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Abstract The densities and sound speeds of binary mixtures of methyl tert-butyl
ether (MTBE) + (benzene, toluene, ethylbenzene, isooctane, tert-butyl alcohol) have
been measured at temperatures from 288.15 to 323.15K and at atmospheric pressure
over the complete concentration range. The experimental excess volumes and devia-
tions of isentropic compressibility were calculated. The deviation of isentropic com-
pressibility data have been analyzed in terms of different theoretical models; adequate
agreement between the experimental and predicted values is obtained. The data from
this study improve the data situation related to gasoline additives and help to under-
stand the MTBE volumetric and acoustic behavior for various chemical systems.

Keywords Densities - Sound speeds - Isentropic compressibilities - Model - MTBE -
Temperature

1 Introduction

Methyl tert-butyl ether (MTBE) is the most widely used oxygenated fuel additive
employed to improve the combustion efficiency of gasoline and increase its octane
rating. Due to its high solubility in water, low Henry’s law constant, low partition
coefficient of octanol-water, and slow biodegradability, MTBE is relatively stable and
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recalcitrant to many other gasoline compounds in aqueous media [1-3]. Applied pro-
cesses such as those in the chemical industry or the purification of water are dependent
on physical properties of mixtures and their temperature and pressure dependences.
A knowledge of the thermodynamic properties of fuel oxygenates such as MTBE
with different compounds contained in a typical gasoline is of practical interest to
the petrochemical industry. Moreover, this information is useful to develop removal
units for spilled MTBE in groundwater. In accordance with that, in the last few years,
considerable effort has been applied in the field of thermodynamic properties where
a scarcity of data is observed in the open literature for mixtures involved in com-
mercial gasoline. Such properties are strongly dependent on the molecular structure,
hydrogen-bond potency of hydroxyl groups, chain length, and isomeric structures.

As a part of an extensive study related to theoretical and experimental analysis of
mixtures containing oxygenated and gasoline compounds, we present in this paper
the temperature dependences of the density and sound speeds of the binary mixtures
of MTBE + (benzene, toluene, ethylbenzene, isooctane, and tert-butyl alcohol (TBA))
at temperatures from 288.15 to 323.15K and at atmospheric pressure as a function
of composition. Due to the expense of experimental measurements such as described
here and since current process design is strongly computer oriented, consideration was
also given to the performance of several theoretical models. Despite the importance of
computation in chemical processes, the theoretical models available in the literature
are not always reliable and may have a limited range of application. Our purpose here
is to analyze the dependence of the density and isentropic compressibility of mixtures
on composition and molecular structure, in order to provide a better understanding
concerning the factors which contribute to the behavior of MTBE and other gasoline
additives. This category includes slightly polar molecules, aliphatic hydrocarbons and
different aryl compounds. The molecular interactions in these systems are complex,
and volumetric and isentropic compressibility data provide valuable information for
understanding their behavior and structure, as well as valuable input for testing vari-
ous models for prediction of solution properties. Different schemes [4-6] have been
applied for predictions of isentropic compressibility, with the obtained results being
analyzed and discussed. Attending to the deviations of computed data, we arrive at
the conclusion that the application of the free length theory model with simple mixing
laws provides accurate results, despite the highly non-ideal behavior of the mixtures
and the influence of temperature.

2 Experimental

All chemical solvents used in the preparation of samples were of Merck quality with
a purity better than 99.5%. The pure components were stored in glass containers pro-
tected from sunlight and at constant humidity and temperature. In order to reduce the
error in the composition determination, the vapor space in the vessels was minimized
during sample preparation. Each vial was weighed with a precision (£2 x 107 g) bal-
ance (GRAM-VXI Series Analytical Balance), with the complete composition range
of the binary mixtures being covered. The uncertainty in mole fraction was estimated
to be no larger than &5 x 10~%. The sound speeds and densities were measured with
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Table 1 Densities (p) and sound speeds () of pure components at 298.15K

p(g-em™3) w(m-s~h)

Component Exptl. Lit. Exptl. Lit.
MTBE 0.734406 0.73529 [9] 1036.94 1035 [12]
Isooctane 0.687749 0.68762 [9] 1082.20 1083 [13]
Ethylbenzene 0.862459 0.86244 [10] 1318.36 1318 [14]
Benzene 0.873520 0.87356 [10] 1298.27 1299 [14]
Toluene 0.862173 0.86214 [10] 1303.44 1304 [14]
tert-Butyl alcohol (303.15 K) 0.775212 0.77572 [11] 1099.02 1104.8 [15]

an Anton Paar DSA-5000 device with a precision of £1m - s~ and 10 g - cm™3.
Calibration of the apparatus was performed periodically, in accordance with technical
specifications, using Millipore quality water (resistivity, 18.2MQcm) and ambient
air. More details about techniques and procedure in our laboratory could be obtained
from previous papers [7,8]. The measured properties of the pure compounds, as well
as open literature data are reported in Table 1.

