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Universitat Rovira i Virgili, Avinguda Paı̈sos Catalans 26, Campus Sescelades, 43007
Tarragona, España; bPF&PT Research Team, Department of Chemical Engineering,

High Technical School of Engineering, University of Santiago de Compostela, Rúa Lope
Gómez de Marzoa, E-15782 Santiago de Compostela, España; cDepartamento de
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The densities and ultrasonic velocity of the binary mixtures
ethanolþ (benzene, toluene, ethylbenzene, isooctane, tert-butyl alcohol
and xylene isomers) at the range 288.15–323.15K and atmospheric
pressure, have been measured over the whole concentration range. The
experimental excess volumes and deviation of isentropic compressibilities
data have been correlated with a Redlich–Kister type polynomial
accurately. The gathered data improve open literature related to gasoline
additives, as the comparison has proved, and help to understand the
ethanol volumetric and acoustic trend into different chemical environment.

Keywords: densities; isentropic compressibilities; model; ethanol;
temperature; ultrasonic velocities

1. Introduction

Oxygenated compounds are added to gasoline in order to improve fuel combustion
efficiency and to lower exhaust emissions of CO and hydrocarbons. Examples of
these compounds are alcohols (as methanol, ethanol, isopropyl alcohol, isobutyl
alcohol and tert-butyl alcohol (TBA)) and ethers (as methyl tert-butyl ether (MTBE),
ethyl tert-butyl ether (ETBE), tert-amyl methyl ether (TAME) and diisopropyl ether
(DIPE)). Ethanol is largely used in Brazil as fuel additive to gasoline and also
as alternative mixed fuel in flex motors (which works with mixtures of ethanol
and gasoline in any composition). Moreover, ethanol is also used as a important
commodity to regulate internal prices of fuels [1]. Gasoline compounds include
several substances such as aromatic compounds as benzene, toluene, ethylbenzene
and xylenes (BTEX). These compounds are ubiquitous environmental pollutants,
some of which are well known to exhibit carcinogenic/mutagenic characteristics.
However, when a gasoline spill occurs, one of the major concerns is the
contamination of water supply for human consumption. Ethanol enhances the
water solubility of some typical pollutants in gasoline spills. Primary alcohols
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(ethanol and methanol) are highly soluble in water and BTEX are soluble in these

compounds. Ethanol is a cosolvent that has a salting-in effect for BTEX in water.

When the ethanolþ gasoline mixture contacts water, ethanol solubilises in water

enhancing BTEX solubility. Moreover, ethanol is completely soluble in water and its
concentration is superior than BTEX compounds in ground waters contaminated by

ethanolþ gasoline mixtures. Highly soluble compounds have a lower sorption

power, and ethanol would have a higher mobility than BTEX in ground waters.

When ethanol is present in high concentration, BTEX compounds can move more

quickly, and also results that BTEX move to a greater distance [2,3]. So ethanol

enhances the mobility of BTEX dissolved in ground water difficulting BTEX natural
biodegradation and then BTEX has a higher persistence in water when ethanol is

present. On the other hand, cleaning water processes are closely related on physical

magnitudes of mixtures and their temperature and pressure dependence. In addition,

knowledge of thermodynamic properties of fuel oxygenates as ethanol with the

different compounds enclosed in a typical gasoline is of practical interest to the
petrochemical industry. Moreover, this information is useful to develop removing

units of spilled gasolineþ ethanol in groundwater.
In accordance to that, in the last few years, a considerable effort has been

developed in the field of thermodynamic properties although a great scarce of data is

observed in open literature for mixtures enclosed into usual commercial gasoline.

