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Abstract

The Soret effect is an observed phenomenon in which an applied temperature gradient
will induce a concentration gradient in multicomponent mixtures. The Soret coefficient is
the ratio of thermally driven diffusion to mutual diffusion driven by concentration gradients.
It is measured at steady state when the two driving forces are balanced, i.e. the net flux
is zero. This study is designed to explore the potential relationship between the activation
energy of self-diffusion of the individual components of a binary mixture and the mixture’s
resulting Soret coefficient. This study found a trend of increasingly negative Soret
coefficients as the difference in the mole-fraction-weighted self-diffusion activation

energies of the components increased.

Keywords: Thermal Diffusion, Self-Diffusion Coefficient, Empirical Relations,

Temperature Gradient, Concentration Gradient
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Introduction

The Soret effect, whereby a concentration gradient forms when a multi-component mixture is
exposed to a temperature gradient, is experimentally well-established.(Platten et al., 2003) The
Soret effect has tremendous potential to be used in several energy harnessing capacities. The
most promising of these is waste heat energy recapture. Wasted heat energy is a major issue
with 70% of all energy produced being lost as heat waste.(Jones, 2018) This astounding figure is
why waste energy recapture has become one of the most intriguing concepts in energy today.
Our approach to addressing this issue is through the development of our understanding of the
Soret effect. The long-term potential of this work is to develop a reusable polymer-electrolyte
thermogalvanic cell, which could generate electricity like a battery but driven by thermal rather
than chemical potential gradients.(Mentor et al., 2020) It would do this by using waste heat energy
as a heat source and atmospheric conditions as a heat sink to create the temperature gradient
previously mentioned. This would mean that wasted energy could be recaptured with a simple
thermogalvanic cell, making it a cost-effective and accessible form of energy.(Yu et al., 2019) In
addition to industrial processes, this work also has the potential to be harnessed for use in cars
(exhaust heat) and other consumer products, as well as potentially with geothermal

applications(Vining, 2009) and to improve the efficiency of other power generation systems.

Study of the Soret Effect has a long empirical and phenomenological history. The earliest studies,
by Ludwig and Soret, used aqueous electrolytes. In the early 1900's, significant emphasis was
placed on studying gas mixtures,(Grew and Ibbs, 1952) due to the simplicity of molecular
interactions in such systems and therefore the ability to model thermal diffusion with kinetic gas
theory.(Hirschfelder et al., 1954) More recently, studies have been motivated by the practical
significance of the experimental system. In an attempt to understand the behavior of
petrochemicals in geological deposits, much work has been done on liquid hydrocarbon

mixtures,(Kohler and Morozov, 2016) which are the focus herein. In the past two decades,
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polymer solutions and polymer blends have been studied, primarily to better understand the
success of thermal flow field fractionation for the separation of polyolefins(Malik and Pasch, 2016;
Messaud et al., 2009; VanBatten et al., 1997) but also due to the propensity for such systems to
have a large Soret coefficient.(Wiegand, 2004a) Arguably the most fundamental understanding
of thermal diffusion in condensed systems has been achieved with solid oxides, whose study is
motivated by the need for precise control of glass composition in some optical devices.(Noritake
et al.,, 2019) In the work by Noritake and coworkers, the Soret coefficient was determined in
multicomponent solid oxides using molecular dynamic simulations. In the oxides without charge
compensation, a linear relationship between the Soret coefficients and potential energy

distributions was found. The potential energy distributions are related to activation energy.

