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ABSTRACT

A method for predicting isobaric binary and ternary vapor-liquid equilibrium
data using only isothermal binary heat of mixing data and pure component vapor
pressure data is presented. Three binary and two ternary hydrocarbon liquid mixtures
were studied. The method consists of evaluating the parameters of the NRTL
equation from isothermal heat of mixing data for the constituent binary pairs. These
parameters are then used in the multicomponent NRTL equation to compute isobaric
vapor-liquid equilibrium data for the ternary mixture. No ternary or higher order
interaction terms are needed in the ternary calculations because of the nature of the
NRTL equation. NRTL parameters derived from heat of mixing data at one temper-
ature can be used to predict vapor-liquid equilibrium data at other temperatures up
to the boiling temperature of the liquid mixture.

For the systems studied this method predicted the composition of the vapor
phase with a standard deviation ranging from 1-8% for the binary systems and from
4-12 9%, for the ternary systems.

INTRODUCTION

A method for predicting isothc-mal binary vapor liquid equilibrium (VLE) data
using only binary heat of mixing (4F) data proposed by Hanks et al.! was extended
recently by the present authors? to include the prediction of ternary isothermal VLE
data. The use of At data to generate correlation constants in an excess frec energy
model is attractive because A® data can usually be measured more accurately and
easily than can VLE data.

Since, most separation precesses in the chemical industry are carried out under
isobaric rather than isothermal conditions, isobaric VLE data are nceded for the
successful design of a wide variety of separation processes. Thus, there exists a necd
to extend the present prediction method to include the isobaric casc.

* Coutribution No. 166 from the Thermochemical Institute of Brigham Young University, Provo,
UT, US.A. )



This paper shows how the method of Hanks et al. can be extended to the
prediction of isobaric VLE data and demonstirates the feasibility of calculating
isobaric binary and ternary YLE data for hydrocarbss mixtures from isothermal
binary AF data.

CALCULATION PROCEDURE

An expression for A% derived from the local composition model of Renon-
Prausnitz® (NRTL equation) is fitted to experimental binary A® data to determine the
adjustable parameters’- 2. Using these parameters both binary and temary VLE
data under either isothermal or isobaric conditions are predicted.

For binarv mixtures, the following equations derived by Renon and Prausnitz
are used to represent the excess free energy (g¥) and the liquid phase activity cocfficients
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where t;; = (g.; — 2;))IRT, G;; = cxp(_— %52 T;;) and 245, (€42 — £11)s (€12 — £22)
are three adjustable parameters. The A" function is related to the excess free energy
function by the following expression:
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If the three NRTL parameters are assumed 1o be independent of temperature, the
following expression for #® can be derived using eqns (1) and (4):
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Equation (3) is fitted to the experimental A% data to evaluate the numerical values of
the parameters ,., (gy> — £,:) and (g,2 — £,2)- A computer program was developed
based on Powell's** * non-gradient techniquc to evaluate the parameters by minimizing
the function given in eqn (6).
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Once the parameters have been evaluated, the g* data and activity coefficients can be
cvaluated from eqns (1), (2) and (3). Using these activity coeflicicnts together with '
vapor pressure data (calculated using a correlation given by Renon and Prausp.w® *)
binary VLE data can be calculated?.

For ternary mixtures, g and y data can be computed using the following
expressions for multicomponent mixtures obtained from the NRTL equation.
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The nine parameters in eqns (7) and (8) can be determined from binary A% data for
the three binary systems comprising the ternary. These activity coefficients coupled
with pure component vapor pressure data can then be used to calculate ternary VLE
data.

RESULTS AND DISCUSSION

This seciion is divided into the following three main areas:

1. Temperature dependence of NRTL parameters

2. Prediction of isobaric binary VLE data

3. Prediction of isobaric ternary VLE data

The first area deals with the use of the NRTL equation to calculate VLE data
at one temperature using NRTL paramcters evaluated at a different temperature. The
second area reports the results of predicting isobaric binary YLE data from isothermal
binary A" data; the tcmperature of the AF data being different from the temperature
at which the VLE data are calcunlated. The third area contains the results of predicting
isobaric ternary VLE data from isothermal binary A® data for the constitucnt binary

pairs.

