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Abstract

This paper contains the results of a new experimental study of the effect of temperature on density, refractive index on mixing and ultrasonic
velocity for a number of linear n-alkanes combined with ethanol. The experimentally derived functions were also compared with those predicted
by different theoretical procedures. A qualitative analysis reveals that structure disruptions are predominant in ethanol + n-alkane mixtures. This
effect is reinforced when the temperature or solute chain length rises. A perusal of deviations between the experimental and calculated derived
magnitudes shows that the predictive procedures give a qualitative estimation for the studied mixtures due to their high nonideality. Disposable
literature was compared and commented upon.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The internal mechanisms of mixing phenomena are far from
being clear and completely understood and usually theoretical
models only show a rough approach of experimental thermody-
namics. Due to this fact, physicochemical measurements are
necessary although difficult since they require sophisticated
devices, and the data, when measured, may be unreliable due to
complex problems associated with the mixing process and
operating conditions of the unit operations in process. Most of
the available literature data are related to standard condition,
although the knowledge of how temperature and pressure modify
physical properties is necessary for a complete multicomponent
description of mixtures and extending conclusions observed at
laboratory conditions. Understanding the mechanisms of interac-
tion in binary mixtures is a reliable path to attempt multicompo-
nent interactions. Keeping in mind the industrial and scientific
interests, our laboratories have been actively engaged in the
measurements of various thermophysical properties and phase
equilibria, as a part of our research program on the thermody-
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namics of different chemical processes such as separation units for
recovering industrial solvents, food engineering, or pharmaco-
logical applications [1–9]. In this work, our attention is focussed
on the measurement of thermodynamic properties to understand
mixing mechanisms (change of hydrogen bond potency, steric
hindrance, influence of temperature, etc.) in modified extraction
procedures for dehydration of ethanol, using different combina-
tions of n-alkanes as cosolvents, as well as to gather new
experimental information for data base applications and model
formulations. The use of cosolvents to reinforce the separation
azeotropic matrix, introduces highly nonideal new interactions
into mixtures [10]; experimental data are needed, as well as
adequate and accurate estimation procedures. It is the purpose of
this study to analyze these factors by themeasurement of different
magnitudes, due to its relation with other thermodynamic
properties, and sensitivity to structure molecular effects.

Ethanol has been used in the last few years as a distillation
entrainer or extractive solvent in the chemical industry, as a carrier
or additive in food and pharmaceutical processes, and in anti-
microbial applications for medical uses. This molecule contains a
hydrophilic hydroxyl group which is available to hydrogen-bond
of similar compounds, and a residual end conferring a degree of
hydrophobicity on the molecule. The mixing properties vary with
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the nature of the chemical environment, operation conditions, and
also, the steric hindrance molecular effects. These factors are
clearly demonstrated by the unusual packing characteristics of
ethanol in hydroxylic mixtures, its behaviour in the biological
environment, as well as its common azeotropic trend. Solution
property measurements have proved useful in understanding
solute + solvent interactions, and packing effects of solutes among
solvent molecules. Experimental values of the set of measured
properties provide information about ethanol + linear aliphatic
alkane interactions as the mole fraction of n-alkane is increased,
as well as diminution of the packing efficiency. In this work, we
present a study of the effect of temperature on these properties in
order to analyze the influence of the molecular chain residues, as
well as the progressive occultation of the ethanol in terms of
hydrogen bond formation and mixing thermodynamics. To this
end, the ultrasonic velocity, refractive index and density were
measured for ethanol + (n-hexane, n-heptane, n-octane and n-
nonane) in the temperature range from 288.15 to 323.15 K and
atmospheric pressure. The corresponding derived properties were
computed, and correlated by application of a modified temper-
ature dependent Redlich–Kister equation [11]. Values of the
magnitudes were compared with those estimated using different
procedures [10]. The temperature influence on themixing, and the
derived properties were analyzed in terms of the relative length of
the alkanes and available hydrogen-bond potency of ethanol on
mixing. Themeasured properties, along with the useful deviation/
excess functions derived from them, have been previously
reported for the binary systems ethanol + (n-hexane, n-heptane,
n-octane and n-nonane) [12–27], a comparison was made with
the new data. An attempt has also been made to estimate the
measured values by using different theoretical procedures. A
perusal of deviations between the experimental and calculated
derived magnitudes shows that the predictive expressions give a
qualitative estimation of the functions for the studiedmixtures due
to their considerable nonideality on mixing.