The experimental efforts briefly reviewed in the previous paragraph have led to theoretical
models. For more detail, the reader is referred to a review by Kéhler and Morozov.(Kéhler and
Morozov, 2016) The thermal diffusion coefficient and the steady-state Soret coefficient can be
predicted in ideal gas mixtures using kinetic gas theory.(Hirschfelder et al., 1954) Even in the
simplest possible case of a binary mixture of spherical monatomic gases, the thermal diffusion
ratio is "a very complex function of temperature, concentration, and molecular weights and
depends parametrically on the force law of the molecules."(Hirschfelder et al., 1954) Moreover,
Hirschfelder, Curtiss, and Bird explain that the error from the approximation used to derive an
analytical expression for the thermal diffusion ratio, which is closely related to the Soret
coefficient, is greater than for any other transport coefficient found using a similar approach.
Another approach is grounded in thermodynamics. Thermal diffusion expressions based on
thermodynamics have been developed by many researchers.(Koéhler and Morozov, 2016) Some
of these expressions are able to predict the behavior of simple mixtures (one phase, lacking strong
intermolecular interactions) in the limit of small temperature gradients.(Kohler and Morozov, 2016;

Rahman and Saghir, 2014) However, in practical systems where the Soret Effect is relevant,
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temperature gradients are much larger than the range to which irreversible thermodynamics is
expected to apply. Kempers used a clever approach to overcome the limitation of small
temperature and concentration gradients by decoupling the kinetic component from the
thermodynamic component of the model.(Kempers, 2001) This allowed him to start from
equilibrium thermodynamics, although it did require using the definition of the Soret coefficient
from irreversible thermodynamics. He has shown that kinetic gas theory can be combined with
thermodynamics to predict Soret coefficients in liquids (and interacting gases).(Kempers, 2001)
This model handles nonideality using molar properties of the components that are determined
with equation of state (EOS) software. Unfortunately, Kempers reports that EOS software at the
time was of insufficient accuracy due to the extreme sensitivity of the Soret coefficient to EOS
values. Despite this shortcoming, reasonable agreement with many experimental Soret
coefficients was found, although Kempers reports agreement with liquid hydrocarbons to be fair
to poor.(Kempers, 2001) More recently, the model has been successfully applied to solid
oxides.(Shimizu et al., 2018) Qualitatively, the model predicts that Soret coefficients will increase

with increasing nonideality.

Although significant progress has been made in understanding and predicting Soret coefficients,
both kinetic gas theory and thermodynamic models yet suffer from significant error. There also
remain gaps in our understanding of thermal diffusion. For example, the direction of thermal
diffusion can switch with composition of the mixture.(Kita et al., 2004) Although some qualitative
hypotheses have been put forward, it is not currently possible to predict this behavior. This inhibits
our ability to identify promising mixtures for use in thermogalvanic cells. Currently, thermogalvanic
cells utilize materials that are either very expensive or inefficient, rendering them impractical.(Lee
et al., 2014) There is an incentive to find cheaper, more energy-efficient materials to use within
these devices. The process of developing an effective thermogalvanic cell would be facilitated if

it were known which mixtures offered the greatest potential for this application. Therefore, an
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equation is derived that relates pure component self-diffusion coefficients to the Soret coefficient.
This relationship is used in simplified form to semi-empirically examine published data with a
graphical approach to understanding the role that self-diffusion-based activation energy plays in

thermal diffusion.

The purpose of this work is to investigate a potential relationship between the activation energy
of self-diffusion of the two individual parts of a binary mixture and the mixtures’ resulting Soret
coefficient. Our prediction is that whichever component has a greater activation energy will
thermally diffuse to the cold side, while the other component will thermally diffuse in the opposite
direction. The gradient in rate of thermal fluctuations results in a flux from faster thermal
fluctuations (higher temperature) to slower (lower temperature). This would be expected to occur
for all components in a mixture, which gets to the underlying reason why thermal diffusion is a
small effect in many systems. A concentration gradient only develops due to a relative flux of the
species whose difference in thermal fluctuation rate is greater. In other words, the higher
activation energy component thermally diffuses to the cold side. If this turns out to be true, this
would be a major breakthrough in our understanding of thermal diffusion, because it would tell us
that the mobility that determines Fickian diffusion and thermal diffusion is fundamentally the same.
The difference is that Fickian diffusion depends on the mean of the component mobilities (and a
thermodynamic factor) and thermal diffusion depends on the relative temperature-dependence of
the component mobilities, i.e. relative activation energies. The relationship between Fickian
diffusivities and self-diffusivities is already well established.(Krishna and van Baten, 2005; Vrentas
and Vrentas, 2007) In dilute and polymer solutions, a proportionality has been found between Dy
and the self-diffusion coefficient of the solvent.(Brenner, 2006; Rauch et al., 2007) However, the
idea that thermal diffusivities are related to activation energy of self-diffusion is new approach that
could elucidate the aforementioned proportionality and will be applied to concentrated solutions.

