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ABSTRACT
We report the Fickian diffusion (D12), thermal diffusion (DT), and Soret (ST) coefficients of 4 binary mixtures of isobutylbenzene (IBB) and
n-alkanes (n-hexane, n-octane, n-decane, and n-dodecane) at 298.15 K and atmospheric pressure. The concentration is varied in the whole
range. The Optical Beam Deflection technique is used in the measurements. We first verify our measurements with published data. The
concepts of molecular similarity and mobility are invoked to investigate D12 and DT dependency on molecular weight and concentration.
Our analysis reveals a combined effect of molecular mobility and similarity dependency of DT on concentration and molecular weight of
the n-alkanes. The mobility of individual molecules describes the D12 dependency on concentration and molecular weight of alkanes. The
dependency of D12 on concentration weakens as the n-alkane molecular weight increases. DT increases with IBB concentration for nC6 and
nC8 and decreases with IBB concentration for nC10 and nC12. In this work, we demonstrate that the temperature contrast factors can be
accurately estimated without the use of an interferometer.
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I. INTRODUCTION
When a fluid mixture is subjected to a temperature gradient,

mass fluxes from Fickian diffusion and thermal diffusion occur in
addition to energy flux. The segregation of species in a mixture
under a temperature gradient was first observed in 1856 by Lud-
wig and later in 1880 by Soret. The thermal diffusion or Ludwig-
Soret effect1,2 has been introduced to describe the mass diffusion
flux driven by a temperature gradient. Thermal diffusion creates
a concentration gradient which is the driving force for the Fick-
ian diffusion flux. When the system reaches the steady state, the
Fickian and thermal diffusion fluxes balance each other, result-
ing in a zero net mass flux and a fully developed concentration
gradient.3–5

The material diffusive flux (Ji) of component i in a mixture of a
given density (ρ) under a temperature gradient can be described by
the nonequilibrium thermodynamics theory.6,7 In a two-component
mixture, the multiplication of the thermal (DT) and Fickian (D12)
diffusion coefficients by appropriate driving forces provides the flux
of component 1 in a mixture of components 1 and 2,

J1 = −ρ[D12∇c1 + c1(1 − c1)DT∇T], (1)

where c1 is the concentration in mass fraction of component 1 and
T is the absolute temperature.

The first recognition of thermal diffusion was around 160
years ago; the phenomenon is, however, not fully understood.8 The
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challenges in the measurements of mixtures (with two or more com-
ponents)9 and the variety of molecular characteristics and interac-
tions10 have limited the understanding of the thermal diffusion phe-
nomenon, especially for mixtures with more than two components.
New measurements may provide a base for improved understanding
of thermal diffusion and verification of theories.

Various reviews discuss the main experimental techniques
and challenges in measuring Fickian and thermal diffusion coef-
ficients.11–14 The techniques include the Optical Beam Deflection
(OBD), Thermal Gravitational Column (TGC), and Thermal Dif-
fusion Forced Rayleigh Scattering (TDFRS). To examine various
techniques, different laboratories15–20 have measured 3 binary mix-
tures of n-dodecane (nC12), isobutylbenzene (IBB), and 1,2,3,4-
tetradydronaphthalene (THN) at 298.15 K and 0.5 mass fraction.
These sets of mixtures are known as the Fontainebleau bench-
mark.15–20 The data serve as a reliability test for experimental
techniques in determination of the thermal diffusion coefficients.
Compositional dependency of the Fontainebleau benchmark was
published in 2013.21

Examples of application of thermal diffusion include the frac-
tionation of bacteria,22 characterization and separation of polymer
solutions,23,24 and spatial variation of various chemical species in
subsurface formations.25,26

Hydrocarbon fluids in the subsurface are a complex mixture
of organic components (e.g., alkanes, alkenes, and aromatic com-
pounds of different molecule sizes and shapes). Aromatic com-
pounds may contain multiple aromatic rings and heteroatoms such
as nitrogen, sulfur, and oxygen. An example of the strong effect
of thermal diffusion on the segregation of hydrocarbons is the
Yufutsu gas field (Japan).27 Because of the geothermal gradient, the
Yufutsu field had a fluid with the heavier components atop of the
lighter phase. Ghorayeb et al.27,28 modeled the species distribution
in the Yufutsu field based on thermal diffusion. They predict the
observed upside-down behavior. The study by Ghorayeb et al.27,28

reveals that thermal diffusion can vastly influence the distribution of
components in hydrocarbon formations.

In the last few years, several authors have studied the rela-
tion between thermal diffusion coefficients and physical proper-
ties. Blanco et al.29 report on the correlation of DT of n-alkane-n-
alkane liquid mixtures and molecular weight (MW), viscosity, and
thermal expansion coefficient. Madariaga et al.30 have studied the
composition dependency of DT in the n-alkane-n-alkane mixtures
and observe that DT is proportional to molecular weight difference
between the mixture constituents and to the ratio of thermal expan-
sion coefficient and viscosity of the mixture. A linear dependency
of DT with concentration has been observed. de Mezquia et al.31

have shown that ST in equimolar n-alkane mixtures has a trend
similar to isotopiclike mixtures, which depends on the molecular
weight difference between the n-alkanes. They suggest a correla-
tion between ST and the pure component properties (viscosity and
thermal expansion coefficient) and the density of the equimolar mix-
ture, allowing a quantitative prediction at different concentrations.
Molecular dynamics simulations have been used to calculate ST of
the n-alkane-n-alkane binary mixtures. Perronace et al.32 have sim-
ulated n-pentane-n-decane mixtures at different concentrations to
obtain the Soret coefficients; they have compared the results to mea-
sured data. The difference is less than 35% for the boundary driven
nonequilibrium molecular dynamics method (BD-NEMD). Furtado

et al.33 have also performed molecular dynamics simulations using
the BD-NEMD method and have computed ST of the n-pentane-n-
decane mixture at 0.5 mole fraction; they found deviations ranging
from 17.5% to 37%.

Polyakov et al.,34 Hashmi et al.,35 and Larrañaga et al.36 have
recently reported measured thermal and Fickian diffusion coef-
ficients of binary mixtures consisting of an aromatic and an n-
alkane species. Polyakov et al.34 have measured the Soret coef-
ficients for mixtures of n-alkanes and benzene and branched
alkanes and benzene. They have observed the effect of branching
in ST is more pronounced than the effect of the molecular weight.
Hashmi et al.35 have studied thermal diffusion and Fickian diffusion
coefficients of multiringed aromatics (naphthalene, phenanthrene,
pyrene, and coronene) diluted in n-alkanes (n-hexane, n-decane,
and n-hexadecane). They show the variation of thermal diffusion
coefficients with the number of aromatic rings. The multiringed
molecules were intended to represent asphaltenes molecules. Lar-
rañaga et al.36 investigate thermal diffusion in mixtures of toluene
(tol) and n-alkane, and 1-methylnaphthalene (MN) and n-alkane as
a function of concentration at 25 ○C. They observe that DT varies
linearly with concentration in the binary n-alkane-aromatic mix-
tures; the linear variation allows for calculations based on infinite
dilution.

An extensive set of ST measurements in 41 binary equimo-
lar mixtures (among 10 different organic compounds) have been
reported by Hartmann et al.37 The authors have found an addi-
tive rule for the heat of transports in equimolar mixtures. They
assign a single value to the heat of transport of each substance. They
show the heat of transport of a given component in an equimolar
mixture is a property of the pure component. Since only differ-
ences between heats of transport can be experimentally determined,
Hartmann et al.37 choose a reference component to calculate the
single component heat of transport. They chose tetralin as the ref-
erence and assigned a value of zero for its heat of transport. The
thermophobicity was then defined as the heat of transport of the
single component with respect to the heat of transport of tetralin.
Using the values of thermophobicities, they calculate ST for the
equimolar mixtures and organized the components with respect to
the tendency to segregate to the cold side. The higher the thermo-
phobicity, the higher is the tendency to segregate to the cold side.
Hartmann et al.37 discuss their results using the thermodiffusion
theory developed by Morozov.38 Later, Hartmann et al.39 extended
the number of components in their analysis from 10 to 23. They
studied 77 out of 253 possible combinations of the pure compo-
nents in binary equimolar mixtures. The thermophobicity was eval-
uated for the larger set of mixtures, and no significant variation
was found with the thermophobicities of the first ten components
(1-methynaphthalene was the only exception). Their results indicate
that the thermophobicity is a property of the pure component in
equimolar mixtures. Hartmann et al.39 examined the composition
dependence of 22 binary mixtures using the theory of Morozov;38

the composition dependency was modeled by the excess volume of
mixing.

