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Abstract. In this study, the thermodiffusion, molecular diffusion, and Soret coefficients of 12 binary mix-
tures composed of toluene, n-hexane and n-dodecane in the whole range of concentrations at atmospheric
pressure and temperatures of 298.15 K and 308.15 K have been determined. The experimental measure-
ments have been carried out using the Thermogravitational Column, the Sliding Symmetric Tubes and the
Thermal Diffusion Forced Rayleigh Scattering techniques. The results obtained using the different tech-
niques show a maximum deviation of 9% for the thermodiffusion coefficient, 8% for the molecular diffusion
coefficient and 2% for the Soret coefficient. For the first time we report a decrease of the thermodiffusion
coefficient with increasing ratio of the thermal expansion coefficient and viscosity for a binary mixture of
an organic ring compound with a short n-alkane. This observation is discussed in terms of interactions be-
tween the different components. Additionally, the thermogravitational technique has been used to measure
the thermodiffusion coefficients of four ternary mixtures consisting of toluene, n-hexane and n-dodecane
at 298.15 K. In order to complete the study, the values obtained for the molecular diffusion coefficient in
binary mixtures, and the thermodiffusion coefficient of binary and ternary mixtures have been compared
with recently derived correlations.

1 Introduction

A temperature gradient within a liquid mixture generates
mass fluxes that tend to separate its components. This
effect at the same time generates fluxes in the opposite
direction due to molecular diffusion. This phenomenon is
known as thermodiffusion or Ludwig-Soret effect [1, 2].
The flux (J) for one of the components of the mixture
(i) generated by this effect can be described using the fol-
lowing expression:

Ji = −ρ

(
n−1∑
k=1

Dik∇ck + Di
T∇T

)
, i = 1, 2, . . . , (n − 1),

(1)
where ρ is the density of the mixture, ck is the mass frac-
tion of component k, ∇T is the applied temperature gra-
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dient, Dik is the molecular Fick diffusion coefficient and
Di

T is the thermodiffusion coefficient of the i component.
In this equation n refers to the number of components of
the mixture. This phenomenon is of particular importance
in several fields, such as solar ponds [3–5], geologic pro-
cesses [6–8] or separation processes in liquids [9]. Further-
more, it has aroused interest in petroleum industry [10–12]
and it is also used in biotechnology [13,14].

Numerous former studies of binary mixtures have re-
ported that parameters, such as molar mass, size and
shape have significant impact on the thermodiffusion pro-
cess, however, in liquid mixtures of non-polar molecules,
physical properties like thermal expansion, moment of
inertia and polarity show particular importance [15–
17], while in aqueous mixtures and solutions structural
changes such as breakdown of the hydrogen bond net-
work are more important [18–20]. Already in 2006, an ele-
mentary theory predicted a linear correlation between the
thermodiffusion coefficient and the ratio of thermal ex-
pansion coefficient to kinematic viscosity [21]. Later, this
theory was confirmed experimentally in both organic [22]
and aqueous systems [23].
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Table 1. Mass fraction of each component in the ternary mix-
tures and their corresponding binary mixtures.

Mixture
Component mass fraction

toluene n-dodecane n-hexane

(Tol) (nC12) (nC6)

I 0.2642 0.4885 0.2471

I.1 0.5167 0 0.4832

I.2 0.3510 0.6489 0

I.3 0 0.6640 0.3359

II 0.2413 0.6218 0.1367

II.1 0.6405 0 0.3594

II.2 0.2787 0.7212 0

II.3 0 0.8218 0.1781

III 0.2920 0.3272 0.3807

III.1 0.4331 0 0.5668

III.2 0.4741 0.5258 0

III.3 0 0.4586 0.5413

IV 0.3333 0.3333 0.3333

IV.1 0.5000 0 0.5000

IV.2 0.5000 0.5000 0

IV.3 0 0.5000 0.5000

There are many studies, both theoretical and experi-
mental, about thermodiffusion in binary mixtures [15,24–
31], but in most technical processes we have to deal with
multicomponent mixtures and not only with binary mix-
tures [32]. Although much effort has been made in the
theoretical treatment of multicomponent mixtures [33,34],
only a few ternary mixtures have been experimentally in-
vestigated [35–40]. In this sense ternary mixtures are of
particular importance when going from binary to multi-
component mixtures. They show more characteristic fea-
tures of true multicomponent systems than binary mix-
tures, such as cross and reverse diffusion. Meanwhile, they
are still experimentally accessible.

