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EXCESS MOLAR ENTHALPIES OF THE TERNARY SYSTEM

MTBE+ETHANOL+HEXANE
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Excess molar enthalpies of the ternary mixture {x, zert-butyl methyl ether (MTBE)+x, ethanol+(1—x;—x;) hexane} and, the involved
binary mixtures {x tert-butyl methyl ether (MTBE)+(1-x) ethanol}, {x fert-butyl methyl ether (MTBE)+(1—x) hexane} and {x etha-
nol+(1—-x) hexane} have been measured at 298.15 K and atmospheric pressure, over the whole composition range, using a Calvet
microcalorimeter. The results were fitted by means of different variable degree polynomials.
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Introduction

Branched ethers, such as the tert-butyl methyl ether
(MTBE), either pure or mixed with alkanols or alkanes
have been recommended as oxygenate additives in un-
leaded gasoline. On the other hand, the most recent con-
cern about health risks caused by the pollution of drink-
ing water from MTBE into the ground makes it appear
to be a somewhat controversial gasoline additive. The
properties studied have proved to be meaningful from
the thermodynamic point of view, as they provide direct
information about the energetic effects arising between
the molecules present in the mixture, so it can help to
explain the intermolecular interactions in solution.

Forming part of the scientific project entitled
‘Study on physical properties of mixtures hydrocar-
bon+alcohol+ether like alternative fuels’, the present
work continues our previous studies on excess ther-
modynamic properties of the binary and ternary mix-
tures containing MTBE, alkanols, alkanes, as compo-
nents [1-11].

Several H! data have been published in the liter-
ature for MTBE+n-alkane at 298.15 K and atmo-
spheric pressure [12—14]. Wang et al. [13] have mea-
sured H of MTBE+hexane.

The group of literature referring to the binary sys-
tem ethanol+(1—x) hexane is very large. The obtained
experimental values are compared with the most recent
literature values measured by Wang et al. [15]. Data
from the binary system MTBE+ethanol are also pre-
sented in the literature [11, 14, 16, 17]. Zhu et al. [18]
have published H!,,, data from the ternary system x;

m,123

MTBE+x, ethanol+x; hexane at 298.15 K.
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Experimental

The sources and purities of the chemicals substances
employed were: MTBE (Aldrich >99.8%), ethanol
(Scharlau >99.8%), hexane (Fluka >99.5%). Before
measurements, all liquids were subjected to no further
purification other than drying with Union Carbide
0.4 nm molecular sieves to eliminate residual traces
of water and degassed by ultrasound technique.

The experimental excess molar enthalpies were
measured using a Calvet microcalorimeter equipped
with a device allowing operation in the absence of vapor
phase, and having a calorimeter-cell volume of approxi-
mately 10 cm’. A Philips PM2535 multimeter and a data
acquisition system were linked to the microcalorimeter.
Calibration was performed electrically using a Setaram
EJP30 stabilised current source. Further details about
the experimental method of operation have been pub-
lished [19, 20]. The apparatus and procedures were
tested by determining excess enthalpies for the standard
system hexane+tcyclohexane at 298.15 K. The uncer-
tainty in excess molar enthalpy measurements is esti-
mated to be better than 1%.

Several experimental series of measurements were
carried out for the ternary compositions resulting from
adding hexane to a binary mixture composed of {x;
MTBE+x, ethanol}. The ternary composition point is
then a pseudo-binary mixture composed by addition of
hexane and the mentioned binary mixture. Thus, the ter-
nary excess molar enthalpy at the pseudo-binary compo-
sition x, xp, (x3=1—x,—x,) can be expressed as

oy =H oy + (6, +3,)H,, (1)

m,12
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Fig. 1 Excess molar enthalpies 7 /T mol ™" at 298.15 K of the three involved binary systems. a — m {x MTBE+(1—x) hexane} —
g p m

fitted by Eq. (2), -

from [13], b — e {x MTBE+(1—x) ethanol} — fitted by Eq. (2), —--— from [14],

¢ — A {x l-ethanol+(1—x) hexane} — fitted by Eq. (3), --- from [15]

where HE mo 18 the measured excess molar enthalpy for
the pseudo-binary mixture, and H ., is the excess
molar enthalpy of the initial binary {x; MTBE+x)
ethanol}. Values of H; , at three mole fractions were
interpolated by using a spline-fit method. Equa-
tion (1) does not involve any approximation.

