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PHASE EQUILIBRIA IN THE TERNARY
SYSTEM METHYL 1L1-DIMETHYLETHYL
ETHER + HEPTANE + OCTANE

JAIME WISNIAK** GABRIELA EMBON", RAN SHAFIR®,
RICARDO REICH" and HUGO SEGURA"

*Department of Chemical Engineering, Ben-Gurion University of the Negev,
Beer-Sheva, Israel 84105
"Departmento de Ingenieria Quimica, Universidad de
Concepcion, Concepcion, Chile

{ Received 24 July 1997)

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

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

1. INTRODUCTION

The Reformulated Gasoline Program of the United States requires that
gasoline must fulfill stringent requircments on ozone-forming and air
toxicemissions. In order to do so gasoline has to contain 2.7% oxygen by
mass in the winter months in areas that are in non-attainment on CO
standards. Commonly used oxygenating additives are MTBE, methanol
and ethanol. MTBE it is the primary oxygenated compound being used

*Corresponding author.
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to improve the octane rating and pollution-reducing capability of
gasolines. Phase equilibrium data of oxygenated mixtures are important
for predicting the vapor phase composition that would be in equilibrium
with hydrocarbon mixtures, and the system reported here constitutes an
example of such mixtures. Vapor-liquid equilibrium data for the three
binary systems methyl 1,1-dimethylethyl ether (1) + heptane (2), methyl
1,1-dimethylethyl ether (1)+ octane (3), and heptane (2) + octane (3)
have already been reported at 94 kPa by Wisniak et al. [1, 2], 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 available.

2. EXPERIMENTAL SECTION

2.1. Purity of Materials

Methyl 1,1-dimethylethyl ether (99.93 mass%), heptane (99.57 + mass
%), and octane (99.80 mass %) were purchased from Aldrich. The
reagents were used without further purification after gas chromatogra-
phy failed to show any significant impurities. The properties and purity
(as determined by GLC) of the pure components appear in Table L.

2.2. Apparatus and Procedure

An all-glass vapor-hquid-equilibrium apparatus model 602, manufac-
tured by Fischer Labor-und Verfahrenstechnik (Germany), was used
in the equilibrium determinations. In this circulation method
apparatus, about 100 mL of the solution is heated to its boiling point

TABLE 1 Mole percent GLC purities (mass %), refractive index s, at the Na D line,
and normal boiling points 7 of pure components

Component (purity/mass %) Np (29815 K) T/K
methyl 1.1- dimethylethyl ether (99.93) 1.3661" 328.29¢
1.3663" 328.35"
heptane (99.57) 1.3851% 371.54*
1.38513" 371.553°
octane (99.80) 1.3948" 398.50%
1.3952¢ 398.83¢

“Measured. "TRC Tables, a-6040 [12]. “TRC Tables, fu-1460 [13]. “TRC Tables, I-1490 [13].
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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 construc-
tion 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. Temperature controlis 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 pressures down 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 had achieved equilibrium, were analyzed by gas chromatography
on a Gow-Mac series 550 P 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
(368.15, 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 coefficient 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 £ =94 kPa are reported in Table 11, together
with the activity coefficients ~; which were calculated from the
following equation [3]:

Py; (Bi —VEyP-PY P o

(1)

where T and P are the boiling point and the total pressure, V! is the
molar liquid volume of component i, PV is the pure component vapor
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pressure, B; and By, are the second virial coefficients of the pure gases,
Bj; is the cross second virial coeflicient, and

bj = 2By — By — Bi (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 PV were calculated according to the
Antoine equation:

B,

lOg (P?/kP(I) — A,‘ —m

(3)
where the Antoine constants 4;, 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 [4] by assuming the association and
solvation parameters to be negligible. The last two terms in Equation
(1) contributed less than 7% to the activity coefficients, 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 [5] and the
McDermot-Ellis method [6] modified by Wisniak and Tamir [7].
According to these references two experimental points ¢ and b are
considered thermodynamically consistent if the following condition is
fulfilled:

D < DITNlX (4)
The local deviation D is given by
N
D =" (xi+ xu)(In i — I ) (5)

i=|

TABLE IIl Antoine Coeflicients, Equation (3)

Compound A; B; C;

methyl [,1-dimethylethyl ether” 5.86078 1032.988 59.876
heptanc® 6.02023 1263.909 56.718
octane* 6.05141 1354.107 63.888

Reich [14]. PTRC Tables, k-1490 [12]..
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where N is the number of components and the maximum deviation
DITILIX ls

N
1 1 1 1
mlx:Z \1(1+\1/) <_+—+——+>A,\‘

i=1 Xig Via Xih Vib

N
AP
Z X + \1/7 —+ 22 “n Yih — In r)/m)A\ (6)

i=1

=

+ Z Nig + Xip B{ at C) (Tb + C/')iz}AT

The errors in the measurements x, P and T were as previously
indicated. The first term in Equation (6) was the dominant one. For
the experimental points reported here D never exceeded 0.153 while
the smallest value of D, was 0.198.