2. Experimental section

The physical properties of the used chemicals at 298.15 K,
recent literature values and other relevant information are gathered
in Table 1. The chemicals were supplied by Merck (LichroSolv
grade), all of them with a purity better than 0.99. Ultrasonic
treatment was used for degassing and molecular sieves were
introduced into the bottles to reduce possible water contents
in solvents. Solution composition was determined gravimetri-
cally, special care being taken during solution preparation to
avoid evaporation losses. Samples were prepared by mass using
a Mettler AT-261 Delta Range balance with an accuracy of
±10−4 g, covering the whole composition ranges of the mixtures.
The accuracy of the mole fractions was estimated to be better
than 10−4. The densities and ultrasonic velocities were mea-
sured with an Anton Paar DSA-48 device with a precision of
±5·10−5 g cm−3 and ±1 m s−1. The refractive indices of the pure
liquids and mixtures were measured with the automatic
refractometer ABBEMAT-HP by Dr. Kernchen with a precision
of ±10−5 and thermostated with a PolyScience controller bath
model 9010 with a temperature stability of ±10−2 K. Calibration
of the apparatus was performed periodically, in accordance with
technical specifications, using Millipore quality water (resistivity,
18.2 MΩ cm) and ambient air. Maximum deviation in the
calculation of the derivedmagnitudes for thesemixtures have been
estimated to be better than 2·10−3 cm3 mol, 10−4 and 1 TPa−1 for
excess molar volume, change of refractive index and change of
isentropic compressibility. We are not aware of any such data in
previous literature of thesemixtures, except for the cases indicated
above. Further details about technical procedures or manipulation
could be found in earlier works [5–7,9].

3. Data procedure

3.1. Correlation of derived magnitudes

The excess molar volumes, changes of refractive indices and
changes of isentropic compressibilities on mixing values are
presented in Appendix C and were computed from Eqs. (1), (2)
and (3)

VE ¼
Xn
i¼1

xiMiðq−1−q−1i Þ ð1Þ
dnD ¼ nD−
Xn
i¼1

xinDi ð2Þ
djS ¼ 1
qu2

−
Xn
i¼1

xi
qiu

2
i

ð3Þ

In these equations, ρ is the density, nD the refractive index
on mixing and κS the isentropic compressibility on mixing. The
ρi, nDi, ui and κSi symbols are the properties of pure chemicals
and n is the number of components in the mixture. A Redlich–
Kister type equation [28] was used to correlate the derived
properties of the binary mixtures, by using the unweighted least
squares method by a Marquardt algorithm [29] with Bevington
test [30], all experimental points weighting equally. The
Redlich–Kister equation can be expressed as

dQ ¼ xixjd
Xm
p¼0

Bpðxi−xjÞp; ð4Þ

where δQ is VE/(cm3 mol−1), δnD or δκS/(TPa
−1), respectively.

The fitting parameters are gathered into Table 2, and correspond
to a linear temperature dependent equation as indicated in Eq. (5)

Bp ¼
X2
q¼0

Bpqd T
q ð5Þ

where Bpq are the fitting parameters obtained by a least-squares
method and T is the temperature in Kelvin. The corresponding
root mean square deviations (σ) are enclosed in the same table.
The root mean square deviations were computed using Eq. (6),
where z is the value of the property, and nDAT is the number of
experimental data.

r ¼
PnDAT
i¼1

ðzexp−zpredÞ2

nDAT

0
BB@

1
CCA

1=2

ð6Þ



Table 1
Comparison of experimental measured data with literature data for pure liquids at 298.15 K

Component MW (g mol−1) ρ (g cm−3) nD u (m s−1)

