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Consistent vapor-liquid equilibrium data at 94 kPa have been determined for the 
ternary system methyl 1 ,I-dimethylethyl ether (MTBE) + benzene + toluene. The results 
indicate that the system deviates positively from ideality and that no azeotrope is 
present. The ternary activity coefficients of the system have been correlated with the 
composition using the Redlich-Kister, Wilson, NRTL, UNIQUAC, and UNIFAC, 
models. It is shown that most of the models allow a very good prediction of the phase 
equilibrium of the ternary system using the pertinent parameters of the binary systems. 
In addition, the Wisniak-Tamir relations were used for correlating bubble-point 
temperatures. 

Keywords: Vapor - liquid equilibrium; fuel oxygenating additives; unleaded gasoline; 
ethers; aromatics 

INTRODUCTION 

Ethers are usually added to gasoline as oxygenates to replace lead 
anti-knock agents, to inhibit the reactivity of combustion emissions 
and to reduce pollution. The commonly used oxygenating additives 

*Corresponding author. e-mail: rreich@udec.cl 
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14 R. REICH et al. 

are MTBE and light alkanols like methanol and ethanol. MTBE it is 
the primary oxygenated compound being used to improve the octane 
rating and pollution-reducing capability of gasolines. Phase equili- 
brium data of oxygenated mixtures are important for predicting 
the vapor phase composition that would be in equilibrium with gaso- 
line mixtures, for which aromatics may constitute up to 3.5% 
weight. The system reported here constitutes a particular case of such 
mixtures. 

Vapor-liquid equilibrium (VLE) data for the system methyl 1,l-  
dimethylethyl ether + benzene have been reported at (323.17, 343.15 
and 363.05)K by Jin et al. [l] and at 94kPa by Reich et al. [2]. For 
the system methyl 1 , l  -dimethylethyl ether + toluene, vapor - liquid 
equilibrium data have been reported at 363.15 K Plura et al. [3] and at 
94 kPa by Reich et al. [2]. According to these references, the two binary 
systems present slight to moderate positive deviations from ideality 
and do not have azeotropes. In addition, many references of 
experimental VLE data pertaining to the system benzene + toluene 
can be found in DECHEMA Chemistry Data [4]. Because of problems 
of thermodynamic consistency, very few of the recopilated systems (as 
for example, the data of Griswold et al. [5]; measured at 393.15K) 
allow to conclude that the system behaves like an ideal solution, as 
commonly classified in textbooks. Kassman and Knapp [6] reported 
very precise VLE measurements of the system benzene + toluene at 
3 13.15 K and 334.15 K, showing that the system under consideration 
has an almost constant relative volatility very close to the theoretical 
ideal value; on the basis of their data the system will be considered 
ideal in the data treatment that follows in this work. Partial VLE 
data of simulated gasoline mixtures, which include aromatics and 
MTBE, have been reported by Wu et af. [7] at fixed compositions 
and temperatures, however, these do not allow a study of specific 
interactions in solution nor a critical evaluation of the possibility of 
predicting the VLE of multicomponent unleaded gasoline mixtures 
from binary contributions. 

The present work was undertaken to measure VLE data for the 
ternary mixture MTBE + benzene + toluene at 94 kPa for which no 
data have been previously published. It is part of our experimen- 
tal program to determine the vapor - liquid behavior of gasoline 
components and oxygenates [2,8 - 101. 
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VAPOUR- LIQUID EQUILIBRIUM 75 

1. EXPERIMENTAL SECTION 

1.1. Chemicals 

Methyl 1,l-dimethylethyl ether (99.95 mass %), benzene (99.9 + mass 
%), and toluene (99.80 mass YO) were purchased from Aldrich. The 
reagents were used without further purification after gas chromato- 
graphy failed to show any significant impurities. The properties and 
purity of the pure components (as determined by GLC) appear in 
Table I. Appropriate precautions were taken when handling methyl 
1,l-dimethylethyl ether, in order to avoid peroxide formation, and 
benzene, a human carcinogen. 