Temperature dependence of NRTL parameters

Isobaric VLE data are measured over the solution boiling temperature range at
a particular pressure. This temperature range frequently differs significantly from the
common temperatures (15-45°C) used in measuring isothermal A% data. Also it is
usually impractical to measure A® data over the solution boiling temperature range.
The temperature dependence of the NRTL parameters and the possibility of using
parameters obtained from A® data at one temperature to predict VLE data at another
iemperature were cxamined for the following three binary systems:
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TABLE 1

BINARY SYSTEMS: A. PARAMETERS FOR NRTL EQUATION DETERMINED FROM A¥ DATA. B. STATISTICAL
MEASURES OF FITS OF ¥ AND VLE DATA

Srstem Caicula- VIE W~NRTL Parameiters Sratistical Séun.-e of

' tion data =Ci T gye f1z—gn  giz—gm measure of fit expil
(C) s2 &b data ref.
VLE A%
data
la 1 70 15 03 4010 -—91.385 20 10.00 8 9
1o | 70 25 03 400.4 --105.60 21 926 8 10
Ic 1 7 415 0.3 3928 —1305 L6 7.69 8 95
Id 2c 70 - 0.3 387.0 --161.0 - 5.82 8 —
Ia 3 70 15 -1.617 —252.4 1999 290 217 8 9
Ib 3 70 25 —3.825 —265.5 106.1 514 238 8 10
Ic 3 70 45 - L1102 --23238 2309 0.4 2.37 8 9
Ha 1 s0 25 0.3 208.3 206.2 40.4 8.45 11 11
1Ib 1 50 35 0.3 202.7 153.2 29.0 6.14 11 It
Hc 2a 50 — 0.3 1920 18.0 — 284 11 —
Ha 3 S0 25 0001416 371.8 —0.002612 449 748 11 11
Ib 3 50 35 0.04504 3324 0.03441 307 5.6% 11 11
lla 1 75 25 0.3 9175 —365.3 13.8 5.13 12 13
1lla 3 75 25 0.369 1111.0 --558.0 51.8 4.50 12 13

s Temperatures at which A* was measured. ® 6y — {1/N -1 [Z5 [(Fest — Yexpu)Vexpul*]}*7* x 100.
¢ Extrapolated NRTL values at 70°C obtained from values of parameters at 15°C, 25°C and 45°C
(Fig- 1). ¢ Extrapolited NRTL. values 2t 50°C obtained from valres of parameters at 25°C and 35°C
(Fig_2).

System I — cyclohexane(1)-n-hexane(2)

System 11 — methylacetate(l)-benzene(2)

System 111 — benzene(1)-n-bheptane(2)

For these systems NRTL paramecters at one or morc temperatures were used to calculate
NRTL parameters and the corresponding VLE data at a higher temperature and the
results compared with experimental VLE data (Table I).

In Table 1 S? and o, are statistical measures of the fit of the 4* and VLE data,
respectively. S2 is defined by eqn (6) and o, is the percent standard deviation of the
predicted fit of the VLE data. Two versions of the NRTL equation were vused in the
calculation routine: (1) x was set equal to 0.3 as recommended by Renon’ («wo-
parameter equation); (2) « was allowed to be free and was determined directly from
the experimental A" data (three-parameter equation). Systems Ia, Ib, Ic in Table 1
represent three sets of A= data measured at 15, 25, and 45°C, respectively. Systems Ila
and IIb represent two sets of A" data measured at 25 and 35°C, respectively. Each
individual set of A® data was used to determine NRTL parameters. -

Three kinds of calculations were employed in Table 1. In calculation 1 the «
parameter was set equal to 0.3 and the other two energy parameters were determined
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Fig. 1. NRTL parameters for System I—cyclohexanz(I)-n-hexane(2) as a function of temperature
for the case where @ -- 0.3.

from the AE data. In calculation 2 the energy paramecters derived at other temperatures
for the case where 2 = 0.3 were extrapolated to the particular temperature of interest.
In calculation 3 all three NRTL parameters were deterinined directly from the A* data.

