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ABSTRACT

The method of Hanks et al. was used with the heat of mixing data of McFall et al. for
1,3-butadiene + propylene, 1-butene + methyl zert.-butyl ether, and carbon disulfide + methanol
to predict the vapor-liquid equilibrium behavior for these systems. The method involves
curve-fitting an excess enthalpy model derived from an excess Gibbs energy model by means
of the Gibbs-Helmholtz equation to the heat of mixing data, determining the adjustable
parameters from this fit, and using the original excess Gibbs function equation to predict the
vapor-liquid equilibrium behavior. The predicted vapor-liquid equilibrium values were
compared with experimental values and good agreement was found.

INTRODUCTION

Accurate vapor-liquid equilibrium data are needed for the design of
separation equipment for the chemical and petroleum industries. If
vapor-liquid equilibrium data are not available in the literature, they must
be measured or estimated. Since it is sometimes difficult to obtain good
vapor-liquid equilibrium data experimentally, estimation methods are often
used, especially for preliminary design work.

One useful method for estimating vapor-liquid equilibrium (VLE) data
from heat of mixing data is the method described by Hanks et al. [1]. Their
method involves deriving an algebraic h® expression from an algebraic g
model by application of the Gibbs—Helmholtz relation
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The parameters of the hF model are determined by curve-fitting the expres-
sion for hF to a set of experimental heat of mixing data. These parameters
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are then used in the original gF model to calculate first activity coefficients
and then vapor-liquid equilibrium data. This method has been successfully
applied to numerous binary hydrocarbon + hydrocarbon (hydrocarbon being
alkane, alkene, alicyclic, aromatic or arene), and hydrocarbon + alcohol
mixtures and to one or more binary mixtures of hydrocarbon + ester,
hydrocarbon + ketone, hydrocarbon + aliphatic nitrite, hydrocarbon + alkyl
halide, and alkyl halide + ketone [2-6].

The systems presently studied are 1,3-butadiene + propylene (diene +
alkene) at 273.15, 293.15, 313.15, and 333.15 K; 1-butene + methyl tert.-butyl
ether (alkene + ether) at 293.15, 313.15, and 333.15 K; and carbon disulfide
+ methanol (CS, + alcohol) at 293.15 K. They represent types of binary
mixtures not previously investigated with respect to the method of Hanks et
al. These systems were chosen in conjunction with an American Institute of
Chemical Engineers DIPPR project being conducted here in an associated
laboratory involving the measurement of vapor-liquid equilibrium data for
these systems. Independently, heat of mixing data were measured [7] and
have been reported elsewhere [8]. This paper is concerned with using these
data to further test and substantiate the method of Hanks et al. as a method
of vapor-liquid equilibrium prediction.

PREDICTION METHOD

The method used here for predicting vapor-liquid equilibrium data has
been described in detail elsewhere [1]. It involves curve-fitting an algebraic
thermodynamic excess enthalpy model to heat of mixing data in order to
evaluate the model’s adjustable parameters. The A model is derived from a
gF model by use of the Gibbs—Helmholtz equation. Some gF equations
which might be used are the non-random, two-liquid (NRTL) equation, the
Wiehe-Bagley equation and the continuous linear association model (CLAM)
equation. The adjustable parameters determined in the above manner are
used in the original g€ expression to calculate liquid phase activity coeffi-
cients from the relation
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Vapor phase mole fractions are then calculated from
XY Ppi?
Yi= = (3)

calc”i

where vy, are the liquid phase activity coefficients calculated from eqn. (2),
7, is the calculated total pressure, »? and », are the fugacity coefficients for
pure component and mixture, respectively, and P, ; is the pure component
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vapor pressure, P°, multiplied by the Poynting correction

1)-)'ri=Pi0 CXp %(Wcalc_PiO) (4)

where v, is the liquid molar volume.
Four gF models were used in the present study: the NRTL model [9], the
LEMF model [10], the Wiehe—Bagley model [11], and the CLAM model [12].

