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ABSTRACT

A method is presented for predicting both vapor-liquid and liquid--liquid
equilibria for multicomponent mixtures using heat of mixing data for the constituent
binary pairs together with pure component vapor pressures. Its application to two
highly non-ideal hydrocarbon terpary systems is discussed. The parameters of the
hybrid local composition modcl of Renon and Prausnitz, known as the NRTL
equation, were evaluated from heat of mixing data for the three binary pairs in each
of the twc ternary systems. The parameters thus obtained were used in the multi-
component form of the NRTL. equation to predict the ternary vapor-liquid equilibrium
data for the completely miscible system cyclohexane(l)}-n-heptane(2)-toluene(3) and
for the partially miscible system acetonitrile(1)-benzene(2)-n-heptane(3) without the
necd for any ternary or higher order parameters.

This method predicted compositions of the single phase region of the partially
miscible ternary system with a standard deviation of 10%. It also predicted composi-
tions for the fully miscible system with a standard dewiation of 4.6 %. Total pressure
curves for the partially miscible and miscible ternarnics were predicted with standard
deviations of 6.6% and 4.5% respectively. Poor predictions of the binodal curve for
the partially miscible region were obtained. The method offers 2 means of predicting
the whole range of ternary phasc equilibria for miscible systems.

INTRODUCTION

Accurate vapor- liquid equilibrium (VLE) data are vital to the successful
operation of a wide variety of separation processes. Good experimential multicompo-
nent phase equilibrium data are rather difficult and time consuming to obtain and
require skillful techniques and experience. The difficulty of direct VLE measurements
increases with the number of constituents present in a given liquid mixture. This
provides an incentive to calculate VLE data by theoretical means using only pure

* Contribution No. 103 from the Thermochemical Institute of Brigham Young University, Provo,
Utah, U.S.A.
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component data. No generally valid theoretical liquid model exists which will permit
this to be done, and one has to rely on a combination of experimental data and a semi-
theoretical model to predict the properties of mixtures.

Conventional methods used for predicting binary as well as multicomponent
vapor-liquid equilibria and heat of mixing for liquid mixtures involve fitting the binary
VLE data to an arbitrarily chosen thermodynamic model to determine empirical
constants. These in tum give expressions for the excess Gibbs free energy, g%, from
which liquid phase activity coefficients may be derived’- 2. The heat of mixing, A%, is
obtained from tke free energy expression by differentiation as indicated by eqn (1).

K* = — T*[(84% T[0T, » 6))

A disadvantage inherent in the above procedure is that it requires very accurate
x-y data to produce good g* data, and the expression for g must be differentiated
fo prodnce A values. Poor A® values usually result because of a substantial loss of
accuracy in the differentiation process. Hanks et al.? have described a method in
which this process is reversed. The procedure consists of the following: (1) Choosing
an algebraic expression for g® and differentiating it as indicated by eqn (1) to get
an algebraic expression for AE; (2) fitting the resuiting A® equation to experimental 4%
data, and evaluating the constants in the equation; and (3) using these constants in
the original g€ expression to calculate the activity coefficients and the corresponding
x-y data. The merits of this method are: (1) Only heat of mixing data together with
pure component vapor pressures are necessary to predict vapor-liquid equilibrium
data accurately; (2) the effect of random experimental errors in the heat of mixing
data on the prediction of vapor-liquid equilibria are reduced due to the error smoothing
characteristic of the integration process; and (3) the method, when coupled with
techniques for the rapid and accurate measurement of heat of mixing data, has
considerable practical potential for the prediction of VLE data. Gupta® has used
four different types of composition dependent excess Gibbs energy equations to
predict binary VLE data using only binary 4% data. His results indicate that, for
solutions which show small deviation from ideality, a regular solution model can
sufficiently represent the g* data. For solutions which have appreciable polarity
andfor hydrogen bonding effects present, a2 chemical type model should be used. For
solutions which have large deviations from ideality, a2 hydrid local composition type
model works best.