3 Data Procedure
3.1 Correlation of Derived Magnitudes

The corresponding derived magnitudes are presented in Table 2 and were computed
from the following equation:

N
5Q=Q—inQi ey

i=1

In this equation, §Q means the variation of a property Q (VF, excess molar volumes
and 8k, changes of isentropic compressibilities calculated by the Laplace—Newton
equation from the density and ultrasonic velocity), Q; is the pure component i property
(mixing molar volume or mixing isentropic compressibility), x; is the mole fraction,
and N is the number of components in the mixture. Plots of the experimental excess
molar volumes and deviations of isentropic compressibility for the binary mixtures of
MTBE + (benzene, toluene, ethylbenzene, isooctane, and TBA) are shown in Figs. 1
and 2 at 288.15, 303.15, and 323.15 K. From the experimental values, the correspond-
ing derived properties (excess molar volumes and change of isentropic compressibil-
ities) were fitted with a temperature-dependent Redlich—Kister [16] type polynomial
and plotted in Figs. 1 and 2.
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No previous data have been found over the entire range of temperatures studied
for these binary mixtures. Only a few collections of data related to excess volume
were found at a few temperatures [17-20]. As far as we know, no previous compre-
hensive study has been carried out, involving sound speeds. Comparisons of the fitted
excess volumes for the binary mixtures of MTBE + (benzene, toluene, ethylbenzene,
isooctane, and TBA) with open literature data have been plotted in Fig. 3.

3.2 Collision Factor and Free Length Theories

Experimental data for the deviations of the isentropic compressibility of the mix-
tures were compared with values from different theories. The collision factor theory
(CFT) [5,6,21] and free length theory (FLT) [4,21] for isentropic compressibilities
are expressed, respectively, as follows:

1 M
s = (—3) )
P

K —(L—%) 3

The collision factor theory (CFT) is dependent on the collision factors among mole-
cules in a pure solvent or mixture as a function of temperature. The pertinent relations
in these calculations and their theoretical basis were described in the literature cited
above. The collision factors (S) and the characteristic molecular volumes (B) of the
pure solvents used in the CFT calculations were estimated by using the experimental
sound speeds from this paper, and the corresponding molar volumes. These values
could also be evaluated by means of the group contribution method proposed by
Schaffs [22] when no experimental data are available. The root-mean-square devia-
tions presented were computed using the following equation, where z is the value of
the derived magnitude, and npar is the number of experimental data:

NDAT 172

2
Zexp — Zpred)
i=1

o= “)
NDAT

The free length theory is used to estimate the isentropic compressibility of a mixture
depending on the free displacement of molecules as a function of temperature. In the
last few years different authors have compared the relative merits of existing theories
with the free length theory, and found that the use of the FLT gives smaller deviations

@ Springer
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Fig. 1 Excess molar volumes of 0.4 - a)
mixtures of MTBE + (v,
benzene; [J, toluene; O, 0.2
ethylbenzene; e, isooctane; A,
tert-butyl alcohol) at (a)
288.15K, (b) 298.15K, and (c)
323.15K. Solid lines represent
Redlich—Kister fitted curves
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Fig. 2 Deviations of isentropic
compressibility of mixtures of
MTBE + (v, benzene; [J,
toluene; O, ethylbenzene; e,
isooctane; A, fert-butyl alcohol)
at (a) 288.15K, (b) 298.15K,
and (c) 323.15K. Solid lines
represent Redlich—Kister fitted
curves
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Fig. 3 Comparisons of the
fitted excess volume of mixtures
with open literature results of (a)
MTBE +benzene (at 288.15 O
[17], experimental data (—); at
293.15 A [17], experimental
data (-); at 298.15 (1 [17],
experimental data (- - - ); at
303.15 <> [17], experimental
data (---)); (b) MTBE +toluene
(at 298.15 O [19], experimental
data (—); at 303.15 A [18],
experimental data (—); at 308.15
[J[19], experimental data (- - - ));
and (¢) MTBE +ethylbenzene
(at 303.15 O [18], experimental
data (—)), MTBE +isooctane (at
298.15 [1[10] and at 308.15 e
[19], experimental data (-)),
MTBE +TBA (at 303.15 A [12]
and at 313.15 e [20],
experimental data (---))
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Fig. 4 Comparisons of the
experimental deviations of
isentropic compressibility
(TPa™ l) and those fitted by (a)
CFT (continuous line) and (b)
FLT (dashed line) of mixtures of
MTBE+ (v, benzene; [,
toluene; O, ethylbenzene; e,
isooctane; A, tert-butyl alcohol)
at 303.15K
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Table 3 Root-mean-square deviations for estimated deviations of isentropic compressibilities from exper-
imental data for the mixtures from 288.15 to 323.15K