Experimental Literature a Experimental Literature b Experimental Literature

Ethanol 46.069 0.78589 0.78493 1.35926 1.35941 1143.1 1143 b

n-Hexane 86.177 0.65470 0.65484 1.37227 1.37226 1069.8 1077.0 c

n-Heptane 100.213 0.67957 0.67946 1.38491 1.38511 1128.4 1129.8 c

n-Octane 114.230 0.69870 0.69862 1.39509 1.39505 1168.2 1169.6 c

n-Nonane 128.257 0.71396 0.71375 1.40298 1.40311 1203.7 1206 d

a [19].
b [20].
c [9].
d [21].
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In Fig. 1, the excess molar volumes are presented as a
function of alkane chain length (Fig. 1A) and the same
magnitude as function of temperature (ethanol + n-octane
mixture) (Fig. 1B). In general, the studied mixtures present an
expansive trend in terms of molecular interactions. This trend
diminishes towards infinite dilution. It is notorious as this
trend increases for longer alkane chain (Fig. 1A) or
temperature (Fig. 1B). In both cases, this tendency is due to
the difficult package of the aliphatic chain into hydroxylic
environment (ethanol) by steric hindrance among aliphatic
ends. In Fig. 2, the changes of refractive index on mixing are
shown for the studied mixtures as a function of solvent and
temperature. In Fig. 3A and B, the dependency for the change
of isentropic compressibility could be observed. The inverse
dependency with temperature (diminution of maxima as
temperature increases) is due to the influence on isentropic
compressibility of the evolution of density and ultrasonic
velocity by means of the equation of Newton–Laplace
(κS=ρ

−1u−2).

3.2. Derived properties

A frequently applied derived magnitude for industrial
mixtures is the temperature dependence of volumetry which is
expressed as isobaric expansibility or thermal expansion
coefficient (α). The data reported in literature normally give
only values of thermal expansion coefficients both of pure
compounds and its mixtures, showing the relative changes in
density, calculated by means of (−Δρ /ρ) as a function of
temperature and assuming that α remains constant in any
thermal range. The corresponding expressions for pure
chemicals or excess magnitude for mixtures are indicated in
Appendix A. For example, the isobaric excess expansibility
(Fig. 4) of the mixtures is enclosed. This figure shows positive
isobaric excess expansibility deviations and similar values for
all studied mixtures. The real variation on this excess
magnitude occurs at equimolar compositions of solvent, thus
only diluted mixtures are non-linearly sensitive to tempera-
ture. This fact suggests the non-adequate use of α as a linear
variation between pure components values and the key role of
excess values in ethanol + n-alkane mixtures as what occurs
in other analogous mixtures [3]. The isothermal coefficient of
pressure excess molar enthalpy can be derived accurately from
volumetric measurements by application of the following
expression

AHE

AP

� �
T ;x

¼ VE−T
AVE

AT

� �
P;x

ð7Þ

this magnitude stands for the dependence of excess molar
enthalpy of mixing with pressure at fixed composition and
temperature. In Fig. 5, the variation of this coefficient for
these mixtures can be observed, with high negative slopes
being obtained. The maximum difference is shown approx-
imately at 0.3 molar fraction for these mixtures.
3.3. Partial excess molar volumes

Partial molar quantities are important in the study of the
dependence of an extensive property on the phase composition at
constant pressure and temperature, showing its trend with molar
fraction variation. They should be applied to any extensive
property of a single-phase system such as volume, Gibbs energy
or any other. If we let E represent any extensive property of a
single phase which is a function of pressure, temperature and
mole numbers of the components, the differential of E should be
expressed as

dE ¼ AE
AT

� �
P;n

dT þ AE
AP

� �
T ;n

dP þ
XN
i¼1

AE
Ani

� �
T ;P;n

dni ð8Þ

where the quantity AE
Ani

� �
T ;P;n

is defined as the partial molar quantity

of the ith component in the phase, the valueN refers to all the other
components present, showing the finite change in the property on
the addition of 1 mol of the component i to an infinite quantity of
solution at constant temperature and pressure. The expression for
the partial excess molar volume should be written as