System I — cyclohexane(1)-n-hexane(2). The binary A data were available
at 15, 25 and 45°C, while the VLE data were available at 70°C. The three sets of /#*
data were individually fitted with eqn (5) for the two cases where x was set equal to
0.3 (calculation 1) and a was allowed to be free (calculation 3) giving two values for
each NRTL parameter for each data set.

Calculation 1 for systems la, Ib and Ic (Table 1) gives the values of the twe
parameters {(g,, — g,,) and (g,, — £25) at 15, 25 and 45°C when x is set equal to 0.3.
These values were found to vary linearly with temperature (Fig. 1) and values were
obizined at 70°C by extrapolation. For these systems an examination of the o, values
in Table 1 indicates that the accuracy of the x- y fit increases as the temperature of the
binary 4® data used increases. No such trend is observed when z is not fixed (calcula-
tion 3). When z is not fixed, the three parameters show no systematic dependence on
temperature; hence, no extrapolation to another temperature is possible. Generally,
the 3-parameter NRTL equation offers a much better VLE correlation than the 2-
parameter equation. Details of the vapor phase calculations are tabulated in Table 2.

System Il — methylacetate( 1 )-benzene(2). The binary AF data were reported
at 25 and 35°C, and the YLE data were available at 50°C. Calculation I of systems
Ila and IIb (Table 1) for the case where @ = 0.3 preduced parameters (g, — £,¢)
and (g,» — £,,) which differed and were treated as a linear function of temperature.
These values were extrapoiated as shown in Fig. 2 to obtain NRTL paramecters at
50°C. Calculation 3 for systems Ila and 1Ib reveals that ‘the NRTL. parameters are
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TABLE 2

COMPARISON OF CALCULATED AND EXPERIMENTAL VLE DATA FOR SYSTEM I—CYCLOHEXANE(1)-N-HEXANE
{2) AT 70°C

Experimental Calculated y§ _
System—calcuiation

Xt »t la-1 101 1e-1 1d-2 1a-3 153 Ic-3
0.1250 0.0990 01156 0.1139 0.1105 0.1063 0.0955 0.0937 0.0967
0.2500 0.1940 0.2259 0.2241 02200 0.2150 0.2009 0.1976 0.2029
0.3750 0910 0.3170 0.3157 0.3129 0.3093 0.2981 0.2939 0.3004
0.5000 0.4100 04130 0.4129 0.4124 0.4119 0.4086 04037 0.4103
0.6250 0.5350 0.5141 0.5153 0.5179 0.5211 0.5287 0.5243 0.5290
0.7500 0.6640 0.6300 0.6325 0.6378 0.6445 0.6627 06614 0.6609
0.8750 0.8210 0.7785 0.7814 0.7827 0.7953 0.8169 0.8225 0.8813
% Standard deviation, ¢y 10.00 9.26 7.69 5.82 217 238 237

3 See Table 1 for parameters used in cala:!%ions.
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Fig. 2. NRTL paramcters for Systemn Il—methylacetate(1)-benzene(2) as a function of temperature
for the case where @ -: 0.3.

not a function of temperature when « is allowed to float. These observations are
consisteat with those found for system 1. Calcunlation 2 was found to give the best
VLE prediction. Comparirz the values of 6, in Table 1, it is observed that the 3-
parameter NRTL equation gives a slightly better VLE predlctxon than the 2-parameter
equation.