If the hypothesis is correct, it would mean that binary combinations could be screened separately
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and those with the greatest difference in self-diffusion activation energy would yield the largest

concentration gradient at Soret steady state.

Methodology

This work is entirely computational, based on data taken from the literature. The basis for including

given Soret data include 1) the need to also have available self-diffusion activation energies and

2) the data was generated from simple experiments with clearly defined bounds. Only binary liquid

mixtures were examined, and only data collected via the following 6 methods were used.

Thermal Diffusion Forced Rayleigh Scattering: Interference fringes, created by the
intersection of two equal-intensity laser beams, interact with a dye to create temperature
gradients whose spatial extent is defined by the varying light intensity. The Soret Effect
results in the development of a concentration grating. Both the temperature and
concentration gradients induce a refractive index grating that is measured by a second
laser utilizing Bragg diffraction. The benefits of this technique are that it has a diffusion
time on the order of milliseconds. The drawbacks are that the experiments must be run
thousands of times to give accurate results. The temperature-gradient used in these
experiments is on the order of 100 uK/10 pm = 0.1 K/cm.(Platten, 2006)

Sliding symmetrical tubes & Thermo-gravitational Columns: Two vertical concentric
cylinders held at different temperatures are used to create a temperature gradient. The
sample is placed between the two cylinders and the gradient is imposed horizontally.
Concentration is measured using multiple sample taps along the tubes. In this method,
convection is a significant part of creating the concentration gradient. However, given the
dimensions of the tubes, vertical diffusion can be neglected at steady state. This method

is more labor-intensive than other methods, but it is also the oldest and most well

6
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understood.(Platten, 2006) In particular, the technique has been used to separate
hydrocarbons as well as to understand how geothermal gradients affect local hydrocarbon
concentrations in petroleum deposits.(Platten, 2006) The temperature-gradient used in
these experiments is on the order of 1 K/0.1 cm = 10 K/cm. (Platten, 2006)

Optical Beam Deflection: This technique is used primarily for binary liquid mixtures. The
liquid is contained in a box with a temperature plate on the top and bottom, and optical
glass on the sides. The plates at different temperatures impose a temperature gradient
that over time will create a concentration gradient in the mixture. A laser is passed through
the mixture, and the degree of refraction in the beam is used to calculate the gradient.
This method is simple to set up and offers more potential applications as the temperature
can be controlled more easily. However, relaxation times are very long, and getting
repeated results takes a large amount of time.(Platten, 2006) The temperature-gradient
used in these experiments is on the order of 1 K/0.1 cm = 10 K/cm.(Koeniger et al., 2009)
Optical Digital Interferometry: The mixture is placed into a glass frame clamped between
two highly conductive metal plates used to drive the temperature gradient. The cell is
placed into an interferometer, and diffusion is measured via a complex optical
arrangement involving the reflection of a He-Ne laser. This method is unique as it traces
the transient path of the system over the full cross-section of the cell. (Mialdun et al., 2012)
The temperature-gradient range used in these experiments is on the order of 10 K/cm.
(Mialdun et al., 2012)