V̄
E
i ¼ VE þ AVE

Axi

� �
P;T ; xj; j p i

−
XN
k¼1

AV E

AXk

� �
P;T ; xj; j p k

ð9Þ

which can be transformed to yield

V̄
E
i ¼ð1−x1Þ2

Xm
n¼0

Bpð2x1−1Þp þ x1
Xm
p¼1

ð−2Þi−1pBpð2x1−1Þp−1
" #

ð10Þ



Table 2
Fitting parameters of the derived properties in accordance to Eqs. (4) and (5) for
the binary mixtures

n-Hexane n-Heptane n-Octane n-Nonane

VE

B00 25.803 27.851 29.616 28.138
B01 −0.181 −0.198 −0.211 −0.199
B02 3.334·10−4 3.699 ·10−4 3.960·10−4 3.740·10−4

B10 −12.040 −11.650 −17.716 −21.773
B11 0.097 0.093 0.126 0.156
B12 −1.904·10−4 −1.825·10−4 −2.226·10−4 −2.741 ·10−4

B20 −0.017 −2.283 0.837 7.199
B21 −0.008 −0.004 −0.012 −0.060
B22 0.337·10−4 0.398 ·10−4 0.366·10−4 1.260·10−4

B30 −26.527 −11.198 0.293 45.426
B31 0.189 0.086 0.024 −0.297
B32 −3.390·10−4 −1.615·10−4 −8.651·10−4 4.764·10−4

B40 35.338 26.276 37.291 38.461
B41 −0.230 −0.152 −0.262 −0.211
B42 3.872·10−4 2.419 ·10−4 4.622·10−4 3.165·10−4

σ 0.012 0.007 0.005 0.021

δnD
B00 0.22515 −0.31601 −0.27191 −0.76251
B01 −0.00126 0.00232 0.00213 0.00544
B02 1.73027·10−6 −4.07523·10−6 −3.73683·10−6 −9.20523·10−6

B10 −0.47934 −0.87283 0.16775 −0.44604
B11 0.00311 0.00581 −0.00094 0.00313
B12 −5.01400·10−6 −9.62031·10−6 1.44593·10−6 −5.27562·10−6

B20 0.34344 0.43343 −0.84670 3.85322
B21 −0.00232 −0.00272 0.00560 −0.02535
B22 3.88028·10−6 4.22267·10−6 −9.11219·10−6 4.17185·10−5

B30 0.67502 2.32599 1.44015 6.35312
B31 −0.00432 −0.01510 −0.00948 −0.04234
B32 6.90850·10−6 2.44619·10−6 1.55264·10−5 7.04335·10−5

B40 0.67873 −0.37545 −0.06023 −15.19765
B41 −0.00427 0.00239 0.00087 0.10105
B42 6.70761·10−6 −3.77995·10−6 −2.29665·10−6 −1.67718·10−4

σ 0.00010 0.00010 0.00032 0.00030

δκS
B00 7398.7 3038.4 2568.8 2278.8
B01 −53.5 −24.3 −20.3 −16.8
B02 0.10 0.05 0.04 0.03
B10 −7088.5 −4870.3 1840.6 −227.4
B11 46.2 32.1 −12.0 1.1
B12 −0.07 −0.05 0.02 −1·10−3

B20 14,012.9 18,207.5 −4176.9 1858.7
B21 −90.2 −121.3 29.7 −12.7
B22 0.15 0.20 −0.05 0.02
B30 3203.2 21,272.4 5578.8 2204.6
B31 −19.9 −141.9 −38.4 −15.3
B32 0.03 0.24 0.07 0.03
B40 −18,797.2 −40,006.7 8730.0 −1636.2
B41 121.8 268.1 −63.7 11.4
B42 −0.20 −0.45 0.12 −0.02
σ 1.7 0.5 3.3 1.0

108 A. Gayol et al. / Journal of Molecular Liquids 135 (2007) 105–114
From Eq. (10), the corresponding limiting partial excess
molar volumes are determined by considering xi→0. Such
limiting values depend only on the correlation parameters