In this study, the method described by Hanks et al.3, is extended to allow the
prediction of the behavior of ternary mixtures. This paper contains a description of
the prediction scheme, and the results obtained for two ternary mixtures and the three
binary systems comprising each ternary.

CALCULATION PROCEDURE

The local composition modcl of Renon-Prausnitz® is used with heat of mixing
data to predict binary and ternary vapor-liquid equilibria, as well as the binodal
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distribution curve for the two liquid phase region of a partially miscible ternary
mixture.

Bingry mixtures

Renon and Prausnitz® applied the Wilson Iocal composition concept to Scott’s
two liquid theory and obtained the following equation, known as the NRTL equation,
for excess free energy:

£
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are three adjustable parameters. The equations for the liquid phase activity coefficients,
¥: derived from eqn (2). are
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The following expression for A% can be derived from eqns (1) and (2) if the parameters
in eqn (2) are assumed to be independent of temperature:

BE — x,xz{ 123G, ¥ 2G> [ x;13:Gzy 2 + x3732G12 z]}
xy+ %3Gy X+ %Gy RT Wx, + x3G5y) (x2 + x;,G,5)
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Equation (5) together with heat of mixing data can be used to evaluate the numerical
values of the three parameters.

Renon and Prausnitz suggest that the o parameter, which is a2 non-randomness
parameter, may be fixed according to solution type. In this study, two approaches
were used to evalnate the parameters from heat of mixing data. In the first, o« was
assumed to be equal to 0.3 as recommended by Renon and Prausnitz. In the second, z
together with the other two parameters, was evaluated from the data. Subsequently,
in this paper the NRTL equation is defined as a 3-parameter equation when the value
of a is not fixed, and as a 2-parameter equation when « is fixed according to solution
type. A computer program based on Powells’s®- 7 non-gradient technique of mini-
mizing a function using the concept of conjugate directions has been developed to
determine the numerical values of the parameters. The function minimized is S? as
defined in Table 1. Once the parameters have been evaluated g* data and activity
coefficients of the liquid phase can be calculated from eqns (2)-(4). The activity
coefficients coupled with pure component vapor pressure data, P;, can be used to
calculate the x—y distribution from eqn (6) (assuming ideal vapor phase behavior)
— x, Pyyy ©

X, 8y7y + (1 — x)P3y,

Y3
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Ternary mixtures

The NRTL equation can be extended®- * to multicomponent mixtures without
incorporating any additional or higher order interaction parameters. g% and Iny;
can be computed from the following expressions:

gE -~ _2 "-'jiGjixj
= Z X5 21 o
RT i=1 <
Z Gix;
=1
2 T#Gpx; - S x1,,G,;
ny, = —++ P2 A ®
'Z‘ Gpxy g Gyx; :=z| Gljxl

Equations (7) and (8) involve nine parameters which can be determined from the
three binary systems comprising the ternary. Assuming ideal vapor phase behavior,
the x—y distribution can be calculated from the expression:

x;P;y;
= ._3.__‘_._._.._ ®)
2 x:Py;
i=1
The validity of ideal vapor phase behavior assumption is sufficient for most multi-
component VLE calculations.

Some researchers® have suggested that correction for vapor phase non-ideality
immproves the vapor-liquid equilibrium prediction. Such a correction may be in-
corporated into the theory as follows. The basic relationship between y; and x; for
the general case of non-ideal vapor and liquid phases is given by eqn (10) which
reduces to eqn (6) for the case of ideal vapor behavior.

