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used in the chemical industry as solvents and intermediates. Phase 
equilibrium data of oxygenated mixtures are important for predicting 
the vapor phase composition that would be in equilibrium with 
hydrocarbon mixtures. Two of the compounds tested here are 
oxygenates that may be considered as additives for gasoline. Vapor- 
liquid equilibrium data for the three binary systems methyl 1 , l -  
dimethylethyl ether ( I )  + heptane (3), methyl 1, I-dimethylethyl ether 
( 1 )  + oxolane (3), and oxolane + heptane (3) have already been 
reported at 94 kPa by Wisniak ct  ul. [ l ,  2, 31, the three systems present 
slight to moderate positive deviations from ideality and do not have 
azeotropic points. The present work was undertaken to measure 
vapor-liquid equilibria (VLE) data for the ternary system for which no 
data are not available. 

2. EXPERIMENTAL SECTION 

Purity of Materials 

Methyl I,l-dimethylethyl ether (99.93 mass %), oxolane (99.73 + 
mass YO), and heptane (99.57 mass YO) were purchased from Aldrich. 
The reagents were used without further purification after gas 
chromatography failed to show any significant impurities. The 
properties and purity (as determined by GLC) of the pure components 
appear in Table 1. 

Apparatus and Procedure 

An all glass vapor-liquid-equilibrium apparatus model 602, manufac- 
tured by Fischer Labor-und Verfahrenstechnik (Germany), 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 then 
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T A B L E  I 
line. and Normal Boiling points T of  Pure Componncnts  

Mole Percent G L C  Purities (mass ' X I ) ,  Refractive Index ? i l )  at thc Na  D 

methyl 1 .  I-dirnethylethyl ether (99.93) 1.3661'' 328.29'' 
1.3663'' 328.35" 

oxolane (99.9) 1.4050;' 339.15'' 
I .4040' 339.1 2' 

heptane (99.57) 1.385 I 371.54;' 
1.3x5 I3d 371.553' 

"Measured 
hTRC Tables, ;i-6040'4 
'TRC Tables. a-61 7014 
"TRC Tables, 1-1460'' 
'TRC Tables. k-1460'' 

returned again to the immersion heater. Temperature control is 
achieved by a 5 nim diameter Pt-100 temperature sensor, with an 
accuracy of 0.1 K. The total pressure of the system is controlled by a 
vacuum pump capable of working under vacuum up to 0.25 kPa. The 
pressure is measured by a Vac Probs pressure transducer with an 
accuracy of 0.1 kPa. On the average the system reaches equilibrium 
conditions after 0.5- 1 h of operation. Samples, taken by syringing 0.7 
pL after the system has achieved equilibrium, were analyzed by gas 
chromatography on a Cow-Mac series 550P apparatus provided with 
a thermal conductivity detector and a Spectra Physics Model SP 4290 
electronic integrator. The column was 3 m long and 0.2 cm in 
diameter, packed with SE-30. The column, injector, and detector 
temperatures were (343.15, 493.15, and 543.15) K. Very good 
separation was achieved under these conditions, and calibration 
analyses were carried out to convert the peak ratio to the inass 
composition of the sample. The pertinent polynomial fits had a 
correlation R' better than 0.99. Concentration measurements were 
accurate to better than 0.009 mole fraction. 

3. RESULTS 

The temperature T and liquid-phase x,, and vapor-phase J', mole 
fraction measurements at P =  94 kPa are reported in Table 11. together 
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with the activity coeflicients y, which were calculated from the 
following equation [4]: 

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, B,, and B,, are the second virial coefficients of the pure gases, 
B,, is the cross second virial coefficient, and 

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 Pj‘ were calculated according to the 
Antoine equation: 

where the Antoine constants A , ,  B, and C, are reported in Table 111. 
The molar virial coefficients B,, and B,, were estimated by the method 
of Hayden and O’Connell [5]  by assuming the association and 
solvation parameters to be negligible. The last two terms in Eyn. ( 1 )  
contributed less than 3 to the activity coefficients, and their 
influence was important only at very dilute concentrations. The 
calculated 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 [6] and the 
McDermot-Ellis method [7] modified by Wisniak and Tamir [8]. 
According to these references two experimental points u and h are 
considered thermodynamically consistent if the following condition is 
ful fi 1 led : 
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44 J .  WlSNlAK rt ul. 

TABLE I l l  Antoine Coeficicnts, Eq 3 

Compound A ,  B, c, 
methyl 1.1-dimethylethyl ether" 5.860 78 1032.988 59.876 
oxolane" 6.121 42 1203.1 I 46.795 
heptane' 6.020 23 1263.909 56.718 

"Reich [I(,] 
hTRC Tables, k-1440 [I41 
'TRC Tables, k-1460 [Is] 

The local deviation D is given by 

where N is the number of components and the maxium deviation D,,,,, 
is: 

The errors in the measurements x, P and T were as previously 
indicated. The first term in Eqn. (6) was the dominant one. For the 
experimental points reported here D never exceeded 0.041 while the 
smallest value of D,,, was 0.209. 

The activity coefficients for the ternary system were correlated from 
the following Redlich-Kister expansion [9]: 

G 1: 
- =slx2[hl2 + CI?(,Y.l - x 2 )  + & ( X I  - x 2 ) 2 ]  
RT 

+ XI-x3[613 + cl3(XI - x3) + dl3(xl - X3)2]  (7) 
+ .x2-x3[h23 + C23(-x2 - x3) + d23(-x2 - x3)'] 

+ XlX2.U3(C+ DIXIDZX2) 
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OXOLANE 
[ 336 70 K 1 

FIGURE I 
at 94 kPa from 344 K to 366 K. every 8 K .  CoeHicients from eq. 1 I .  

Isotherlnals for the ternary system MTBE ( I )  + oxolane (2) + heptane ( 3 )  

1 .o 

FIGURE 2 Three-dimensional graph T-.L.I -s~. 
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50 J .  WlSNlAK e f  ul. 

In this equation n is the number of components (n = 2 or 3), TP is the 
boiling point of the pure component i and rn is the number of terms in 
the series expansion of (x , -x , ) .  Ck 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 [ 131 for the direct correlation 
of ternary data, without use of binary data: 

In Eqn. (1 1 )  coefficients A , / ,  B,/, 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 
Eqn. (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 Eqns. 
(10) and ( 1 1 )  are reported in Table VI, which also contains 
information indicating the degree of goodness of the corrleation. I t  
is clear that for the ternary system in question a direct fit of the data 
gives a much better fit. 
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