In this work, we use the Optical Beam Deflection (OBD) tech-
nique21,40,41 to determine the Fickian Diffusion (D12), thermal dif-
fusion (DT), and Soret (ST) coefficients of binary mixtures of two
molecules of different shapes (i.e., one aromatic and one n-alkane).
The apparatus is modified from the one reported by Hashmi et al.
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(2016).35 We investigate mixtures of an n-alkane (n-hexane, n-
octane, n-decane, and n-dodecane) and isobutylbenzene at 25 ○C
and 1 atm at five different concentrations. The motivation of this
work is to evaluate the composition effect and the influence of
molecular chain length of the n-alkanes in Fickian diffusion and
thermal diffusion coefficients. We invoke the concepts of mobility
and similarity of molecules to analyze the influence of molecular size
and shape. To the best of our knowledge, this is the first report of
the binary systems of isobutylbenzene (IBB) and n-hexane (nC6),
n-octane (nC8) and n-decane (nC10) in the entire composition
range. We validate the setup by verifying our results for mixtures of
toluene and nC6, and IBB (isobutylbenzene) and nC12 with literature
data.

The measurement of Fickian and thermal diffusion coeffi-
cients by the Optical Beam Deflection (OBD) requires the deriva-
tives of refractive index with composition (∂n/∂c1)P,T and tem-
perature (∂n/∂T)P,c. These two optical properties, (∂n/∂c1)P,T and
(∂n/∂T)P,c, are commonly determined by independent experiments
using, respectively, a refractometer (accuracy of 10−4) and an inter-
ferometer (accuracy in the order of 10−6 K−1). In this work, we deter-
mine (∂n/∂c1)P,T using a refractometer, while (∂n/∂T)P,c is esti-
mated based on deflection of the laser beam. We consider (∂n/∂T)P,c
as a parameter to be estimated together with D12 and DT., similar
to Königer et al.42 and Kolodner et al.43 Our calculation procedure
is different. We compare our estimated (∂n/∂T)P,c to the literature
data to demonstrate agreement.

II. EXPERIMENTAL
A. Materials and sample preparation

The n-alkanes in this work include n-hexane (nC6), n-octane
(nC8), n-decane (nC10), and n-dodecane (nC12). They are from
Acros Organics (nC6, nC8, and nC10—purity higher than 99%) and
Alfa Aesar (nC12—purity higher than 99%). The toluene (tol) is from
Baker with purity higher than 99.5%, and isobutylbenzene (IBB) is
from Aldrich with purity higher than 99%. All chemicals are used
without further purification.

The mixtures (see Table I) are prepared from weighing the
components by an analytical balance with a resolution of 10−4 g.
The components are mixed in a cleaned vial starting by the less
volatile component to eliminate evaporation. Subsequently, the vial
containing the mixture is stirred to attain homogeneity.

B. Optical beam deflection setup
The Optical Beam Deflection apparatus is a modification of the

setup by Hashmi et al.35 The changes include a new cell with a square

TABLE I. Binary mixtures of toluene(tol)-n-alkane(nCi ) and isobutylbenzene(IBB)-n-
alkane(nCi ) at different concentrations of toluene and isobutylbenzene (c1).

System c1 (mass fraction)

tol-nC6 . . . 0.262 0.517 0.762 0.953
IBB-nC6 0.100 0.300 0.500 0.700 0.900
IBB-nC8 0.100 0.300 0.500 0.700 0.900
IBB-nC10 0.100 0.300 0.500 0.700 0.900
IBB-nC12 0.100 0.300 0.500 0.700 0.900

glass piece (instead of a circular shape) and an electrically heat-
ing/cooling system using peltier modules. Another improvement
is the optimization of the cell size to allow a more homogeneous
temperature distribution over the entire copper plates. Additional
improvements are made in the electronics and programming to
allow the setup to work with the new configuration. A schematic of
the Optical Beam Deflection (OBD) apparatus is shown in Figs. 1
and 2. The entire apparatus is assembled on an optical table with
active compressed air actuators to ensure a vibration-free environ-
ment. The setup consists of a squared glass frame of optical quality
with an optical path length of 25.0 mm, wall thickness of 2.5 mm,
and height of 4.0 mm. The glass frame is sandwiched between two
copper plates (60.0 × 75.0 × 12.5 mm3) with milled grooves that fit
the optical glass piece. The glass-copper sealing is by squared cross
section Viton o-rings. The parts in contact with the o-rings (glass
ends and copper) are well polished (glass was optically polished)
to prevent leakage and formation of gas bubbles. The gap size (h)
between the plates is 1.771 ± 0.006 mm, measured by precision spac-
ers. The parallel spacing of plates and gap size are confirmed by a
telemicroscope (Gaertner) to a maximum error of ±0.006 mm at the
cell ends. The copper plates can be independently heated or cooled
by two separate peltier modules of 50 × 50 mm2 (Custom Ther-
moelectric 12711-9L31-06CW—Pmax of 51 W and Imax of 6.0 A).
Each peltier module has one side in thermal contact with the cop-
per plates and the other side with a water heat exchanger fed by
a temperature-controlled water bath. The use of H-bridge ampli-
fiers (FTX300) together with an arduino microcontroller allows
the inversion of electric current and voltage control applied to the
peltiers. Precision negative temperature coefficient (NTC) thermis-
tors (Measurement Specialties 46 037) are inserted in drilled holes in
each plate to measure the temperature. High precision in the mea-
sured resistance of the thermistors is achieved using a custom-built
Wheatstone bridge and one signal amplifier (Tacuna) for each ther-
mistor, providing a temperature resolution of 0.1 mK. The NTC
thermistors were calibrated by a third calibrated NTC thermistor

FIG. 1. Schematic of the optical beam
deflection setup.
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FIG. 2. Sketch of the optical beam deflection cell.

with an accuracy of 0.1 ○C, the same absolute accuracy as in temper-
ature measurements by Königer.44 We have observed a maximum
deviation around 2 mK in the calibration range (23–28 ○C) when
both thermistors are used to measure the temperature of a cop-
per block. The temperature control is established by independent
control of each peltier module using a closed loop proportional inte-
gral derivative (PID) controller programmed in LabView. The cell is
assembled using 4 bolts in its body, while the peltier modules and
water heat exchangers are clamped to the entire cell using custom
built aluminum clampers. The cell is filled with the liquid mix-
ture through stainless steel tubing using a gas tight syringe. Visual
inspection guarantees absence of gas bubbles inside the cell. The
setup is aligned using a calibrated height gage with a precision of
0.02 mm.

A 7-mW He–Ne laser (JDSU 1137P, wavelength of 632.8 nm)
is used as the light source; its power is reduced by a neutral den-
sity filter (optical density of 2.0) to avoid local heating of the liquid
sample. Two plano-convex lenses (focal distance of the first and sec-
ond lens, respectively, 300 and 100 mm) are mounted on a telescope
arrangement with a common focal plane to collimate the laser beam
and reduce the laser spot. An iris pin hole (minimum aperture of
0.8 mm) is used to remove stray light from the collimation process.
The collimated laser beam enters parallel to the cell’s plates in the
middle of the vertical gap between the plates. After passing through
the glass containing the liquid mixture, the laser beam position is
detected by a calibrated linear position sensor (UDT Instruments—
model 1239), 504 cm away from the exit glass window of the cell.
The detector is connected to an optical position indicator (UDT
Instruments—model 431). A blackout rubberized fabric is used to
provide a complete dark environment for the setup, blocking light
coming from other sources.

All signals generated by the setup (i.e., temperature and laser
position signals) are sent to a data acquisition system (NI cDAq with
appropriate cards for reading and generating analogical signals—
National Instruments) and interpreted in the LabView software,
recorded at a frequency of around 2 Hz.