1.2. Apparatus and Procedure 

An all glass Fischer LABODEST vapor - liquid-equilibrium appara- 
tus, model 601 was used in the equilibrium determinations. In this 
circulation method apparatus, the solution is heated to its boiling 
point by a 250 W immersion heater (Cottrell pump). The vapor- liquid 
mixture flows through an extended contact line which guarantees an 
intense phase exchange and then enters a separation chamber whose 
construction prevents an entrainment of liquid particles into the vapor 
phase. The separated gas and liquid phases are condensed and 
returned to a mixing chamber, where they are stirred by a magnetic 
stirrer, and returned again to the immersion heater. The temperature 
in the VLE still has been determined with a Systemteknik S1224 digital 

TABLE I 
and normal boiling points T of pure components 

Mole percent GLC purities (mass X), refractive index nD at the Na D line, 

Component (purity/mass %) nD (293. I5 K )  TIK 
Methyl 1 ,  I-dimethylethyl 1.3 6922" 
ether (99.95) 1.3690b 
Benzene (99.9 +) 1 .50072a 

1.501 1 I' 
Toluene (99.80) 1.49688* 

1,49694' 

327.85" 
328.35b 
353.18" 
353.21' 
383.65a 
383.76' 

a Measured; 
TRC Tables, a-6040 [22]; 
' TRC Tables, a-3200 [23]. 
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76 R. REICH et al. 

temperature meter and a PtlOOR probe calibrated at the Swedish 
Statens Provningsanstalt with the IPTS-68 temperature scale. The 
accuracy is estimated as f0.2K. The total pressure of the system is 
controlled by a vacuum pump capable to work under vacuum up to 
0.25 kPa. The pressure is measured with a Fischer pressure transducer 
calibrated against an absolute mercury-in-glass manometer (22 mm 
diameter precision tubing with cathetometer reading), the overall 
accuracy is estimated as f0.02 kPa. On the average the system reached 
equilibrium conditions after 1-2 h operation. Samples, taken by 
syringing 1.OpL after the system had achieved equilibrium, were 
analyzed by gas chromatography on a Varian 3400 apparatus 
provided with a thermal conductivity detector and a Tsp model 
SP4400 electronic integrator. The column was 3m long and 0.3cm 
in diameter, packed with SE-30. Column, injector and detector 
temperatures were (343.1 5 ,  423.15,493.15) K, respectively. Very good 
separation was achieved under these conditions, and calibration 
analyses were carried out to convert the peak ratio to the mass 
composition of the sample. The pertinent polynomial fits had a 
correlation coefficient R2 better than 0.99. At least three analyses 
were made of each composition. Concentration measurements were 
accurate to better than fO.OO1 mole fraction. 

2. RESULTS AND DISCUSSIONS 

The temperature T and liquid-phase xi,  and vapor-phase y i  mole 
fraction measurements at P = 94kPa are reported in Table 11, 
together with the activity coefficients yi which were calculated from 
the following equation [l I]: 

where T and P are the boiling point and the total pressure, Vf is the 
molar liquid volume of component i, Pp is the pure component vapor 
pressure, Bij and BJ are the second virial coefficients of the pure gases, 
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Bii is the cross second virial coefficient, and 

( 2 )  6 . . -2B . . -B . . -B . .  
:J - B JJ 1' 

The standard state for calculation of activity coefficients is the pure 
component at the pressure and temperature of the solution. The pure 
component vapor pressures P p were calculated according to the 
Antoine equation: 

Bi 
( T / K )  - Ci 

log(PP/kPa) = Ai - ( 3 )  

where the Antoine constants Ai, Bi and Ci are reported in Table 111. 
The molar virial coefficients Bii and B, were estimated by the method 
of Hayden and O'Connell [ 121 assuming the association parameter r ]  to 
be zero. Critical properties of components were taken from DIPPR 
[13]. The last two terms in Eq. (1) contributed less than 5% to the 
activity coefficients, and their influence was important only at very 
dilute concentrations. The ternary activity coefficients reported in 
Table I1 are estimated accurate to within 3% and were found to be 
thermodynamically consistent as tested by the L-W method of 
Wisniak [14] and the McDermot-Ellis method [15] modified by 
Wisniak and Tamir [16]. According to these references two experi- 
mental points a and b are considered thermodynamically consistent if 
the following condition is fulfilled: 

where the local deviation D is given by 

TABLE 111 Antoine coefficients, Eq. (3) 