System III — benzene(!)-n-heptane(2). This system was studied prcwously
under isothermal conditions at 25°C and the NRTL parameters used here were
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obtained from that study?. Because of the lack of AF data at other temperatures, no
extrapolation of the NRTL parameters was possible. The values of o, for calculations
1 and 3 show that the 3-paramecter equation ofifers a 149, improvement in VLE
accuracy over the 2-parameter equation.

It appears from the above results that one can use NRTL parameters obtained
from binary H® data at one temperature to correlate YLE data at another significantly
different temperature. This eliminates the need of introducing the cumbersome
additional parameters of Asselineau and Renon®®. Typical percentage standard
deviations of the fit of the x-y data vary from 2-6%, which is within the range of
experimental accuracy. Also, the above results show that when =z is fixed according
to solution type as defined by Renon and Prausnitz?, the two parameters (g5, — £44)
and (g, — g.,) vary linearly with temperature. If 2 is permitted to float as a free

third parameter, however, no systematic temperature variation of the parameters can
be observed.

Prediction of isobaric binary VLE data

It was shown above that NRTL parameters obtained at one temperature can
be used to predict isothermal YLE data at another tcmperature. This suggests that
it might be possible to extend the scheme to predict isobaric VLE data for muiti-
component mixtures. This possibility was examined using two of the systems studied
in the previous section (Systems I and 11I). Ideal vapor phase behavior was assumed.
The two binary systems considered were:

System 1 —— cyclohexane(1)-n-hexane(2) at 1 atm.

Systern 11 — methylacetate(1)-benzence{2) at 1 atm.

The resulis are given in Table 3 together with the temperature range over which

TABLE 3

BINARY SYSTEMS: A. PARAMETERS FOR NRTL EQUATION DETERMINED FROM AY DATA. B. STATiSTICAL
MEASURES OF FITS OF A® AND VLE DATA

System Cal- VLE data NRTL Parameters Sraristical Source of

cula- (°C) *C a1z gia—gn gie—ge measure of fit  exptl

tion S& o,  |dataref

VLE hE

1b 1 7005-79.50 25 0.3 3002 —79.12 333 790 14 14
1b 2 70.05-79.50 25 —1.321 —2528 202.10 32.1 1.4 14 14
1d K 70.05-79.50 70 0.3 387.0 —1640 _ 6.90 8 —
1ib 1 57.90-76.90 35 0.3 2027 153.2 290 1387 15 1t
Ilb 2 57.90-76.90 135 0.043504 3324 0.03441° 370 1266 15 11
Ilc 5® 57.90-7690 50 0.3 1920 78.0 -- 675 15 -—

s Extrapolated NRTL values at 70°C obtained from values of parameters for system I at 15°C,
25°C and 45°C (F‘g. 1). ® Extrapolated NRTL salues at S0°C obuuned from values of para.mctas
for system II at 25 and 35°C (Fig. 2)- .
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the two systems were studied, the NRTL parameters used in the calculations, and the
statistical measure of the A® and VLE fit. The x parameter was fixed at 0.3 in calcula-
tion I and allowed to te free in calcuiation 2.

System I — cyclohexane(1)-n-hexane(2). The NRTL paramcters used for
calculations 1 and 2 (Table 3) were obtained from binary A® data at 25°C. The boiling
temperature range of the mixtures is 70 to 79.5°C. The parameters used for calcula-
tion 3 were oblained by extrapolating the values of the parameters obtained at 15, 25
and 45 to 70°C (sze Fig. 1). Comparison of the values of o, for calculations 1 and 3
shows that for the two-parameter equation the extrapolated parameters at 70°C offer
a 14% improvement in the YLE prediction over that obtained using the parameters
derived at 25°C. The three-parameter NRTL equation gives a prediction which is
6 times more accurate than the two-paramcter equation for this system. Calculated
and experimental vapor phase mole fractions values are summarized in Tabje 4 for
this system.

