Thermochimica Acta, 63 (1983) 173-190 173
Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

THE PREDICTION OF VAPOR-LIQUID EQUILIBRIUM FROM HEAT
OF MIXING DATA FOR BINARY HYDROCARBON-KETONE
MIXTURES

C. PANDO * JAR. RENUNCIO *, RW. HANKS and J.J. CHRISTENSEN

Department of Chemical Engineering and The Thermochemical Institute **, Brigizam Young
University, Provo, UT 84602 (U.S.A.)

(Received 2 October 1982)

ABSTRACT

The method of Hanks et al. for predicting vapor—liquid equilibrium (VLE) from heat of
mixing (k%) data was successfully applied to binary hydrocarbon-ketone mixtures. The
LEMF model for the excess free energy was found to be the most adequate to correlate
experimental gE and hE data simultaneously for these mixtures. The predicted vapor-liquid
equilibrium values were compared to experimental values and good agreement was found.
The dependence of the accuracy of the VLE data predictions on the experimental uncertain-
ties of heat of mixing data and on the set of parameters obtained by fitting these data to the
algebraic equation for hE is discussed.

INTRODUCTION

The usual approach used to correlate vapor-liquid equilibrium (VLE)
data for non-ideal mixtures is to measure total pressure composition or
vapor-liquid composition data from which liquid-phase activity coefficients
may be calculated. The excess free energy is then computed from the activity
coefficients and the resulting values are curve fitted to some semi-empirical
model, gE (x;, 4y, 4, .. A,) where X; 1s the liquid mole fraction and 4, are
adjustable parameters which are usually assumed to be temperature indepen-
dent [1,2].

The correlation or prediction of other thermodynamic excess properties
simultaneously with g® is frequently attempted [3,4]. In order to predict
excess enthalpies (h%) from gF data, for instance, the semi-empirical equa-
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tion for gF has to be introduced in the Gibbs—Helmholtz relation

d(g"/T)

ht= -T2 oT (1)

Results of such a prediction are usually poor unless the parameters of the gt
model are assumed to be temperature dependent [5] an approach which
renders the equations so complex as to be of little practicai use. When the
model is able to simultaneously correlate g and 4%, an extremely accurate
description of gF is required due to the error magnification inherent in the
differentiation process.

Hanks et al. proposed a method (here called the HGC method) [6] which
provides the simultaneous description of the excess free energy and excess
enthalpy. The parameters 4, of the gF model are evaluated by curve-fitting
experimental, binary, isothermal 4 data to the algebraic equation 4® (x AL
A,...A,) derived from the g¥ model by application of eqn. (1). These A,
values are then used in the g® model to calculate the activity coefficients
from which the x—y data may be predicted. The HGC method requires no
experimental VLE data, only excess enthalpies and pure component vapor
pressure data. Generally predictions can be made with an error of less than
10% in the vapor phase mole fraction. This method has been shown to be
successful in the calculation of both isothermal and isobaric VLE data for a
variety of non-associating binary hydrocarbon mixtures [6—10] and for
associating alcohol-hydrocarbon [11], ether—hydrocarbon [12], aldehyde-hy-
drocarbon [12] and alcohol-alcohol [13] mixtures. Some multi-component
mixtures have also been studied [7,8]. The method has also been shown to be
capable of predicting VLE data at a higher temperature from lower tempera-
ture heat-of-mixing data, both when at least two sets of #* data measured at
different temperatures are available [8,10], and when only one set of heat of
mixing data is available [12].

The purpose of the present paper is to extend the application of the HGC
method to binary hydrocarbon—ketone mixtures. These mixtures show in
most cases large endothermic values of #E and considerable deviations from
ideality in the VLE data.

