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ABSTRACT

The vapor pressures for benzene + n-dodecane mixtures have been measured using a static
apparatus. Values for the excess Gibbs energy have been calculated using a modified form of
Barker’s method and fitted to a Padé approximant equation. Selection of the most adequate
approximant is made according to objective criteria. The results are compared with those
corresponding to other benzene + n-alkane systems. The values for the activity coefficient of
benzene at infinite dilution calculated from these data agrees very well with the values
obtained by gas-liquid chromatography.

INTRODUCTION

Over the years, the benzene + alkane systems have been studied in our
laboratories. Excess volumes [1], excess enthalpies [2], and compressibilities
[3] have been reported for benzene + n-alkane systems where the n-alkane
varies from n-pentane to n-hexadecane and the temperature may be 298.15
or 323.15 K or both. Vapor pressure measurements and the calculated excess
Gibbs energies have also been reported for the benzene + n-decane [4],
benzene + n-pentadecane {5], benzene + n-hexadecane [6], and benzene + n-
tetradecane [7] systems at the same two temperatures. In this paper total
vapor pressure measurements of the benzene + n-dodecane system at 298.15
and 323.15 K are reported. The excess Gibbs energies are calculated and
compared with those obtained for other benzene + n-alkane systems.

EXPERIMENTAL

Vapor pressure experiments were carried out using an apparatus similar to
the one described by McGlashan and Williamson [8]. Details of the experi-
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mental technique and the degassing method used for the pure substances
have been reported elsewhere [5]. The benzene used in this work was the
same as that previously described [6]. The n-dodecane was obtained from
Phillips Petroleum (Research grade) which was stored over sodium wire. The
estimated purity by gas chromatography is better than 99.8%. The density at
298.15 K (0.74525 g cm™?) and the refractive index (n3¥ = 1.41757) agree
well with the respective values from the literature (0.74516 g cm ™2 and
1.41755, respectively) [9].

The vapor pressures of both pure components were determined and found
to be in good agreement with the literature values. The values obtained for
benzene were: 12.696 and 36.162 kPa at 298.15 and 323.15 K, respectively,
while the literature reports values of 12.690 and 36.168 kPa, respectively [10].

The values obtained for n-dodecane were 0.021 and 0.087 kPa at the same
two temperatures. These values are in good agreement with the values
calculated using the Antoine equation and the coefficients reported by
Dreisbach [9].

The accuracy of the experimental measurements of pressure, temperature
and mole fraction were, 8 Pa, 0.01 K and 104, respectively.

RESULTS AND DISCUSSION

The vapor pressures of the system benzene(1) 4+ n-dodecane(2) were mea-
sured at 298.15 and 323.15 K. The molar volumes of pure components were
taken from the A.P.I. tables [11]. The excess volume data which are neces-
sary in order to estimate the volume of the vapor phase in the measurement
cell, were taken from Diaz Pefia and Nuifiez Delgado [1]. Second virial
coefficient data are also required to assume a non-ideal behavior in the
vapor phase. Values for the second virial coefficient of benzene were taken
from Diaz Pefia et al. [12]. Values for the second virial coefficient of
n-dodecane were estimated using the McGlashan and Potter equation [13].
Although these values differ from those provided by the method of Pitzer
and Curl [14], the GE values are not affected by these discrepancies because
of the low volatility [15]. The second virial coefficient of the mixture, B,,,
was estimated using the Lorentz—Berthelot combination rule.

Tables 1 and 2 give the experimental values of the total vapor pressure, p,
and the mole fraction of benzene, x, at 298.15 and 323.15 K, respectively.
The excess Gibbs energies were calculated using a modified form of Barker’s
method [6]. The resulting values for GE were fitted to the equation

. > A4,2x-1)

- = M
RTx(1 - x) J=m
1+ )

j=1

J
B(2x-1)
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which was first proposed by Marsh [16]. Equation (1) is a Padé approximant
of degree (n/m) where A, and B, are adjustable coefficients, and RT is the
thermal energy.

A regression method based on the maximum likelihood principle as
enunciated by Anderson et al. [17] was used to determine the values of
coefficients 4, and B;. This method provides not only the values of the
coefficients, but also the so-called “true” values of the variables (x, p, T).
The deviations between experimental and true values (residuals) of the
variables (Ax and Ap) are given in Tables 1 and 2. The temperature
residuals are not reported because they are negligible (< 1073 K).

Several approximants may be found which are able to represent the
calculated values of the excess Gibbs energy. The criteria used to select the
most adequate of those approximants have been reported previously [6]. The
approximant (1/1) is the most adequate for the data at 298.15 K while the
approximant (0/2) is most adequate at 323.15 K.

Table 3 gives the values of the parameters and their uncertainties, as well
as the terms of the variance-covariance, £ of the parameters and their
correlation matrices, C. The variances of experimental variables are also
reported. Since these values are within the experimental accuracies of the
variables, the scattering of experimental points is almost negligible. The
same conclusion may be derived from the values of the weighted root mean
square deviation, WRMSD, reported in Table 3 [18].