System Il — methylacerate( ] )-benzene(2). NRTL parameters for this system
for calculations 1 and 2 were determined from binary AF data at 35°C. The boiling
temperature range of the system is from 57.9 to 76.9°C. Parameters used in calcula-
tion 3 were obtained by extrapclating the values of the parameters at 25 and 35 to
30°C assuming a linear relation (see Fig. 2). These extrapolated parameters at 50°C
compared to the parameters at 35°C gave the best VLE prediction with improvements
as high as 100% being attained. The 3-parameter equation gives a 9%, improvement
in VLE prediction over the 2-parameter equation.

The results of the above computations indicate that parameters obtained from

TABLE 4

COMPARISON OF CALCULATEI> AND EXPLRIMENTAL VLE DATA FOR SYSTEM I—CYCLOHEXANE(1)-N-HEXANE
Q) AT 1 ATM

Experimental L i Calculated yy
System—calculation

B.P.(°C) x1 » Ib-1 16-2 &3
70.05 0.1230 0.0960 0.1094 0.0951 0.1071
70.85 0.2030 0.1600 0.1792 0.1562 0.1764
7205 0.3290 022600 0.2877 02597 0.2851
72.90 0.4050 0.3290 0.3574 0.3292 0.3553
74.70 0.5620 0.4770 0.4966 0.4732 0.4957
75.40 0.6160 0.5320 0.5489 0.5283 0.5484
76.40 0.7000 0.0160 0.6320 0.6168 0.6318
78.20 0.8330 0.7730 0.7788 0.7725 0.7789
79.50 09180 0.8790 0.8864 0.8846 0.8865
9 Standard deviation, oy 7.90 1.34 690

3 See Table 3 for NRTL parameters used in calculations.
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binary isotherrnal AF data at one temperature can be used successfully to correlate
binary isobaric VLE data zat a higher temperature. The 6,, values obtained fall within
the range of 1-7%/. Generally, the 3-parameter form of the NRTL equation offers 2
slight improvement in prediction accuracy over the 2-parameter form of the equation.
The accuracy of the 2-parameter form is improved if low temperature parameters can
be extrapolated to the boiling tcmperature range.

Prediction of isobaric ternary VILE data

It was demonstrated above that the isothermal prediction scheme could be
applied successfully to the prediction of isobaric binary VLE data using parameters
cbtained from isothermal A® data. In this section the method of Hanks et al. is
extended to include the prediction of isobaric ternary VLE data. The two temary
hydrocarbon systems at 1 atm which were studied are:

System IV -- benzene(!)-n-heptane(2)-acctonitrile(3)

System V — cyclohexane(l)-n-heptane(2)-toluene(3)

The NRTL parameters used were taken from a previous analysis by Tan®®
of isothermal k¥ data for the binary pairs and are given in Table 5. Only those para-
meters giving the best binary isothermal VLE correlations were used in the present
study.

The three vapor phase mole fractions can cither be calculated separately from
the NRTL equation, or two can be calculated from the NRTL equation and the third

TABLE 6

COMPARISON OF CALCULATED AND EXPERIMiNTAL VLE DATA FOR SYSTEM IV-—BENZENE(] )-N-HEPTANE(2)—
ACETONITRILE(3) AT | AT™

Experimentai* Calculated®

X1 Xz x3 »1 ¥z ¥»3 »n )2 y3 Sum y©
09070 00530 0000 08590 00160 0.0950 08628 00434 0.0957 10019
0.8510 00510 00630 08070 0030 0.1490 038106 0.0419 0.]1490 1.0015
0.7830 0.1000 O0.1170 0.6860 0.0820 .2320 0.6830 0.0763 0.2571 09964
0.67 0.1890 0.1320 05870 0.1490 0.2730 0.5736 0.1288 0.2916 09940
0.6540 02590 00870 0.5890 0.1770 0.2350 0.5886 0.1632 02525 1.0043
06090 020380 0.i830 04980 0.1500 0.3520 04923 0.1459 03652 10034
0.5310 03940 00750 048380 02240 0.2880 04846 02257 02986 1.0089
05080 0.3190 0.1730 04100 0.1960 0.3930 03994 0.1990 04233 1.0217
04990 03800 O0.1210 04280 02180 0.3590 04151 22195 03912 10258
04780 03630 0.1590 03950 0.2140 0.3910 03773 02166 04385 1.0324
04750 03590 O0.1660 0.3880 2110 0.4010 03728 02165 0.4456 1.0349
04470 03030 02500 03390 02080 0.4530 03314 02089 04862 1.0265
9% Standard deviation, Gy 231 4.5% 7.26

