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Density, speed of sound, refractive index and derivatives properties of
the binary mixture n-hexane + n-heptane (or n-octane or n-nonane),

T = 288.15 – 313.15 K

A. Blanco, A. Gayol*, D. Gómez-Díaz and J.M. Navaza

Department of Chemical Engineering, University of Santiago de Compostela, Rua Lope Gómez de
Marzoa, E-15782 Santiago de Compostela, Spain

(Received 13 September 2012; final version received 15 December 2012)

This article reports experimental values of refractive index nD, density ρ, speed of
sound u, isentropic compressibility κs, excess molar volume of mixing VE, deviations
of refractive index δnD and isentropic compressibility δκs of the binary mixture
n-hexane + n-alkane from T = (288.15 to 323.15) K and atmospheric condition. The
corresponding excess derived property was computed from the experimental data.
Parameters of analytical expressions which represent the composition dependences
of the derived property are reported. Values of physical properties were compared with
the results obtained by different prediction methods.

Keywords: mixing properties; n-alkane; estimation; temperature

1. Introduction

A lot of chemical industries present different kinds of liquid mixtures in their processes,
and for this reason it is necessary to pay attention to the thermodynamic studies and
modelling, test and development to optimal industrial designs and simulations. The
interactions between different molecules are responsible for non-ideal mixing properties
of solvents, and these interactions influence over the value of physico–chemical
properties.

As a part of the investigation on the thermodynamics of liquid mixtures present in
chemical processes, our research team have performed studies on physical properties of
binary and multicomponent mixtures which involved in separation units for industrial
solvents recovery, food engineering or pharmacological applications [1–7].

The measures of different physico–chemical and derivative properties of solutions have
been shown to be useful in understanding the solute–solvent interaction and packing effects of
solutes with solvent molecules. The values of the derived properties considered in this work are
excess molar volumes, refractive index changes in the mixture and changes of isentropic
compressibilities, which provide information on n-hexane + aliphatic n-alkane mixture interac-
tions between solvent and solute molescules as the mole fraction of n-hexane is increased and
the efficiency of packing. In aliphatic environment, the properties generally shown are dis-
persive interactions; the structure is modified by n-hexane and expanding the mixture. The
purpose of this study is to perform the analysis of these factors in aliphatic solvent mixtures
using the measurement of these properties, by its relation to thermodynamic quantities and
sensitivity for the effects of molecular structure.
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2. Experimental section

2.1. Materials

The substances employed were supplied by Merck (Madrid, Spain) (Lichrosolv quality),
n-hexane C.A.S Nº 110-54-3, n-heptane C.A.S. Nº 142-82-5, n-octane C.A.S. Nº 111-65-
9, n-nonane C.A.S Nº 111-84-2, and the samples description is shown in Table 1. The
chemicals were recently acquired and stored under sun and humidity protection condi-
tions. Several precautions were taken, such as cooling chemicals before samples prepara-
tion and minimising empty space in the vessels, in order to avoid evaporation losses
during handlings or errors in molar fractions. Values of the measured properties were in
accordance with those published in open literature, as observed in Table 2. Samples
preparation was made by weight using a Mettler AT-261 Delta Range (Mettler-Toledo,
Barcelona, Spain) balance covering the composition range of the mixtures. The uncer-
tainty of the samples preparation in mole fraction was ±0.0009.

2.2. Experimental methods

2.2.1. Refractive index

An automatic refractometer ABBEMAT-HP Dr. Kernchen (Anton Paar, Graz, Austria), with
an uncertainty of ±2 × 10−4, was used for refractive index being thermostatisated by a
controller bath. The refractometer determines the experimental values by placing the sample
to be measured on the polished surface of a prisma, made of synthetic sapphire, where a
cone-shaped yellow light beam of sodium D wavelength illuminates the sample from its
bottom side under different angles of reflection. The measuring prism is water-jacketed to
keep a constant temperature during the measurement.

2.2.2. Density and speed of sound

The densities and speeds of sound of pure substances and binary mixtures were measured with a
digital vibrating tube analyser Anton Paar DSA-48 (Anton Paar) with an uncertainty of ±1 × 10
−4g cm−3 and 1 m s−1, respectively. Besides daily testing, the instruments were calibrated in
accordance with use instructions before every series of measurements (Millipore quality water
and ambient air for calibration).