A typical OBD experiment is conducted in two main steps after
alignment of the laser and the setup. First, the cell is loaded with

the liquid mixture. The top and bottom plates are maintained at
the same temperature for a period of time, long enough for the liq-
uid mixture to become completely mixed (equilibrium is reached).
In the next step, the temperatures of the top and bottom plates are
brought to the desired values to subject the fluid system to a known
temperature gradient. The choice of which plate should be heated
and cooled is made to avoid convection in the fluid mixture. If the
Soret coefficient is positive for the denser component, heating of
the mixture from above will produce a convection-free pure diffu-
sive state.45–47 We have heated all the mixtures from the top plate
since the Soret coefficient ST for the denser components (IBB and
Toluene) is positive. To apply the temperature gradient, both top
and bottom temperatures are, respectively, changed by +∆T/2 and
–∆T/2 (∆T is the desired temperature difference). The applied tem-
perature differences (∆T) are 1.0–1.5 ○C in different experiments.
Initially when applying the temperature gradient, the laser beam
experiences a fast and pronounced deflection due to the refractive
index gradient dn/dz arising from the temperature gradient. The
early deflection is a strong function of (∂n/∂T)P,c and the thermal
diffusivity α of the mixture. In our apparatus, the steady state tem-
perature of each copper plate is reached in about 120 s after the start
of heating and cooling processes. A temperature overshoot in both
plates is observed before the steady state temperature is established.
This leads to a fast deflection of the laser beam. The segregation
of the components along the height of the cell is a slow process.
The laser deflection δz is proportional to the refractive index gra-
dient (from temperature and concentration gradients) and to the
characteristic lengths of the setup,40,41,43

δz = l
dn
dz
(

l
2n

+
lw
nw

+
ld
nair
), (2)

where n, nw, and nair are, respectively, the refractive indices of the
liquid mixture, optical glass frame, and air; l, lw, and ld are, respec-
tively, the distance of the optical path in the liquid, glass wall, and
the distance from the glass exit to the detector. The vertical refrac-
tive index gradient in a binary mixture is related to the vertical
temperature and concentration gradients,

dn
dz
=
dc1

dz
(
∂n
∂c1
)
P,T

+
dT
dz
(
∂n
∂T
)
P,c1

, (3)

where (∂n/∂c1)P,T and (∂n/∂T)P,c are the contrast factors of con-
centration and temperature and c1 is the concentration of compo-
nent 1 in mass fraction. The vertical temperature and concentration
gradients are computed from the numerical solution of the energy
balance expression [Eq. (4) below] and diffusion mass transport
expression [Eq. (5) below]. The time dependent temperatures at the
liquid-copper interfaces and the assumption of zero mass flux at the
walls are the boundary conditions. The energy and mass balance
expressions are given by, respectively,

∂T
∂t
= α∇2T, (4)

and
∂c
∂t
= D12∇

2c1 + c1(1 − c1)DT∇
2T. (5)
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In Eq. (4), α is the thermal diffusivity of the mixture, calcu-
lated using the thermal conductivity, density, and heat capacity of
the mixtures in the Fillipov equation in the work of Poling et al.48

The density and heat capacity of the mixtures are assumed to be
a linear function of the pure component properties and composi-
tion. The pure component properties (thermal conductivity, den-
sity, and heat capacity) of the mixture constituents are from the
literature.49–52

The Soret coefficient (ST) in a binary mixture is given by
the ratio of the thermal diffusion coefficient (DT) to the Fickian
diffusion coefficient (D12),

ST =
DT

D12
. (6)

The measured data are the laser deflection, temperatures of
both plates, overall concentration of the mixture (in mass fraction),
concentration contrast factor, and characteristic lengths of the setup.
The solution of Eqs. (2)–(5) can provide D12, DT , and the tem-
perature contract factor to be discussed in Sec. II D. Each deflec-
tion experiment is repeated 7–10 times for each of the 24 mixtures,
totaling around 200 deflection plots.

C. Optical property measurement
The refractive index of mixtures is measured using an Atago

refractometer (RX-5000α) with a resolution of 10−5, repeatability of
4 × 10−5, and temperature control accuracy of ±0.05 ○C. The refrac-
tometer operates at a wavelength of 589.3 nm, approximating the
sodium D-line. The laser source in our experiments has a wavelength
of 632.8 nm. de Mezquia et al.,4 referring to the work of Sechenyh
et al.53 and Camerini-Otero et al.,54 discuss the error in (∂n/∂c1)P,T
due to the wavelength difference between the refractometer and the
laser source in the OBD setup of ∼44 nm may be around 0.5%–1%.
This difference results in a small error in D12, DT , and ST .

The concentration contrast factor (∂n/∂c1)P,T is estimated from
a polynomial (cubic in concentration) of measured refractive index
at different concentrations at 25 ○C. We measured the refractive
index at 13 different concentrations (mass fractions) varying from
0 to 1 for each mixture. At least 8 repetitions for each data point are
conducted.

The temperature contrast factor (∂n/∂T)P,c is computed as a
parameter from the numerical solution of Eqs. (2)–(5) using the
beam deflection data from OBD experiments. Königer et al.42 and
Kolodner et al.43 also demonstrate that (∂n/∂T)P,c can be esti-
mated as a parameter based on beam deflection data and solution of
Eqs. (2)–(5). An interferometer can be used to independently deter-
mine the contrast factors (error in the order of 10−6).21,42,55 Königer
et al.42 estimated one of the two contrast factors (∂n/∂T)P,c in a
two-color OBD experiment as a fitting parameter, while the other is
determined interferometrically. The determination of thermal diffu-
sion coefficients in OBD experiments is based on the N − 1 beams
(N is the number of components).9 Königer et al.42 report that in
ternary mixtures, a slight error in the ratio between the two contrast
factors (∂n/∂T)P,c introduces a large error in the measured thermal
diffusion coefficients. The authors report the difference between the
interferometrically measured (∂n/∂T)P,c and one based on the laser
beam deflection to be around 0.1%.

The difference between the methodology in this work and the
method by Kolodner et al.43 is in the mathematical approach used
to estimate the desired parameters, to be explained in Sec. II D. Our
methodology is based on:

(1) The pronounced initial beam deflection from the contri-
bution of (∂n/∂T)P,c and thermal diffusivity (α) of the
mixture;

(2) The fluctuations in the beam position at steady state (fully
developed concentration and temperature gradients) from
temperature fluctuations as observed by Zhang et al.;40

The initial beam deflection and beam position fluctuation at
steady state are related to the heat diffusion time [τT – Eq. (7) below],
which is about 25–80 times shorter than the mass diffusion time
[τD – Eq. (8) below] for our system,

τT =
h2

π2α
, (7)

τD =
h2

π2D12
. (8)

Based on α and the measured temperature of the thermis-
tors, we can calculate the transient temperature distribution along
the height of the cell from the solution of the energy equation. At
the beginning of an experiment, the heat and mass diffusion pro-
cesses can be considered decoupled based on a small Lewis number43

(defined by Kolodner43 as L = D12/α or L = τT/τD) of the order
of 10−2. The transient temperature distribution during the initial
laser deflection is used to estimate (∂n/∂T)P,c. The accuracy is
improved by using the fluctuations in laser deflection at steady state
(i.e., fully developed concentration and temperature gradients). At
steady state, the laser position fluctuations are from temperature
fluctuations40 as supported by a small Lewis number.

Kolodner et al.43 use a cell with a gap size of h = 3.0 mm. In our
work, h = 1.771 mm. This difference in h results in shorter mass and
heat diffusion times in our setup. A smaller gap reduces the time for
an experiment.

During the heating/cooling stage of an OBD experiment from
electric heating, the temperatures of the plates cannot be switched
instantaneously to desired values. The time to fully establish a
desired temperature gradient in the liquid is a function of the peltier
heating rate and the thermal diffusivity of the liquid. The heating rate
affects the coupled temperature and concentration gradients. Based
on the expression for the mass diffusion time [Eq. (8)], one can show
that a smaller gap will generate a faster mass diffusion time. A small
gap would fulfill the Rayleigh number conditions to avoid convec-
tion.45–47 If the plate heating rate is low and the gap is small, the time
it takes to develop the desired temperature gradient in the liquid will
depend more on the time to bring the plates to the experimental tem-
perature than on the thermal diffusivity of the liquid. In this case, a
significant concentration gradient may develop in the transient tem-
perature period. Consequently, the laser beam will be also deflected
due to a concentration gradient (function of time) before the desired
temperature gradient in the liquid is established. At a constant heat-
ing rate, a decrease in h leads to shorter diffusion time and increase
the coupling.

Based on the statements 1 and 2 of our methodology and
the support from the Lewis number, one can employ the solution
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scheme we have used to determine D12, DT , and (∂n/∂T)P,c and also
decouple the concentration and temperature contributions to the
total beam deflection.

The high accuracy of our methodology is demonstrated by a
comparison of the computed (∂n/∂T)P,c for mixtures of IBB-nC12
and tol-nC6 with the literature measurements.

D. Parameter estimation
The solution of Eqs. (2)–(5) provides D12, DT , and (∂n/∂T)P,c.

In the physical setup, the thermistors are positioned 7 mm above the
copper-liquid interface, and consequently, the measured tempera-
ture is slightly different from that of the copper-liquid interface. To
determine the temperature at the copper-liquid interface, the energy
equation [Eq. (4)] is solved numerically in the domain consisting
of top copper plate, liquid mixture, and bottom copper plate. The
boundary conditions are the temperatures measured by thermis-
tors in the copper plates (i.e., temperatures 7 mm above and below
the liquid-copper interfaces) and the equality of heat flux between
copper and liquid interface. The thermistors’ response time is also
considered in the solution.