Compound Ai Bi ci 
Methyl I ,  l-dimethyl- 5.86078 1032.988 59.880 
ethyl etheP 
Benzene" 6.08817 1243.256 48.640 
Toluene" 6.22372 1432.925 43.929 

a Reich el af. [2]. 
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and N is the number of components. The maximum deviation D,, is 
given by: 

i= 1 

The errors in the measurements Ax, A P  and A T  were as previously 
indicated. The first term in Eq. (6) was the dominant one. For the 
experimental points reported here D never exceeded 0.045 while the 
smallest value of D,,, was 0.235. 

The activity coefficients for the ternary system were correlated from 
the following Redlich-Kister expansion [ 171: 
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where b,, c, and d, are the constants for the pertinent i j  binary, and C, 
D l ,  and D2 are ternary constants. All the constants in Eqs. (8) and (9) 
are assumed to be independent of the temperature. Data and constants 
for two of the binary systems were calculated from the data of Reich 
er al. [2] and the liquid phase of the system benzene (2) + toluene (3) 
was assumed to be ideal. The ternary Redlich-Kister coefficients were 
obtained using a Simplex optimization technique. The differences 
between the values of the root mean square deviation for the activity 
coefficient for the two cases-with and without the ternary constants C,  
D , ,  and D2 (Tab. IV) - are statistically not significant, suggesting that 
ternary data can be predicted directly from the binary systems. In fact, 
equilibrium vapor pressures and compositions were correlated very 
well by the NRTL and Wilson models (the pertinent binary param- 
eters were calculated from the data of Reich et al. [2] assuming ideal 
behavior for the benzene (2) + toluene (3) binary pair in the liquid 
phase), and somewhat less, by the modified UNIFAC model [18, 191 
using only binary parameters, both for bubble point-pressure and dew 
point pressure calculations, as shown by the statistics and parameters 
given in Table V. It  can be concluded that the binary data allow a 
good prediction of the ternary system. 

The boiling points of the systems were correlated by the equation 
proposed by Wisniak and Tamir [20]; 

+ X I X ~ X ~ { A  + B(xl - ~ 2 )  + C(XI - ~ 3 )  + D ( X Z  - ~ 3 ) )  

In the equation n is the number of components (n = 2 or 3) ,  TP is the 
boiling point of the pure component i and m is the number of terms 
considered in the series expansion of ( x i - x j ) .  c k  are the binary 
constants where A ,  B, C, and D are ternary constants. The following 
equation, of the same structure, has been suggested by Tamir [21] for 
the direct correlation of ternary data, without use of binary data: 
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FIGURE 1 Isothermals for the ternary system MTBE ( 1 )  + benzene (21 + toluene (3 )  
at 94Wa from 325K to 365K, every 5K. Coefficients from Eq. (1 1).  
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FIGURE 2 Three-dimensional graph T-xI-x2. 
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In Eq. (1 1) coefficients A,, BU, and C, are not binary constants, they 
are multicomponent parameters determined directly from the data. 
Direct correlation of T(x) for ternary mixtures can be very efficient as 
reflected by a lower % average deviation and root mean square 
deviation (rmsd) and a smaller number of parameters than those for 
Eq. (10). Both equations may require similar number of constants for 
similar accuracy, but the direct correlation allows an easier calculation 
of boiling isotherms (Figs. 1 and 2). The various constants of Eqs. (10) 
and (1 1) are reported in Table VI, which also contains information 
indicating the degree of goodness of the correlation. It is clear that for 
the ternary system in question a direct fit of the data gives a much 
better fit. 