3. Results and discussion

The systems studied in this article are based on binary mixtures of n-hexane + (n-heptane,
n-octane, n-nonane). Table 2 shows the comparison of experimental data with that of
literature for pure liquids at 298.15 K, and a suitable agreement between these data is
observed. Supporting information Tables 1–9 (available online at http://informahealthcare.

Table 1. Sample description.

Chemical name Source Initial mole fraction purity

n-Hexane Merck ≥0.99
n-Heptane Merck ≥0.99
n-Octane Merck ≥0.99
n-Nonane Merck ≥0.99
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com/doi/suppl/[10.1080/00319104.2012.760086]) show the experimental data of density,
speed of sound and refractive index of binary mixtures in the temperature range from
288.15 to 323.15 K and over the entire composition range. These tables allow the analysis
of the influence of composition and temperature upon the value of the physical properties
determined in this work.

Derived magnitudes were calculated using the experimental data previously commen-
ted and applying Equation (1), and the corresponding derived magnitudes are shown in
Figures 1–6:

Table 2. Comparison between density ρ, refractive index nD and speed of sound u, experimental
and literature data for pure components.a

ρ(g cm−3) nD u(m s−1)

T (K) Experimental Literature Experimental Literature Experimental Literature

n-Hexane
298.15 0.6551 0.65490 [8] 1.3723 1.37226 [9] 1077.00 1076.37 [10]

0.65490 [9] 1.37140 [9]
n-Heptane
298.15 0.6794 0.65950 [9] 1.3851 1.38500 [9] 1130.50 1131.00 [11]

0.65940 [9] 1.38530 [9]
n-Octane
298.15 0.6985 0.69862 [9] 1.3951 1.39505 [9] 1072.00 1080.00 [12]

0.69890 [9] 1.39490 [9]
n-Nonane
298.15 0.7142 0.71375 [8] 1.4034 1.40311 [8] 1207.35 1212.00 [13]

0.71400 [9] 1.40210 [9]

Note: aStandard uncertainties u are u(T) = 0.01 K, u(p) = 20 Pa, u(x) = 0.0009, and the combined expanded
uncertainties Uc (level of confidence = 0.95, k = 2) are Uc(ρ) = 1 × 10−4 g cm−3, Uc(u) = 1 m s−1 and
Uc(nD) = 2 × 10−4.
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Figure 1. Curve of changes of refractive index δnD for the mixtures n-hexane (1) + n-heptane (2):
♦, T = 288.15 K; ■, T = 298.15 K; ▲, T = 308.15 K; -, T = 318.15 K. Solid lines corresponds to
Redlich–Kister model.
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ΔQ ¼ Q�
XN
i¼1

xi � Qi; (1)

where Q is the physical property in the mixture, Qi is the property of pure components, xi
is the molar fraction of component i in the mixture, N is the number of components and
δQ is the variation of the magnitude. A modified Redlich–Kister type equation (Equation
(2)) was used to correlate the values of the derived magnitudes, as a function of
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Figure 2. Curve of changes of refractive index δnD for the mixtures: ♦, n-hexane (1) + n-heptane
(2); ■, n-hexane (1) + n-octane (2); ▲, n-hexane (1) + n-nonane (2). Solid lines correspond to
Redlich–Kister model. T = 308.15 K.
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Figure 3. Curve of excess molar volumes VE for the mixtures n-hexane (1) + n-nonane (2): ♦,
T = 288.15 K; ■, T = 298.15 K; ▲, T = 308.15 K; -, T = 318.15 K. Solid lines correspond to
Redlich–Kister model.
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temperature for the corresponding binary mixtures, a generalised set of parameters being
computed. The fit parameters corresponding to Equation (2) of these binary mixtures are
those corresponding to the fitting equations which are expressed in Equations (2) and (3):

δQ ¼ xi � xj �
Xm
p¼0

Bp � xi � xj
� �p

; (2)
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Figure 4. Curve of excess molar volumes VE for the mixtures: ♦, n-hexane (1) + n-heptane (2); ■,
n-hexane (1) + n-octane (2); ▲, n-hexane (1) + n-nonane. Solid lines correspond to Redlich–Kister
model. T = 308.15 K.
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Figure 5. Curve of changes of isentropic compressibility δκs for the mixtures: n-hexane (1) +
n-heptane (2): ♦, T = 288.15 K; ■, T = 298.15 K; ▲, T = 308.15 K; -, T = 318.15 K. Solid lines
correspond to Redlich–Kister model.
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Bp ¼
X2
q¼0

BpqT
q; (3)

where m is the limit of the expansion attending to the Bevington test, Bpq are the fitting
parameters and T is the temperature.