The activity coefficients for the ternary system were correlated using
the following Redlich-Kister expansion [8]:

GE ,
— = X100 + (X — x) + dia(x) — x2)7]

RT
+xix3lbys 4 el —x3) + din(xy — -\'3)2] (7)
+ 0 xaboy + en(xg — x3) + dna(vy — x3)7]
+ x1x2x3(C+ Dyxy + Daxs)

The following relationships can be derived from Equation (7)
In % = (h13 — baa)xy + (b1 + Cx3)(x2 — 3y) ~ ci3va(yvy — 2x)
Fen[2eix — () — x2)7) — e (2 - x3)
+ D|.\‘].\'3(2.\‘3 — .\’1) — (l’[].\‘](.\‘3 — 3.\‘[)(.\'| — _\‘3) (8)

+ Daxyxa(xs — 2x)) + dia(xa — x)[(x2 - \,) — 4x)0)

— dryxa(x2 — x3)(3x2 — x3)
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In 77_' = (b3 + sz_%_ + Cx2)(x3 — x1) + x2(h12 = b23) + 23x2(2x3 — x2)
3

+ epfbxyxs — (1 — xz)2]+c12x2(2x| —x2)+ D xxa(2x3 — xp)

2

+ dh3xa(3x3 — x2) (2 — x3) + dyz(x) — .\‘3)[&\])(3 — {1 —x3) ]
+ dizxa(x2 = 3xy)(x2 — xy) (9)

where b, ¢; and dj; are the constants for the pertinent i/ binary, and C,
Dy, and D- are ternary constants. All the constants in Equations (8)
and (9) are assumed to be independent of the temperature. Data and
constants for the three binary systems have already been reported [,
2]. The ternary Redlich-Kister coefficient was obtained by 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, Dy and D, (Tab. IV) - are
statistically not significant, suggesting that ternary data can be
predicted directly from the binary systems. In fact, equilibrium vapor
pressures were correlated very well by the NRTL, Wilson, and
UNIQUAC models, and somewhat less by the UNIFAC model [9]

TABLE IV  Constants tor the Redlich-Kister model

A. BINARIES
Svstem by 107 ey 10> dyx 0P rmsd % dev®  max%
dev®
MTBE(1)+ heptane (2)° 7.34 0.08 0.008 32 5.9
MTBE (1) + octane @y 4.25 -0.01 0.008 2.6 4.6
heptane (2) + octane (3)LI 1.87 -1.00 243 0.004 1.3 3.0
B. TERNARY
System i Tiva
Cx 107 D\ x 107 Dyx 107 rmsd max dev devite  rmsd  max dev dev:%
X /()3 I X 1()} Y
MTBE (1) 0 0 0 8.0 12.6 5.3 7.0 8.8 4.5
+ heptane (2) 2.323 0 0 8.0 12.2 5.2 7.0 8.7 4.
+octane (3)  3.368 —5.080 0 8.0 12.2 5.2 7.0 8.8 4.5
0.749 —1.832 5204 8.0 12.1 5.2 7.0 8.8 4.6

"Percent average deviation. "maximum percent deviation. “Wisniak er of. {1]. *Wisniak e af. [2].
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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. In addition. Table V reports the predictions obtained
{from the modified UNIFAC model [10]. concluding 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 [11]:

i1 i /=1 k=0

(10)
+ vpvon{A 4+ Blxp — ) + Clvy — v3) + D(va — )]

In this equation n is the number of components (1 =2 or 3), T‘,’ is the
boiling point of the pure component 7 and m is the number of terms in
the series expansion of (v;—.x;). C 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 [12] for the direct correlation
of ternary data, without use of binary data:

3
T/K = Z,\',‘ T(,) + ,\'|.\'3[A]3 + Bia(xy — .\'3) + Cia(xy — .\'3)2 + .. ]
il
+ .\'|A\‘2[A|z + BH(.\'| -\ + Cralxy — .\'3)2 + ]

+ .\'3.\‘3[/]13 + B:}(A\'g — .\'3) + Caa(xy - .\'})2 + ]
(1)

In Equation (11) coefficients A4, B, and C; arc not binary
constants, they are multicomponent parameters determined directly
from the data. Direct correlation of T(x) for ternary mixtures can be
very eflicient as reflected by a lower % average deviation and root
mean square deviation (rmsd) and a smaller number ol parameters
than thosc for Equation (10). Both cquations may require similar
number of constants for similar accuracy, but the direct corrclation
allows as easier calculation of boiling isotherms (Figs. 1 and 2). The
various constants of Equations (10) and (11) are reported in Table VI,
which also contains information indicating the degree of goodness of
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HEPTANE
(368.55K)

OCTANE v MTBE
(395.95K) 02 04 06 08 (325.75 K)

FIGURE | Isothermals for the ternary system MTBE (1) + heptane (2) + octane (3) at
94 kPa from 344 K to 366 K, every 12 K. Coefficients from Equation (11).
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I'IGURE 2 Three-dimensional graph 7-x,-va.



08: 05 28 January 2011

Downl oaded At:

62 J. WISNIAK et al.

TABLE VI Coefficients in correlation of boiling points. equations (10y and (11),
average deviation and root mean square deviations in temperature, rmsd (T/K)

A. Equation (10)(fit from binary constants)

A B C. D max deviK* ave deviK®  rmsd®
-147.8173 103.4212 0 6.60 2.20 0.30
BINARY CONSTANTS

Svstem Cy (& (& Cy
MTRBE (1) + heptane (3_)d -30.1335 12.7723 —7.46950 -
MTRBE (1) + octane (2)‘U ~65.0826  21.8543 —13.3961 28.4200

heptane (2) + octane (3) -9.54589 5.92320

B. Equation 11 (direct fit)

ii Ay B, C, max deviK* ave deviK" rmsd
1-2 —-3L116  11.628 3.6329
13 —-70.155 34.462 -3.0611 1.80 0.40 .06
23 -10.814 8.668 -11.4567

“Maximum deviuli«gu.) PAverage deviations. ‘rmsd (T/K): Root mean square deviation,
(S (T — Tt} /N M Wisniak er al. [1]. “Wisniuk er al. [2).

the correlation. 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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