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PHASE EQUILIBRIA IN THE TERNARY
SYSTEM METHYL 1,1-DIMETHYLETHYL
ETHER + OXOLANE + HEPTANE

JAIME WISNIAK*, GABRIELA EMBON and RAN SHAFIR

Department of Chemical Engineering, Ben-Gurion University of the Negev,
Beer-Sheva, Israel 84105

{ Received 10 March 1997)

Vapor-liquid equilibrium at 94 kPa has been determined for the ternary system methyl
1,1-dimethylethyl ether (MTBE) + oxolane + heptane. The system deviates positively
from ideality and no azeotrope is present. The ternary activity coefficients and the
boiling points of the system have been correlated with the composition using the
Redlich-Kister, Wilson, NRTL, UNIQUAC, UNIFAC, and Wisniak-Tamir relations.
Most of the models allow a good prediction of the activity coefficients of the ternary
system from those of the pertinent binary systems.

Keywords: Vapor-liquid equilibrium; activity coeflicients; ternary systems

1. INTRODUCTION

In 1992, the oxy-fuel program was introduced in the U.S. that required
that gasoline had to contain 2.7% oxygen by mass in the winter
months in areas that where in non-attainment on CO standards. These
regulations have caused oxygenates like MTBE and ethanol to play a
significant role as octane improvers. MTBE has been used as a
gasoline blending agent since 1979. Now, it is the primary oxygenated
compound being used to reformulate gasolines to improve their octane
rating and pollution-reducing capability. Cyclic ethers are frequently

*Author for correspondence.
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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 1,1-
dimethylethyl ether (1) + heptane (3), methyl 1,1-dimethylethyl ether
(1) + oxolane (3), and oxolane + heptane (3) have already been
reported at 94 kPa by Wisniak et al. [1, 2, 3], 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 1,1-dimethylethyl ether (99.93 mass %), oxolane (99.73 +
mass %), and heptane (99.57 mass %) 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 L.

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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TABLE I Mole Percent GLC Purities (mass %), Refractive Index ny, at the Na D
line, and Normal Boiling points T of Pure Componnents

Component ( purity/mass %) np(298.15 K) T/K
methyl 1.1-dimethylethyl ether (99.93) 1.3661" 328.29"
1.3663" 328.35"
oxolane (99.9) 1.4050* 339.15"
1.4049¢ 339.12¢
heptane (99.57) 1.3851% 371.54%
1.385134 371.553¢
“Measured

STRC Tables, a-6040'*
“TRC Tables, a-6170'*
4TRC Tables, I-1460'"
°TRC Tables, k-1460'"

returned again to the immersion heater. Temperature control is
achieved by a 5 mm 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
uL after the system has achieved equilibrium, were analyzed by gas
chromatography on a Gow-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 mass
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 7 and liquid-phase x;, and vapor-phase y; mole
fraction measurements at P =94 kPa are reported in Table II. together
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with the activity coeflicients ~, which were calculated from the
following equation [4]:

N RN 4 V)
nyi = PUX; RT n

" FI;TZ Z Yive(26 — bix)

where T and P are the boiling point and the total pressure, V5 is the
molar liquid volume of component i, P? is the pure component vapor
pressure, B, and B, are the second virial coefficients of the pure gases,
Bj; is the cross second virial coefficient, and

bj = 2Bj — By — Bii (2)

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! were calculated according to the
Antoine equation:

B;

log(PY/kPa) = A; — Ge

(3)

where the Antoine constants A,, B; and C; are reported in Table III.
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 Eqn. (1)
contributed less than 3 % to the activity coeflicients, and their
influence was important only at very dilute concentrations. The
calculated activity coefficients reported in Table Il 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 ¢ and b are
considered thermodynamically consistent if the following condition is
fulfilled:

D < Dmax (4)
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TABLE Il Antoine Coeflicients, Eq. 3

Compound A; B; &
methyl 1.1-dimethylethyl ether?® 5.860 78 1032.988 59.876
oxolane” 6.121 42 1203.11 46.795
heptane® 6.020 23 1263.909 56.718
“Reich {16]

"TRC Tables, k-1440 [14]
“TRC Tables, k-1460 [15]

The local deviation D is given by
N
D= Z(X,‘a + Xin) (Invia — Inip) (5)
=1

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

N

1 1 1 1
Duax = Y (X +xp)| —+—+—+— |Ax
max ; l( ‘ lh)(-xia Yia  Xip yib)

AP &
+ (X,',, + X,‘b) —+2 Z |lrw,-;, — h‘l’y,'(,|AX
i=1

P

M=

+ 3 (i + xn) Bi{(Tu+ C) 2+ (Th + C)IAT - (6)

™M)=

i=1

The errors in the measurements x, P and 7T 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 Dy, was 0.209.

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

I
R—T:—\‘lxz[blz +ena(xy — x2) + dia(x) — x2)7]
+xixalbiy + enn(xr — x3) + dis(x1 — x3)7] (7)
+ x2x3[bos + exa(x2 — x3) + doy(x2 — x3)°]

+ x1x2x3(C + Dix1D2x32)
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OXOLANE
(336.70K)

334K
HEPTANE N 4 V) MTBE
(36855K) (325.75K)

FIGURE } Isothermals for the ternary system MTBE (1) + oxolane (2) + heptane (3)
at 94 kPa from 344 K to 366 K, every 8 K. Coefficients from eq. 11.

TK

§ 0.3
0.1 ‘ 0.1 0.2 OXOLANE

FIGURE 2 Three-dimensional graph 7-xi-x,.
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In this equation n is the number of components (n=2 or 3), T? is the
boiling point of the pure component { and m is the number of terms in
the series expansion of (x;,—x;). Cy are the binary constants where 4, B,
C, and D are ternary constants. The following equation, of the same
structure, has been suggested by Tamir [13] for the direct correlation
of ternary data, without use of binary data:

3
T/K :Zx,- T? + x1x2[412 + Bia(x1 — x2) + Cia(x) — xz)2 +

]

+ x1x3[A13 + Bia(xy — x3) + Ciz(x) - -\‘3)2 +oe
+ )C2X3[A23 + Bz}(Xz — X3) = C23(X2 — X3)2 + - ] (l])

In Eqn. (11) coefficients 4;;, 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 (11) are reported in Table VI, which also contains
information indicating the degree of goodness of the corrleation. It
is clear that for the ternary system in question a direct fit of the data
gives a much better fit.
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