* VLE data from Ref. 17. ® See Table 5 for values of NRTL parameters used. € Sumy = y; + ys +
y3, Avg - 1.013. '
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TABLE 7

STATISTICAL MEASURE OF FIT OF ISOBARIC VLE DATA FOR SYSTEM V—CYCLOHEXANE(])-N-HEPTANE(2)-
TOLUENE(QS)

Systermm Number VLE data® Ratio Sum y Oy Oy Gy2 Osve?

ofdara (°C) cyclo-
points kexare]
hexane
v 25 95.0-107.6 0.25 1.0648 23.28 13.21 8.19 14.39
A\ 26 91.2.-107.7 0.67 1.0730 15.11 11.24 6.62 1059
v 22 88.0-102.7 1.5 1.0727 13.53 10.35 3.85 9.24
Vv 28 84.55-104.7 4.0 1.0708 11.69 15.57 596 11.07

a YLE data from ref. 18. ® Gave -~ Gy1 = Gyz % Gy3.

obtained from an overall material balance. When calculated separately the summation
of the vapor phase mole fractions averaged between 1.01 and 1.07, corresponding to a
1-7%, error in the overall material balance.

System IV -— benzerne( I )-n-heptane(2)—acetonitrile(3). The 9 NRTL para-
meters used were obtained from At data at 45°C (Table 5). The ternary isobaric VLE
data'? consist of 12 actual experimental data points and 36 calculated points. Only
the 12 experimental data points were used in this study. Table 6 reports the agreement
between calculated and measured VLE data for the case where all three vapor phase
mole fractions were calculated separately. A slightly better corrclation between
calculated and experimental VLE data was achieved for this method than for the one
where one of the vapor phase mole fractions was determined from an overall material
balance.

System V — cyclohexane!l)-n-heptane(2)—-toluene(3). The 9 NRTL para-
meters used were obtained from AE data at 25°C (Table 5). The isobaric ternary YLE
data'® were divided into 4 cases corresponding to cyclohexanefheptane ratios of
0.25, 0.67, 1.5 and 4.0, respectively. The results of the VLEFE calculations are given in
Table 7. Standard deviations were calculated for each case separately and were found
to range from 9.2 to 14.9%,. A composite standard deviation was calculated for all
the data points together and was found to be 11.9%,.

The resuits obtained from these two systems indicate that the method can be
extended to the prediction of ternary isobaric VLFE dala to within a standard deviation
of about 129, a result comparable to those obtained for isothermal conditions.

CONCLUSIONS
Several conclusions can be drawn from this study: (1) Using the method of

predicting VLE data from heat of mixing da'a, isobaric binary and ternary VLE data
can be predicted to within 129;; (2) isobaric VLE data can be predicted almost as
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accurately as can isothermal VLE data using isothermal heat of mixing data; (3) the

2 mneameatars MDT' annatian nenally carralatec icabharie "' I Adata hettar than dase tha
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2-parameter equation; (4) NRTL parameters obtained at a particular temperature
can be used to correlate VLE data at another temperature to within 7_§°/- {5\ if x

is fixed at the value of 0.3 recommended by Renon and Prausnitz, the other two energy
parameters are linearly dependent on temperature; (6) if « is allowed to float freely,

710 systematic temperature variation was observed in any of the three parameters.
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