Stirred Diaphragm Cells: Diaphragm cells can have a wide range of specifications and
designs. In the simplest form, a diaphragm cell is composed of a sintered diaphragm in a
casing. Diffusion is confined to the pores of the diaphragm, allowing for the use of large
gradients measured in a short time. However, there is a significant amount of potential
variance in this method, and some scientists question the reproducibility of this

method.(Gordon, 1945)
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- Influence of Vibrations on Diffusion in Liquids: This experiment uses the optical digital
interferometry technique, but it was done onboard the international space station (ISS)
under microgravity conditions. (Mialdun et al., 2012) The temperature-gradient range used

in these experiments is on the order of 10 K/1 cm = 10 K/cm. (Mialdun et al., 2012)

These 6 methods were found to have a sufficient amount of available data to evaluate their
reliability. Consistency among the techniques was taken as an indication of their accuracy.
Possibly due to specific interactions, mixtures with a chlorine-containing compound exhibit
behavior completely uncorrelated to any other data. This was true for both carbon tetrachloride
and chlorobenzene. As a result, it was excluded from our data on the basis that there is some
unique intermolecular interaction(s) occurring that cannot be otherwise accounted for without
detailed equation of state input or some measurement of the thermodynamic factor. Herein is
reported a database of Soret coefficient values that have been collected from literature reporting
compilations of multiple studies as well as some original reports. This database (found in its
entirety in the associated dataset)(Silverman and Hallinan Jr, 2020) includes the components and
concentrations of the binary mixture, the Soret coefficient, the experimental method, and
experimental conditions. In addition, this investigation required the use of the activation energy of
self-diffusion for each component. This information is not widely available, and most of it had to
be calculated. To achieve this, we compiled temperature-dependent self-diffusion coefficient data
from a variety of sources. Then, Arrhenius plots were used in the following format:

In(D) = In(D,) fo 1
= —_— % =
n n 0 R T

The activation energy, E,, was calculated by multiplying the magnitude of the slope of In(D)
versus 1/T by the gas constant, R = 0.008314%. The self-diffusion activation energies are

reported in Table 1.
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Table 1. Activation energy for self-diffusion of each component included in this study.

95%

Substance en::-;t;(v(?(tj(l)r:ol) Confidence T?-;nnp;:z:(u)re
interval
acetone 8.62 +/- 0.679 186-334 (Sudrez-Iglesias et al., 2015)
benzene 12.829 +/- 0.589 283-318 (Winter, 1952)
cyclohexane 14.62 +/- 0.621 281-333 (Suarez-Iglesias et al., 2015)
decane 13.313 +/- 0.323 247-444 (Suarez-lglesias et al., 2015)
dodecane 13.74 +/- 0.984 278-334 (Suarez-Iglesias et al., 2015)
ethanol 15.247 +/- 0.694 239-340 (Guevara-Carrion, 2009)
hexane 8.25 +/- 2.04 193-349 (2020)
IPA 24.36 +/- 2.82 298-339 (Pratt, 1975)
methanol 12.67 +/- 0.501 213-340 (Guevara-Carrion, 2009)
octadecane 16.901 +/- 0.921 301-439 (Suarez-Iglesias et al., 2015)
pentane 6.833 +/- 0.331 190-309 (Suarez-Iglesias et al., 2015)
toluene 11.27 +/- 0.285 202-379 (Suarez-lglesias et al., 2015)
water 17.361 +/- 0.871 273-364 (Suarez-Iglesias et al., 2015)

Terms & Definitions

The complete compiled Soret data are reported in the associated dataset.(Silverman and Hallinan
Jr, 2020) It includes: names of component 1 and component 2, the mole fraction of each
component, the average temperature in Kelvin at which the data was collected, the Soret
coefficient measurement method, and the resulting Soret coefficient in K~1. The designation of
component 1 and component 2 is arbitrary due to mutual counter-diffusion occurring in the binary
liquid mixtures, and D,, = D,,. However, the designation is important because it determines the
sign of the thermal diffusion coefficient, i.e. Dr,, = —Dr,;. Since Sr,, = Dr1,/D;,, the
designation also determines the sign of the Soret coefficient. A positive Soret coefficient indicates
that thermal diffusion of component 1 occurs from higher temperature to lower temperature. In
other words, positive S; indicates that component 1 concentrates at the lower temperature (and
component 2 concentrates at the higher temperature due to conservation of mass). Since the
mutual (Fickian) diffusion coefficient is always positive, a negative Soret coefficient indicates that
the flux of component 1 due to thermal diffusion is from low to high temperature. The convention

in this study was to define the components such that the weighted E,; difference (defined below)