In this work, four ternary mixtures consisting of tolu-
ene, n-dodecane and n-hexane and their corresponding
binary mixtures will be analyzed. The corresponding bi-
nary mixtures are the ones that maintain the same mass
concentration of two of the components in the ternary
mixtures but in a binary mixture. The ternary mixtures
will be studied at a mean temperature of 298.15K while
the binary mixtures will be studied at both 298.15K and
308.15K. The measurements in binary mixtures will be
carried out using three different techniques. The results
obtained from the Thermogravitational Column (TGC)
and the Sliding Symmetric Tubes (SST) techniques will
be compared with the data from Thermal Diffusion Forced
Rayleigh Scattering (TDFRS). Ternary mixtures will be
investigated only with the Thermogravitational Column
technique. The mass fraction of each component in the
studied ternary mixtures and in the corresponding binary
mixtures are listed in table 1.

The measured thermodiffusion coefficients have been
compared with values predicted by two correlations de-
veloped in previous TGC studies [35, 41, 42]. In the case
of binary mixtures, the obtained experimental results for
the mixtures of n-hexane and n-dodecane will be com-
pared with the correlation found earlier [41]. In the case
of ternary mixtures the correlation by Blanco et al. [35]
will be used for comparison. In a similar way, the values
obtained for the molecular diffusion coefficient for the mix-
ture n-dodecane/n-hexane have been compared with the
ones obtained using the correlations developed by Alonso
de Mezquia et al. [42] and Madariaga et al. [41]. These cor-
relations have been used only for the mixtures of n-hexane
and n-dodecane as these correlations have been developed
and validated only for binary n-alkane mixtures.

The paper is organized as follows. In experimental sec-
tion the techniques used (TGC, SST and TDFRS) and the
different experimental procedures used for the determina-
tion of the properties of the studied binary and ternary
mixtures will be explained. In the first part of results
section the thermodiffusion coefficient, DT, the molecu-
lar diffusion coefficient, D, and the Soret coefficient, ST,
obtained in the binary mixtures using the different tech-
niques are given and discussed. In the second part of this
section, the results obtained for the ternary mixtures are
presented. In the last section the results are summarized.

2 Experimental section

2.1 Sample preparation

2.1.1 Thermogravitational columns and Sliding Symmetric
Tubes

All the products used in the experiments carried out in the
TGC and SST devices have been purchased from Merck,
with a purity better than 99%. The mixtures have been
prepared by weight, adding first the less volatile com-
pound, and later on the second component until the de-
sired concentration is obtained. When preparing the mix-
tures two high accuracy digital scales have been used. One
of the scales has a capacity up to 4500 g and an accuracy
of 0.01 g. This one has been used for the preparation of
the mixtures used in the cylindric thermogravitational col-
umn, in which a quantity of 230 cm3 of fluid is needed to
carry out a measurement. The second digital scale has a
capacity of 310 g and an accuracy of 0.0001 g. This one
has been used in the preparation of the mixtures used in
the parallelepiped thermogravitational column and for the
determination of the density, viscosity, thermal and mass
expansion coefficients, and for the calibration procedure.
The relative uncertainty on sample preparation is lower
than 3 · 10−5.

2.1.2 TDFRS

All the chemicals were purchased from Sigma-Aldrich with
analytical purity (Guaranteed Reagent) and were used
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without further purification. The TDFRS experiments re-
quire a small amount of dye in the sample. In this work,
all samples contained approximately 0.002 wt% of the dye
quinizarin (Aldrich). This amount ensures a sufficient op-
tical modulation of the grating but is small enough to
avoid contributions of the dye to the concentration signal.
Before each TDFRS experiment, approximately 2 cm3 of
the freshly prepared solution was filtered through a 0.2μm
filter (hydrophobic polytetrafluoroethylene) into a quartz
cell with 0.2mm optical path length (Helma�) which was
carefully cleaned from dust particles before usage.

After each measurement we checked carefully the
meniscus height in the two filling capillaries of the sam-
ple cell in order to detect whether the volatile solvent
evaporated during the measurement. The accuracy of this
method is certainly better than 1%. The total volume of
the sample cell is in the order of 0.6 cm3. Typically the
experimental uncertainties for ST, DT and D are below 5,
8 and 7%, respectively.

2.2 Data analysis and setup

2.2.1 Thermogravitational columns

In this study, for the determination of the thermodiffu-
sion coefficient, two different thermogravitational columns
have been used. One has a parallelepiped configuration
and the other one has a cylindrical configuration. A
complete description of both columns can be seen else-
where [35].

According to F.J.O. theory [43], the stationary separa-
tion of the components in a thermogravitational column
in the case of a ternary mixture can be related to the
thermodiffusion coefficient, DT, of component i by the
following expression:

∂ci

∂z
= − 504

gL4
x

Di
Tν

α
i = 1, 2, . . . , (1 − n), (2)

where α = −(1/ρ)(∂ρ/∂T ) is the thermal expansion co-
efficient, ν the kinematic viscosity, g is the gravitational
acceleration, Lz is the height of the column (500mm) and
Lx is the gap between the hot and cold wall (1.000 ±
0.005mm). More details are described in another pa-
per [35].