The correlation was performed by the method of least squares with all points weighted
using a routine developed according to the Marquardt algorithm. These fit parameters
were collected for these mixtures in the temperature range as mentioned in Tables 3–5.
The root mean square deviation in each correlation is attached as a measure of the validity
of the adjustment parameters and the equations applied, which is expressed by Equation
(4). In this equation, the value of the property and the number of experimental data are
represented by z and n, respectively.

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i zexp � zpred
� �2

n

s
(4)

The prediction of different thermodynamic properties of multicomponent mixtures was,
one aim of this study, applying different empirical or semiempirical models. In this work,
the measured experimental properties were compared with those estimated by applying
several relations. The experimental values of refractive index were compared with the
predicted results determined using Lorentz–Lorenz (L–L), Gladstone–Dale (G–D),
Arago–Biot (A–B), Eykman (Ey), Newton (Nw), Oster (Os) and Eyring–John (EJ) mixing
rules [8]. This comparison was performed using the root-mean square deviation and this
kind of data is shown in Table 6 considering additive volumes and non-additive volumes.
On the other hand, the prediction of speed of sound was made by means of Nomoto, Van
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Figure 6. Curve of changes of isentropic compressibility δκs for the mixtures: ♦, n-hexane
(1) + n-heptane (2); ■, n-hexane (1) + n-octane (2); ▲, n-hexane (1) + n-nonane. Solid lines
correspond to Redlich–Kister model. T = 308.15 K.
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Dael, Jacobson (Free Length Theory, FLT) and Schaffs-Nutsch-kuhnkies (Collision Factor
Theory, CFT) methods [9], and the compared results are shown in Table 7. Table 8 shows
critical values for the substances used in this study.

These mixtures show a rising expansive trend when molar weight of compounds
increases, the steric hindrance of n-alkane playing an important role when the chain length
has a considerable size. Table 6 shows that all blends perfectly fit the equations above
when non-additive volumes are considered.

Table 3. Parameters of change of refractive index δnD, excess volume VE and change of isentropic
compressibility δκs are gathered as function of temperature according to Equations (2) and (3) for
the binary mixture n-hexane (1) + n-heptane (2).

Parameters δnD VE δκs

B00 4.99 × 10−2 −1.06 × 10 [1] −1144.2
B01 −3.78 × 10−4 6.82 × 10−2 9.88
B02 7.48 × 10−7 −1.36 × 10−4 −0.02
B10 −1.12 × 10−1 −7.28 1059.3
B11 7.06 × 10−4 4.45 × 10−2 −6.11
B12 −1.11 × 10−6 −7.80 × 10−5 0.01
B20 −6.96 × 10−1 4.26 × 10−1 −4048.7
B21 4.54 × 10−3 −6.50 × 10−3 26.8
B22 −7.36 × 10−6 1.09 × 10−5 −0.04
B30 7.26 × 10−2 2.66 3768.3
B31 −3.92 × 10−4 −9.29 × 10−3 −22.4
B32 4.79 × 10−7 −1.63 × 10−6 0.03
B40 1.21 −1.66 9601.4
B41 −8.23 × 10−3 2.10 × 10−2 −58.6
σ 1.85 × 10−5 7.26 × 10−3 0.83

Table 4. Parameters of change of refractive index δnD, excess volume VE and change of isentropic
compressibility δκs are gathered as function of temperature according to Equations (2) and (3) for the
binary mixture n-hexane (1) + n-octane (2).