Acknowledgement 

This work was financed by FONDECYT, Chile, project No. 1960583. 

References 

[I] Jin, Z.-L., Lin, H.-M., Greenkorn, R. A. and Chao, K.-C. (1985). AIChE Symp. 
Ser., 81(244), 155. 

[2] Reich, R., Cartes, M., Wisniak, J. and Segura, H. (1998). J. Chem. Eng. Data, 43, 
299. 

[3] Plura, J., Matous, J., Novak, J. P. and Sobr, J. (1979). Collect. Czech. Chem. 
Comm., 44, 3627. 

[4] Gmehling, J., Onken, U., Arlt, W., Grenzheuser, P., Weidlich, U., Kolbe, B. and 
Rarey, J. (1980). DECHEMA Chemistry Data Series. Vapor-Liquid Equilibrium 
Data Collection. Vol I/7. DECHEMA e. V. Frankfurt. Germany. 

[q Griswold, J., Andres, D. and Klein, V. A. (1943). Trans. Am. Inst. Chem. Engrs., 
39, 223. 

[q Kassmann, K.-D. and Knapp, H. (1986). Ber. Btmsenges. Phys. Chem., 90,452. 
[7] Wu, H. S., Pividal, K. A. and Sandler, S. (1991). J. Chem. Eng. Data, 36, 418. 
[8] Wisniak, J., Embon, G., Shafir, R., Segura, H. and Reich, R. (1997). J. Chem. Eng. 

[9] Wisniak, J., Magen, E., Shachar, M., Zeroni, I., Reich, R. and Segura, H. (1997). 

[lo] Wisniak, J., Magen, E., Shachar, M., Zeroni, I., Reich, R. and Segura, H. (1997). 

[ l l]  Van Ness, H. C. and Abbott, M. M. (1982). Classical Thermodynamics of 

[12] Hayden, J. and OiConnell, J. (1975). Ind. Eng. Chem. Process Des. Dev., 14, 209. 
[13] Daubert, T. E. and Danner, R. P. (1989). Physical and Thermodynamic Properties 

of Pure Chemicals. Data Compilation. Taylor and Francis. Bristol, PA. England. 
[14] Wisniak, J. (1993). Ind. Eng. Chem. Res., 32, 1531. 
[15] McDermott, C. and Ellis, S. R. M. (1965). Chem. Eng. Sci., 20, 293. 

Data, 42, 1191. 

J. Chem. Eng. Data, 42, 243. 

J. Chem. Eng. Data, 42, 458. 

Nonelectrolyte Solutions. McGraw-Hill Book Co., New York. USA. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
2
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



VAPOUR- LIQUID EQUILIBRIUM 87 

[I61 Wisniak, J. and Tamir, A. (1977). J. Chem. Eng. Data, 22, 253. 
[17] Redlich, 0. and Kister, A. T .  (1948). Ind. Eng. Chern., 40, 345. 
[18] Fredenslund, Aa., Gmehling, J. and Rasmussen, P. (1977). Vapor-Liquid 

Equilibria Using UNIFAC. Elsevier. Amsterdam. Netherlands. 
[19] Larsen, B., Rasmussen, P. and Fredenslund, Aa. (1987). Ind. Eng. Chem. Res., 26, 

2274. 
[20] Wisniak, J. and Tamir, A. (1976). Chem. Eng. Sci., 31, 631. 
[21] Tamir, A. (1981). Chem. Eng. Sci., 36, 1453. 
[22] TRC-Thermodynamic Tables-Non-Hydrocarbons, a-6040, 1963: Thermody- 

namics Research Center. The Texas A and M University System, College Station, 
TX, extant 1996. 

[23] TRC-Thermodynamic Tables - Hydrocarbons, a-3200, 1994: Thermodynamics 
Research Center. The Texas A and M University System, College Station, TX, 
extant 1996. 

[24] Rackett, H. G. (1970). J. Chem. Eng. Data, 15, 514. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
2
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1