Results and discussion

The experimental values of H ", listed in Table 1, cor-
responding to the binary mixtures {x tert-butyl
methyl ether (MTBE)+(1—x) 1-ethanol}, {x fert-butyl
methyl ether (MTBE)+(1—x) hexane} were fitted to
the variable-degree polynomials suggested by
Redlich- Kister [21],

HE /Jmol” =x(-0)Y 4, @x-)" ()

i=1

while lower deviations for the mixture {x 1-etha-
nol+(1—x) hexane} were obtained by fitting experi-

mental data to the equation suggested by
Myers-Scott [22]
Hj/Jmor'z x(1=x) Z Qx-1)'""" (3)
+h(1-x) i

The parameters k, A;, shown in Eqgs (2) and (3),
have been obtained by a fitting computer program
which uses the least squares procedure and a
Marquardt algorithm [23]. The number of parameters
used was determined by applying the optimization
F test [24]. These parameters and the standard devia-

Table 1 Excess molar enthalpies, H®

m?

of the binary systems at the temperature 298.15 K

x HE/T mol™ x HE/T mol™ x HE/T mol™ x HE/T mol™

x MBTE+(1-x) ethanol
0.0323 34 0.2411 285 0.6843 529 0.8902 337
0.0647 76 0.3538 382 0.7090 522 0.9628 138
0.1002 115 0.4098 429 0.7699 494 0.9748 97
0.1382 164 0.4671 475 0.8130 461
0.1837 222 0.5910 527 0.8680 376

x MBTE+(1-x) hexane
0.0527 61 0.2668 305 0.5142 380 0.8361 209
0.1125 146 0.3262 341 0.5827 373 0.9066 127
0.1191 151 0.3985 369 0.6520 341 0.9551 67
0.1837 224 0.4549 383 0.7215 306
0.2577 298 0.4648 381 0.7818 257

x 1-ethanol+(1—x) hexane
0.1325 481 0.4266 597 0.7595 416 0.9323 163
0.2401 575 0.5897 538 0.8198 339 0.9665 87
0.3432 597 0.7077 473 0.8782 263
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Table 2 Fitting parameters, k, 4; for Eqs (2) and (3) and standard deviations, s

A A As Ay

A5 A6 k N

x MTBE+(1-x) ethanol

1955 1034 698 510

0 0 4

x MTBE+(1-x) hexane

1534 -97 0 257

-166 3

x ethanol+(1-x) hexane

2301 927 1054 0

0.6471 6

tions for H) of the three binary mixtures involved in
this ternary system are presented in Table 2.

The experimental results, their representations
by Egs (2) or (3) and bibliography data [13—15] are
plotted in Fig. 1.

The measured values of ternary excess
enthalpies H, ,,, listed in Table 3, were correlated us-
ing the following equation:

Hy ,/Jmol ' =H

m,bin

+x,,(1=x, —x,)A ,;  (4)
where

E
H m,bin

E E
=H_ ,+H

m,13

+H s )

E

is known as the binary contribution to the excess ter-
nary enthalpy and H, riij are given by Eqs (2) or (3).
The form,

2 2
Ay :BO +Bx,+B,x, +Bx] +B x; +

RT I+(x,—x;) 6)
+35x1x2 +B,x; +B.x; +Byx,x; +..)
140, —x5)

was adopted for the ternary term x;x>(1—x;—x2)A12;
[10].

The B; parameters were calculated by an
unweight least-squares method using a non-linear op-
timization algorithm due to Marquardt [23]. These

Table 3 Experimental excess molar enthalpies, H__,;, at the temperature 298.15 K for the ternary mixture: x; MTBE+x, etha-