V̄
E;l
1 ¼

XN
p¼0

ð−1ÞpBpðTÞ ð11Þ

V̄
E;l
2 ¼

XN
p¼0

BpðTÞ ð12Þ

In Fig. 6 the values of limiting partial excess molar volumes
at 298.15 K for the binary mixtures are enclosed. These values
describe the solvent behaviour at dilute state, in what is referred
to as accommodation of unlike molecules into bulk solvent at
any composition and temperature and indeed show the strong
influence of the aliphatic chain on alcoholic phase. A decreasing
expansive package could be observed as ethanol abundance is
increased. In n-alkane mixtures, the strong effect of ethanol
molecules on the partial excess magnitude could be observed,
the huge values of V̄1

E,∞ being decreased by increment of
alcohol concentration or diminution of chain. As a slight effect,
temperature increases the negative values of V̄1

E only in n-
hexane mixtures, being clearly non-negligible.

3.4. Estimation of physical properties

Due to strong dependence of design and optimization of
chemical processes on computer calculations, the availability of
accurate, simple and tested methods, as well as related
parameters is of increasing relevance. In this case, consider-
ation was given to the Rackett equation of state [31,32] in order
to analyze how accurate densities are predicted. In Table 3,
these critical values are gathered for the compounds enclosed in
the studied mixtures. In Table 4, a comparison between the
binary experimental and predicted densities is gathered in terms
of root mean square deviations, as explained above. In
accordance with these results, it could be concluded that the
estimation by Rackett equation is closer than to the experi-
mental values in all cases and n-heptane mixtures lead to the
highest deviations.

In what is referred to refractive indices on mixing, we test the
applicability of semiempirical models for refractive index
estimation (Lorentz–Lorenz (LL), Dale–Gladstone (DG),
Arago–Biot (AB), Eykman (Ek), Newton (N) and Oster (O)
[10]) as a direct tool for predicting. Due to the linear trend of
mixing refraction index slight deviations were obtained in the
first case as observed in Table 5. For the studied mixtures,
accurate results were computed by the Lorentz–Lorenz rules,
slight results being obtained by the other equations. For the
treatment of κS values, the Danusso and Nomoto equations
and the Collision Factor Theory (CFT) and Free Length
Theory (FCT) have proved their applicability with accurate
results for mixtures containing molecules of different size
and nature [10]. These models are explained in Appendix B
(Table 6).
4. Results

A lot of chemical, food and other industries present non-
newtonian and non-ideal fluids and mixtures in their processes.
For this reason, it is necessary to pay attention to the thermo-
dynamic rigorous studies and models, testing and developing to
achieve optimal industrial designs and simulations. As a



Fig. 1. Curves of (A) excess molar volumes (cm3mol−1) for the mixtures ethanol +
((O) n-hexane and (▪) n-octane at 298.15 K and (B) excess molar volumes
(cm3 mol−1) for the systems ethanol + n-octane as function of temperature in
the range 288.15 K–323.15 K ((O) 288.15 K, (×) 293.15 K, (•) 298.15 K, (−)
303.15 K, (◊) 308.15 K, (▵) 313.15, (⁎) 318.15 K and (+) 323.15 K).
Experimental data were fitted to Redlich–Kister polynomials (\\).

Fig. 2. Curves of changes of refractive index on mixing for the systems ethanol +
(n-hexane, n-heptane, n-octane and n-nonane at (O) 288.15 K, (▴) 298.15 K,
(×) 308.15 K and (•) 318.15 K. Experimental data were fitted to Redlich–Kister
polynomials (\\).

Fig. 3. Curves of (A) changes of isentropic compressibility for the mixtures
ethanol + ((O) n-hexane, (▴) n-heptane, (▪) n-octane and (•) n-nonane) at
298.15 K and (B) changes of isentropic compressibility for the systems ethanol +
n-hexane as function of temperature in the range 288.15 K–323.15 K ((O)
288.15 K, (×) 293.15 K, (•) 298.15 K, (−) 303.15 K, (◊) 308.15 K, (▵) 313.15,
(⁎) 318.15 K and (+) 323.15 K). Experimental data were fitted to Redlich–Kister
polynomials (\\).