PREDICTION METHOD

We have found that the Local Effective Mole Fraction [14], LEMF,
equation used in the HGC method adequately predicts VLE data from AF
data for non-associating binary hydrocarbon mixtures [6—10]. For associat-
ing systems such as alcohol-hydrocarbon, ether—hydrocarbon, and al-
dehyde-hydrocarbon, the Continuous Linear Association Model [15],
CLAM, should be used in the HGC method [11,12]. Since association
processes are not important in hydrocarbon—ketone mixtures, it would be
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expected that the LEMF model should be used in the HGC method for this
system. We have, however, also evaluated the use of the CLAM and the
Non-Random Two Liquid, NRTL [16], equations in the method for com-
parison. Using the CLAM equation to derive an algebraic equation for A, it
was found for some systems that the h® data could not be fitted by the
equation and for other systems that the standard deviation of the fits were
high. This could be expected since association processes on which the CLAM
model is based are not important in the hydrocarbon—ketone systems. When
the NRTL equation was used to derive an equation for 4%, it was found that
the h® data could be represented by the derived equation. Best results were
obtained when the parameter a was allowed to be freely adjustable instead
of being set to a constant value of 0.3 as recommended by Renon and
Prausnitz [16]. However, predictions of VLE data made using the NRTL
model were often poor. This could also be expected since Hanks et al. [9]
had already pointed out that when AE_, > 800 J mole ™!, the NRTL equation
approaches ideal solution behavior and cannot be used to predict VLE data
from h® data. With the exception of systems containing an aromatic, the
hydrocarbon-ketone mixtures investigated here all show endothermic excess
enthalpies larger than 800 J mole™!, reaching maximum values of
1000-1500 J mole™ ' at a mole fraction value close to 0.5. The LEMF model
which is essentially the NRTL equation with « = — 1 was found to correlate
simultaneously the VLE and A data.

The LEMF model is described by the equations [14]

RT _ 1%2 X, 4 X, T Xyt X7y
ﬁf_ _ﬁi " x,1,G; + x,mG1 (3)
RT _ RT ' M2 2 2
(x2+x,1'2) (x1+x2'r,)
i
G G
Iny, = x3 —+ Al - (4)
L(x2+72x1) (x, +x,m)
G G
Iny, = x} —— + 2 > (5)
L(x,+x2'rl) (xz"'xl"'z) ]

where G, =(8; ~ 822)/RT, G, =(82, ~ gu)/RT, y=exp(—-G,) and 7, =
exp(—G,). (812 — 8,) and (g,; — &;,) are adjusted to fit the data. We will
refer to the parameters (g,, — g,,) and (g,, — g,,) as Ag,, and Ag,,, respec-
tively. Subscript 1 refers to the hydrocarbon, while subscript 2 refers to the
ketone. y, and v, are the activity coefficients of the hydrocarbon and ketone,
respectively. The HGC method consists of fitting eqn. (3) to a set of
experimental A data at a given temperature by a non-linear regression
technique [17]. The values of Ag,, and Ag,, obtained are used to compute to
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activity coefficients. The activity coefficients are in turn used to calculate
VLE data, y/x, according to the equation

v nf™ ©)
X; - PO

where P is the total pressure of the system, x; is the liquid-phase mole
fraction, y, is the vapor-phase mole fraction, ¢°" the vapor-phase fugacity
coefficient, and f° is the pure liquid fugacity of component i in the
equilibrium mixture. The Wilson formulation [18] of the Redlich—-Kwong
equation of state was used to take into account the non-ideality of the vapor.

RESULTS AND DISCUSSION

A survey of the literature [19,20] revealed eighteen binary
hydrocarbon-ketone systems for which VLE data and #F data are available
simultaneously. Of these only four [r-pentane(l)+ 2-propanone(2), n-
hexane(1l) + 2-propanone(2), n-heptane(l) + 2-butanone(2), and
cyclohexane(1) + 2-butanone(2)] had A% data available at three or more
temperatures. Two more systems [benzene(l) + 2-propanone(2) and
benzene(1) + 2-butanone(2)] had A" data available at two temperatures.
Table 1 lists the components of the systems, the temperature at which hE
data have been measured, the number of data points, the values obtained for
the parameters Ag,, and Ag,,, the standard deviation, o, of the fits, the ratio
of the standard deviation and the maximum value of 4F and the source of
data. Sometimes h® data measured at a certain temperature by several
authors are in excellent agreement and there are many data points to be
fitted to eqn. (3). For instance, this is the case of the n-hexane(l)+ 2-
propanone(2) system at several temperatures, as shown in Fig. 1a. In most
cases, hE data for a system at a particular temperature were measured by
only one author. In some cases only a few data points are available. Figures
2a, 3a and 4a give examples of this situation.