Mixture CFT (Eq. 2) FLT (Eq. 3)

288.15 K 303.15K 323.15K 288.15K 303.15K 323.15K
MTBE +ethylbenzene 2.857 3.302 4.835 0.551 3.373 13.332
MTBE +isooctane 2.100 3.541 5.038 0.290 0.514 2.020
MTBE +benzene 17.498 21.633 10.286 0.806 2.338 6.583
MTBE +toluene 5.234 3.561 4.034 0.124 3.036 11.259
MTBE+TBA —— 8.301 6.806 —_ 0.329 1.670

of computed isentropic compressibilities when compared with experimental values
[8]. The deviations for each theory for the studied mixtures are reported in Table 3.
In Fig. 4 the uncertainty of the models can be estimated for the binaries mixtures at

303.15K, using comparisons.
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4 Discussion and Conclusions

The phase equilibria and excess properties for systems containing ethers, alcohols,
and hydrocarbons have been the subject of numerous studies in the past few years.
Nevertheless, more data are required to develop solution models and to design process
separation units. For this aim, we present in this paper the temperature dependence of
the density and sound speeds of binary mixtures of MTBE + (benzene, toluene, ethyl-
benzene, isooctane, and TBA) over the range from 288.15 to 323.15K and at atmo-
spheric pressure, as a function of composition. For each system of this study, a slight
dependence on temperature is observed over the studied range. The contractive behav-
ior of the mixtures of MTBE + (benzene, toluene, ethylbenzene, and TBA) increases
at higher temperatures. Only the binary system MTBE +isooctane shows expansive
behavior with an increase in temperature. This mixture show a small gap in the nega-
tive trend at high MTBE compositions due to the capability of the oxygen molecular
group in the ether molecule to create dipole interactions among MTBE molecules. This
negative gap was confirmed at any temperature and by repeated measurements. This
behavior is in conflict with open literature results [10, 19]. It is worthwhile to point out
a similar behavior for the aryl compounds, as expected, although a slight difference for
MTBE + (benzene and toluene) between our experimental data and available literature
results was observed. TBA was studied from 301.65 K due to its high melting point,
thus, there was no possibility to calculate excess properties at lower temperatures.
The case for a TBA is a little different; it is a product of degradation of MTBE and a
persistent pollutant due to its strong interaction with pseudo-polar media. Interactions
between a polar component such as an alcohol, and an ether are suggested to occur via
complex formation between the two species between the unshared electron pairs on
the oxygen atom of an ether molecule and a hydroxyl group of an alcohol. The excess
molar volume is usually reported as negative and as a function of steric hindrance.
The excess molar volumes for mixtures of TBA with globular ethers such as MTBE
are much lower than for similar n-ethers with shorter alcohols.

In terms of isentropic compressibilities, a similar trend was observed; positive devi-
ations were obtained only for MTBE +isooctane (Fig. 2). This trend would seem to
indicate: (a) a more organized packing effect in equimolar compositions of MTBE +
(benzene, toluene, ethylbenzene, and TBA), (b) breakdown of ether—ether interac-
tions for the mixture MTBE +isooctane when the MTBE composition decreases, and
(c) positive effect for this binary mixture due to the stronger specific interactions of
aliphatic ends by steric hindrance interactions.

In terms of isentropic compressibility and considering the deviations with com-
puted data, we arrive at the conclusion that the application of the free length theory
to predict experimental data has been successful for all the studied mixtures, showing
this procedure as a reliable tool for calculation of the isentropic compressibility for
these kinds of systems.
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