Fig. 4. Curves of constant isobaric excess expansibility (αE, K−1) of the mixtures
ethanol + ((O) n-hexane, (▴) n-heptane, (▪) n-octane and (•) n-nonane) at
298.15 K.
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Fig. 5. Curves of constant isothermal coefficient of pressure excess molar
enthalpy ((∂HE /∂P)T) (J MPa−1 mol−1) of the mixtures ethanol + ((O) n-hexane,
(▴) n-heptane, (▪) n-octane and (•) n-nonane) at 298.15 K.

Table 3
Open literature critical values [20] for compounds enclosed into binary mixtures

Compound Pc (bar) Tc (K) Vc (cm
3 mol−1) ω Zc ZRA

Ethanol 61.48 513.92 167.0 0.649 0.240 0.234
n-Hexane 30.25 507.60 368.0 0.300 0.264 0.264
n-Heptane 27.40 540.20 428.0 0.350 0.261 0.260
n-Octane 24.90 568.70 492.0 0.399 0.259 0.255
n-Nonane 22.90 594.60 555.0 0.445 0.257 0.251

Vc and Zc were estimated by the Joback method [20].

Table 4
Root mean square deviations of the experimental density from the estimation
results by the Rackett (R) and modified Rackett (mR) equations of state at
298.15 K for the binary mixtures

R mR

Ethanol + n-hexane 0.0372 0.0608
Ethanol + n-heptane 0.0419 0.0697
Ethanol + n-octane 0.0344 0.0629
Ethanol + n-nonane 0.0323 0.0641

Table 5
Root mean square deviations of the experimental refractive indices from the
estimation results by different rules, considering additive and non-additive
volumes (indicated by ⁎)

LL DG AB Ek Nw O
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continuation of previous works on this scope, this paper is
devoted to the study of different thermodynamic properties of
chemicals containing the hydroxyl group (ethanol) in hydro-
carbon environment. To this aim, we present experimental data
of ultrasonic velocity, refractive index on mixing and density
for the binaries ethanol + (n-hexane, n-heptane, n-octane and
n-nonane) in the temperature range from 288.15 to 323.15 K
and atmospheric pressure. The corresponding derived proper-
ties were computed, and correlated by application of a
modified temperature dependent Redlich–Kister equation.
Values of the magnitudes were compared with those estimated
using different procedures [10], which are dependent on pure
compound values. These mixtures show a rising expansive
tendency for increasing molar weight compounds, the steric
hindrance of the n-alkane playing an important role when the
chain length is of considerable size. In the studied mixtures,
the expansibility trend on mixing mainly depends on two
Fig. 6. Partial excess molar volumes (cm3 mol−1) (V̄ 1
E (right axis) and V̄ 2

E

(left axis)) of ethanol + (n-hexane, n-heptane, n-octane and n-nonane) at 298.15 K.
effects: a) variation of intermolecular forces when the com-
ponents come into contact and are mixed and b) variation of
molecular packing as a consequence of differences in the size
and shape of the molecules of the components. If the
interactions between the molecules of two mixed components
are weaker than those in the pure component, the excess
volume will be positive, as what occurs for the studied mix-
tures. This usually occurs when one of the components has
polar groups and the other a non-polar, or weakly polar
Ethanol +
n-hexane

0.00010 0.00149 0.00149 0.00149 0.00150 0.00150

⁎0.01904 ⁎0.00018 ⁎0.00351 ⁎0.00012 ⁎0.00035 ⁎0.00023
Ethanol +
n-heptane

0.00201 0.00205 0.00205 0.00203 0.00209 0.00207

⁎0.00051 ⁎0.00069 ⁎0.00309 ⁎0.00061 ⁎0.00091 ⁎0.00077
Ethanol +
n-octane

0.00056 0.00063 0.00063 0.00060 0.00071 0.00067

⁎0.00164 ⁎0.00143 ⁎0.00549 ⁎0.00152 ⁎0.00123 ⁎0.00136
Ethanol +
n-nonane

0.00128 0.00139 0.00139 0.00135 0.00150 0.00145

⁎0.00101 ⁎0.00080 ⁎0.00483 ⁎0.00088 ⁎0.00069 ⁎0.00074

Table 6
Root mean square deviations (TPa−1) for predicted isentropic compressibilities
from experimental data at 298.15 K

Nomoto Danusso CFT FLT

Ethanol + n-hexane 35.51 30.34 60.11 43.42
Ethanol + n-heptane 30.72 33.70 40.62 45.10
Ethanol + n-octane 26.56 31.64 30.02 45.62
Ethanol + n-nonane 25.19 31.89 19.43 45.94



Fig. 7. Comparison of excess molar volume for ethanol + hexane at A) 298.15 K,
(▵, [15]), (O, [27]), B) 303.15 K (O, [13]) and C) 313.15 K (O, [27]). The curves
enclose deviations falling in the magnitude within ±10%.