Such properties are strongly dependent of hydrogen-bond potency of hydroxyl
groups, chain length, isomeric structures, and molecular package. As a part of an

extensive study related to theoretical and experimental analysis of mixtures

containing oxygenated and gasoline compounds [4–7], we present in this article the

temperature dependence of the density and ultrasonic velocity of the binary mixtures

of ethanolþ (benzene, toluene, ethylbenzene, isooctane, TBA and xylene isomers) at

the range 288.15–323.15K and atmospheric pressure, as a function of molar fraction.
From the experimental values, the corresponding derived properties (excess molar

volumes and change of isentropic compressibilities) were fitted with a temperature

dependent Redlich–Kister [8] type polynomial.
Open literature of recent published data present works on densities for mixtures

ethanolþ benzene [9] and ethanolþ toluene [10]. Data obtained in this work are in

good agreement with the works published previously. However, a systematic study
for volumetric and acoustic properties for mixtures of ethanolþ (benzene, toluene,

ethylbenzene, isooctane, TBA and xylene isomers), as presented here, were not

published yet. Finally the models, Collision Factor Theory (CFT) [11,12] and Free

Length Theory (FLT) [11,13] were applied to predict deviations in the isentropic

compressibilities of binary mixtures.

2. Experimental

All chemical solvents used in the preparation of samples were of Merck quality with

richness better than 99.5%. The pure components were stored in sun light protected

form and constant humidity and temperature. In order to reduce fraction molar
errors, the vapour space into the vessels was minimised during samples preparation.

Each vial was weighted with a precision �2� 10�5 g device (GRAM-VXI Serie

Analytical Balance), the whole composition range of the binary mixtures being
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covered. The accuracy in molar fractions was obtained as higher than �5� 10�4.

The ultrasonic velocities and densities were measured with an Anton Paar DSA-5000

device. The uncertainty in the measurements was estimated in �0.1m s�1 for

ultrasonic velocity and �2� 10�6 g cm�3 for density [14]. Calibration of the

apparatus was performed periodically, in accordance with technical specifications,

using Millipore quality water (resistivity, 18.2MV cm) and ambient air. More details

about techniques and procedure in our laboratory could be obtained from previously

published works [11,15]. The values for the pure compounds, as well as open

literature data are enclosed into Table 1.

3. Data procedure

3.1. Correlation of derived magnitudes

The experimental measurements of density and ultrasonic velocity and the

corresponding derived properties are presented in Table 2 (to see the

whole table with all temperatures see Appendix Table A1). The derived properties

were computed from the Equation (1):

�Q ¼ Q�
XN
i¼1

xiQi: ð1Þ

In this equation, �Qmeans the variation of a magnitude Q (VE, excess molar volumes

and ��S, changes of isentropic compressibilities calculated by the Laplace–Newton

from density and ultrasonic velocity), Qi is the pure solvent magnitude (mixing molar

volume or mixing isentropic compressibility), xi is the mole fraction and N is the

number of components into the mixtures.
A Redlich–Kister equation type [8] was used to correlate the derived properties of

the binary mixtures, by the unweighted least squares method, all experimental points

weighting equally:

�Qij ¼ xi � xj �
Xm
p¼0

Bp � xi � xj
� �p

, ð2Þ

Table 1. Physical properties of pure compounds: densities (�) and ultrasonic velocity (u) at
298.15K.

� (g cm–3) u (m s�1)

Component Exptl. Lit. Exptl. Lit.

Ethanol 0.785082 0.785085[16] 1142.40 1143.1[16]
Benzene 0.873520 0.87356 [17] 1298.27 1299 [18]
Toluene 0.862173 0.86214 [17] 1303.44 1304 [18]
Ethylbenzene 0.862459 0.86244 [17] 1318.36 1318 [18]
Isooctane 0.687749 0.68762 [19] 1082.20 1083 [20]
Tert-Butyl-Alcohol 0.775212 0.77572 [21] 1099.02 1104.8[22]
p-Xylene 0.856675 0.85658 [17] 1305.39 1308 [18]
m-Xylene 0.859890 0.85983 [17] 1320.92 1320 [18]
o-Xylene 0.874968 0.87573 [17] 1341.51 1348 [18]
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where �Qij stands for the derived magnitude (VE or �ks) and m is the degree of the

polynomial. Bp are the temperature dependent fitting parameters and are as follows:

Bp ¼
X2
j¼0

BijT
j: ð3Þ

The Bij parameters were computed and enclosed with their root means square

deviations in Tables 3 and 4. The root mean square deviations presented were

computed using the Equation (4), where z is the value of the derived magnitude and

nDAT is the number of experimental data:

