o
N ? —
N asft=
A 9 alt
—_—
e
critical point aja®
(Thodos) o
8 ¢
\/ n
; i >
N\, critical point
BENZENE / (Gornowski) 2
T . R=o crifical pont B |
Slope: B=-2457.2 {Kobe and Lynn) /nﬁcul point
Intercept: C =-5.28840 0y (Bender)
critical point ——16
{Youngq)
=3 75 e
4
Xs —-x10°
|ho-.

Figure 1. Linear relationship of Y vs. X for benzene
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contribution values, AB, produced from the alkyl aromatic
compounds investigated are presented in Table I1. With the
values of this table, it becomes possible to evaluate constant

Table 1l.  Group Contribution Values, AB, in the Replacement
of Hydrogen by Methyl Groups for

the Aromatic Alkyl Hydrocarbons

B AB

A. Base Groups

Benzene -2457.12

Naphthalene —3824.42
B. First methyl substitution on base group —254.67
C. Second methyl substitution on base group

ortho -329.10

meta —-289.69

para -271.09
D. Third methyl substitution on base group

1,2,3 —-296.93

1,2,4 -230.87

1,3,5 -262.15
E. Fourth methyl substitution on base group ~361.84
F. Methyl substitutions on alkyl side chains®

A -1 —254.67

2 -1 -254.67

A —2 —5-1 —-141.62

A -2 —- 2 -166.13

2 -2 —5-1 —-145.07

A -3 —-1 —-244 .41

|
i

1

® Arrows point away from type of carbon atom on which the methyl
substitution is made and toward the types of carbon atoms
adjacent to it.

B for an alkyl aromatic hydrocarbon. To illustrate the use
of the group contribution values, AB, the vapor pressure
constant B for 1,3-dimethyl-4-ethylbenzene is calculated as
follows

Base group - benzene —2457.12
Substitution
First methyl —254.67
Second methyl (ortho) -329.10
Third methyl (1, 2, 4) -230.87
oK Side chain (A -— 1) —254.67
¢ B = _3526.43

Following a similar procedure, constants B were calcu-
lated for all the alkyl aromatic hydrocarbons included in
this study. These values of B are also presented in Table I.
A comparison of calculated constants B with the values
obtained from the comprehensive treatment of the vapor
pressure data shows good agreement and on this basis the
evaluation of these constants from a knowledge of the
structure of the hydrocarbon has been considered reliable.

Vapor Pressure Constants A and C. Several attempts to
reproduce the vapor pressure constant C were made and
included correlations with the structure of the hydrocarbon.
None of these correlations proved satisfactory. Correlations
of constant B and constant C with the normal boiling
point as a parameter produced consistent relationships but
were not sufficiently precise to define exactly the actual
vapor pressure function over the entire range. Conse-
quently, the possibility of evaluating C from structural
considerations and readily available physcial properties was
abandoned, thus necessitating the use of two vapor pressure
points for the establishment of constants A and C.

Although any two reliable vapor pressure measurements
suffice to establish A and C, it is preferable that these two
points cover the extremes of the range included between
the triple point and the critical point. The normal boiling
point is not only readily available but also fairly reliable.
Well established normal boiling points are reported in the
literature (12) and have been accepted as reliable enough
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to use in this study. The critical point has been arbitrarily
selected as the other value necessary along with the normal
boiling point, to define, these constants. The selection of
the critical point produces constants that properly define
the vapor pressure function in the high pressure region.
Because experimental critical values for all the hydro-
carbons treated in this analysis are not available, critical
constants for these substances were calculated (13) and
were used in this study. As a result, constants A and C
for each of these alkyl aromatic hydrocarbons have been
established from the calculated critical point, the normal
boiling point, and the calculated vapor pressure constants
B and D. these calculated constants are presented in
Table I and complete the requirements for the definition
of the vapor pressure constants necessary to establish
Equation 4 for the alkyl aromatic hydrocarbons included
in this study.