Fig. 8. Comparison of excess molar volume for ethanol + heptane at A) 298.15 K
(◊, [15]), (▴, [14]), comparison of refractive index for ethanol + heptane at B)
298.15 K (O, [15]) and comparison of isentropic compressibility for ethanol +
heptane at C) 298.15 K (O, [15]). The curves enclose deviations falling in the
magnitude within ±10%.
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behaviour, this effect being reinforced by tridimensional struc-
ture of compounds. Two tendencies could be observed at-
tending the molecular structure of the chemicals employed and
temperature. At first, the short aliphatic molecules (n-hexane
and n-heptane) show a moderate change of magnitude by cross
interactions among different molecules while the disruption
effect of the others is larger. As expected, this influence is
progressive attending to molecular size solute. Secondly, all
systems are sensitive to temperature, such as slight expansive
effect being increased for higher temperature due to difficult
packing of the hydrogen group into aliphatic residues. The
expansive effect of breaking pure solvent bonds by hydrogen
bonds in ethanol and creating new interactions among unlike
molecules is decreased when temperature is low or the
aliphatic chain is shorter. As a consequence of the similarity
of structures of the employed alkanes, the observed noni-
deality is clearly in accordance with increasing molar mass.
The lower expansive effect for n-hexane and n-heptane
could be assigned to the higher self-association of hydroxyl
groups in ethanol, a reduction of hydrogen bond potency
being obtained at the same composition and temperature for



Table 7
Comparison between experimental data of excess molar volumes and values
reported by several authors at equimolar concentration

T (K) n-Hexane n-Heptane n-Octane n-Nonane

x1 0.5004 0.5444 0.4995 0.4886
288.15 0.356 0.358 a 0.413 0.413 b 0.426 – 0.502 –
298.15 0.403 0.394 a 0.459 0.471 c, d 0.474 0.512 e 0.562 0.517 f

308.15 0.454 0.470 a 0.521 0.523 b 0.545 – 0.632 –
318.15 0.505 – 0.599 0.619 g 0.635 – 0.721 –

a [16].
b [17].
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higher alkanes. When the pure compounds are mixed, the
non-polar hydrocarbon molecules intersperse among the
ethanol molecules, resulting in a decreased interaction
among the OH groups of the alcohol. This effect is clearly
shown in terms of the partial molar volume at infinite
dilution and the isothermal coefficient of the pressure excess
molar enthalpy. As polar interactions diminish, the partial
excess molar volume becomes positive (infinite dilution) in
almost all cases. This causes the differences of the derived
properties from some hydrocarbons to others. A perusal of
Fig. 9. Comparison of excess molar volume for ethanol + octane at A) 298.15 K
(O, [15]), comparison of refractive index for ethanol + octane at B) 298.15 K (O,
[15]) and comparison of isentropic compressibility for ethanol + octane at C)
298.15 K (O, [15]). The curves enclose deviations falling in the magnitude
within ±10%.

c [18].
d [19].
e [25].
f [24].
g [22].
deviations between the experimental and previously pub-
lished data shows deviations lower than 10% for the
different derived magnitudes (Figs. 7–9). A good coin-
cidence is also observed for literature data at equimolar
compositions [16–19,22,24,25] for excess molar volumes
(Table 7).
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Appendix A

The isobaric expansibility for pure chemicals expressed as:

a ¼ −
Alnq
AT

� �
P;x

ðA1Þ

taking into account the temperature dependence of density.
However a more interesting contribution is made to the
properties in liquid mixtures if this calculation is done taking
into account separately the partial contributions of the thermal
expansibilities of each component in the mixture, as well as that
due to nonideality of the mixture. To this aim, the basic
expression relating the molar volume of a mixture and its excess
molar volume will be