When working with binary mixtures, the thermodif-
fusion coefficient can be defined as Di

T = cicjD
i
T. Addi-

tionally, one can introduce the mass expansion coefficient
βi = (1/ρ)(∂ρ/∂ci) of the mixture, so that the thermod-
iffusion coefficient in binary mixtures can be obtained by
means of eq. (3) [25]

Di
T = −gL4

x

504
α

cicjβiρν

∂ρ

∂z
. (3)

In order to obtain the concentration variation (∂ci/∂z)
along the column, a calibration has to be done. It is used to
obtain the concentration of each component in the mix-
ture from the data of the density, in the case of binary

mixtures, and density and refractive index in the case of
the ternary mixtures [38]. When using this technique, the
uncertainty in the determination of the thermodiffusion
coefficient in binary mixtures is around 5%. In the case of
ternary mixtures, as the separation of the components in-
side the column is smaller, this factor increases to around
10%.

2.2.2 Sliding Symmetric Tubes

The Sliding Symmetric Tubes technique [42] consists of
several sets with two identical vertical tubes. The studied
mixture, with a slight mass fraction difference (c0 ± 3%),
is introduced in these tubes. The sets are then introduced
in a water bath so that the mixture equilibrates at the
measurement temperature. Analyzing the change of con-
centration in the tubes as a function of time, the molecular
diffusion coefficient of the mixture can be obtained. In the
case of binary mixtures D is determined by

cup(t) − cup
i + cbot

i

2
=

8
π2

(
cup
i − cup

i + cbot
i

2

)
Φ, (4)

cbot(t) − cup
i + cbot

i

2
= − 8

π2

(
cup
i − cup

i + cbot
i

2

)
Φ, (5)

where

Φ =
∞∑

n=0

e−(n+ 1
2 )

2 π2

L2 Dt

(2n + 1)2
. (6)

cup/bot(t) is the mean concentration of the denser compo-
nent in the upper and bottom tube, respectively, c

up/bot
i

is the initial concentration of the denser component in the
tubes, L is the length of the each tube (half of the diffusion
path), t is the time of experiment and D is the molecu-
lar diffusion coefficient. Taking into account the experi-
mental procedure, the uncertainty in the determination of
the molecular diffusion coefficient with this technique is
around 3% [44].

2.2.3 TDFRS

The TDFRS setup has been described in detail before [45].
A holographic grating is formed by a solid state laser
(λw = 488 nm) for writing and is read out by a He-Ne laser
(λr = 633 nm). By adding a small amount of quinizarin,
the blue light grating is converted into a temperature grat-
ing. The induced concentration grating is read out by the
He-Ne laser and the normalized heterodyne scattering in-
tensity ζhet(t), assuming an ideal excitation with a step
function, is given by

ζhet(t) = 1 − exp
(
− t

τth

)
− A(τ − τth)−1

×
{

τ

[
1−exp

(
− t

τ

)]
−τth

[
1−exp

(
− t

τth

)]}
,
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Table 2. Thermophysical properties at 298.15K and different mass fractions of the studied binary mixtures.

Mixture c1 ρ/kg m−3 α/10−3 K−1 β μ/10−3 Pa s
`

∂n
∂c

´

p,T

`

∂n
∂T

´

P,c
/10−4 K−1

Tol-nC6 0.053 663.583 1.369 0.2430 0.3237 - -

” 0.2630 699.368 1.305 0.2572 0.3443 - -

” 0.4331 731.425 1.255 0.2679 0.3693 0.1210a −5.4800

” 0.5000 744.757 1.231 0.2734 0.3852 0.1210a −5.4800

” 0.5167 748.213 1.230 0.2754 0.3855 0.1210a −5.4900

” 0.6405 774.495 1.200 0.2839 0.4164 0.1210a −5.5000

Tol-nC12 0.2787 772.611 1.000 0.1348 0.9485 0.0691b −4.6300

” 0.3510 780.306 1.008 0.1406 0.8814 0.0691b −4.6600

” 0.4741 793.966 1.022 0.1438 0.7861 0.0691b −4.8900

” 0.5000 796.902 1.023 0.1450 0.7690 0.0691b −4.9000

nC12-nC6 0.4586 695.112 1.174 0.1288 0.5244 0.0471c −4.8318

” 0.5000 698.780 1.158 0.1282 0.5636 0.0471c −4.7869

” 0.6640 713.777 1.094 0.1289 0.7115 0.0471c −4.6120

” 0.8218 728.268 1.035 0.1288 0.9401 0.0471c −4.4955

a
Deviation = 1.62 × 10−3.