9
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would be positive, effectively looking at only the magnitude of weighted E, differences. In
experiments where the difference was negative (with the components as defined in the original
literature report), the designation of components was switched and the sign of the Soret coefficient

was changed (to account for the change in the component designation).

Results and Discussion

In order to develop a relationship between self-diffusion-based activation energies and the Soret
coefficient, it is convenient to express the Soret coefficient S; = D;/D,p in terms of the thermal
diffusion coefficient, D, and the mutual diffusion coefficient, D,5z. In an initially homogeneous
mixture that is subjected to a temperature gradient, the only way for a concentration gradient to
develop is if the diffusive flux of component A, J,, is different from that of component B, J5. In
other words, in a binary mixture the net flux creating the concentration gradient is equal to the flux

due to thermal diffusion.

Ja=Js = 05ROV 1372 = 11/2) [ -8 - 22 = ey 9T 1)
A B

All variables are defined in the definition of variables section. Thus, for 1-dimensional diffusion in

the x-direction,

Dy = 2 Ry 12 — 2 {[ (R (), - [ (28— () o)

T
(2)

\1/2
Note that the velocity of component i at temperature j is v;; = (%) . The self-diffusion
coefficient of component i at temperature j can be considered D;; = Ax v;;, such that

_ 1
- 2cx axgAT

Dr {[Daz — Da1lcy — [Dpz — Dp1lcp}. (3)

10
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Self-diffusion coefficients follow an Arrhenius temperature dependence.
Dij = DiOB_Ei/RTj (4)
Since x; = ¢;/c,

Dy = —ZXA;BAT (Dyo[eBA/RT2 — e=Ea/RTi]y, — Dy [e~EB/RTz — o=En/RTi]y,} (5)

Next, we can use the Darken relation to relate the mutual diffusion coefficient to the self-diffusion

coefficients.(Krishna and van Baten, 2005)
Dpp = Tp(xgDy + x4Dp) (6)

where Ty, is a thermodynamic factor that accounts for deviation from ideality. It is unity in an ideal
system, which will be assumed here. Taking the mutual diffusion coefficient at some average

temperature, T,
Dap = (xpDage F4/RT 4 x,Dpoe~F6/RT) (7)
Inserting equations 5 and 7 into the Soret coefficient ratio yields

_ 1 {DAQ[Q_EA/RTZ—e_EA/RTl]XA_DBO[E_EB/RTZ—e_EB/RTl]XB} 8
T — 2X AXpAT (XBDAoe—EA/RT+XADBOe—EB/RT) . ( )

Rearranging

E_A(l_i> E_A(i_i) E_B(l_i) E_B(l_i)
e R\T T2)_¢ R\T T1/|x, e R\T T2)_¢ R\T T1/|xp

1

Sr = (9)

T 2x4xBAT xp+x 2B (Ea-Ep)/RT - xBMe(EB_EA)/RT+xA ’
Do Do
. . . 1 1 1 1 AT . . . .
If T, and T, are sufficiently similar, then L Er = Using this assumption, equation A9
2 1

can be simplified to

XA (EAAT)_DBO ; (EBAT) (E4—Eg)/RT
1 xp sinh\ Sk Dao > h(Zrr2)?

