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Excess Properties of Binary Mixtures of 2-Methoxy-2-methylpropane
with Ethanol at Different Temperatures
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Densities and viscosities of the binary system 2-Methoxy-2-methylpropane + ethanol were measured at
288.15, 293.15, 298.15, 303.15, 308.15 K and atmospheric pressure, over the whole composition range. The
excess values of molar volume, viscosity and Gibbs free energy of activation of viscous flow were calculated
from experimental measurements. The excess functions of the binary systems were fitted to Redlich-Kister
equation. Hind, Grunberg-Nissan, Heric-Brewer, Jouyban-Acree and McAllister models have been used to
calculate viscosity coefficients and these were compared with experimental data for the mixtures. Also, the
activation energies of viscous flow have been obtained and their variations with compositions have been
discussed.
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The present work is part of our systematic studies on
thermodynamic properties for mixtures of great interest in
industry. This paper reports densities and viscosities of
binary liquid mixtures of 2-Methoxy-2-methylpropane with
ethanol at 288.15, 293.15, 298.15, 303.15 and 308.15 K as
a function of composition. Knowledge of these mixing
properties has relevance in both theoretical and applied
areas of research because such results are useful in design
and simulation processes. In this sense, there has been an
increasing interest in the thermodynamic behaviour of liquid
mixtures of the oxygenated compounds included in
reformulated gasoline: 2-Methoxy-2-methylpropane
(MTBE), tert-amyl methyl ether (TAME) and alcohols:
methanol, ethanol, 2-Methyl-2-propanol and isobutyl
alcohol [1-8].

Experimental part
The chemical MTBE was obtained from Merck (>99.5

mol%) and ethanol was supplied by Chemical Company
(>99.3 mol%). The chemicals were dried over molecular
sieves (Fluka type 4 Ao). The purity was checked through
chromatographic and refractive index methods.  The mole
fractions were determined by weighing and precision of
the mole fraction was ± 0.00005. The densities were
determined by hydrostatic weighing method of Kohlrausch
with the precision of ± 0.00005g/cm3. The experimental
technique has been previously described [9], the
temperature of thermostatic water bath being controlled
to ± 0.05 K. Viscosities of the pure compounds and of the
binary mixtures were determined with an Ubbelohde
kinematic viscometer [10] that was kept in a vertical
position in a water thermostat. A thermostatically
controlled bath (constant to ± 0.05 K) was used. The
kinematic viscosity was calculated using the relation:

ν = At - B / t (1)
where:

t  is the flowing time (± 0.1s) of a constant volume
liquid through the viscometer capillary

 A and B - characteristic constants of the used viscometer,
which were determined by taking water and benzene as
the calibrating liquids for correction of kinetic energy
deviations.

The dynamic viscosity was determined from the
equation:

η= νρ (2)

where ρ  is the density of the liquid. The precision of the
viscosity was estimated to be ± 0.0010 mPa.s. In all
determinations, triplicate experiments were performed at
each composition and temperature, and the arithmetic
mean was taken for the calculations of the viscosity.

Results and discussions
The measured densities and viscosities of the pure

component liquids present good agreement with the
literature values, as seen in table 1.

Densities and viscosities of the binary mixtures of MTBE
+ ethanol are reported in table 2. The results of this study
are in close agreement with the works of Hoga and Tôrres
[1] with regard to the system composed of MTBE with
ethanol in the temperature interval of 293.15-308.15 K. No
experimental data were found for the present mixtures at
288.15 K so a comparison of our values could be made.

The excess molar volumes were calculated from the
densities of the pure liquids and their mixtures using the
following equation:

    (3)

where x and (1-x) are the mole fraction of the components,
M1 and M2 are the molecular masses of the components 1
and 2, and ρ, ρ1 and ρ2 are the respective densities of the
solution and of the pure components.

The experimental values of viscosity ( η ) are used to
calculate the excess viscosity (ηE ) defined by the equation:

   (4)

where η1  and  η2  are the viscosities of pure components.
The excess Gibbs free energy ΔG*E  was determinated

from the following equation:

       (5)
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where V, V1 and V2  are the respective molar volumes of the
mixture and of the pure components.

The excess functions of the binary systems can be
represented by a Redlich-Kister type equation:

(6)

where:
XE  represents any of the following properties:
                         VE, ηE, ΔG*E;
xi, xj are the mole fractions of the components i and j,

respectively;
kA

 denotes the polynomial coefficients.
The values of these coefficients are indicated in table 3

along with the standard deviation, σ, defined by:

(7)

Table 1
COMPARISON OF EXPERIMENTAL DENSITIES

AND VISCOSITIES OF PURE LIQUIDS WITH
LITERATURE VALUES

Table 2
 DENSITIES AND VISCOSITIES OF THE BINARY

MIXTURES OF MTBE (x) + ETHANOL
AT DIFFERENT TEMPERATURES

Table 3
 COEFFICIENTS Ak AND

STANDARD DEVIATIONS AT
DIFFERENT TEMPERATURES

where m is the number of data points and n is the number
of estimated parameters.