b
Deviation = 6.33 × 10−4.

c
Deviation = 3.46 × 10−4.

with the steady state amplitude A

A =
(

∂n

∂c

)
p,T

(
∂n

∂T

)−1

p,c

STc(1 − c), (7)

where c is the mass fraction, τth the heat diffusion time, τ
the equilibration time for the mass diffusion, ST, the Soret
coefficient, (∂n/∂c)p,T and (∂n/∂T )p,c are refractive index
contrast factors with respect to mass fraction at constant
pressure and temperature, and temperature at constant
pressure and mass fraction, respectively. The equilibration
time for the temperature grating τth can be used to calcu-
late the thermal diffusivity, Dth = κ/ρcp, which describes
the heat transport in the solution, and corresponds to the
ratio of the thermal conductivity, κ, over the product of
density, ρ, and specific heat capacity at constant pressure,
cp. The collective diffusion coefficient, D = τq2, can be
determined from the time constant for the mass diffusion,
τ and the grating vector, q = (4π/λw) sin θ/2 with θ the
scattering angle between the two blue writing beams.

2.2.4 Density measurements

The density measurements have been performed by an An-
ton Paar DMA 5000 vibrating tube density meter, having
a resolution of 1 ·10−6 g cm−3 and a temperature accuracy
of 0.001K using only 1.5 cm3 of sample for the measure-
ments. The relative uncertainty on density measurements
is around 5 · 10−6.

2.2.5 Refractive index measurements

An Anton Paar RXA 156 refractometer has been used
to measure the refractive index of the mixtures as well

as to determine the increments with the mass fraction
(∂n/∂c)p,T . It has a repeatability of 2 ·10−5, and the tem-
perature accuracy is ±0.01K. The volume needed to make
one measurement is less than 1 cm3. For all investigated
temperatures and concentrations we find a linear depen-
dence of the refractive index on concentration if the tem-
perature is fixed or on temperature if the concentration
is fixed. For all mixtures we determined the (∂n/∂c)p,T

values. The refractometer uses the sodium line with a
wavelength of 589.3 nm, which is roughly 40 nm shorter
than the HeNe-laser of 632.8 nm used as read-out beam
in the TDFRS technique. This causes a small systematic
error in the refractive index increment in the order of 0.5–
1% [46,47].

2.2.6 Viscosity measurements

The dynamic viscosity of the mixtures has been deter-
mined by an Anton Paar AMVn falling ball microviscome-
ter which has a reproductivity in its measurements of over
99%. The temperature is controlled by a Peltier system
which gives a temperature stability of ±0.01K.

Tables 2 and 3 show the measured density, ρ, thermal
expansion coefficient, α, mass expansion coefficient, β, dy-
namic viscosity, μ, and contrast factors, (∂n/∂c)p,T and
(∂n/∂T )P,c, of the studied binary mixtures at different
concentrations at both 298.15K and 308.15K tempera-
tures, while in table 4 the data obtained for the density,
ρ, thermal expansion coefficient, α, and dynamic viscosity,
μ, for the ternary mixtures at 298.15K can be seen. The
values of density and viscosity of mixtures are compared
with available literature values and they agree within 1.7%
and 6.5%, respectively [48–51].
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Table 3. Thermophysical properties at 308.15K and different mass fractions of the studied binary mixtures.

Mixture c1 ρ/kg m−3 α/10−3 K−1 μ/10−3 Pa s
`

∂n
∂c

´

p,T

`

∂n
∂T

´

P,c
/10−4 K−1

Tol-nC6 0.053 654.407 1.415 0.2979 - -

” 0.2630 690.160 1.345 0.3158 - -

” 0.4331 722.131 1.287 0.3373 0.1205a −5.5400

” 0.5000 735.573 1.260 0.3521 0.1205a −5.5400

” 0.5167 735.944 1.256 0.3525 0.1205a −5.5500

” 0.6405 765.235 1.216 0.3782 0.1205a −5.5700

Tol-nC12 0.2787 764.853 1.017 0.8370 0.0676b −4.5800

” 0.3510 772.411 1.024 0.7653 0.0676b −4.6600

” 0.4741 785.827 1.038 0.6862 0.0676b −4.8200

” 0.5000 788.715 1.040 0.6738 0.0676b −4.8800

nC12-nC6 0.4586 686.825 1.203 0.4657 0.0480c −4.9042

” 0.5000 690.604 1.185 0.4959 0.0480c −4.8704

” 0.6640 706.090 1.113 0.6218 0.0480c −4.6661

” 0.8218 720.818 1.090 0.8059 0.0480c −4.5180

a
Deviation = 1.63 × 10−3.

b
Deviation = 7.16 × 10−4.

c
Deviation = 7.72 × 10−4.