Parameters δnD VE δκs

B00 1.63 × 10−3 1.41 −1560.7
B01 −9.09 × 10−5 −5.32 × 10−3 12.99
B02 3.98 × 10−7 −2.57 × 10−6 −0.027
B10 −4.32 × 10−1 −3.97 × 10 [1] 792.2
B11 2.79 × 10−3 2.65 × 10−1 −4.27
B12 −4.53 × 10−6 −4.42 × 10−4 0.005
B20 2.76 × 10−1 −2.82 × 10 [1] −8989.5
B21 −1.78 × 10−3 1.94 × 10−1 57.9
B22 2.84 × 10−6 −3.32 × 10−4 −0.093
B30 9.99 × 10−1 3.82 × 10 [2] 7492.1
B31 −6.56 × 10−3 −2.54 −47.45
B32 1.06 × 10−5 4.23 × 10−3 0.074
B40 −8.84 × 10−1 −4.35 × 10 [2] 10016.8
B41 5.54 × 10−3 2.87 −60.32
B42 −8.48 × 10−6 −4.74 × 10−3 0.088
Σ 7.09 × 10−5 7.25 × 10−3 0.456
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Table 5. Parameters of change of refractive index δnD, excess volume VE and change of isentropic
compressibility δκs are gathered as function of temperature according to Equations (2) and (3) for
the binary mixture n-hexane (1) + n-nonane (2).

Parameters δnD VE δκs

B00 2.95 × 10−2 −7.1560 × 10−3 −1648.0
B01 −2.13 × 10−4 4.9177 × 10−5 14.29
B02 5.31 × 10−7 4.9043 × 10−8 −0.032
B10 −1.28 × 10−1 0.2618 −622.1
B11 8.78 × 10−4 −1.7088 × 10−3 5.60
B12 −1.48 × 10−6 2.8015 × 10−6 −0.013
B20 −5.92 × 10−1 0.7111 −668.6
B21 3.74 × 10−3 −5.2223 × 10−3 5.47
B22 −5.82 × 10−6 9.4449 × 10−6 −0.011
B30 −1.85 × 10−1 −0.7307 4612.1
B31 1.18 × 10−3 4.8441 × 10−3 −28.85
B32 −1.90 × 10−6 −8.0428 × 10−6 0.044
B40 6.23 × 10−1 −0.6806 7730.3
B41 −4.67 × 10−3 4.9977 × 10−3 −48.85
B42 8.59 × 10−6 −9.0656 × 10−6 0.076
Σ 3.58 × 10−5 −7.1560 × 10−3 0.456

Table 6. Root mean square deviations of the experimental refractive indices from the estimation
results by different rules, considering additive volumes and non-additive volumes.

T (K)

318.15 308.15 298.15 288.15 318.15 308.15 298.15 288.15

n-Hexane (1) + n-Heptane (2)
L–L 0.00078 0.00056 0.00069 0.00024 *0.14835 *0.15082 *0.15283 *0.15594
G–D 0.00077 0.00055 0.00069 0.00023 *0.14016 *0.14272 *0.14478 *0.14794
A–B 0.00077 0.00055 0.00069 0.00023 *0.52284 *0.52655 *0.53005 *0.53489
Ey 0.00078 0.00056 0.00069 0.00023 *0.14435 *0.14690 *0.14896 *0.15213
Nw 0.00076 0.00054 0.00068 0.00022 *0.12973 *0.13224 *0.13423 *0.13732
Os 0.00076 0.00054 0.00068 0.00022 *0.13788 *0.14045 *0.14251 *0.14568

n-Hexane (1) + n-Octane (2)
L–L 0.00172 0.00128 0.00087 0.00061 *0.17097 *0.17355 *0.17794 *0.17827
G–D 0.00169 0.00124 0.00084 0.00058 *0.16314 *0.16543 *0.16905 *0.17038
A–B 0.00169 0.00124 0.00084 0.00058 *0.60486 *0.60716 *0.61435 *0.61362
Ey 0.00170 0.00125 0.00085 0.00059 *0.16711 *0.16951 *0.17338 *0.17441
Nw 0.00165 0.00121 0.00081 0.00056 *0.15326 *0.15528 *0.15832 *0.16021
Os 0.00167 0.00122 0.00083 0.00057 *0.16101 *0.16318 *0.16654 *0.16818

n-Hexane (1) + n-Nonane (2)
L–L 0.00328 0.00133 0.00303 0.00065 *0.14837 *0.14959 *0.15309 *0.15518
G–D 0.00324 0.00127 0.00299 0.00059 *0.14077 *0.14199 *0.14543 *0.14749
A–B 0.00324 0.00127 0.00299 0.00059 *0.51254 *0.51588 *0.52160 *0.52612
Ey 0.00325 0.00129 0.00300 0.00061 *0.14475 *0.14599 *0.14948 *0.15157
Nw 0.00319 0.00121 0.00295 0.00053 *0.13076 *0.13183 *0.13509 *0.13703
Os 0.00321 0.00124 0.00296 0.00056 *0.13864 *0.13984 *0.14324 *0.14528