The variation of the excess molar volume with the mole
fraction of ether is presented in figure  1. We can notice
that the excess molar volumes are negative in the whole
composition range and at all temperatures. Negative values
of excess molar volume were associated with hydrogen
bonding and complex formation between ether (non-self-
associating component) and alcohol (strong self-
associating component) as well as with structural effects
[1,26-29] . The effect of temperature on the VE shows a
systematic decrease with temperature for all the mixtures.
The excess viscosities are negative over the entire range
of mole fractions at all the temperatures as shown in figure
2. The negative excess viscosity was explained by many
authors through different forms [5,30-32]. By the addition
of MTBE molecules, the alcohol molecules dissociate and
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Fig. 1. Molar excess volumes of the MTBE (x) + ethanol system at
different temperatures

Fig. 2. Excess viscosities of the MTBE (x) + ethanol system at
different temperatures

Fig. 3. Molar excess free energies of viscous flow activation of the
MTBE (x) + ethanol

have greater mobility than the pure alcohols due the reduced
cohesive forces of alcohol molecules upon mixing [33-
35]. If the temperature increases the negative values of
excess viscosity decrease. This can be explained by
breaking hydrogen bonds and increasing mobility of
molecules due of the increase of thermal energy [1].

Figure 3 shows the dependence of the calculated ΔG*E

values upon composition. The excess Gibbs free energy
ΔG*E is considered a reliable means of detecting the
interaction between molecules [36, 37]. The negative  ΔG*E

values (fig. 3) suggest the dominance of dispersion
interaction between MTBE and ethanol molecules. This
type of behaviour has also been observed in other systems
[8].

In an attempt to describe the viscosity of binary mixtures
we checked the approach proposed by Hind [38]:

(8)

Grunberg-Nissan[39]:
(9)

Heric-Brewer [40]:

 
(10)

Jouyban Acree [41,42]:

       (11)

The dynamic viscosity of the liquid mixture is designated
by η, and η1,  η2 are the dynamic viscosities, x1, x2  are the
mole fractions of the pure components 1 and 2 constituting
the liquid mixture,  M1,  M2 are the molecular weights, T is
the temperature; η12, d, α12, α21,  and Aj are interaction
parameters (viscosity coefficients) and reflect the non-
ideality of the system.

We tested the three-body McAllister equation [43]:

(12)

and the four-body McAllister equation:

  (13)

The McAllister model adjustable parameters are given
by η12, η21, η1112 , η1122 and η2221. The parameters that appear
in equations 8-13 were estimated using the experimental
viscosity data and a non-linear regression analysis
employing the Levenberg-Marquardt algorithm. Table 4
shows the parameters calculated and the standard
deviations between experimental values and those
obtained using the semi-empirical relations. The data show
that there are no important differences between the values
obtained with Grunberg-Nissan, Heric-Brewer, Jouyban
Acree and McAllister models. However, from the different
equations that calculate viscosities of mixtures the Heric-
Brewer and the three-body McAllister models show the
best agreement with experimental data.

The energies of activation of viscous flow for the binaries
studied were calculated using the following equations
[44]:

where ΔG≠,  ΔH≠ and ΔS≠ are the free energy, enthalpy and
entropy of activation of viscous flow.

The plots of ln η vs 1/T were found to be linear in the
temperature range 288.15 – 308.15 K, as such the values
of ΔH≠ and ΔS≠ were obtained by the corresponding slopes
and the intercepts. With  ΔG≠ and ΔS values as input in eq.
(15), the corresponding values of ΔG≠  were also
calculated. The values of activation energies are listed in
table 5 as a function of composition. The value of ΔH≠ for
ethanol is more than two times higher than that for MTBE,
indicating that association and dipole-dipole interactions
increase the value of ΔH≠. The value of  ΔS≠ is negative for
MTBE and positive for ethanol and shows that overall
molecular order due to activated complex formation
increases for ether (nonassociating component) but

(14)

(15)
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decreases in case of ethanol due to the breaking of H-
bonds. The values ΔH≠and ΔG≠ are positive for all the
binary mixtures while the values of ΔS≠are negative for all
binary mixtures except for the mixture concentrated in
ethanol. The positive  ΔS≠ value shows less overall
molecular order due to activated complex formation for
viscous flow.

Conclusions
The densities and viscosities of binary mixtures of MTBE

+ ethanol were measured experimentally at 288.15 K,
293.15 K, 298.15 K, 303.15 K and 308.15 K over the entire
composition range. From these results, the excess values
of molar volume, viscosity and Gibbs free energy of
activation of viscous flow have been computed and fitted
to the Redlich-Kister equation. The energies of activation
of viscous flow for these binaries mixtures were also
calculated and were discussed. Hind, Grunberg-Nissan,
Heric-Brewer, Jouyban Acree and McAllister models have
been used to calculate viscosity coefficients and these
were compared with experimental data for the mixtures.
Our results reveal that there are no important differences
between the values obtained with Grunberg-Nissan,
Jouyban Acree and the four-body McAllister models. The
Heric-Brewer and the three-body McAllister models show
the best agreement with experimental data.
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