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Experimental Study and Correlation Models of the Density and
Viscosity of 2-Methoxy-2-methylpropane with n-propanol
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Densities (ρ) and viscosities (η) of the binary systems 2-Methoxy-2-methylpropane with n-propanol were
measured at temperatures 288.15, 293.15, 298.15, 303.15 and 308.15 K and atmospheric pressure, over the
whole composition range. Belda, Herraez, Emmerling et al. and Gonzalez-Olmos-Iglesias models were
used to correlate the densities of binary mixtures. The Mchaweh-Nasrifar-Mashfeghian, Hankinson-Thomson,
Yamada-Gunn and Reid et al. models were used to estimate the liquid density of the binary mixtures.
Viscosity results were fitted to the equations of Grunberg-Nissan, Heric-Brewer, Jouyban-Acree and McAllister.
The thermodynamic activation parameters, free energy, ∆G≠, enthalpy, ∆H≠ and entropy, ∆S≠ for viscous
flow have been estimated and their variations with compositions have been discussed.
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The thermophysical properties of liquid mixtures and
their analysis in terms of models are important for the
design of industrial processes and the search of models
capable of correlating the molecular structure and
macroscopic properties of liquids [1]. From a theoretical
point of view, mixtures of alcohols and ethers are of interest
due to the complex structure, a consequence of the self-
association of the alcohols, wich is partially destroyed by
the active ether molecules, and on the new intermolecular
OH-O bonds created [2]. The density of liquids can be
determined experimentally, but may be correlated and
estimated by different analytical relations [3].

The present study reports experimental density and
viscosity data for pure 2-Methoxy-2-methylpropane
(MTBE), n-propanol and for their binary systems in the
288.15 – 308.15 K temperature range. Different theoretical
models were used to estimate the liquid density and also
to correlate the density and the viscosity of the binary
mixtures.

Experimental part
The chemicals MTBE (mole fraction purity > 0.995) and

n-propanol (mole fraction purity >0.999) were obtained
from Merck. The chemicals were dried over molecular
sieves (Fluka type 4 Å). The purity was checked through
chromatographic analysis. 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 ± 0.00005

g.cm-3. The experimental technique has been previously
described [4], 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 [5] 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 (s) is the flowing time of a constant volume liquid
through the viscometer capillary. Accuracy of time
measurement is ± 0.01s. A and B are characteristic
constants of the used viscometer, which were determined
by taking bidistilled 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 ± 0.001 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 can be seen in table 1. Densities and

Table 1
EXPERIMENTAL AND LITERATURE VALUES FOR DENSITIES (ρ) AND VISCOSITIES (η) OF THE PURE COMPONENTS
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viscosities of the binary mixtures of MTBE (x) + n-propanol
are reported in table 2.

The results of this study are in close agreement with the
works of Hoga and Torres [15] at temperatures 293.15,
298.15, 303.15 and 308.15 K. No experimental data were
found for the present mixtures at 288.15 K.

Densities of the binary mixtures were correlated with
composition using the following semi-empirical models:

Belda [16]:

                                 (3)

Herraez [17]:

                                         (4)

The experimental values of the density were also
correlated with composition and temperature by means
of the following equations:

Emmerling et al. [18]:
                                    

Table 2
DENSITIES (ρ) AND VISCOSITIES (η) OF THE BINARY MIXTURES OF MTBE (x) +  n-PROPANOL AT DIFFERENT TEMPERATURES AND

ATMOSPHERIC PRESSURE

                                                                                                  (5)
The temperature dependence of the densities of each

pure component is expressed using equation:
                                          (6)

Gonzalez-Olmos-Iglesias [19]:
                                                                       (7)

where Ai is a polynomial temperature dependence function
as follows:

                                                         (8)

The adjustable parameters of these equations (m1, m2,
A, B, C, P1-P9, Ai, Bi, Ci and Aij) were estimated using the
experimental data and a nonlinear regression analysis
employing the Levenberg-Marquardt algorithm [20]. Tables
3 and 4 shows the fitting parameters along with the
standard deviation ( ) calculated with equation:

                                              (9)

Table 3
PARAMETERS FOR THE SEMI-EMPIRICAL MODELS OF BELDA AND HERRAEZ AND STANDARD DEVIATIONS AT DIFFERENT TEMPERATURES

Table 4
VALUES OF PARAMETERS IN THE RANGE
288.15-308.15 K FOR THE EMMERLING ET

AL. AND GONZALES-OLMOS-IGLESIAS
MODELS AND STANDARD DEVIATIONS 1
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where X is the value of the analysed property, m is the
number of data points, and n is the number of estimated
parameters. Figure 1 shows experimental values of density
and calculated values with Emmerling et al. equation in
the 288.15 – 308.15 K temperature range.

The data from tables 3 and 4 show that Herraez model
offer the best results to correlate the density with
composition. The Emmerling et al. model is able to correlate
the density with composition and temperature, better than
Gonzalez-Olmos-Iglesias model.