Table 4. Thermophysical properties of the ternary mixtures of the components Tol-nC12-nC6 at 298.15 K and different mass
fractions.

Mixture c1 c2 c3 ρ/kg m−3 α/10−3 K−1 μ/10−3 Pa s

Tol-nC12-nC6 0.2642 0.2471 0.4885 754.713 1.047 0.7527

” 0.2413 0.6218 0.1367 746.337 1.091 0.6240

” 0.2920 0.3272 0.3807 736.305 1.151 0.5130

” 0.3333 0.3333 0.3333 744.643 1.137 0.5241

3 Results and discussion

3.1 Binary mixtures

3.1.1 Thermodiffusion coefficient

In table 5 the results obtained for the thermodiffusion co-
efficient at 298.15K and 308.15K by the Thermal Diffu-
sion Forced Rayleigh Scattering (TDFRS) and the ther-
mogravitational column (TGC) are shown. In the case of
the thermogravitational technique the value of the ther-
modiffusion coefficient shown is the mean value of the coef-
ficients measured with both columns (parallelepiped and
cylindric one). Additionally, in the normal alkane mix-
tures, the results obtained using the correlation developed
by Madariaga et al. [41] are presented.

As can be seen in table 5, there exist differences be-
tween the values obtained with both techniques and the
ones calculated with the correlation [41]. On average the
deviations between the measurements with TGC and TD-
FRS are about 3% and the maximum deviation is 8.5%.
In table 1 the experimental thermodiffusion coefficients
of the Tol-nC6 mixture obtained in this work are com-
pared with literature values [52, 53]. It can be seen that

the data are in good agreement within the experimen-
tal errors. Especially at 298.15K, the lower temperature,
the deviations between two experimental techniques are
typically below 1.1%. At 308.15K the typical deviations
are below 2%. Compared with the literature value for the
equimolar mixture at 298.15K [54] with deviations be-
tween 2 and 3% for TGC and TDFRS data, respectively.
In fig. 1 we also included the thermal diffusion coefficients
measured by Zhang et al. [55]. Please note that the data
given in table 5 of the mentioned paper are accidently
given as function of the n-hexane mass (mole) fraction,
while the figures show the correct values as function of the
toluene concentration. The deviations from the other data
are well below 9%. The obtained data show an increase of
the thermodiffusion coefficient with increasing tempera-
ture. This can be understood due to a higher mobility of
the molecules as consequence of the decreasing viscosity
at higher temperature. This behavior is in agreement with
previous studies [54].

According to Brenner [21], the thermodiffusion coef-
ficient, DT, of dilute solutions shows a linear correlation
with the thermal expansion coefficient α and the diffu-
sion coefficient D. As D is inversely proportional to the



Page 6 of 10 Eur. Phys. J. E (2014) 37: 106

Table 5. Results of the Thermodiffusion Coefficient Using the TDFRS and the Thermogravitational Techniques for the Mixtures
Tol-nC6, Tol-nC12 and nC12-nC6 and the Ones Obtained Using the Correlation by Madariaga et al. [41] for nC12-nC6 Mixture
Both at 298.15 K and 308.15K. δ is the Deviation Between the TDFRS and TGC Measurements.

Mixture c1

DT/10−12 m2 s−1 K−1

298.15 K 308.15K

TDFRS TGC δ/% Corr. [41] TDFRS TGC δ/% Corr. [41]

Tol-nC6 0.053 - 12.80 - - - 13.08 - -

” 0.2630 - 12.77 - - - 13.71 - -

” 0.4331 13.30 13.38 0.6 - 14.09 14.36 1.9 -

” 0.5000 13.56 13.51 0.3 - 14.68 14.44 1.7 -

” 0.5167 13.73 13.70 0.2 - 14.79 14.79 1.4 -

” 0.6405 13.94 14.09 1.1 - 14.65 14.82 1.1 -

Tol-nC12 0.2787 2.00 1.95 2.3 - 2.54 2.41 5.2 -

” 0.3510 2.55 2.38 7.0 - 3.09 2.88 7.0 -

” 0.4741 3.40 3.14 8.1 - 3.97 3.64 8.6 -

” 0.5000 3.37 3.39 0.5 - 3.96 3.87 2.2 -

nC12-nC6 0.4586 7.95 8.02 0.8 7.72 8.54 8.46 1.0 8.91

” 0.5000 7.24 7.67 5.7 7.38 8.26 7.97 3.6 8.58

” 0.6640 6.55 6.69 2.1 6.54 6.76 7.12 5.2 7.61

” 0.8218 5.32 5.79 8.5 5.53 6.36 6.61 3.9 6.80

Table 6. Results for the molecular diffusion coefficient using the TDFRS technique for Tol-nC6, Tol-nC12 and nC12-nC6

mixtures and the ones obtained for nC12-nC6 mixture using the SST technique and the correlation by Alonso de Mezquia et
al. [42] at 298.15 K and 308.15 K.