After the computation of the copper-liquid interface temper-
ature, Eqs. (4) and (5) together with Eqs. (2) and (3) are solved
numerically in the liquid domain. We first examined a determin-
istic method (Gauss-Newton) to determine D12, DT , and (∂n/∂T)P,c,
which proved unsuccessful due to convergence issues. Usually, the
deterministic methods require a good enough initial guess. In our
problem, the initial guesses we used had convergence issues. We
then adopted a stochastic method to obtain good enough initial
guesses for the deterministic method. We employ the particle swarm
optimization methodology56 based on implementation of Schwaab
et al.,57 Schwaab and Pinto,58 and Ourique et al.59 as the stochastic
method for the nonlinear parameter estimation.

Integration of the discretized form of Eqs. (3)–(5) was accom-
plished using the DASSL (Differential Algebraic System Solver).60

The estimations are carried out 2 times for each deflection data
set. All computations are performed in a cluster of computers.

E. Mobility and similarity
In Refs. 61 and 62, two effects, (1) mobility of each individual

component and (2) similarity of the two species, have been found to
be related to thermal diffusion in binary liquid mixtures.

The mobility is related to free movement of a molecule in a
medium. An increase in mobility is from the increase in the velocity
of that molecule in the medium. Mobility is then associated with the
self-molecular diffusion coefficient Di (for pure a component) or to
the tracer diffusion coefficient Di

∗ (self-diffusion of a molecule in a
mixture). The mobility of an individual component is related to its
Brownian motion.6,61–64 In a mixture, mobility varies inversely with
mixture viscosity and directly with the tracer diffusion coefficient.
In a pure component, mobility varies inversely with the component
viscosity and directly with self-molecular diffusion coefficient.5,61,62

When the viscosity of a mixture increases, it will impede the move-
ment of the molecule, which will lead to a reduction in the molecule
velocity and thus, in mobility and tracer diffusion coefficient. In
pure n-alkanes, there is an inverse relation between mobility and
n-alkane chain length. An increase in the n-alkane chain length

(i.e., an increase in molecular weight) reduces the self-molecular
diffusion coefficient65 and increases its dynamic viscosity and thus
decreases mobility.5,61,62

The tracer diffusion coefficient (Di
∗) is a function of compo-

sition such as the molecular diffusion coefficient (D12).48 When the
concentration of species i tends to zero, (ci → 0), Di

∗ tends to the
infinite dilution diffusion coefficient in the solvent j (Dij

○).47 On the
other hand, when ci→ 1.0, Di

∗
→Di.48 Then, Di or Di

∗ (or even Dij
○)

can be a good choice to quantify mobility. However, measurement
of Di or Di

∗ is more complex than the measurement of D12, and
other properties may be preferred to quantify mobility. The mod-
els developed by Darken66,67 and Vignes68 relate the Maxwell-Stefan
diffusion coefficient (Ð12) to, respectively, Di

∗ and Dij
○. Based on

the model by Vignes,68 the plot of log(Ð12) vs mole fraction is linear
for mixtures that do not strongly associate. The implication is that
Ð12 is a function of Dij

○, indicating that the Maxwel-Stefan diffu-
sion coefficient (Ð12) can be used as a measure of mobility. In fact,
Ð12 is proportional to mobility (Ð12 increase as mobility increases),
as pointed out by Leahy-Dios et al.62 An increase in mobility also
increases Ð12.

Several authors6,29,61–63 use other properties to quantify mobil-
ity. Blanco et al.29 quantify mobility as the inverse of mixture
dynamic viscosity. A higher mixture viscosity lower molecules veloc-
ity and reduces Di

∗ and D12. Tyrrel and Harris63 equate the Onsager
coefficients to the mobility (or mobility coefficients). de Groot and
Mazur6 relate mobility to diffusion coefficients through a general-
ized Fokker-Einstein equation. The mobilities defined in the Fokker-
Einstein equation have a dimension of velocity per unit force on
a mole (or molecule). de Groot and Mazur6 also found a relation
between mobility and the Onsager coefficients. Onsager coefficients
are functions of the transport properties of mixtures, including the
diffusion coefficients. Leahy-Dios and Firoozabadi61 use the physical
properties that influence mobility of pure components to interpret
D12 in equimass mixtures of nC10-nCi and 1-methylnaphthalene-
nCi. They find indications that D12 can be described solely by mobil-
ity. Leahy-Dios et al.62 use the fact that mobility and Maxwell-
Stefan diffusion coefficient (Ð12) are proportional (Ð12 increases as
mobility increases) and interpret Ð12 as a measure of mobility. The
Stokes-Einstein equation [Eq. (9) below] is defined for the diffusion
of spherical molecules in a dilute solution.48 The expression also
provides a quantification of mobility,

Dij
○
= ωijkBT and ωij =

1
6πηj ri

, (9)

where ωij is the mobility of molecule i in solvent j, ηj is the dynamic
viscosity of the solvent, ri is the radius of the spherical particle i,
and Dij

○ is the infinite dilution diffusion coefficient of the particle
i in solvent j. Equation (9) is in line with the analysis of mobil-
ity of the individual components by Leahy-Dios and Firoozabadi.61

It shows that ωij decreases with the increase in viscosity and with
the decrease in diffusion coefficient. Equation (9) is also a start-
ing point for diffusion coefficient correlations. Mobility defined in
Eq. (9) has the same dimension as mobility defined by de Groot and
Mazur.6

According to Kramers and Broeder,69 the Chapman theory
describes the thermal diffusion in suspended particles from the
change of constituents’ mobility with temperature and to a less
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extent to size and shape (an interpretation for similarity). Kramers
and Broeder69 also state that thermal diffusion in liquids is due to
mobility dependency on temperature.

The similarity of components in a mixture is related to the
response to the thermal driving force. Physical properties such as
latent heat of vaporization may be related to similarity.61,62 These
properties are ultimately related to the molecular shape and size
and to microscopic interactions. Blanco et al.29 use the difference
in molecular weight of the n-alkanes in a binary n-alkane mix-
ture as a measure of similarity. A few authors70,71 have used the
solubility parameters to account for similarity. The main draw-
backs are the dependence of the solubility parameters on the cal-
culation method and that some simple mixtures (benzene-carbon
tetrachloride and benzene-cyclohexane) do not follow the solubil-
ity parameter rule.62,70 Leahy-Dios et al.62 have used the difference
in the net heat of transports (Q1

∗
− Q2

∗) in binary mixtures of
n-alkanes and n-alkane-1-methylnaphthalene as a measure of sim-
ilarity. The net heat of transport of component i (Qi

∗) is defined
according to

Q∗i = Qi − H̄i, (10)

where Qi is the heat of transport, defined as the amount of energy
transported by diffusion flow per mole of component i across a ref-
erence plane when there is no temperature gradient,72,73 and H̄i is
the partial molar enthalpy of component i. The net heat of trans-
port is then the amount of heat that must be absorbed by a given
region to maintain temperature and pressure constant when 1 mol
of component i flows out of that region.74 According to the model of
Dougherty and Drickamer,73 the net heat of transport (Qi

∗) can be
understood as a combination of two energy terms: (a) the energy
to detach a molecule from its surroundings and (b) the energy
given up by the region when a molecule fills a hole. It is impor-
tant to notice that Qi

∗ is a function of the energy interactions of
molecule i with its surroundings and includes the contributions of
size and shape. Thus, Qi

∗ of each component depends on the binary
mixture and composition. The use of (Q1

∗
− Q2

∗) as a measure
of similarity has the advantage that it accounts for the interaction
energy of the molecules, influence of size and shape, the energy a
molecule carries when it moves in a medium and the energy given
up by the region when a molecule fills an space left by another
molecule.

In this work, we use the interpretation of Leahy-Dios and
Firoozabadi61 and Leahy-Dios et al.62 for mobility and similarity
to analyze our thermodiffusion data. The mobility is accounted for
qualitatively using the properties that influences it (i.e., mixture vis-
cosity and pure component self-molecular diffusion coefficients and
viscosities) and quantitatively by the Maxwell-Stefan diffusion coef-
ficient (Ð12). The similarity is evaluated from the difference in the
net heat of transport (∆Q∗ = Q1

∗
− Q2

∗).
The normalized molecular weight (MWn, i.e., molecular weight

of the n-alkane divided by the molecular weight of isobutylben-
zene) is used to evaluate how mobility and similarity vary with
the alkane chain length. Larger MWn indicates a longer n-alkane
in the isobutylbenzene-n-alkane mixtures. In binary mixtures con-
taining n-alkanes, the dynamic viscosity of the mixture and Fick-
ian diffusion coefficient decrease as MWn increases at constant
concentration.

The thermal diffusion factor αT (different from thermal diffu-
sivity α) is defined by62,73–76

αT = T
DT

D12
. (11)

The thermal diffusion factor can be described in terms of the
net heats of transport (Q1

∗
− Q2

∗),73,76

αT =
(Q∗1 −Q∗2 )

x1(
∂µ1
∂x1
)
T,P

, (12)

where µ1 and x1 are, respectively, the chemical potential and molar
fraction of component 1.