� ¼

PnDAT

i¼1

ðzexp � zpredÞ
2

nDAT

0
BB@

1
CCA

1=2

: ð4Þ

No previously data have been found at the entire range of temperatures studied for

this binary mixtures. Only a few collections of data related to excess volume for the

range 288.15 until 323.15K for ethanolþ (benzene, toluene, ethylbenzene, tert-butyl

alcohol, isooctane, p-xylene, m-xylene and o-xylene) was found. As far as we know,

no previously wide study has been gathered until now, enclosing ultrasonic velocities.

Curves of the experimentally-derived magnitudes’ excess molar volume and changes

of isentropic compressibility for the binary mixtures ethanolþ (benzene, toluene,

tert-butyl alcohol, ethylbenzene, isooctane, p-xylene, m-xylene and o-xylene), have

been plotted in Figures 1 and 2, at 288.15, 303.15 and 318.15K. As tert-butyl-alcohol

is solid at 288.15K, the mixture ethanolþTBA was measured only from 300.65 to

323.15K and so the curves for this mixture were not included in Figures 1(a) and

2(a). Comparison of the fitted densities for the binary mixtures ethanolþ (benzene

and toluene) with open literature [5,6] have been plotted in Figures 3 and 4. The root

mean square deviations in each case was 0.011339 cm3mol–1 for the mixture

ethanolþ benzene (data of Figure 3) and 0.011237 cm3mol�1 (data of Figure 4) for

the mixture ethanolþ toluene. These root mean square deviations were calculated

using the literature excess volumes and those regressed by Equation (2) with the

corresponding fitting parameters Bij.

3.2. Estimation models for isentropic compressibility: collision factor theory and

free length theory

Experimental data for the deviation of isentropic compressibility of the mixtures

were compared with values determined by different mixing procedures. The CFT

[11,12] (Equation (5)) and FLT [11,13], (Equation (6)) for the isentropic

compressibilities were applied:

�S ¼
1

�3

� �
�

M

u1 �
PN
i

xiSs �
PN
i

xiBs

0
BBB@

1
CCCA : ð5Þ
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Figure 1. Excess molar volumes of mixtures of ethanolþ (benzene, toluene, ethylbenzene,
isooctane, TBA and xylene isomers) at (a) 288.15K (b) 303.15K and (c) 318.15K. Redlich–
Kister fitted curves (continuous line).
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Figure 2. Deviation of isentropic compressibility of mixtures of ethanolþ (benzene, toluene,
ethylbenzene, isooctane, TBA and xylene isomers) at (a) 288.15K (b) 303.15K (c) 318.15K.
Redlich–Kister fitted curves (continuous line).
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Figure 3. Comparison of the obtained fitted densities for mixtures of ethanolþ benzene with
open literature data from Serbanovic et al. [9].

Figure 4. Comparison of the obtained fitted densities for mixtures of ethanolþ toluene with
open literature data from Zéberg-Mikkelsen et al. [10].
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The CFT is dependent on the collision factors among molecules as a function of
temperature into pure solvent or mixture. The pertinent relations in these
calculations and its 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
ultrasonic velocities, enclosed in this article, and the corresponding molar volumes.

The FLT estimates the isentropic compressibility of a mixture attending to the
free displacement of molecules (Lf) as a main function of temperature. In the last few
years different authors have compared the relative merits of the existent theories with
the FLT, the FLT results in lower deviations of computed isentropic compressi-
bilities from experimental values. The deviations of each procedure for the studied
mixtures are gathered into Table 5. In Figure 5 the accuracy of the models could
be observed for the binaries mixtures at 303.15K, for comparison.