Mixture c1

D/10−9 m2 s−1

298.15 K 308.15 K

TDFRS SST Corr. [42] TDFRS Corr. [42]

Tol-nC6 0.4331 3.04 - - 3.63 -

” 0.5000 2.91 - - 3.34 -

” 0.5167 2.85 - - 3.29 -

” 0.6405 2.49 - - 2.80 -

Tol-nC12 0.2787 1.49 - - 1.89 -

” 0.3510 1.56 - - 1.91 -

” 0.4741 1.49 - - 1.81 -

” 0.5000 1.47 - - 1.75 -

nC12-nC6 0.4586 2.24 2.26 2.15 2.51 2.44

” 0.5000 2.06 2.13 2.09 2.39 2.38

” 0.6640 1.94 1.93 1.87 2.03 2.12

” 0.8218 1.59 1.73 1.65 1.99 1.88

kinematic viscosity ν, it holds DT ∝ α/ν. In most pre-
vious studies for non-polar [22] and even for polar sys-
tems [23, 56] a linear increase of DT as function of α/ν
has been observed experimentally. Figure 2(a), (b) and
(c) display DT of toluene-nC6, toluene-nC12, nC12-nC6

as function of α/ν. The thermodiffusion coefficients of
toluene-nC12 and nC12-nC6 increase linearly, but DT of
toluene-nC6 decreases as function of α/ν. As the ther-
mal expansion coefficient of the toluene-nC6 mixture de-
creases and the viscosity of the mixture increases with
increasing toluene content, it means that DT of toluene-
nC6 increases with increasing toluene content. To our best

knowledge the only other systems in the literature showing
a similar decrease of DT with α/ν are benzene-nC6 and
benzene-nC7 [57] shown in fig. 2(d). Note that benzene
has a similar chemical ring structure as toluene. While
an increase of DT as function α/ν seems to be physi-
cal intuitive, because a lower viscosity leads to a faster
diffusion and a higher sensitivity to temperature changes
should also lead to an increasing thermodiffusion, the op-
posite trend seems to be rather counter intuitive. In or-
der to gain some understanding we regard the interac-
tion energies of the mixtures. For a pure solvent with low
intra-molecular interactions we expect a larger thermal
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Fig. 1. DT of the mixture Tol-nC6 as function of mass fraction
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and (b) solid symbols at 308.15 K. The TDFRS and TGC mea-
surements are marked by a circle and triangle, respectively. The
values from the literature [52–55] are presented by square, star,
solid square and cross symbols, respectively.
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Fig. 2. DT of the three mixtures as function of the ratio of the
thermal expansion coefficient, α, and the kinematic viscosity, ν.
(a) toluene-nC6 (TDFRS ◦, •, TGC �, �), (b) toluene-nC12

(TDFRS �, , TGC �, �), (c) nC12-nC6 (TDFRS �, �,
TGC �, 	), (d) benzene-nC6 () and benzene-nC7 (�) from
literature data [57]. All the open symbols present the results of
measurements at 298.15 K and solid symbols are at 308.15 K.
The lines correspond to linear fits of the data points.

expansion coefficient than for solvents with strong molec-
ular interactions. In the case of solvent mixtures we ex-
pect a larger separation if the cross interactions (between
different molecules) are weaker than the intra-molecular
interaction (between the same molecules). A recent two-
chamber lattice model gives a good qualitative description
of the thermodiffusion behavior of benzene-alkane mix-
tures [16]. It turns out that benzene-benzene interactions
are stronger than the heptane-heptane and the benzene-
heptane interactions. Therefore, addition of benzene leads

1.0 1.5 2.0
0
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D
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9
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Fig. 3. Values for the molecular diffusion coefficient, D, for the
mixture nC12-nC6 studied at 298.15 K (TDFRS ◦, SST ) and
308.15 K (TDFRS •) as function of the inverse of the dynamic
viscosity, μ, of the mixtures. The dashed and solid lines corre-
spond to the correlation given by Alonso de Mezquia et al. [42]
at 298.15 K and 308.15 K, respectively.

to an easier separation from heptane, i.e. an increasing
DT. As in the case of toluene-nC6 the thermal expansion
coefficient of benzene-nC6 decreases and the viscosity in-
creases with increasing benzene content. These two ob-
servations lead to the unusual decrease of DT with α/ν.
With increasing chain length of the n-alkanes the intra-
molecular interactions of the n-alkanes and cross interac-
tion between benzene and n-alkane increase [16], so that
DT will no longer increase with increasing concentration
of the organic ring compound. Therefore above a certain
chain length the dependence of DT on α/ν will be re-
versed. Due to the similar chemical structure of toluene
and benzene it is reasonable to assume the same behavior
for toluene. Our hypothesis for the chain length depen-
dence is supported by the fact that DT of toluene-nC12

shows the reversed trend. Note that Brenner’s theory is
only valid for dilute solutions, which might be the reason
for the benzene-hexane mixture to be deviated from the
linear fit and to seem to show a minimum of DT.