nol+(1-x;—x;) hexane®

x| X2 H: Amol"  HY ., /Imol’ x| X2 HE:, Tmol!  HY . /Imol’
x=0.2451, H ,=285 I mol"'
0.2352 0.7243 105 379 0.1458 0.4491 573 743
0.2260 0.6959 182 445 0.1580 0.4864 535 718
0.2179 0.6709 253 507 0.1037 0.3194 604 725
0.2088 0.6431 312 555 0.0887 0.2733 601 704
0.1976 0.6086 373 603 0.0269 0.0827 420 452
x=0.4966, H . ,=487 ] mol '
0.4742 0.4806 112 577 0.3394 0.3440 466 799
0.4574 0.4636 176 625 0.2579 0.2614 531 784
0.4374 0.4433 244 673 0.2128 0.2157 544 753
0.4039 0.4094 348 744 0.1647 0.1669 540 701
0.3746 0.3796 415 783 0.0934 0.0947 483 574
0.3519 0.3567 433 778 0.0572 0.0580 383 439
x=0.7558, H ' ,=505 J mol'
0.7205 0.2328 92 573 0.3618 0.1169 518 759
0.6859 0.2216 176 633 0.3222 0.1041 517 732
0.6329 0.2045 269 692 0.2739 0.0885 513 696
0.5885 0.1901 346 739 0.2193 0.0708 489 635
0.5630 0.1819 386 762 0.1590 0.0514 421 527
0.5201 0.1680 420 767 0.1111 0.0359 367 441
0.4722 0.1525 464 780 0.0873 0.0282 313 371

“Three experimental series of measurements were carried out for the ternary compositions resulting from adding hexane to a binary

mixture composed of {x MTBE+x] ethanol}, where x;=1-x/
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Table 4 Fitting parameters, B;, for Eq. (6) and standard deviation, s

x1 MTBE+x,ethanol+x; hexane

By By B, B;

B4 B5 B(, B7 S

4.1241 —7.1755 —19.5740 22.0987

54.1322

0.3925 —14.6181 —41.3734 7

parameters and the corresponding standard deviation
are included in Table 4.

Figure 2 shows the pseudo-binary representation
of the experimental values measured of the H ,;, to-
gether with the correlated curves, where Eq. (6) was
applied to fit the ternary contribution.

900

800

700

600

5001

/J mol

4004 Y

m,123

E

3001/ LY
200

100

0.0 0.5

X

Fig. 2 Pseudo-binary representation of ternary excess molar
enthalpies /% ,,./J mol ™' for {(1-x) (x/ MTBE+x] etha-
nol)+x hexane} at 298.15 K: e —x/=0.2451, x,=0.7549,
A —x=0.4966, x,=0.5034, v —x=0.7558, x,=0.2442,
— correlated using Eq. (4)

Fig. 3 Representation for {x; MTBE+x, ethanol+(1-x,—x;) hex-
ane} at 298.15 K of a — curves of constant ternary excess
molar enthalpy, H,,,/J mol™', b — curves of constant ter-
nary contribution, x1x,(1-x;—x2)A 23, to the excess molar

enthalpy H . ./ mol ™, calculated with Eq. (6)

294

The lines of constant ternary excess molar
enthalpy, H . ,, calculated using Eq. (4) are plotted in
Fig. 3a. Figure 3b represents the ternary contribution,

x1x2(1-x1—x2)A123, to the excess molar enthalpy corre-
lated with Eq. (6).

Conclusions

The experimental excess molar enthalpies H\ are
positive for all binary systems studied over the whole
composition range. This suggests the predominance
of the breaking of previous interactions over the for-
mation of new interactions during the mixing process.
The curve for the binary system {x tert-butyl
methyl ether (MTBE)+(1—x) hexane} is symmetrical.
Nevertheless, the obtained curve for {x fert-butyl
methyl ether (MTBE)+(1—x) ethanol}, is slightly asy-
mmetric, with their maximum shifted around the rich
compositions in MTBE. The binary system {x etha-
nol+(1-x) hexane} is asymmetric, with its maximum
displaced toward a high mole fraction of hexane. This
displacement can be interpreted on basis of the rup-
ture of hydrogen bonds present on the pure alkanol.
At those compositions, the rupture of hydrogen bonds
reaches its maximum and it is not compensated by
new possible interactions established during the mix-
ing process.

Excess molar enthalpy for the ternary system is
positive over the whole range of composition, show-
ing maximum values at x,=0.3960, x,=0.2490,
x,=0.3550, HE ,,=802 J mol". It is about 3% lower
than the maximum value obtained by S. Zhu et al.
[18] (x;=0.3407, x;= 0.2659 H,; ,,=829 ] mol ™).

The ternary contribution is also positive, and has
a maximum value at x;=0.43530, x,=0.1150,
xy=0.4320, H ,,=202 J mol'. This value is about
25% of the value of the ternary enthalpy itself. That
means ternary contribution is very important and can
be attributed to crossed energetic interactions be-
tween the associated compound (the hydroxyl group

in the alkanol molecule), the molecule of MTBE and
the non polar alkane.
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