XaAXBAT 1+%3(EA_EB)/RT
*BDao

(10)

T
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For all Soret coefficient measurements compiled in this study 2% is small, on the order of 1073,

sinh(—EiAT)
. 2RT2 E;
lim —ar =

T ekl 2R
T—2—>0 TZ

(11)

With these assumptions, a final exact expression for the Soret coefficient is

A
xAR DAO e\ RT

E (—_EB
— =B RT )
T XBRrDBo €

ZXAXBTST = —E4 —Eg (12)

xBD a0 e( RT >+XADB() e( RT )

In the limit as the activation energy difference, E4, — Eg, goes to zero

x4Ea _DpoEp *aEa _Dpo XAE4 — 2BOxpEp
]im ST N 1 xg RT Dpo RT __ Ep xBEp Dyo __ 1 Dao (13)
D - D - D
(Ea—Ep)-0 2x4xgT 1 +2XA2BO 2x4xgRT2 1 4+ XA”Bo 2XaXBRT?  xp + x4,-BO
xBD A0 *BD A0 Dao

For an equimolar mixture with equal D;,, St goes to zero in the limit as E, — Ep goes to zero, but
it can be nonzero for unequal D;, and/or asymmetric mixture composition. The parametric plots
of Figure 1 and Figure 2 use equation 12 to examine the effect of D;, ratio and composition on
Sr, respectively. In Figure 1 with unequal D;,, the trend of the model qualitative agrees with the
compiled data up to a value of x4E, — xgEg < 5. It is worth noting that the greatest weighted
activation energy difference in the compiled data is 16. However, in the limit of large weighted
activation energy difference, the compiled data does not appear to tend toward zero, as Figure 1
would suggest. It is interesting to note that Figure 1 was generated by incrementing the value of
E, larger and the value of Ez smaller, but large weighted activation energy difference could be
achieved with finite E5 values that would not drive S, to zero. The effect of E; on S; values in the
limit of large weighted activation energy difference is shown in Figure 3. The derived expression

does not require S to tend toward zero, but rather a negative value, as the compiled data

demonstrates.
lim Sp—>-—-——25 (14)
(Eq—Eg)— 2x4xBT x4 RT

12
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It will be interesting to see if a minimum is observed as mixtures with yet larger self-diffusion

activation energy differences are studied. Due to uncertainty in determining D;, values, i.e. the
self-diffusion coefficient at infinite temperature (% - 0), this study focused simply on empirical

correlation with weighted activation energy differences (and ratios) rather than using the exact
expression derived in equation 12. It is worth pointing out that different expressions could have
been chosen to relate thermal and mutual diffusion coefficients to self-diffusion coefficients, which
would have resulted in a different final expression for the Soret coefficient. The expressions used
here are grounded in a phenomenological understanding of continuum transport theory and have

been widely used by other investigators.
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Figure 1. Parametric plot of Soret coefficient versus weighted activation energy difference for
different values of the ratio of the Arrhenius pre-exponential constants for self-diffusion (noted in
legend). The ratios were achieved by fixing Dy, = 1 X 1078 ¢m? /s and varying D,,. This plot was
generated using equation 12 with x, = x5 = 0.5, T = 298 K (i.e. RT = 2.48 kJ/mol), E, values
between 28 and 14.5 kJ /mol, and Ey values between 1 and 14.5 kJ/mol.
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B (noted in legend). This plot was generated using equation 12 with x, = x5 = 0.5, T = 298K (i.e.
RT = 2.48 kJ/mol), and D,y = Dgo = 1 X 1078 cm?/s. For each curve, the weighted activation
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Motivated by this derivation, several simplified relationships between the activation energies of
self-diffusion of each component in a binary mixture and the Soret coefficients of the mixtures
were examined. As shown in equation 13, for small activation energy differences, similar self-
diffusion prefactors, and similar composition, S; would be expected to scale with the weighted

activation energy ratio:

X1Eq 1
X2Eq2
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where x; is the mole fraction of component i. The relationship between the compiled S; data and
the weighted activation energy ratios are presented graphically in Figure 4. This graph shows a
general but weak trend that as the ratio of activation energy gets larger, the Soret coefficient tends

towards a large negative value.
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Figure 4. Soret coefficients versus mole-fraction-weighted activation energy ratio. The

horizontal axis is log-scale.