¥; = 7xJ1°° exp (5 PIRT)/¢.P (10)

In this expression ¢; is the vapor phase fugacity coefficient which accounts for non-
ideal gas behavior. f1°D is the fugacity of liquid 7 in the standard state, &~ is the partial
molar liquid volume and P is the total pressure. The partial molar liquid volume 3}
is usually taken to be equal to the pure liquid molar volume of. The vapor fugacity

coeficient is expressed by the virial equation truncated after the second term as

In ;= @2Ie) 3 ;B — In (PoiRT) an

where the B;; are the virial cocfiicients (see Table 2), and o is the molar volume of the
gas mixture which is related to the virial coefficient by

PaRT=1+ (3 5 vy [0 a2

=1 f=1



161

The fugacity of the pure liquid corrected to zero pressure is given by

Pt = ¢t Piexp (— uf Pi[RT) (13)
where ¢ is the fugacity coefficient of pure vapor i at temperature 7T and saturation
pressure P3. If P3 is well below the critical pressure P_;, ¢} can be calculated from the
virial equation
In ¢} = (2/v)B; — In Z; (a9
where Z: is calculated from eqn (15)
Z; = P;{oifRT =1 + By/v; (15)

where o} is the saturated molar volume of pure vapor i.

Virial coefficients are available from the literature, or they may be estimated
from a correlation based on the three-parameter theory of corresponding states
treatment of Pitzer and Curl®. Liquid molar volumes are available from the literature.
Virial coefficients and liquid molar volumes used in this study are given in Table 2.

Liquid-liquid equilibria

The concept of equal chemical potential when two phases are in equilibrium
at a given temperature and pressure is utilized to calculate the solubility envelope
éxhibited by the two liquid phases in a partially miscible ternary mixture. Mutual
solubility can be calculated if activity coefficients are available. In this study, the
activity coefficients were determined from the NRTL equation, and the following
equations were solved simultaneously to determine the solubility curve:

71X31 = ¥iX1 (16)
¥2X2 = ¥2X3 a7
¥3X3 = 73X3 (18)
x4+ x5+ x5=1 19)
xy +x3 +x3=1 (20)

where y; = f(x}, x2, x3) and y{ = f(xy, x2, X3)

A computer program using the method of steepest descent has been developed to
handle the iteration process involved in solving eqns (16)-(20).

RESULTS

Table 1 contains a summary for the sources of x—y and AF data of the six binary
and two ternary systems investigated in this study. For systems 2 and 5, two different
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sets of h* are available in the literature. For the n-heptane-toluene binary (system 2)
there is a significant difference between the data of Schnaible!! and those of Lund-
berg'2. There is much less deviation between the data of Palmer and Smith'® and
those of Brown and Smith*# for the acetonitrile-benzene binary (system 5). Each of
these sets of data were examined separately to test the sensitivity of the method to
variability in the #€ data used. The data giving the best predicted AE values were used
in the final correlation. Table 1 also summarizes the values of the various parameters
determined from the heat of mixing data and eqn (5) for each binary system studied.
Also included is a listing of statistical measures of the agreement between experimental
heat of mixing and VLE data and those calculated from the NRTL equation. A typical
set of results for the binary system cyclohexane-n-heptane is shown in Fig. 1.

Table 2 lists all the parameters used in the ternary VLE calculations. This
includes the parameters determined from the six binary systems and the parameters
used to calculate the correction for vapor phase non-ideality for the two ternary
systems. Table 3 shows a comparison of the standard per cent deviation between the

(%] 1§ 3 \J -}
<0 —
01 -
!.bE k. -
2 | .
wh
o | 1 ] ]
Xy
1.0 [ T ¥ T
Q Experizental
— Calcylated g -2.415
0.8 L .
G.6 §- -~
n
o4} -
0.2 | =
o i i | I §
0.2 0.4 0.8 0.8 1.0

Xy

Fig. 1. Comparison of calculated and experimental data for the cyclohexane (1)-heptane(2) system
at 25°C. i -
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TABLE 3

COMPARISON OF VAPOR PHASE MOLE FRACTIONS CALCULATED FROM EQN (8) BASED ON IDEAL AND NON-.
IDEAL VAPOR PHASE BEHAYIOR FOR THE TWO TERNARY SYSTEMS STUDIED