It may be observed in Table 3 that the term (2,3) of the correlation matrix
is close to unity. This means that the parameters 4, and B, are correlated in
this fit. In principle, it is possible [19] to substitute these two parameters by a
linear combination of its values, thus transforming the (1/1) approximant
into a (1/0) approximant. Nevertheless, the variances, o(x) and o( p),

TABLE 3

Values for the parameters and related magnitudes for the best fit to eqn. (1)

298.15 K 333.15K
Parameters Variances Parameters Variances
Ay = 0.4466 +0.0038 o(P)/Pa=17 A,=0234110.0014 o(P)/Pa=15
A, =—0.0695+0.0129 10%(x)=5 B,=-0.7624+0.0118 10%(x)=1
B,=—0.7389+0.0150 B, =10.1633+0.0140
Matrices Matrices
0.1454 —-0.3181 -0.2130 0.0219 0.1426 -—-0.1371
==10"* ( 1.6628 1.7850) z=10"% ( 1.6329 —0.8312)
2.2550 2.3059
1.0000 —-0.6467 —0.3718 ) 1.0000 0.7545 —0.6104 \
C= 1.0000 09218 | C= 1.0000 —0.9437
1.0000 1.0000 }

WRMSD = 0.9628 WRMSD = 0.8471
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obtained for the resulting (1,/0) approximant are larger than those corre-
sponding to the (1/1) approximant. This behavior has not been found for
other systems. Usually, when the number of parameters is reduced by
changing from an (m/n) to an (m-1/n) or (m/n— 1) approximant, the
values of the variances or the random distributions are not affected. The
change from a (1/1) to a (1/0) approximant discussed here presents the
unusual situation of the disappearance of the polynomial denominator in
eqn. (1). For the (1/0) approximant, eqn. (1) is a parabolic equation which
may have difficulties in accommodating the calculated values of GE/RTx
(1—x).

On the other hand, the random distribution of residuals, Ax and Ap, is
also disturbed when we change from a (1/1) to a (1/0) approximant. The
random distribution is checked by the Abbe test [20]. This is equivalent to
the Van Ness consistency criterion [21].

Tables 1 and 2 also give the calculated values of G* and its uncertainties,
AGE, as well as values of the activity coefficients, y, and v,, and the excess
entropy, SE. Values of TSE have been calculated using the HE data reported
by Diaz Pefia and Menduiiia [2] for this system at 298.15 and 323.15 K.

Figures 1 and 2 show the values of G as a function of composition for
the benzene + n-alkane systems reported at 298.15 and 323.15 K, respec-
tively. The shape and maxima of these curves show a dependence on the
chain length similar to that observed for other excess properties of these
mixtures [1-3). Table 4 gives the smoothed values of various excess proper-
ties for rounded mole fractions.

It is possible to calculate the excess Gibbs energy at any temperature from
the value at a given temperature making use of the Gibbs—Helmholtz
equation

GH(T) _ E(To) fTIHE
T, 7, T?

In fact, this equation requires knowledge of HE as a function of temperature.
We have assumed that the excess enthalpy varies linearly with temperature
as given by

HY(T)=HMT,)+ CHT - T;) (3)

which is equivalent to the assumption that C, E is constant with temperature.
The experimental value of C, Eat 310.65 K glven by Trejo and Patterson [22]
has been taken in eqn. (3). Table 4 also gives the deviations, 8, between the
experimental and calculated values of G® making use of eqns. (2) and (3).
Values of 8 indicate that the assumption given by eqn. (3) is not adequate for
this system. This is in accordance with the results obtained for the benzene
+ n-hexadecane system, but contrast with those for the benzene + n-
tetradecane system [7]. Although excess heat capacity data are not available
at other temperatures, it may be expected that CpE varies significantly in this

(2)
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Fig. 1. Excess Gibbs energy for benzene (1) + n-alkane (2) systems at 298.15 K. 1, #n-Hexade-
cane; 2, n-pentadecane; 3, n-tetradecane; 4, n-dodecane; 5, n-decane.

system. Bhattacharyya and Patterson [23] have reported changes in 6k E as
high as 22% within a temperature interval of 25 K for the cyclohexane + n-
dodecane system.
The activity coefficient of benzene at infinite dilution, y®, has also been
calculated from eqn. (1). It may be expressed by
o _ axn| Ao 7 A1
7 = expl G )

for the (1/1) approximant. The calculated value for benzene at 298.15 K is
1.3455 which is in good agreement with the value of 1.33 obtained by
gas-liquid chromatography as reported by Letcher and Jerman [24]. It is
important to take into account that the activity coefficients obtained by
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Fig. 2. Excess Gibbs energy for benzene (1)+ n-alkane (2) systems at 323.15 K. 1, n-Hexade-
cane; 2, n-pentadecane; 3, n-tetradecane; 4, n-dodecane; 6, n-decane.
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Fig. 3. Equimolecular excess Gibbs energy for benzene (1)+ n-alkane systems as a function of
the number of carbon atoms, ». O, 298.15 K; O, 323.15 K.
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extrapolation of vapor pressure data are always larger than those obtained
by gas-liquid chromatography [25].

Figure 3 shows the values of GF for equimolar mixtures at 298.15 K vs.
the number of carbon atoms, n. Values for n =35, 6 and 8 are taken from
Funk and Prausnitz [25], values for n =7 are taken from refs. 25-27. and
values for n = 10, 14-16 were obtained in our laboratory [4-7].
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