Values of o/h%, in Table 1 indicate that the fits are good except for
those systems containing an aromatic (benzene, toluene or ethyl-benzene) +
2-butanone. This could be related to the fact that 4% data for these systems
do not follow the same pattern as that of the n-alkane + ketone or cyclohe-
xane + ketone systems (which show large endothermic values with a maxi-
mum at a mole fraction close to 0.5). Instead, #* data for the aromatic
+ 2-butanone systems either show both an endothermic and an exothermic
section, or are moderately endothermic (100 J mole™') with a maximum in
the hydrocarbon rich region. #F data are less endothermic than the alkane +
ketone systems for the aromatic + 2-propanone systems and exothermic for
the toluene (1) + cyclohexanone(2) system and the maximum or minimum
for these systems appears at a mole fraction close to 0.5 (see Figs. 2a and 4a).
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The variation of the values of the parameters, Ag,, and Ag,,, with
temperature is linear for the n-pentane(1l) + 2-propanone(2) system and for
the n-hexane(l) + 2-propanone(2) system up to 293 K. These linear varia-
tions correspond to moderate increases with temperature in the values
adopted by the excess enthalpy. An example of such a variation of 4% with
temperature may be seen in Fig. 1a which illustrates results for the n-pen-
tane(1) + 2-propanone(2) system. When the values of ht decrease or remain
almost constant with temperature, as is the case in the n-heptane(1) + 2-
butanone(2) system (see Fig. 3a), linear variations of the values of the
parameters are not observed. This could be due to experimental errors in the
sets of hE data which have been measured by different authors, and /or lack
of capability of the g¥ model to adopt the variations of the excess enthalpy
with temperature different from that of a moderate increase.

Table 2 gives the results of VLE predictions. The conditions of the VLE
data are indicated. When the data are isothermal, both the temperature and
the range of total pressures are indicated. When the data are isobaric, the
pressure and the temperature interval are stated. If AF data for a system were
taken at only one temperature, there is only one set of parameters available
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Fig. 1. Comparison of calculated and experimental data for the system n-pentane(1)-2-pro-
panone(2). (a), hE: O, O, a, O, experimental;, —————, calculated. (b), VLE: O, O,
experimental; ————, calculated. Solid curves are calculated from the LEMF equation.

VLE data were evaluated using the 273.15 K set of parameters.
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Fig. 2. Comparison of calculated and experimental data for the system benzene(1)-2-propan-

one(2), (a), hE: O, exp.;

, caled. (b), VLE: O, exp.;

, caled. Solid curves

are calculated from the LEMF equation using the 318.15 K set of parameters.
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Fig. 3. Comparison of calculated and experimental data for the system n-heptane(1)-2-

butanone(2), (a), #E: O, O, 4, exp.;

——, caled. (b), VLE: O, exp.; —————, caled.

Solid curves are calculated from the LEMF equation. VLE data were evaluated using the
313.15 K set of parameters.
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Fig. 4. Comparison of calculated and experimental data for the system toluene(l)-cyclo-
hexanone(2). (a), hE: O, exp.; ————, caled. (b), VLE: O. exp.; ————, calcd. Solid
curves are calculated from the LEMF equation.

to predict VLE data at any conditions. In this case, the temperature of the h*
data is indicated in Table 2 under the heading “Set of parameters”.

The mean deviation of y, has been chosen as the criterion to examine the
accuracy of the VLE predictions and is given in Table 2. Values for the
maximum deviation are also reported in order to complement the informa-
tion provided by the mean deviation. When experimental values of y, were
not available, the mean deviations of the total pressure were calculated and
expressed in kPa. The source of VLE data are indicated in the last column of
Table 2. Values for the molar volumes were taken from Timmermans [84]
and from the Handbook for Chemistry and Physics [85]. Some molar
volumes used in the calculation of isobaric VLE data had to be estimated
using the method of Gunn and Yamada [86]. Application of Wilson’s
formulation of the Redlich—Kwong equation [18] requires knowledge of the
critical constants and accentric factors for pure components. Values for these
parameters have been taken from Reid et al. {87]. Values for the pure
components vapor pressures were also taken from Reid et al. [87] except for
the cases in which these values were reported together with total pressure
measurements of the mixtures.