3.1.2 Molecular diffusion coefficient

Table 6 shows the values for the molecular diffusion co-
efficient for the studied mixtures measured with the TD-
FRS technique and the SST technique. Additionally, the
ones obtained with the correlation developed by Alonso de
Mezquia et al. [42] are listed. The data obtained for the
molecular diffusion coefficient with the two techniques can
only be compared for four of the mixtures. The largest
deviation between data from TDFRS and correlation is
4.3%, while deviation between SST and correlation is
5.0%. The maximum deviation of 8.2% between data from
TDFRS and SST appears for the sample with high dode-
cane concentration. As expected from the Stokes-Einstein



Page 8 of 10 Eur. Phys. J. E (2014) 37: 106

Table 7. Results obtained of the Soret coefficient using the
TDFRS technique for Tol-nC6, Tol-nC12 and nC12-nC6 mix-
tures and the combination of SST and TGC techniques for
nC12-nC6 mixture at 298.15 K and 308.15 K.

Mixture c1

ST/10−3 K−1

298.15K 308.15K

TDFRS SST-TGC TDFRS

Tol-nC6 0.4331 4.37 - 3.88

” 0.5000 4.66 - 4.39

” 0.5167 4.82 - 4.49

” 0.6405 5.59 - 5.23

Tol-nC12 0.2787 1.34 - 1.34

” 0.3510 1.64 - 1.61

” 0.4741 2.29 - 2.19

” 0.5000 2.29 - 2.27

nC12-nC6 0.4586 3.54 3.54 3.40

” 0.5000 3.51 3.60 3.46

” 0.6640 3.39 3.46 3.33

” 0.8218 3.34 3.34 3.19

relation the molecular diffusion coefficient of the mixture
nC12-nC6 increases linearly with the inverse of the dy-
namic viscosity (cf. fig. 3). The data obtained has been
also compared with the data found in the literature [55]
and in all the cases the differences have been within the
experimental error.

3.1.3 Soret coefficient

Table 7 lists the results for the Soret coefficient of the
studied mixtures. This table includes the results obtained
by direct measurements for Tol-nC6, Tol-nC12 and nC12-
nC6 mixtures using the TDFRS and the calculated val-
ues for the nC12-nC6 mixture. The calculated ST values
have been determined using the thermodiffusion coeffi-
cient measured by the TGC and the molecular diffusion
coefficient measured by the SST technique. In this case
the error in the Soret coefficients given in the tables is
around 8%.

The Soret coefficient of the studied mixtures decreases
when the temperature rises. The reason is that the tem-
perature influence on the diffusion coefficient is stronger
than that on the thermodiffusion coefficient. The same
trend has been observed for equimolar toluene and n-
hexane mixtures [54].

Figure 4 summarizes the results determined with the
TDFRS, SST and TGC for the Soret coefficient, the ther-
modiffusion coefficient and the molecular diffusion coeffi-
cient for the mixture nC6-nC12 at 298.15K and 308.15K.
All three coefficients decrease with increasing concentra-
tion of nC12.
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Fig. 4. Values for the Soret coefficient, thermodiffusion coeffi-
cient and molecular diffusion coefficient for the mixture nC12-
nC6 studied at 298.15 K (open symbols) and 308.15 K (solid
symbols) obtained using the TDFRS (◦, •), TGC (�, �) and
SST () techniques as function of the mass fraction of nC12.