Systems Caleulation® Vapor phase Standard deviation® of fit of vapor phase mole

behavior fraction (%)

assumption oy, Gy, Gy, Avg. a
4 a ideal 10.0 9.1 199 13.0
4 a non-ideal 98 94 214 13.6
4 b ideal 9.0 11.8 213 140
4 b non-ideal 88 124 228 14.7
4 c ideal 60 122 172 11.8
4 c non-ideal 6.2 124 18.7 124
4 d ideal 36 38 52 42
4 d non-ideal 28 438 6.3 46
4 a ideal 15 13.0 17.6 127
8 a non-ideal 76 9.3 246 13.8
e b ideal 715 129 185 130
8 b non-ideal 79 94 249 14.1
8 c ideal 9.7 16.4 9.3 11.8
8 c non-ideal 69 13.7 10.2 10.2
8 d ideal 10.6 15.8 10.7 123
8 d non-ideal 72 134 9.4 10.0

& System 4 consists of cyclohexane-n-heptane-toluene; Systemn 8 consists of acetonitrile-benzene—
n-heptane. ® Sec Table 2 for values of parameters used in eqn (8). © See Table 1 for definition of oy.

experimental and calculated vapor phase mole fractions for each of the ternary
systems studied for both the cases of ideal and non-ideal vapor phase behavior.
Typical calculations® comparing calculated and experimental vapor-liquid equilib-
rium data for the two ternary systems are given in Tables 4 and 5. The results shown
represent the calculations giving the best agreement between calculated and experi-
mental x—p data for the various combinations of parameters (see Table 2) used in
eqn (8). Table 6 gives 2 comparison of the calculated and experimental total pressure
of the two ternary systems. Figure 2 shows the agreement obtained in the partially
miscible region between the calculated and experimental binodal distribution curve
for the acetonitrile-benzene-n-heptane system. Only one calculated curve is reported
in Fig. 2 (parameters used are found in Table 2—System 8, Calculation a). However,
calculations™ based on other combinations of parameters listed in Table 2 resulted
in essentially the same values as those shown in Figure 2.

* Detailed tabulations of all data used and resulis obtained are available upon request.



166

~
Acetsnitrile Senzene

Fig. 2 Comparison of calculated and experimental data for the partially miscible region of the
acetonitrile(1)-benzene(2)-n- heptane(3) system at 45°C. ——, Experimental; — ——, calculated (based
o2 cqns (8), (16)+20) using parameters in Table 2, System 8, Calculation a and Palmer and Smith!'®
heat of mixing data).

DISCUSSION

The quantity S? listed and defined in Table 1 is a statistical measure of the
variance of the fit of the theoretical model to the data. Calculated 4% values were
generated from eqn (5) using constants determined from experimental A% data. The
goodness of fit between calculated and experimental A= values is not a good criterion
as to whether the constanis when used in egns (3) and (4) will predict VLE data
which agree well with experimental values. This is more clearly revealed by the o,
values reported in Table 1. The quantity o, is the percent standard deviation of the
calculated fit of the VLE data and is defined in Table 1. It is evident that there is no
relationship between the values of SZ and o,. An examination of the values of o,
for system 2 (o, = 15.5 and o, = 7.8) and for system 5 (¢, = 7.4 and ¢, = 3.3),
shows the marked effect of using different sets of AF data on the accuracy of the VLE
prediction.

Two observations may be made from the results reported in Tables 2 and 3.
First, it is observed for ternary calculations that the 3-parameter version of the NRTL
equation consistently gives a better fit of the data than does the 2-parameter version.
Secondly, because the ternary system cyciohexane-n-heptane-toluene shows small
deviations from ideal vapor phase behavior, corrections for vapor-phase non-ideality
do not significantly improve the calculations. However, for the ternary system ace-
tonitrile-benzene-n-heptane, which is a highly non-ideal hydrocarbon system, definite
improvement in the data fit is attained when the vapor phase non-:dmllty correction
is applied. Improvements of as much as 209/ were obtained.
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TABLE 6