Values of the y, mean deviation for most systems are low and of similar
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magnitude to those obtained when VLE data are directly fitted to an
expression for g such as the Wilson, NRTL, UNIQUAC, etc. equations
[20]. Thus, even when only a few A" data points are available, values of y,
predicted by the HGC method are essentially as accurate as experimental
data. In order to examine the accuracy of the predictions when experimental
values of y, are not reported, values for the total pressure mean deviation
should be compared with the corresponding pressure interval.

It may be observed that the accuracy of the predictions depends to a great
extent on the goodness of the fit of experimental h% data by eqn. (3). The
only exceptions are the predictions for the benzene(1) + 2-butanone(2) sys-
tem which are very good although the fit of #F data to eqn. (3) is poor. This
could be due to the ideal behavior of this system and the similar vapor
pressure of both pure components which lead to values of y very close to
those of x. Figures 1b—5b show some typical examples of the VLE predict-
ions obtained. These figures correspond to systems comprised of an »n-al-
kane, cyclohexane or aromatic and a ketone. The VLE data for these systems
are either isothermal or isobaric.

When two or more sets of At data taken at different temperatures are
available for a system, VLE data at a certain temperature can be predicted
using: (a) the set of parameters obtained from 4% data taken at the closest

1500 T T T T =

—'3 1000 |- i
]
E
-

<800 T =298.15K 7

0 1 i 1 1
o 0.2 0.4 0.6 0.8 1.0
X1
1.0 T — T —
(b)
0.8 ~ -
7 =348.15K

0.6 | -
Ng

0.4 .

0.2 .J
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4 0.2 0.4 0.6 0.8 1.0
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Fig. S. Comparison of calculated and experimental data for the system cyclohex-
ane(1)-cyclohexanone(2), (a), hE: O, exp.; ——, caled. (b), VLE: O, exp.; —————,
caled. Solid curves are calculated from the LEMF equation.
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temperature to that of the VLE data; (b) the set of parameters obtained from
the best fit of 4E data to eqn. (3) for this particular system; or (c) the set of
extrapolated or interpolated parameters if values of the parameters show a
linear variation with temperature for the system studied. The set of parame-
ters used in each prediction of VLE data is indicated in Table 2 under the
heading *“Set of parameters”. In cases (a) and (b) the temperature of hF data
is listed. For six systems having #® data at more than one temperature, two
or more sets of parameters are available and it may be noted how the
accuracy of the VLE predictions depends on the parameters used. For a
majority of the VLE data, the set of parameters obtained by method (b)
leads to the most accurate predictions regardless of the temperature dif-
ference between the VLE data predicted and the A data from which the
parameters were calculated. This is the case of the n-pentane(l)+ 2-
propanone(2), n-hexane(1) + 2-propanone(2) and benzene(l) + 2-prop-
anone(2) systems.

The best fits for the n-heptane(l) + 2-butanone(2) and benzene(l) + 2-
butanone(2) systems were obtained using method (a) described earlier.
Consequently, the reported results correspond to only one set of parameters.
Results for the other sets of parameters were worse even though the
temperatures of their #F data were close to the temperatures of the best fits.

As to the cyclohexane(l) + 2-butanone(2) system, there are two sets of
parameters obtained from hE data at 291.15 and 298.15 K which have the
same values of o/hE .. However, the 298.15 K set of parameters leads to
more precise VLE predictions and is in better agreement with a third set of
parameters available at 318.15 K. As has been already pointed out, these
discrepancies could be due to experimental errors in the hE data. Values of
hE at these three temperatures are very close even though those at 291.15 K
were taken by a different author from the one who took those at 298.15 and
318.15 K.

CONCLUSIONS

The results of this study suggest that VLE data for the hydrocarbon-ke-
tone systems can be successfully predicted using the parameters of the
LEMF model determined from heat of mixing data (HGC method). The
accuracy of the predictions depends to a great extent on the goodness of the
fit of the AE data to the algebraic equation for the heat of mixing. The better
this fit is the more precisely can the experimental VLE data be predicted.
Parameters obtained from h® data at lower temperature can be used to
predict accurate VLE data at a higher temperature provided that the fit of ht
data is good. This seems to indicate that the HGC method used in conjunc-
tion with the LEMF model is able to account properly for the temperature
dependence of VLE data.
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