NRTL and LEMF model equations

The NRTL model is described by the equation [5]

gE 711Gy " 71,61,
x+x,Gy x+ xGyy

(5)

where 7, = (8, — 822)/RT, 7, =(81,~ 81)/RT, G, =exp(—ary,), Gy =
exp( — ar,,), and the adjustable parameters are a, (g, — £5,), and (g, — &,,)-
Equation (5) can be used to derive the following expressions for heat of
mixing and the activity coefficients.
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The LEMF model is obtained from the above equations by setting a = — 1.
The NRTL and LEMF models have been found to work well in the method
of Hanks et al. for mixtures involving primarily hydrocarbon-hydrocarbon
interactions, and also for mixtures involving hydrocarbon-ester, hydro-
carbon-ketone, hydrocarbon-aliphatic nitrile, hydrocarbon-alkyl halide,
and alkyl halide-ketone interactions.

Wiehe—Bagley model equations

The Wiehe—Bagley model, which was developed to describe alcohol-hy-
drocarbon systems, is described by the equation [11]

E
g 1+KA p
L= 1 +xql
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where component A is the alcohol, component B is the inert solvent, p is the
ratio of molar volumes, V, /Vg, and K, is the equilibrium constant for
alcohol complexing. From this model, one may derive the following expres-
sions for the heat of mixing and the activity coefficients.

h x, K
E__Na __XaBs
h —KAl(pr-i-xA)ln(l ~————pr+)CA xa In(l +K,) (10)
[ 1+ K
Iny,=In o +—22 1 oglig PRpxy
| oxg+ (1+ K )xa| pxp+x, K, pxp+ (1 +K,)x,
(11) .
1 1 [__» ./ S pXp + X (12)
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where A, is the standard enthalpy of hydrogen bonding defined as —24.7 kJ
mole™ ' [11].

CLAM model equations
The CLAM model is as follows [12].
E
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(xaVa + x5Vg)
(13)

where component A is the hydrocarbon, component B is the alcohol, ¢ is
the overall volume fraction of alcohol, ¢, is the overall volume fraction of
hydrocarbon, K is the association constant for hydrogen bonding and B is a
physical interaction parameter.

1+2Kpy — 1+ 4Ky

(14)

$p = 2K2¢B
*=1+2K—\/1+4K (15)
o 2K?

Equation (13) leads to the following expressions for the heat of mixing and
the activity coefficients.

hO
pe = 2 X {1-¢g— 1= 4Kpy + dp/1 + 4K} + Borde(xaVa + x5V3)

T 2K
B (16)
v A
1nYA=1n(:;:)+¢B(1——f)+K7B¢B¢Bl+—RF_TVA¢2B (17)
V,
Iny, = ln(¢§33) +¢A(1 -—7:) + K(ppdp — 0%,) +%VB¢§ (18)
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where h° is the enthalpy of hydrogen bond formation taken as —25.1 kJ
mole ™! [8]. The CLAM model has been found to work well in the methods
of Hanks et al. for mixtures involving hydrocarbon-alcohol interaction.

Computation procedure

The values of the activity coefficients to be used in the method of Hanks
et al. can be obtained from either eqns. (7) and (8), (11) and (12), or (17) and
(18). The thermodynamic models used in the approach described above were
used to fit the heat of mixing data only. The parameters were allowed to vary
freely in order to obtain the closest fit to the heat of mixing data. Therefore,
no attempt has been made to assign a physical interpretation to the parame-
ters which were obtained. A nonlinear least squares regression algorithm [13]
was used for the curve-fitting.

RESULTS AND DISCUSSION

The heat of mixing data used were measured with an isothermal high-pres-
sure flow calorimeter and have been reported elsewhere [8]. The tempera-
tures and pressures at which the data were taken are given in Table 1. All
three systems exhibited non-ideal behavior. The carbon disulfide + methanol
system also exhibits an immiscible region.

The heat of mixing data for the system 1,3-butadiene + propylene were fit
and the adjustable parameters determined using the NRTL and the LEMF
equations. Only these two equations were used as this system is similar to
other hydrocarbon—hydrocarbon systems for which these two equations have
been successfully used to fit A® data and predict VLE data [1-5].