4. Discussion and conclusions

Studies on phase equilibrium and excess properties of liquid mixtures are of
considerable importance for design of separation process equipment and theoretical
modelling. Ethanol is used as gasoline additive in traditional vehicle motors and also
as a gasolineþ ethanol mix fuel in flex fuel motors. The phase equilibrium and excess
properties for systems containing ethers, alcohols and hydrocarbons have been the
subject of numerous works in the last few years. Nevertheless, more data are required
to develop solution models and to design separation process units. For this aim,
we present in this article the temperature dependence of the density and ultrasonic
velocity of the binary mixtures of ethanolþ (benzene, toluene, ethylbenzene, TBA,
isooctane and xylene isomers) in the range (288.15–323.15)K and atmospheric
pressure, as a function of molar fraction. From the experimental values, the
corresponding derived properties (excess molar volumes and change of isentropic
compressibilities) were fitted with a temperature dependent Redlich–Kister

Table 5. Root mean square deviations for estimated deviation of isentropic compressibilities
from experimental data for the mixtures at range of (288.15–323.15)K.

CFT (Equation (5)) FLT (Equation (6))

Mixture 288.15K 303.15K 323.15K 288.15K 303.15K 323.15K

EthanolþBenzene 6.819 7.229 6.543 0.619 0.877 2.460
EthanolþToluene 11.968 12.206 12.568 1.101 1.050 4.176
EthanolþEthylbenzene 21.233 23.536 24.764 1.624 1.317 5.932
Ethanolþ p-Xylene 25.651 25.351 19.449 1.795 1.273 5.211
Ethanolþm-Xylene 17.790 19.322 21.069 1.401 1.223 5.373
Ethanolþ o-Xylene 25.717 28.145 32.665 2.016 1.510 7.471
Ethanolþ Iso-octane 38.959 53.159 77.745 2.130 2.269 12.895
EthanolþTBA – 10.089 13.956 – 0.398 3.000
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type polynomial. Due to the expense of the experimental measurement of such data
and current processes design is strongly computer-oriented, consideration was also
given to how accurate theoretical models work. At any system of this work, a slight
dependence of temperature is observed for the studied range. The mixtures
ethanolþ (benzene, toluene, ethylbenzene, and xylene isomers) presents two regions
of different character: one expansive region which is increased with higher
temperatures and a contractive region with negative trend at high ethanol
compositions due to the capability of the oxygen molecular group into the ethanol
molecule to create dipole interactions among ethanol molecules. This negative gap
was confirmed at any temperature and by repeated measurements diminished with
increasing temperature. The mixture ethanolþ isooctane presents an expansive
character in all composition range except for the two lowest temperatures where

Figure 5. Comparison of the experimental deviation of isentropic compressibility (TPa�1) and
fitted by (a) CFT and (b) FLT of mixtures of ethanolþ (benzene, toluene, ethylbenzene,
isooctane, TBA and xylene isomers) at 303.15K.

Physics and Chemistry of Liquids 351

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
2
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



a very small contractive gap appears in dilute alcohol region. The mixture
ethanolþTBA presents a contractive behaviour in all composition range, this
effect diminish with the rise of ethanol molar fraction and is higher with temperature
increasing, this effect is due to the interactions of the hydroxyl groups of the two
alcohols. In terms of isentropic compressibilities, only negative deviations were
obtained for ethanolþ (toluene, TBA, ethylbenzene and xylene isomers) (Figure 2),
this effect is slightly increased as the temperature rises, except for ethanolþp-xylene
mixture in which the negative gap is inversely affected by temperature. The isentropic
compressibilities for ethanolþ isooctane mixture have the same characteristics
of excess volume and only positive deviations is observed. Mixtures of
ethanolþ benzene present, as the other aryl compounds, a major negative trend
for mixing isentropic compressibilities; however, in the ethanol dilute regions it has
a small positive gap which is increased as temperature is raised. Attending to this
fact, this trend would seem to indicate: (a) a more organised packing effect in
equimolar compositions of ethanolþ (benzene, toluene, ethylbenzene, TBA and
xylene mixtures), (b) breakdown of ethanol–ethanol interaction for the mixture
ethanolþ isooctane and (c) positive effect for this binary mixture due to the stronger
specific interactions of aliphatic ends by steric hindrance interactions. As shown in
Table 5, the CFT method fails to describe the isentropic compressibilities, however,
FLT is able to describe the data satisfactorily.
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