One may express the chemical potential of component 1 in
terms of its fugacity coefficient in the mixture (�̂�1). Then, using
the relation between Fickian and Maxwell-Stefan diffusion coeffi-
cients (Ð12) in a binary mixture,77 Eqs. (11) and (12) are combined
to obtain62

DT =
(Q∗1 −Q∗2 )D12

RT2[1 + x1(
∂ ln �̂�1
∂x1
)
P,T
]

=
∆Q∗-D12

RT2 . (13)

We can calculate Ð12 using the measured data of D12 divided
by the thermodynamic factor Γ = 1 + x1(∂ ln �̂�1/∂x1)P,T . The term
1 + x1(∂ ln �̂�1/∂x1)P,T is a measure of nonideality in mixtures77,78

and can be calculated using an appropriate equation of state (EOS).
In this work, we evaluate Γ from the Peng-Robinson equation of state
(PR-EOS)79 assuming the binary interaction parameter δij to be zero.
After calculating Ð12, ∆Q∗ is calculated by direct use of Eq. (13) and
the measured DT .

Equation (13) shows that DT increases with the increase in ∆Q∗
as was first found out by Leahy-Dios et al.62 If the chemical species
1 and 2 are the same, there will be no separation, and then both DT
and ∆Q∗ would be zero. The higher ∆Q∗, the less similar are the
components. We define ∆Q∗ as disparity and 1/∆Q∗ as similarity, as
is defined in the literature.62

From measured D12 and DT , Eq. (13) can be used to evaluate
the contributions of concentration and hydrocarbon chain length
in terms of mobility and similarity in Fickian diffusion and thermal
diffusion coefficients.

III. RESULTS AND DISCUSSION
A. Contrast factors

The concentration and temperature contrast factors for the tol-
nC6 and IBB-nC12 mixtures at 25 ○C are presented in Table II which
includes also literature data. Our (∂n/∂c1)P,T deviate from −0.17%
to 1.66% when compared to literature data. The deviations are from
(1) the uncertainties of the refractometer and balance in weighing
the components (expected to be small) and (2) the difference in the
wavelength of the refractometer and laser source (expected to be
larger than the first), which may contribute to deviations of around
1.0%.4

Gebhardt et al.21 report (∂n/∂c1)P,T at 25 ○C for the IBB-nC12
mixture at different concentrations for two different wavelengths
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TABLE II. Contrast factors (∂n/∂c1)P,T and (∂n/∂T)P,c of binary mixtures of toluene(tol)-n-alkane(nCi) and
isobutylbenzene(IBB)-n-alkane(nCi ) at different concentrations of toluene and isobutylbenzene (c1) at 25 ○C and 1 atm.

(∂n/∂c1)P,T (mass fraction basis) (∂n/∂T)P,c (10−4 K−1)

Mixture c1 (mass fraction) This work Literature This work Literature

tol-nC6

0.000 . . . . . . −5.412 −5.43380

0.262 0.1041 0.102480 −5.456 −5.45780

0.517 0.1200 0.120280 −5.504 −5.50080

0.762 0.1382 0.137280 −5.528 −5.56480

0.953 0.1510 0.150580 −5.620 −5.62880

1.000 . . . . . . −5.638 −5.64880

0.000 . . . . . . −4.304 −4.3321

0.100 0.0540 0.053621 −4.370 −4.3621

0.300 0.0585 0.057721 −4.412 −4.4421

IBB-nC12 0.500 0.0628 0.062521 −4.544 −4.5621

0.700 0.0687 0.068021 −4.670 −4.6721

0.900 0.0744 0.074121 −4.806 −4.8221

1.000 . . . . . . −4.892 −4.9021

(405 and 633 nm). We use IBB as the reference component, which
will change the sign reported by Gebhardt et al.21 The average abso-
lute deviation for our (∂n/∂c1)P,T and literature data for IBB-nC12
(633 nm) is 0.81%. The data of Li et al.80 are used to compare
(∂n/∂c1)P,T at 25 ○C and a wavelength of 633 nm for the tol-nC6 mix-
ture with our data, showing absolute average deviations of around
0.72%.

The pure component (∂n/∂T)P,c can be used as a measure of
the apparatus precision. Since for a pure component, there is no
concentration gradient, we directly determine (∂n/∂T)P,c from solu-
tion of Eqs. (2)–(4) based on the steady state deflection of the laser
beam. The absolute deviation of (∂n/∂T)P,c in comparison to the lit-
erature21,80 ranges from 0.16% to 0.39% for the pure components
(toluene, IBB, nC6, and nC12), which is an indication of a small ∆T
measurement error.

Our values of (∂n/∂T)P,c for the system IBB-nC12 have a max-
imum absolute deviation of 0.63% with literature data. Königer
et al.41 report a value of (−4.54 ± 0.02) × 10−4 K−1 for the mix-
ture of IBB-nC12 at a mass fraction of 0.50. The dispersion in data
of Königer et al.41 (±0.02 × 10−4) is around ±0.44% which is close
to the deviations with ours. Our (∂n/∂T)P,c for the tol-nC6 mix-
ture has a maximum deviation of −0.65% from data of Li et al.80 at
c1 = 0.762.

The contrast factors for the binary mixtures of IBB and
n-alkanes (nC6, nC8 and nC10) are provided in Table III. The disper-
sion of our estimated (∂n/∂T)P,c ranges from ±10−6 to ±4 × 10−6.
The temperature contrast factors should have very high accuracy.
An error of 5% (∼2.5 × 10−5) in (∂n/∂T)P,c may lead to a large error
(as large as 100% or more in some composition range) in DT and ST
as we demonstrate in the Appendix.

B. Validation and diffusion coefficients
First, we validate our measurements at the entire concentra-

tion range for the mixtures of toluene—n-hexane (tol-nC6) and

isobutylbenzene—n-dodecane (IBB-nC12). Our measured data for
D12, DT , and ST for the tol-nC6 mixtures are compared to the
literature data in Table IV and in Fig. 3.

The absolute deviations of D12, ST , and DT for the tol-nC6 mix-
tures from our measurements and literature data range from close
to 0%–3.85% for D12, 0.37%–8.23% for ST and 1.16%–7.35% for DT .
The dispersion of the data from the literature is comparable to the
deviations from our work. A higher absolute deviation of 8.2% in ST

TABLE III. Contrast factors (∂n/∂c1)P,T and (∂n/∂T)P,c of binary mixtures of isobutyl-
benzene (IBB) and n-alkanes (nCi ) at different concentrations (c1) of isobutylbenzene
at 25 ○C and 1 atm.

c1 (∂n/∂c1)P,T (∂n/∂T)P,c
System (mass fraction) (mass fraction basis) (10−4 K−1)

IBB-nC6

0.100 0.0916 −5.382
0.300 0.1012 −5.257
0.500 0.1112 −5.137
0.700 0.1213 −5.036
0.900 0.1317 −4.925

IBB-nC8

0.100 0.0744 −4.807
0.300 0.0805 −4.819
0.500 0.0876 −4.820
0.700 0.0957 −4.849
0.900 0.1048 −4.885

IBB-nC10

0.100 0.0617 −4.543
0.300 0.0672 −4.600
0.500 0.0733 −4.657
0.700 0.0800 −4.722
0.900 0.0873 −4.829
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TABLE IV. Fickian diffusion (D12), thermal diffusion (DT ), and Soret (ST ) coefficients of binary mixtures of toluene and
n-hexane at different concentrations of toluene (c1) at 25 ○C and 1 atm from the literature4,40,81–83 and this work.

D12 (10−9 m2 s−1) ST (10−3 K−1) DT (10−12 m2 s−1 K−1)

c1 (mass fraction) This work Literature This work Literature This work Literature

0.262 3.51 ± 0.12 3.44a,40 3.68 ± 0.04 3.98a,40 12.91 ± 0.45 12.77b,4

3.37c,81 4.01d,82 13.69a,e,40

3.46d,82 3.82b,83 13.87d,e,82

0.517 2.83 ± 0.01 2.85d,4 4.68 ± 0.04 4.82d,e,4 13.25 ± 0.11 13.73d,4

2.78a,40 4.92a,40 13.70b,4

2.76c,81 4.98d,82 13.68a,e,40

2.79d,82 4.76b,83 13.89d,e,82

0.762 2.46 ± 0.04 2.47a,40 5.41 ± 0.02 5.56a,40 14.29 ± 0.19 13.73a,e,40

2.46c,81 5.64d,82 14.04d,e,82

2.49d,82 5.43b,83

0.953 2.52 ± 0.09 2.52a,40 5.77 ± 0.34 5.96a,40 14.52 ± 1.15 15.02a,e,40

2.45c,81 5.87b,83

aOBD—optical beam deflection.
bTGC—thermal gravitational column.
cDC—Diaphragm cell. The data reported in Ref. 82 are measured at 23 ○C.
dTDFRS—thermal diffusion forced Rayleigh scattering.
eCalculated from Eq. (6) using reported data in the reference.