3.2 Ternary mixtures

3.2.1 Thermodiffusion coefficient

The obtained results for the thermodiffusion coefficient of
the four ternary mixtures studied can be seen in table 8.
This table shows the value for the thermodiffusion coef-
ficient measured using the TGC technique for two of the
components of the ternary mixtures (Tol and nC6). This
table also contains the values for these coefficients deter-
mined by the correlation derived by Blanco et al. [35]. In
this correlation (eq. (8)), the values of the thermodiffusion
coefficients of the components of the ternary mixtures are
calculated using the data of the dynamic viscosity and
thermal expansion coefficient of the ternary mixture (ta-
ble 4) and the data of the dynamic viscosity, thermal ex-
pansion coefficient and thermodiffusion coefficient of the
corresponding binary mixtures (tables 2 and 3). In this
equation the mass concentration of the components in the
corresponding binary mixtures are used

Di
T

νi

αi
= Dij

T cicj
νij

αij
+ Dik

T cick
νik

αik
. (8)

The obtained results show a remarkable agreement be-
tween the data obtained experimentally and the one ob-
tained using the empirical correlation. Both results show
how the denser component (toluene), goes towards the
cold region, while the less dense component of the mixture
(nC6), migrates to the warmer zone for all concentrations
investigated.
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Table 8. Results Obtained for the thermodiffusion coefficient in ternary mixtures of Tol-nC12-nC6 components by the TGC
technique at 298.15 K and the one obtained using the correlation by Blanco et al. [35] for different mass fractions.

Mass fraction DT/10−12 m2 s−1 K−1

c1 c2 c3 Exp. Corr. [35] Diff. / %

Tol nC12 nC6 D1
T D3

T D1
T D3

T δ1 δ3

0.2642 0.4885 0.2471 0.58 −0.65 0.58 −0.83 0.05 −22.10

0.2413 0.6218 0.1367 0.71 −1.29 0.93 −1.41 −23.91 −8.39

0.2920 0.3272 0.3807 1.45 −1.86 1.48 −2.07 −2.46 −10.21

0.3333 0.3333 0.3333 1.45 −1.88 1.60 −1.98 −9.31 −5.27

A comparison between the obtained thermodiffusion
coefficients in binary (table 5) and ternary (table 8) mix-
tures, shows that the thermodiffusion coefficient of the
ternary mixtures is, in some cases, almost one order of
magnitude smaller (DT � 10−13 m2 s−1 K−1). This means
that the stationary separation of the components of the
mixture inside the TGC column in the case of ternary mix-
tures becomes smaller. In ternary mixtures the thermod-
iffusion coefficients have also been measured using a new
thermogravitational column with the same dimensions but
with double length. This leads to a strong separation of
the components inside the column. In all cases the results
obtained with both columns agree within the experimen-
tal error. The results given in table 8 are the mean value
obtained with both columns.

Additionally, one must note the influence of the anal-
ysis method in the determination of the thermodiffusion
coefficients. As it has been pointed out in ref. [58], this
aspect could have influence in the values of the obtained
thermodiffusion coefficients of ternary mixtures. In this
case an analysis method based on the measurement of the
density and the refractive index is used, which gives the
possibility of analyzing the whole range of concentration
of ternary mixtures with fidelity.

4 Conclusion

In this work, the transport properties at 298.15K and
308.15K of 14 binary mixtures composed by toluene, n-
dodecane and n-hexane at different mass fractions have
been determined. The measurements have been carried
out using two different techniques. On the one hand the
Thermal Diffusion Forced Rayleigh Scattering technique
has been applied, which determined the Soret, ST, and
the molecular diffusion, D, coefficients directly, so that
thermodiffusion coefficient, DT, can be calculated. On the
other hand, the Thermogravitational technique and the
Sliding Symmetric Tubes techniques have been used to
determine the thermodiffusion and the molecular diffu-
sion coefficient of the mixtures, calculating then the Soret
coefficient of the studied mixtures from the two different
experiments. For the three coefficients analyzed, a good
agreement between the experimental data obtained with
the different techniques has been found, with a maximum
deviation of 9%. For the system Tol-nC6 we could also
reproduce the literature data with the three methods.

Furthermore we investigated the correlation between
the thermodiffusion coefficient and the ratio of the thermal
expansion and viscosity. For most of the mixtures analyzed
DT increases as a function of the ratio (α/ν). Surprisingly
we find a negative slope for the mixture Tol-nC6. By com-
parison with measurements of benzene with short alkanes
we find a similar trend. In both cases the stronger interac-
tions of the more rigid ring compounds compared to the
flexible alkanes lead to an increase of DT with increasing
content of the ring compound. And if at the same time the
thermal expansion coefficient of the alkane is larger than
for the ring compound we observe a decrease of DT with
α/ν, as it is observed for the short alkanes.

The study has been completed by the experimental
measurement of the thermodiffusion coefficients in four
ternary mixtures at 298.15K using the thermogravita-
tional technique. For these mixtures an analysis of the
results obtained has been carried out. Additionally, three
empirical correlations from the literature [35, 41, 42] have
been used for the determination of the thermodiffusion
and molecular diffusion coefficients in the binary and
ternary mixtures. The comparison with the results ob-
tained by the different experimental techniques leads to
a good agreement in all the cases investigated. The new
data for the ternary mixtures will be useful to validate and
improve theoretical concepts to describe multicomponent
systems.
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