By rearranging equation 13, one might expect S; to scale with a weighted activation energy

difference, as follows.

X1Eqq — x2Eq

The plot of Soret coefficients versus this weighted activation energy difference is presented in

Figures 5a and 5b. A parabolic relationship is apparent in Figure 5a (see dashed curve), indicating

17
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that as weighted E, difference increases, the magnitude of S gets larger. Due to the large scatter
in data for small weighted E, difference, it is unclear if the parabolic trend is real or if rather there
is a threshold weighted E, difference above which a linear trend occurs (with negative slope). The
latter behavior would be in agreement with molecular dynamic simulations of silicate liquids that
found a linear relationship between S; and E,.(Noritake et al., 2019) It could also be rationalized
if there is a minimum weighted E, difference required for the experimental techniques to
accurately detect S; values. There is a clear trend of increasingly negative S; values with
increasing weighted E, differences.It can be explained physically as follows. In a mixture that is
initially homogeneous and exposed to a temperature gradient, net flux due to thermal diffusion is
not driven by differences in the number of diffusing species (as is the case for Fickian diffusion
driven by a concentration gradient), but rather it is driven by the difference in the rate of diffusive
jumps in regions of different temperature. Since all diffusion coefficients follow Arrhenius behavior,
this would indicate that both species would tend to diffuse from hot to cold since the rate of
diffusive jumps is higher on the hot side than it is on the cold side. The flux of both species from
hot to cold might occur at very early times to satisfy thermal expansion (temperature dependence
of mixture density). However, at Soret equilibrium conservation of mass prevents continued flux
of both species in the same direction. Furthermore, such flux would not induce a change in
component concentration unless the flux of one component is different from that of the other.
From a molecular perspective, the development of a concentration gradient due to thermal
diffusion requires the exchange of component 1 and component 2, since an exchange of two
molecules of the same species results in an indistinguishable diffusive step and no change in
concentration, i.e. chemically identical molecules cannot be distinguished. Thus, differences in
thermal diffusion flux, which by these arguments are driven by a gradient in the rate (as opposed
to number) of diffusive steps, requires that the rate difference be greater for one component than

for the other. Equation 14 predicts the trend toward negative Soret coefficient values with
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increasing activation energy difference. It also can explain the large scatter observed at small
activation energy differences, which is likely rooted in the more complex dependence on
composition and self-diffusion coefficient pre-exponential factors that were not considered due to

experimental uncertainty.

In order to make apparent specific trends within a given experimental technique, the data in Figure
5ais represented in Figure 5b with the technique denoted. All techniques appear to follow a similar
trend, and there are no obvious discrepancies. This validates the choice of experimental
techniques to include in this compilation. As shown in Figure 5b, almost all measurements of
mixtures with large weighted activation energy difference have been conducted with the optical
bending technique (OBD). Thus, there is a need for Soret measurements of large-weighted-E,-
difference mixtures with other techniques. This will help to determine if scatter in the data is truly

smaller in the limit of large weighted E, difference.

Motivated by the apparent parabolic behavior in Figure 5a, S; was plotted versus the square of
the weighted E, difference in Figure 6. This does not appear to result in a better correlation.
However, it does accentuate the possible second-order polynomial relationship, which could be
rooted in the lowest-order terms of a Taylor series representation of an exponential dependence

of Sy on the E, difference.
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as (a) with the experimental method denoted: TDFRS — Thermal Diffusion Forced Raleigh
Scattering (de Mezquia et al., 2014; Hartmann et al., 2012; Li et al., 1994; Ning et al., 2006;
Platten, 2006) SDC - Stirred Diaphragm Cell (Tyrell, 1961; Wiegand, 2004b), TGC -
Thermogravimetric Column (Alonso de Mezquia et al., 2014; Ecenarro et al., 1990; Mialdun et al.,
2012), OBD — Optical Bending Technique (Mialdun et al., 2012), ODI — Optical Digital
Interferometry (Mialdun et al., 2012), and IVIDIL — Influence of Vibrations on Diffusion in Liquids

(Mialdun et al., 2012).
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Table 2. This table provides a summary of the Soret coefficient data. Reported are the

temperature ranges over which Soret coefficients were measured, as well as the range of Soret

coefficients for each binary mixture. If only one Soret coefficient is listed, the mixture had only

one value reported.