FIG. 3. Fickian diffusion (D12) and Soret (ST ) coefficients of binary mixtures of
toluene(1) and n-hexane(2) as a function of toluene concentration in mass fraction
(c1) at 25 ○C and 1 atm. Lines are tendency splines. TGC—thermal gravitational
column, OBD—optical beam deflection, and TDFRS—thermal diffusion forced
Rayleigh Scattering.

in the toluene mass fraction of 0.262 is observed from our measure-
ment and data of Köhler and Müller.82 Our measured ST is in better
agreement with Bou-Ali et al.,83 with deviations ranging from 0.37%
to 3.66%.

Our measurements for the IBB-nC12 mixture are compared to
literature data in Table V. The overall absolute deviations of D12, ST ,
and DT are, respectively, 4.1%, 5.5%, and 3.8%. The higher deviation
is for the 0.10 IBB mass fraction. At 0.50 mass fraction, the deviation
for DT is 4.1%, within the dispersion reported for the benchmark
mixture. The comparison shown in Fig. 4 has more spread in D12
from various measurements.

In the numerical solution, we fully reproduce the measured
beam deflection, including the observed overshoot and the laser
position fluctuations from the temperature variation, as shown in
Fig. 5. There is a deviation in the peak of the overshoot of ∼25 µm,
corresponding to 0.55% deviation of the total deflection, which is
very small.

Our measurements (D12, DT , and ST) for the 3 new binary
mixtures (IBB-nC6, IBB-nC8, IBB-nC10) in the entire concentration
range are shown in Table VI. Our ST and DT data (IBB as the ref-
erence component) have a positive sign. A positive DT for a given
component in a binary mixture indicates it segregates in the cold
side and thus it is thermophobic.

Hartmann et al.39 report ST = 6.81 × 10−3 K−1 for the equimolar
binary mixture of IBB-nC6 (mass fraction c1 = 0.609). The deviation
between Hartmann et al.39 and our interpolated ST = 6.30× 10−3 K−1

for a mass fraction of 0.609 (equimolar mixture) is 7.5%.
Blanco et al.84 report DT for the IBB-nC10 mixture at 0.50

mass fraction to be 6.01 × 10−12 m2 s−1 K−1. Rahman85 reports D12
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TABLE V. Fickian diffusion (D12), thermal diffusion (DT ), and Soret (ST ) coefficients of binary mixtures of isobutylbenzene (IBB) and n-dodecane (nC12) at different concentrations
of isobutylbenzene at 25 ○C and 1 atm from the literature15,21 and this work.

D12 (10-9 m2 s−1) ST (10-3 K−1) DT (10−12m2 s−1 K−1)

c1 (mass fraction) This work Literature15,21 This work Literature15,21 This work Literature15,21

0.980 2.96 2.90
0.100 1.10 ± 0.06 0.994 2.72 ± 0.07 3.07 2.99 ± 0.18 3.05

1.042 3.01 3.14

1.024 3.59 3.68
0.300 1.05 ± 0.04 1.027 3.28 ± 0.05 3.62 3.44 ± 0.14 3.72

1.000 3.55 3.55

0.500 0.99 ± 0.02

0.971

3.90 ± 0.05

4.00

3.86 ± 0.04

3.89
0.973 4.10 3.99
0.932 3.96 3.69

0.95 ± 0.04 (benchmark) 3.9 ± 0.1 (benchmark) 3.7 ± 0.2 (benchmark)

0.983 4.50 4.43
0.700 0.98 ± 0.01 0.988 4.32 ± 0.06 4.51 4.23 ± 0.07 4.46

0.959 4.41 4.23

0.991 5.15 5.11
0.900 1.01 ± 0.03 0.982 4.85 ± 0.09 5.18 4.90 ± 0.14 5.08

0.961 4.97 4.78

FIG. 4. Fickian diffusion (D12), Soret (ST ), and thermal diffusion (DT ) coefficients
vs isobutylbenzene concentration in mass fraction (c1). Isobutylbenzene(1)–n-
dodecane(2) at 25 ○C and 1 atm. Black squares: this work; blue circles: optical
beam deflection (405 nm);21 red triangles: optical beam deflection (633 nm);21

brown crosses: optical beam deflection (670 nm);21 and empty green circles:
Fontainebleau benchmark.15 Lines are tendency splines.

(0.52 × 10−9 m2 s−1) and ST (4.13 × 10−3 K−1) for the same mixture
and concentration. Using Rahman’s85 data and Eq. (6), one can cal-
culate DT for the IBB-nC10 mixture to be 2.15 × 10−12 m2 s−1 K−1.
Our value for DT (5.47 × 10−12 m2 s−1 K−1) is close to the value of
Blanco et al.;84 the difference is around 9%.

C. Effect of molecular size of n-alkane on the Fickian
and thermal diffusion coefficients

Figure 6 shows that D12 decreases with the increase in the
normalized molecular weight MWn (molecular weight of n-alkane
divided by molecular weight of isobutylbenzene) in the IBB-n-alkane
mixtures. A power law fit describes all the data points, like other
aromatic-n-alkane mixtures such as 1-methylnaphthalene-n-alkane
systems.61 Our measurements of D12 may be analyzed in terms of
the n-alkane mobility, which is a function of self-molecular diffu-
sion coefficient (Di) and dynamic viscosity (ηi). Di and ηi for the
n-alkanes in this work follow (DnC6 > DnC8 > DnC10 > DnC12 )65 and
(ηnC6 < ηnC8 < ηnC10 < ηnC12 ),49 indicating that the solvent mobility
decreases as the n-alkane chain length increases. This observation
leads to the conclusion that a decrease in solvent mobility should
lead to a decrease in D12 for a fixed concentration. This is what we
observe in our data.

We examine the similarity effect in D12 using the same reason-
ing as Leahy-Dios and Firoozabadi,61 comparing Fickian diffusion
coefficients of different aromatic-n-alkane and n-alkane-n-alkane
mixtures at the same concentration. Figure 7 depicts literature data
and our measured Fickian diffusion coefficient as a function of
molecular weight of n-alkanes in equimass mixtures of toluene (tol),
1-methylnaphthalene (MN), isobutylbenzene (IBB), and n-decane
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FIG. 5. Variation of the measured laser deflection δz (blue) vs time (t) and pre-
dictions (orange) from the estimated parameters (D12, DT , and (∂n/∂T)P,c) for the
IBB-nC12 mixture at 50% mass fraction. Fluctuation at steady state: ±3 to 5 µm.
The parameters determined for this specific run are D12 = 1.00 × 10−9 m2 s−1,
DT = 3.87 × 10−12 m2 s−1 K−1, and (∂n/∂T)P,c = −4.525 × 10−4 K−1.

(nC10). The self-diffusion coefficient (Di) and dynamic viscosity
(ηi) of these pure solvents at 25 ○C and 1 atm vary according to
Dtol

87
> DnC10

65
> DIBB > DMN and ηtol < ηnC10 < ηIBB < ηMN,49,88–90

indicating that mobility is the highest for toluene and the lowest
for 1-methylnaphthalene in the group of components. We have
estimated the self-diffusion coefficients of IBB and MN using the
Stokes-Einstein equation [Eq. (9)]. The dynamic viscosity of IBB at
25 ○C and 1 atm is estimated by extrapolating the literature data.88–90

Based on mobility alone, the Fickian diffusion coefficients of the
mixtures shown in Fig. 7 should follow DnCi-tol

36
> DnCi-nC10

61,86

> DnCi-IBB > DnCi-MN.36 Indeed, this is the case. The results suggest
that Fickian diffusion coefficient of a given mixture is dominated by
the solvent mobility, in line with the literature.61

Figure 8 shows DT (isobutylbenzene as reference compound) as
a function of the normalized molecular weight (MWn) for the entire
range of concentration.

The DT vs MWn for the IBB-nCi mixtures can be described by
a power law fit. The same behavior has been observed in equimass
binary mixtures of MN-nCi,36,61 tol-nCi,36 and benzene-nCi,91 sug-
gesting a general trend for the aromatic-n-alkane mixtures. Thermal
diffusion DT data for the n-alkane-n-alkane mixtures are described
by a second order polynomial fit as reported by Larrañaga et al.36

(based on the data of Blanco et al.29 and Leahy-Dios and Firooz-
abadi61).