COMPARISON OF THE CALCULATED AND EXPERIMENTAL TOTAL PRESSURE FOR THE TWO TERNARY SYSTEMS
STUDIED

Cyclohexane(I)-n-feptane(2)—toluene(3) Acetonitrile( I }-benzene(2)}-n-heptane(3)
T = 25°C T =45°C
N X1 ~f’(z-p Pax’ N X1 Pexp Pmlb
1 0.1010 0.0561 0.0593 1 0.0827 0.3705 0.4524
2 0.0686 0.3567 03839
2 0.1009 0.0610 0.0637 3 0.0297 03115 02877
4 0.1460 0.3557 0.3305
3 0.1001 0.0646 0.0671 5 0.8869 03486 03392
6 0.8018 03772 0.3658
4 0.1003 0.0671 0.0693 7 0.7427 03757 0.3597
8 0.6497 0.3732 0.3592
5 0.1007 0.0669 0.0700 9 0.5710 03754 0.3590
10 04733 03734 0.3576
6 02499 090737 0.0771 11 04615 0.3791 C.3621
12 0.4393 0.3887 03690
7 0.2510 0.0738 0.0793 13 0.3974 0.3962 03794
14 03527 04011 0.3898
8 0.2509 0.0775 0.0821 15 0.0746 03530 0.3090
16 0.1345 0.3663 0.3322
9 0.2510 0.0781 0.0831 17 02684 0.3882 0.3601
18 0.3470 0.3961 03687
10 0.3335 0.0817 0.0877 19 0.4020 0.3997 0.3728
20 05212 0.4018 0.3783
i1 0.4595 0,02135 0,0952 21 0.6021 0.4000 0.3796
22 0.1177 0.3887 0.3968
12 0.4502 0.0949 0.0978 23 0.2602 04166 0.4277
24 0.3790 0.4167 0.4246
13 0.5001 0.0960 0.1001 25 0.4282 0.4180 0.4232
26 04779 0.4078 0.4007
14 0.6502 0.1093 0.1093 27 0.6093 0.4100 0.4081
28 0.0622 0.3400 03136
15 0.6493 0.1077 0.1100 29 0.1003 0.3591 0.3413
30 0.2648 0.3970 63876
16 0.7992 0.1171 0.1178 31 0.3704 0.4045 0.3955
32 0.2958 04163 0.4536
33 0.4891 0.4159 0.4215
Standard deviation, o 4.5% Standard deviation, ¢ 6.6%

= Denominator of eqn (9) using parameters for calculation 4d, Table 2. ® Denominator of eqn (9)
using parameters for calculation 8d, Table 2. < See Table 1 for definition of 6.

The present prediction scheme can also be used to calculate the total pressurs
of the system without resorting to actual experimental measurement. The results of
this type of calculation are tabulated in Table 6 and indicate quite acceptable agree-
ment with the experimental data.

Figure 2 illustrates the limitation of the method in predicring the solubility
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envelope of the partially miscible ternary miaiure. Apparently the NRTL equation
does not possess sufficient generality to describe both iie miscible and immiscible
regions using parameters obtained frcm the miscible region. These results are con-
sistent with the observation made bv Renon and Prausnitz® in their study that the
parameters obtained from x—y znalysis ol miscible regions cannot be used to predict
liquid-liquid phase equilibrium data accu-ately for the immiscible region. Solubility
data are very sensitive to the parameters used and a more accurate excess function
model is required if they are to be predicted successfully.

CONCLUSION

This study shows that the multicomponent NRTL equation using parameters
obtained from binary heat of mixing data can be used to calculate ternary VLE data
without the need for any higher order or additional parameters. Better predictions
of VLE data are obtained using the three-parameter version of the NRTL equation
than the two-parameter version for both binary and ternary calculations.

In most cases agreement between calculated and experimental equilibrium data
is within 10-159% and in some cases 1-5%,.

This technique offers a new method for calculating multicomponent VLE data
without resorting to actual measurement of these data.
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