Note: *These values are the root mean square deviations for non-additive volumes.
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In the studied mixtures, the expansibility trend on mixing mainly depends on two
effects: (a) variation in intermolecular forces when the components come into contact and
are mixed and (b) variation in molecular packing as a consequence of differences in the
size of the molecules of the components. If the interactions between the molecules of two
mixed components are weaker than in the pure component, the excess volume will be
negative, as occurs for the studied mixtures. This usually occurs when all the components
have polar groups. This trend could be observed attending to the molecular structure of
the chemicals employed and temperature. At first, the short aliphatic molecules (n-
heptane, n-octane, n-nonane) show a moderate change in magnitude due to cross interac-
tions among different molecules, while the disruption effect of the others is larger. As
expected, this influence is progressive attending to molecular size of the solute. Second,
all systems are sensitive to temperature, with a slight expansive effect being increased for
higher temperature due to difficulty of packing of the hydrogen group into aliphatic
residues. The expansive effect of breaking pure solvent bonds by hydrogen bonds in
alkanes and creating new interactions among unlike molecules is decreased when

Table 7. Root mean square deviations κs (TPa
−1) for predicted isentropic compressibilities from

experimental data.

T (K)

κs (TPa
−1)

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

CFT FLT CFT FLT CFT FLT

288.15 2.43 2.86 4.17 2.76 6.05 3.25
290.65 2.89 2.45 4.20 2.84 6.52 3.65
293.15 3.65 1.93 4.84 3.78 7.28 4.31
295.65 3.82 1.74 5.43 4.77 7.44 4.45
298.15 4.00 1.60 5.75 5.21 7.72 4.67
300.65 4.14 1.47 5.95 5.47 7.87 4.79
303.15 4.23 1.42 6.10 5.67 8.01 4.89
305.65 4.37 1.36 6.26 5.92 8.16 4.95
308.15 4.42 1.32 6.24 5.54 8.25 5.02
310.65 4.55 1.29 6.41 5.69 8.42 5.10
313.15 4.85 1.40 6.65 5.87 8.64 5.31
315.65 5.01 1.49 6.88 6.04 8.83 5.45
318.15 5.11 1.54 6.96 6.11 8.88 5.46
320.65 5.41 1.74 7.20 6.30 8.98 5.51
323.15 5.30 1.67 7.24 6.30 8.97 5.18

Table 8. Open literature critical values for compounds enclosed into binary mixtures.

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

n-Hexane 23.73 507.43 42.488 0.3047 0.264 0.2635
n-Heptane 27.00 540.26 39.759 0.3494 0.263 0.2604
n-Octane 24.54 568.83 46.058 0.3962 0.259 0.2571
n-Nonane 22.75 595.65 52.024 0.4368 0.255 0.2543

Note: Vc and Zc were estimated by the Joback method [14].
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temperature is low. As a consequence of the similarity in structures of the employed
alkanes, the observed non-ideality is clearly in accordance with increasing molecular
weight. When pure compounds are mixed, the non-polar hydrocarbon molecules inter-
sperse among the n-hexane molecules, resulting in a decreased interaction among the
methyl groups of the alkane. As polar interactions diminish, the partial excess molar
volume becomes positive (infinite dilution) at almost the whole cases. It causes the
differences of the derived properties from some hydrocarbons to others. If you do a
comparison of the experimental data with the literature, it is consistent with
the bibliography [15].

4. Conclusions

This article reports data of physical properties on n-hexane with alkanes, for binary
mixtures of n-hexane + (n-heptane, n-octane or n-nonane), for the range of temperatures
from 288.15 to 323.15 K. From the obtained experimental data can be observed physical
properties of the binary mixtures, these alkane–alkane mixtures have a similar behaviour
one each other because the components have similar characteristics.

The ripple effect of breaking ties pure solvents by hydrogen bonds in alkanes and
create new interactions between unlike molecules decreases when the temperature is low.
When the pure compounds are mixed, the nonpolar hydrocarbon molecules sandwiched
between molecules of n-hexane, resulting in a reduced interaction between the methyl
group of alkane.
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