TABLE 1

Temperature and pressures at which each system was studied

System Temperature Pressure
(K) (kPa)
1,3-Butadiene + propylene 273.15 4,978
293.15 4,978
313.15 4,978
333.15 4,978
1-Butene + MTBE 293.15 1,806
313.15 1,806
333.15 1,944
Carbon disulfide + methanol 273.15 531

293.15 531
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TABLE 2

Results of curve fits of #E data to predict vapor-liquid equilibrium data

System Temperature Model g, Ay
(K)
1,3-Butadiene + 273.15 NRTL 0.0439 0.0053
propylene 273.15 LEMF 0.0470 0.0069
293.15 NRTL 0.6342 0.0052
293.15 LEMF 0.6391 0.0088
313.15 NRTL 0.0718 0.0073
313.15 LEMF 0.0385 0.0127
333.15 NRTL 0.1500 0.0624
333.15 LEMF 0.0864 0.0182
1-Butene + MTBE 293.15 NRTL 0.0294 0.0141
293.15 LEMF 0.1171 0.0040
293.15 Wiehe—Bagley 0.0117 0.0077
293.15 CLAM 0.0197 0.0171
313.15 NRTL 0.0709 0.0093
313.15 LEMF 0.0711 0.0095
313.15 Wiehe-Bagley 0.0714 0.0111
313.15 CLAM 0.0723 0.0111
333.15 NRTL 0.3849 0.0070
333.15 LEMF 03117 0.0112
333.15 Wiehe-Bagley 0.4154 0.0207
333.15 CLAM 0.6076 0.0089
Carbon disulfide + 293.15 NRTL 0.2166 0.0356
methanol 293.15 LEMF 0.2471 0.1163
293.15 Wiehe-Bagley 0.2575 0.1331
293.15 CLAM 0.1925 0.0840

The heat of mixing data for the systems 1-butene + methyl tert-butyl ether
(MTBE) and carbon disulfide + methanol were used with all four thermody-
namic models described previously. All models were used since the types of
system represented by these two systems (alkene + ether and CS, + alcohol)
have not been examined previously with respect to the method of Hanks et
al.

The method of Hanks et al. was used to predict vapor—liquid equilibrium
data for the system 1,3-butadiene + propylene at 273.15, 293.15, 313.15, and
333.15 K and for the system 1-butene + MTBE at 293.15, 313.15, and 333.15
K and the results compared with the vapor-liquid equilibrium data of
Lundell [14]. Predicted values of vapor-liquid equilibrium data for the
system carbon disulfide + methanol at 293.15 K were compared with the
measured values of Niini [15]. No experimental vapor-liquid equilibrium
data could be found for the carbon disulfide + methanol system at 273.15 K,
so no comparisons could be made.
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Table 2 shows the results of the fit of each equation used with respect to
both the heat of mixing data and the vapor-liquid equilibrium data for the
three systems studied. The standard deviations for the heat of mixing, g,.
and the mean deviation for the vapor—liquid equilibrium. Ay, reported in
Table 2 were calculated from

§ hE(calllcE)(;xhi)(expt) 2
On = ’ ? : (19)

n—nc

1,/2

80

70}

20

10}

Xy

1.0

0.8t

0.6F
Y1
0.4}

A 1 'l L
0 0.2 0.4 0.6 0.8 1.0
Xy

Fig. 1. Comparison of calculated and experimental data for the system 1-butene(1)+MTBE(2)
at 293.15 K. Solid curves calculated from the NRTL equation.
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Fig. 2. Comparison of calculated and experimental data for the system 1-butene(1)+ MTBE(2)
at 293.15 K. Solid curves calculated from the LEMF equation.

and

> Iy(cale) ~ (expt),

dy=— - (20)

where 7 is the number of data points, nc is the number of constants in the fit,
hE is the heat of mixing, and y is the vapor mole fraction. In general, we have
found that mean deviations calculated using eqn. (20) give the best indica-
tion of how well VLE data can be predicted from 4 data. Values of Ay less
than 0.03 are comparable with fits obtained by curve-fitting experimental
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Fig. 3. Comparison of calculated and experimental data for the system 1-butene(1)+ MTBE(2)
at 293.15 K. Solid curves calculated from the Wiehe—Bagley equation.

VLE data directly with an expression for gt such as the Wilson, NRTL,
CLAM, etc. equations [16,17]. ‘

As indicated before, only the NRTL and LEMF equations were used for
the system 1,3-butadiene + propylene since this is a hydrocarbon-hydro-
carbon system. As shown in Table 2, the NRTL equation and the LEMF
equation at all four temperatures gave similar fits of the heat of mixing data

and the vapor-liquid equilibrium data as indicated by the values of ¢, and 4y.
The NRTL equation, however, always gave slightly better predictions of the
vapor-liquid equilibrium data than the LEMF equation as indicated by the
values of Ay.