According to Fig. 9, the mobility (Ð12) and disparity (∆Q∗)
decrease as MWn increases. The result is a decrease in DT
with increase in MWn. Decrease in DT with increase in MWn
for aromatic-n-alkane mixtures at fixed concentration has been
observed by various authors.5,36,61,62,91 The results suggest that
the general contribution of similarity (1/∆Q∗) observed by other
authors62 for the mixtures of 1-methylnaphthalene—n-alkane (i.e.,
similarity increases with the normalized molecular weight leading
DT to decrease) is also valid for the IBB-nCi mixtures.

The decrease in mobility with the increase in MWn (Fig. 9) may
be related to the increase in the mixture dynamic viscosity, and the
decrease in self-diffusion coefficient of the n-alkane solvents as the
number of n-alkane carbon atoms increases.

TABLE VI. Fickian diffusion (D12), thermal diffusion (DT ), and Soret (ST ) coefficients of binary mixtures of isobutylbenzene
(IBB) and n-alkanes (nCi ) at different concentrations of isobutylbenzene at 25 ○C and 1 atm.

c1 D12 ST DT
Mixture (mass fraction) (10−9 m2 s−1) (10−3 K−1) (10−12m2 s−1 K−1)

IBB-nC6

0.100 3.09 ± 0.08 5.12 ± 0.09 15.82 ± 0.16
0.300 2.57 ± 0.02 5.77 ± 0.03 14.83 ± 0.07
0.500 2.21 ± 0.02 6.17 ± 0.04 13.64 ± 0.17
0.700 1.93 ± 0.01 6.34 ± 0.03 12.24 ± 0.08
0.900 1.74 ± 0.01 6.23 ± 0.05 10.84 ± 0.11

IBB-nC8

0.100 2.16 ± 0.05 3.98 ± 0.22 8.60 ± 0.58
0.300 1.77 ± 0.02 4.69 ± 0.04 8.30 ± 0.10
0.500 1.59 ± 0.01 5.18 ± 0.03 8.24 ± 0.09
0.700 1.47 ± 0.01 5.54 ± 0.02 8.14 ± 0.05
0.900 1.38 ± 0.04 5.53 ± 0.06 7.63 ± 0.17

IBB-nC10

0.100 1.42 ± 0.04 3.39 ± 0.05 4.81 ± 0.11
0.300 1.30 ± 0.04 3.99 ± 0.05 5.19 ± 0.13
0.500 1.21 ± 0.01a 4.52 ± 0.03a 5.47 ± 0.07a,b

0.700 1.15 ± 0.01 4.98 ± 0.02 5.73 ± 0.03
0.900 1.15 ± 0.01 5.22 ± 0.02 6.00 ± 0.05

aReference 85 reports D12 = 0.52 × 10−9 m2 s−1 and ST = 4.13 × 10−3 K−1 , use of Eq. (6) results in DT = 2.15
× 10−12 m2 s−1 K−1 .
bReference 84 reports DT = 6.01 × 10−12 m2 s−1 K−1 .
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FIG. 6. Fickian diffusion coefficients (D12) vs normalized molecular weight MW n

(molecular weight of n-alkane divided by molecular weight of isobutylbenzene)
for the isobutylbenzene(IBB)-n-alkane(nCi ) (i = 6, 8, 10, and 12) binary mixtures.
Symbols are used to define the concentration in mass fraction of IBB (c1): black
squares are 0.10, blue circles are 0.30, red triangles are 0.50, brown crosses are
0.70, and empty green circles are 0.90 (dashed and solid lines are power law
adjustments).

A crossover point is observed at MWn around 0.9 in Fig. 8. This
trend will be discussed next as part of the concentration dependency
of DT .

D. Concentration dependence of Fickian diffusion
and thermal diffusion coefficients

Figure 10 shows dependency of D12 and DT on concentration
in the binary mixtures. The Fickian diffusion coefficient dependence
on concentration is better correlated by a second order polynomial.
This observed behavior is different for the n-alkane-n-alkane mix-
tures,86 which show linear variation. An increase in IBB concen-
tration generally decreases D12. This behavior in the IBB-nC6 and

FIG. 7. Fickian diffusion coefficients (D12) vs molecular weight of the n-alkane
solvent (MW nCi ) for different equimass binary mixtures. Dashed lines are power
law adjustments.

FIG. 8. Thermal diffusion coefficients (DT ) vs normalized molecular weight MW n

(molecular weight of n-alkane divided by molecular weight of isobutylbenzene) for
the isobutylbenzene(IBB)-n-alkane(nCi ) (i = 6, 8, 10, 12) binary mixtures. Symbols
define the mass fraction of IBB (c1); black squares, 0.10; blue circles, 0.30; red
triangles, 0.50; brown crosses, 0.70; and empty green circles, 0.90. Dashed and
solid lines are power law fits.

FIG. 9. Mobility (Ð12) and disparity (∆Q∗) vs normalized molecular weight MW n

(molecular weight of n-alkane divided by molecular weight of isobutylbenzene) for
the isobutylbenzene(IBB)-n-alkane(nCi ) (i = 6, 8, 10,12) binary mixtures. Symbols
define the mass fraction of IBB; black squares, 0.10; blue circles, 0.30; red tri-
angles, 0.50; brown crosses, 0.70; and empty green circles, 0.90. Solid lines are
splines fits to the data.
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FIG. 10. Fickian diffusion (D12) and thermal diffusion (DT ) coefficients vs isobutyl-
benzene concentration in mass fraction for different isobutylbenzene(IBB)-n-
alkanes(nCi ) (i = 6, 8, 10,12) binary mixtures at 25 ○C and 1 atm. Black
squares: IBB-nC12; blue circles: IBB-nC10; red triangles: IBB-nC8; and green
crosses: IBB-nC6. D12 solid lines: quadratic polynomial fit; DT solid lines: linear
fittings.

IBB-nC8 mixtures can be partly related to the increase in mix-
ture viscosity with the increase in IBB concentration; IBB has a
higher dynamic viscosity than n-hexane and n-octane. We observe
that D12 dependence on concentration becomes weaker as the
number of carbon atoms in n-alkane increases. We have analyzed
the results of Polyakov et al.34 for the mixtures of benzene-nC7
and benzene-nC13 (data extracted from the graph and molar frac-
tion converted to mass fraction) and observe the same behav-
ior. The data of Polyakov et al.34 D12 have a weak or no depen-
dence on benzene concentration for the benzene-nC13 mixture and
show a nonlinear variation to mass fraction for the benzene-nC7
mixture.

The Fickian diffusion coefficients of component i infinitely
diluted in component j (Dij

○) are listed in Table VII. The infinite
dilution diffusion coefficients are obtained by extrapolation of the
quadratic dependence of D12 with mass fraction to the dilution
extrema.

De Mezquia et al.86 show that in the n-alkane-n-alkane mix-
tures at a mass fraction of 0.5, the product of the Fickian diffusion
coefficient and mixture viscosity is constant (D12 × η12 = k). The
same is also shown by Larrañaga et al.36 for mixtures of tol-nCi
and MN-nCi. We have estimated η12 using the Grunberg and Nis-
san method92 with an interaction parameter calculated by the group
contribution method proposed by Isdale et al.93 as detailed in the
work of Poling et al.48 We find k = 1.12 × 10−12 kg m s−2 with a
standard deviation of 0.08 × 10−12 kg m s−2. This deviation may
be due to the error in the estimation of viscosity. Larrañaga et al.36

observe that k depends on the aromatic molecule in an aromatic-n-
alkane mixture. They have found k = 1.09 × 10−12 kg m s−2 in the
tol-nCi mixtures and 0.7 × 10−12 kg m s−2 in the MN-nCi mixtures.
For the n-alkane-n-alkane mixtures, k is a constant86 being equal to
1.18 × 10−12 kg m s−2.

Figure 10 shows the concentration dependency (IBB as compo-
nent 1) of DT in the IBB-nCi mixtures, which can be described by a
straight line,

DT = (DT2
○
−DT1

○
)c1 + DT1

○. (14)

DT1
○ (c1 → 0) and DT2

○ (c1 → 1) are the thermal diffusion
coefficients at the infinite dilution of components 1 (IBB) and 2
(n-alkanes); see Table VII.

Other authors also point to the linearity between DT
and mass fraction in binary mixtures of aromatic-n-alkane36

(MN-n-alkane and tol-n-alkane) and n-alkane-n-alkane.30,31 The
data from Polyakov et al.34 for benzene-nC7 and benzene-nC13
follow the same trend.