Temp Range

Soret Range (K™) Mixture References
298 -0.00137 Acetone Dodecane (Hartmann et al., 2012)
298 0.00651 Acetone Hexane (Hartmann et al., 2012)
293 313 | -0.000319 | 0.001853 | Cyclohexane Benzene (Tyrell, 1961), (Wiegand, 2004b)
298 0.00803 Cyclohexane Acetone (Hartmann et al., 2012)
298 0.00594 Cyclohexane Hexane (Prigogine, 1950)
298 -0.00203 Cyclohexane Toluene (Hartmann et al., 2012)
300 0.00327 Decane Pentane (Wiegand, 2004b)
298 | 3082 | -0.0036 | 0.00356 | Dodecane Hexane (Hal\"}lma”r? etal., 2012), (de
ezquia et al., 2014)
(Tyrell, 1961), (Wiegand,
296 | 311.2 | -0.00771 0.00664 Ethanol Water 2004b),(Koeniger et al.,
2009),(Platten, 2005)
313 -0.003738 | 0.002971 Methanol Water (Tyrell, 1961)
313 -0.000479 | 0.00377 Methanol Benzene (Tyrell, 1961)
(Hartmann et al., 2012),
(Wiegand, 2004b), (Ecenarro et
al., 1990), (Segré et al., 1993),
296 | 3112 | -0.00469 | 0.00659 | Toluene Hexane | S 10 ; d? ey 5000), (Kohl)er
and Muller, 1995), (de Mezquia et
al., 2014), (Li et al., 1994)
278 313 0.0036 0.0048 Toluene Octadecane (Ning et al., 2006)
298 | 308.2 | -0.00134 | 0.00229 | Toluene | Dodecane (Hartmann ot al, 2012), (de
ezquia et al., 2014)
298 0.00054 Toluene Acetone (Hartmann et al., 2012)
288 308 -0.01105 | 0.00787 Water IPA (Mialdun et al., 2012)
Conclusions

The graphical representation of the compiled data strongly suggests that there is a positive

correlation between the magnitude of the Soret coefficient and the weighted E,

difference.

Although this study does not prove that this empirical correlation is universal, it does provide

sufficient evidence that future examination of an even wider range of mixtures would be

warranted. This trend is a significant discovery because it could prove useful in successfully
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382  predicting mixtures that would exhibit the largest magnitude Soret coefficient, which could impact
383  applications such as thermally driven separations, thermogalvanic waste heat recovery, and
384  battery efficiency related to temperature gradients. Given the variety of substances used in this
385  study, it appears that exploring binary mixtures with increasingly large weighted E, differences

386  would be appropriate, as well as branching out into electrolytic and metallic substances.
387

388 Definition of variables

389 ¢; — concentration of component j

390 ¢ =), c; — total concentration of mixture

391 D, — Mutual diffusion coefficient in a mixture of components A and B

392 D; — Self-diffusion coefficient of component i

393 D,, — Pre-exponential constant for Arrhenius temperature dependence of self-diffusion

394  coefficient of component i

395 Dy — Thermal diffusion coefficient

396 E; — Activation energy for self-diffusion of component i
397  J; — flux of component i

398 M; — molecular weight of component j

399 R —universal gas constant

400 S; — Soret coefficient

401  T; —temperature of side j
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v;; — velocity of component / at temperature j
x; — mole fraction of component i

V — gradient
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