Four models Mchaweh-Nasrifar-Mashfeghian (M-N-M)
[21,22], Hankinson-Thomson (H-T) [23], Yamada-Gunn (Y-
G) [24] and Reid et al (R-R) [25] are applied to estimate
the liquid densities of the binary mixtures at the range
288.15-308.15 K and atmospheric pressure, over the whole
concentration range. This models has been previously
described [3].

The critical properties were taken from the literature
[26, 27] and are presented in table 5, along with the values
of acentric factor (w) [28]. The values of the liquid density
calculated with the four models presented in this work
have been compared with the experimental values of this
property by using equation 9 and the values of the standard
deviation are presented in table 6. The M-N-M correlation
shows the best results for the mixtures studied in this work
at all temperatures investigated. Figure 2 shows
experimental values of density and estimated values with
the models investigated at 288.15 K.

 Several empirical and semi-empirical relations have
been used to represent the dependence of viscosity on
concentration of components in binary systems:

Grunberg-Nissan [29]:
(10)

Heric-Brewer [30]:

 (11)

Fig 1. Variation with composition and temperature of experimental
(• ) and calculated density with Emmerling et al. equation

Table 5
CRITICAL PROPERTIES FOR THE COMPONENTS

Fig. 2. Comparison of the experimental density (!) with estimation
density:  MNM (• ), HT (!), RR ("), YG (#) at 288.15 K

Table 6
STANDARD DEVIATION FOR PREDICTION OF

LIQUID DENSITY OF BINARY SOLUTIONS USING
DIFFERENT THEORETICAL MODELS

Jouyban Acree [31,32]:

        (12)

McAllister three body model [33]:

McAllister four body model [33]:

In these equations η1, and η1, η2 are the dynamic
viscosities of the liquid mixtures and of the pure
components 1 and 2, x1, x2 are the mole fractions, M1, M2
are the molecular masses, T is the temperature; d, α12, α21,
Aj, η12, η21, η1112 , η1122 and η2221 are interaction parameters
(viscosity coefficients) and reflect the non-ideality of the
system.

The parameters that appear in equations 10-14 were
estimated using the experimental viscosity data and a non-
linear regression analysis employing the Levenberg-
Marquardt algorithm [20]. Table 7 shows the parameters
calculated and the standard deviations between
experimental values and those obtained using the semi-
empirical relations, calculated with equation 9. A
comparison of the calculated and the experimental
viscosities shows that the Jouyban – Acree model produces
accurate results for 288.15 K and 293.15 K, the Grunberg -

(13)

(14)
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Nissan model is better for 298.15 K, while for 303.15 K and
308.15 K  the four-body McAllister model is the best to
describe viscosities.

The thermodynamic activation parameters for viscous
flow have been calculated using Eyring equation [34]:

(15)

where η is viscosity of a liquid mixtures, h is Planck‘s
constant, N  is Avogadro‘s number, V is the molar volume
of the solution, R is general gas constant, T is temperature
and ∆G≠ is the molar Gibbs energy of activation for the
viscous flow process. Combining with

                         (16)
we can write,

                        (17)

where ∆H≠ and ∆S≠ are enthalpy and entropy of activation
of viscous flow.

Table 7
PARAMETERS FOR THE SEMI-EMPIRICAL RELATIONS OF GRUNBERG-NISSAN, HERIC-BREWER, JOYBAN-ACREE AND MCALLISTER AND

STANDARD DEVIATIONS AT DIFFERENT TEMPERATURE

From the experimental viscosity and density data, plots
of ln(ηV/hN) vs 1/T were found to be linear in the
temperature range 288.15 to 308.15 K, as such the values
of ∆H≠  and ∆S≠  were obtained by the corresponding slopes
and the intercepts. By substituting these values in equation
16, the values of ∆G≠ were also calculated at different
temperatures. The values of thermodynamic functions of
activation are listed in table 8 as a function of composition.

The values of ∆H≠ are more than three times higher for
n-propanol than that for MTBE, indicating that association
and dipole-dipole interactions increase the value of ∆H#.
The value of ∆S# is negative for MTBE and positive for n-
propanol. The positive value indicated that rupturing of
hydrogen bonds formed through OH groups of alcohol in
the activation process for viscous flow occurs, resulting in
the structural disorder [35]. The values of ∆H# and ∆G# are
positive for all the binary mixtures while the values of ∆S#

are negative for all binary mixtures except for the mixtures
concentrated in n-propanol.

Table 8
VALUES OF ∆G#, ∆H#

AND ∆S# FOR THE
BINARY MIXTURES OF

MTBE (x) +
n-PROPANOL
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Conclusions
The densities and viscosities of binary mixtures of MTBE

+ n-propanol were measured experimentally at 288.15,
293.15, 298.15, 303.15 and 308.15 K over the entire
composition range. Belda and Herraez models have been
used to correlate the densities with concentration and
Emmerling et al. and Gonzalez-Olmos-Iglesias models
were used to correlate the densities of binary mixtures
with concentration and temperature.

Four models are tested to estimate the liquid densities
of the binar y mixtures. The Mchaweh-Nasrifar-
Mashfeghian model show the best result.

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. The results of these correlations
showed that Jouyban Acree and four-body McAllister
models are better.  The activation energies of viscous flow
have been estimated and discussed.
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