V ¼
XN
i¼1

xiVi þ VE ðA2Þ

where V1 and x1 correspond to the molar volume and to the
concentration of compound i. Differentiating Eq. (A2) yields

AV
AT

� �
P;xi

¼
A
PN
i¼1

xiVi

� �
AT

þ AVE

AT

� �
P; xi

ðA3Þ
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Dividing by V and changing by minus sign

a ¼ 1
V

AVE

AT

� �
P; xi

þ A

AT

XN
i¼1

ðxiViÞ
" #

ðA4Þ

we obtain

a ¼ V−1 AVE

AT

� �
P; xi

þ
XN
i¼1

ðaixiViÞ
" #

ðA5Þ

α and αi being the isobaric expansivities of mixture and pure
compound, respectively. From this expression, the excess
isobaric expansibility is expressed as

aE ¼ a−
XN
i¼1

/iai ðA6Þ

where

/i ¼
xiViPN

i¼1
xiVi

ðA7Þ

is the volumetric fraction of the components of the mixture.

Appendix B

Attending to the Rackett model, the density can be described
as [31,32]

q ¼ MPc

RTc

� �
d b−½1þð1−TrÞ2=7� ðB1Þ

where Tr is the reduced temperature, Tc and Pc are the critical
properties of mixture, M is the average molecular weight of the
mixture and β is the compressibility factor or an acentric factor
dependent parameter which varies attending to a molecular
structure parameter [20]. The selected mixing rule to compute
densities was proposed by Kay (modified combination of
Prausnitz–Gunn) [33,34]. In order to predict this property, the
critical values are required for each compound, open literature
or estimative methods being used.

The refractive index was estimated by the following
semiempirical relations [10]

Lorentz–Lorenz

n2D−1
n2D þ 2

¼
XN
i¼1

/i
n2Di−1
n2Di þ 2

� �� �
ðB2Þ

Dale–Gladstone

nD−1 ¼
XN
i¼1

½/iðnDi−1Þ� ðB3Þ
Arago–Biot

nD ¼
XN
i¼1

ð/inDiÞ ðB4Þ

Eykman

n2D−1
n2D þ 0:4

¼
XN
i¼1

/i
n2Di−1

n2Di þ 0:4

� �� �
ðB5Þ

Newton

n2D−1 ¼
XN
i¼1

/i n
2
Di−1

� 	
 � ðB6Þ

Oster

ðn2D−1Þ−ð2n2D þ 1Þ
n2D

¼
XN
i¼1

/i
ðn2Di−1Þ−ð2n2Di þ 1Þ

n2Di

� �� �
ðB7Þ

where the symbols nD, nDi and ϕi show the same meaning as is
stated above.

The models of Danusso and Nomoto (Eqs. (B8) and (B9))
are in accordance with the following expressions [10]

jS ¼ 1

M dq

� �
d
XN
i¼1

niMi

q2i u
2
i

 !
ðB8Þ

jS ¼ 1
q

� �
d

PN
i
niRi

PN
i

niui

0
BBB@

1
CCCA

−6

ðB9Þ

where R ¼ u1=3d
PN

i niVi and Collision Factor Theory (CFT)
and Free Length Theory (FLT) [35–37] for isentropic com-
pressibilities were applied

jS ¼ 1
q3

� �
d

M

uld
PN
i
xiSsd

PN
i
xiBs

0
BBB@

1
CCCA

2

ðB10Þ

jS ¼ L2f
K2

� �
ðB11Þ

The Collision Factor Theory (CFT) depends on the collision
factors among molecules as a function of temperature of pure
solvent or mixture. The pertinent relations in these calculations
and its theoretical basis were described in the literature cited.
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 paper, and the molar volumes. These values
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could be also evaluated by means of the group contribution
method proposed by Schaffs [37], when no experimental data
are disposable. The Free Length Theory estimates the isentropic
compressibility of a mixture attending free displacement of
molecules as a main function of temperature.

Appendix C. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.molliq.2006.11.012.
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