All four models (NRTL, LEMF, Wiehe—Bagley, and CLAM) were tried in



336

80

70}

hEfJmol?
5 38 3
T T ¥

w
=
o

20f

10

%

1.0

08k

06}

Y1

02}

0 0.2 0.4 0.6 0.8 1.0
X

Fig. 4. Comparison of calculated and experimental data for the system 1-butene(1)+ MTBE(2)
at 293.15 K. Solid curves calculated from the CLAM equation.

an attempt to determine which one might best fit the data for the 1-butene +
MTBE system. The values for o, and Ay in Table 2 indicate that there was
no one model which consistently gave the best fit of both the heat of mixing
and the vapor-liquid equilibrium data. At 293.15 K, the Wiehe—Bagley
equation gave the best fit of both the heat of mixing data and the vapor-liquid
equilibrium data. The LEMF equation did not give a very good fit of the
heat of mixing data and the CLAM equation had the highest 3y value.
Figures 1-4 show graphically the fits obtained at 293.15 K for the heat of
mixing data and the vapor-liquid equilibrium data using the four models.
Values of o, and Ay given in Table 2 can be compared with the data shown
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in Figs. 1-4 to obtain an indication of the relationship between the numeri-
cal values in Table 2 and the fits shown in Figs. 1-4. At 313.15 K, all four
models gave good representations of both the heat of mixing data and the
vapor-liquid equilibrium data. At 333.15 K, the best fit of the vapor-liquid
equilibrium data was obtained using the NRTL equation. The Wiehe-Bagley
and CLAM equations did not fit the heat of mixing data well, even though
they predicted vapor-liquid equilibrium values which were close to the
experimental values. Over the temperature range studied, the NRTL equa-
tion gave the best prediction of vapor-liquid equilibrium data with Ay values
from 0.0040 to 0.0112. However, all four models at all three temperatures
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Fig. 5. Comparison of calculated and experimental data for the system carbon disulfide(1)+
methanol(2) at 293.15 K. Solid curves calculated from the NRTL equation.
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successively predicted vapor-liquid equilibrium data with Ay values ranging
from 0.0040 to 0.0207, which is well within the range of Ay values observed
for direct fits of VLE data.

All four models, NRTL, LEMF, Wiehe-Bagley, and CLAM, were used
with the 4#® data of the carbon disulfide + methanol system. The four models
gave similar fits of the heat of mixing data. None of the models gave a close
fit of the heat of mixing data, which may be due to the immiscible region in
this system. The NRTL equation gave the best prediction of the vapor-liquid
equilibrium data. Figure 5 shows the fit of the NRTL equation to this
system. Calculated and experimental x—y data could only be compared at
high mole fraction of carbon disulfide since no x-y data could be found in
the literature at mole fractions of carbon disulfide less than 0.9.

Extensive tables showing the 4% data, the equation used to fit the 4% data
and the parameters determined, the predicted x—y data, the literature x—y
data, and graphs of the A* and x—y data for each determination are given by
McFall et al. [8].

CONCLUSIONS

The results of this study indicate that heat of mixing data can be used
with success to predict vapor-liquid equilibrium data for the three general
types of binary systems diene + alkene, alkene + ether, and CS, + alcohol.
The NRTL equation predicted the vapor-liquid equilibrium data for 1,3-
butadiene + propylene with Ay values from 0.0024 to 0.0182. Literature
values are typically 0.01-0.03. These results are consistent with previous
findings that the NRTL and LEMF equation can successfully predict VLE
data from 4% data for a wide variety of hydrocarbon + hydrocarbon interac-
tions. All four models tested were successful in predicting vapor-liquid
equilibrium data for 1-butene + MTBE system giving Ay values ranging from
0.0040 to 0.0207 with the LEMF equation giving the lowest Ay values over
the temperature range studied. The carbon disulfide + methanol system was
best represented by the NRTL equation with a Ay value of 0.0356. These
studies confirmed previous work in that good results are obtained in predic-
ting VLE data from AF data using the method of Hanks et al. by using the
NRTL or LEMF equation for all systems we have studied except for
hydrocarbon + alcohol mixtures for which the CLAM equation should be
used.
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