Comparison of Results. The calculated constants B and D
resulting from the structure of the alkyl aromatic hydro-
carbons, and the values of A and C calculated from the

Table Hl. Comparisons of Lliterature and Calculated Vapor
Pressures for Some Aromatic Hydrocarbons
Temp., Vapor Pressure, Mm. Hg.
° K. Lit. Calcd. % Dev.
Benzene
280.715 40.00 (11) 40.24 0.61
312.243 175.89 (15) 175.79 -0.06
340.300 500.69 (15) 500.33 -0.07
368.863 1200 (11) 1200.5 0.04
383.165 1739 (16) 1759.2 1.16
423.165 4331 (6) 4385.8 1.26
453.165 7630 (16) 7747.5 1.52
513.165 19425 (6) 19696 1.91
533.165 25329 (16) 27733 1.59
Crit. 562.165 36936 8) 36922 -0.04
0.83
Toluene
279.525 10.0 (11) 9.976 -0.24
319.898 80.0 (11) 79.34 -0.82
363.832 402.43 (15) 401.53 -0.22
393.735 1000 1n 1000.6 0.06
409.585 1500 (n 1502.2 0.15
Crit. 593.965 31616 (€)) 31764 0.47
0.33
0-Xylene
305.305 100 (1D 10.123 1.23
336.625 47.66 (15) 47.717 0.24
348.022 77.28 (15) 71.45 0.22
385.605 300.0 (11) 300.49 0.16
414.497 700.0 (I1) 700.22 0.03
445.235 1500 (n 1496.0 -0.27
Crit. 631.565 28044 8 27818 -0.80
0.42
1,2,4-Trimethylbenzene
338.555 20.00 (11) 20.00 0.00
370.640 80.00 (I1) 79.70 -0.38
426.699 500.0 (11) 499.6 -0.07
453.655 1000 (10 1000.7 0.07
471.365 1500 (n 1502.3 0.15
0.13
1,3-Dimethyl-4-ethylbenzene
353.865 20.00 (11) 19.98 -0.08
387.165 80.00 (1) 79.92 -0.10
445.165 500.0 (11) 499.5 -0.09
473.115 1000 (1n 1000.1 0.01
491.465 1500 (1n 1500.7 0.05
0.07
1,2,3,4-Tetramethylbenzene

352.665 10.00 (11) 8.808 —~11.92
401.565 80.00 (11) 7407 -7.43
461.335 500.0 (11) 49197  -1.61
490.075 1000 (11) 1010.9 1.09
508.965 1500 (11 1542.4 2.82
4.97

292

critical point and the normal boiling point, were used to
define the generalized vapor pressure function, Equation 4,
for the alkyl aromatic hydrocarbons. In this connection,
several selected vapor pressures for each compound were
calculated and covered the available experimental pressures
ranging from 10 mm. to the critical point. Calculated and
experimental values have been compared for the 41 hydro-
carbons studied and show an absolute average deviation
of less than 1%, with a maximum average deviation of
5.09% for 1,2,3,4-tetramethylbenzene and a minimum
average of 0.07% for 1,3-dimethyl-4-ethylbenzene. In
Table III are included the calculated results of some
representative hydrocarbons which are compared with the
vapor pressures reported in the literature.

NOMENCLATURE
a = pressure van der Waals constant, (cc. per gram
mole)? atm.
A, B, C, D = vapor pressure constants
b = volume van der Waals constant, cc. per gram mole
C. = specific heat of liquid at constant pressure
C. = specific heat of vapor at constant pressure
P = wvapor pressure
R = gasconstant, 62,360 (mm. Hg.)(cc.) per (gram-mole)
K.
t = temperature,° C.
T = absolute temperature, ° K.
1 1 T
= —_— - = 1 —
X temperature modulus, T Th> / g 7
Y = vapor pressure modulus,
P P b T
[t g -0 (m-72) ]/ e gy
A = difference
Subscripts
b any arbitrary reference point

r reduced state
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