The coefficient of determination r2 for the linear relation-
ship in Eq. (14) (see Fig. 10) is higher than 0.99 for the
IBB-nC6, IBB-nC10 and IBB-nC12 mixtures, while it is about 0.89
for the IBB-nC8 mixture. The IBB-nC8 mixture at MWn = 0.85 is
close to the crossover point (Fig. 8; MWn ≈ 0.9), where DT does not
show concentration dependency. The variation of DT for the IBB-
nC8 mixture is about 12% over the whole range of concentration in
Fig. 10.

Figure 8 shows the DT dependency on concentration as a
function of MWn. When MWn is greater than the crossover point

TABLE VII. Fickian diffusion (Dij
○) and thermal diffusion (DTi

○) coefficients at infinite dilution in binary mixtures of
isobutylbenzene (IBB—component 1) and n-alkanes (nCi—component 2) at 25 ○C and 1 atm.

D12
○ D21

○ DT1
○ DT2

○

Mixture (10−9 m2 s−1) (10−9 m2 s−1) (10−12 m2 s−1 K−1) (10−12 m2 s−1 K−1)

IBB-nC6 3.371 1.705 16.61 10.34
IBB-nC8 2.332 1.401 8.71 7.66
IBB-nC10 1.500 1.149 4.71 6.17
IBB-nC12 1.148 1.025 2.73 5.04
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of 0.9, DT increases with increase in IBB concentration, having a
positive slope in the linear dependence on concentration. When
MWn is less than 0.9 (the crossover point), DT decreases with IBB
concentration increase, having a negative slope. The slope of DT
in Fig. 10 is intimately related to the crossover point in Fig. 8,
approaching zero at MWn ≈ 0.9 (DT2

○
− DT1

○ = 0), indicating there
is no concentration dependency at the crossover point. Accord-
ingly, the thermal diffusion coefficient DT of the IBB-nC9 mixture
(MWn = 0.96) at 25 ○C is expected to vary from 6.09 × 10−12 to
6.72 × 10−12 m2 s−1 K−1 in the concentration range of 0.10–0.90 in
IBB mass fraction.

Larrañaga et al.36 have noted the slope change of DT vs c1
plots for the MN-nCi mixtures. Their data shows the slope is
nearly zero when MWn corresponds to n-tetradecane (a crossover
point). The data of Leahy-Dios et al. for the same mixtures (MN-
nCi) shows the crossover point at a different MWn. The sign of
the slope in the linear dependence of DT with MN concentra-
tion changes from negative for MN-nC14 to positive for MN-nC16.
The thermodiffusion coefficients measured by Leahy-Dios et al.62

for MN-nC16 at mass fractions of 0.25 and 0.75 were,
respectively, (4.10 ± 0.08) × 10−12 m2 s−1 K−1 and (4.18 ± 0.06)
× 10−12 m2 s−1 K−1. If the error in their data is considered, both
values are the same, which means the crossover point is at a MWn
equivalent to MN-nC16. The sign of the slope does not change in
the tol-nCi mixtures from Larrañaga et al.36 In the tol-nCi mixtures,
DT increases with toluene concentration increase. The concentration
dependency of DT in the tol-nCi mixture weakens as the n-alkane
molecular weight (i.e., MWn) decreases. It seems that the increase in
molecular weight of the aromatic in the mixtures of tol-nCi, IBB-
nCi, and MN-nCi shifts the crossover point to higher MWn. The
existence and location of a crossover point in an aromatic-n-alkane
mixture may be a function of the functional groups and structure
of the aromatic molecule and not only of the molecular weight of
the mixture constituents. To shed light on the interpretation of the
crossover point, we use the concepts of mobility and similarity.

The crossover may be analyzed by examining the dependency
of mobility Ð12 and disparity ∆Q∗on concentration, as shown in
Fig. 11. According to Eq. (13), thermal diffusion coefficients are
given by the product of disparity (∆Q∗) and mobility (Ð12) divided
by (RT2). Figure 11 shows that while disparity increases with IBB
concentration increase in the IBB-nCi mixtures, mobility depen-
dency on concentration weakens as MWn increases (see Figs. 9 and
11). In this way, the change of the slope of the linear dependency
of DT with mass fraction (Fig. 10) is due to different types of vari-
ations of ∆Q∗ and Ð12 with the IBB mass fraction (Fig. 11). The
product (∆Q∗ × Ð12) gives distinct variations in thermal diffusion
coefficients with c1 in the IBB-n-alkane mixtures. Consequently, the
crossover in Fig. 8 and the slope change in Fig. 10 are the result of the
combined effect of the competition between the increase in disparity
with IBB concentration increase as MWn decreases and the reduc-
tion in mobility with IBB concentration as MWn increases. Blanco
et al.29 have observed a competing effect from mobility (from 1/η
of the mixture) and similarity (from the molecular weight difference
δM of the n-alkanes in a binary n-alkane mixture) which may be
related to the minimum for the DT dependency on δM in equimo-
lar nC6-nCi mixtures. Fickian diffusion coefficients are dominated
by mobility, but thermal diffusion coefficients are related to both
mobility and similarity.

FIG. 11. Mobility (Ð12) and disparity (∆Q∗) vs isobutylenzene (IBB) concentration
in mass fraction (c1) at 25 ○C and 1 atm for the IBB-n-alkane(nCi ) (i = 6, 8, 10, 12)
binary mixtures. Black squares: IBB-nC12; blue circles: IBB-nC10; red triangles:
IBB-nC8; and green crosses: IBB-nC6. Solid lines are tendency splines.

IV. CONCLUSIONS
We have measured the Fickian diffusion, thermal diffusion, and

Soret coefficients of 4 binary mixtures of isobutylbenzene and an
n-alkane (nC6, nC8, nC10 or nC12) at 5 concentrations (0.10–0.90
mass fractions), at 25 ○C and 1 atm. Our measurements from the
OBD setup are validated extensively. The Fickian diffusion and ther-
mal diffusion coefficients of the IBB-nC6, IBB-nC8, and IBB-nC10
mixtures are measured for the first time in the whole concentration
range.

In this work, we show that the temperature contrast factor
(∂n/∂T)P,c for binary mixtures can be estimated using the laser
deflection data in the OBD experiments. The accuracy of our method
is the same as direct measurement by an interferometer with an error
of the order of 10−6. The use of a robust stochastic optimization
method is an integral part of our proposal.

We present an analysis of our measured D12 and DT depen-
dency on concentration (mass fraction of IBB) and normalized
molecular weight (MWn = MWnCi/MWIBB). Our analysis is based
on mobility and similarity (or disparity, i.e., the inverse of simi-
larity) of molecules. It is shown that solvent mobility can describe
Fickian diffusion coefficients (D12), whereas both mobility and sim-
ilarity should be invoked to describe thermal diffusion coefficients
(DT). The mobility and similarity concepts are also used to exam-
ine the crossover point in the DT vs MWn plots. The crossover point
is defined as the normalized molecular weight for which there is no
concentration dependency of DT . It is shown that the n-alkane chain
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length drastically affects the D12 and DT dependency on concentra-
tion. There is a decrease in DT as concentration of IBB increases in
the IBB-nCi mixtures for i = 6 and 8. There is an increase in DT
with IBB concentration increase for the IBB-nCi mixtures for i = 10
and 12. D12 dependency on concentration diminishes as n-alkane
molecular size increases.

The effect of molecular size, shape, and concentration observed
in Fickian and thermal diffusion coefficients discussed above may
set the stage for future studies of mixtures containing aromatic
components with large alkane branches and heteroatoms.
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APPENDIX: CONTRAST FACTOR SENSITIVITY
ANALYSIS

The sensitivity of Fickian diffusion, thermal diffusion, and
Soret coefficients in the Optical Beam Deflection Technique on the
contrast factors is discussed below.

Consider the IBB-nC6 mixture. A ±5% variation in (∂n/∂c1)P,T
and (∂n/∂T)P,c is considered separately (one single parameter
per time). The coefficients D12, DT , and ST are determined
using the procedure described in Sec. II. Figure 12 shows the
effect.

FIG. 12. Sensitivity of Fickian Diffussion
(D12), thermal diffusion (DT ), and Soret
coefficients (ST ) vs concentration of IBB
in mass fraction to the concentration
(∂n/∂c1)P,T and temperature (∂n/∂T)P,c
contrast factors.: IBB -n-hexane(nC6)
mixture at 25 ○C and 1 atm.
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According to Fig. 12, the composition contrast factor
(∂n/∂c1)P,T has an almost linear relation with DT and ST ; a 5% vari-
ation in (∂n/∂c1)P,T results in almost 5% variation in DT and ST
for the entire range of concentrations. In D12, a ±5% varaition in
(∂n/∂c1)P,T has negligible influence.

There is a high dependency of the diffusion coefficients on
accuracy of (∂n/∂T)P,c, especially in the limits of concentration;
a ±5% variation in temperature contrast factor may result in −75%
to 150% variation in D12, DT , and ST .
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