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Abstract 8 

The Soret effect is an observed phenomenon in which an applied temperature gradient 9 

will induce a concentration gradient in multicomponent mixtures. The Soret coefficient is 10 

the ratio of thermally driven diffusion to mutual diffusion driven by concentration gradients. 11 

It is measured at steady state when the two driving forces are balanced, i.e. the net flux 12 

is zero. This study is designed to explore the potential relationship between the activation 13 

energy of self-diffusion of the individual components of a binary mixture and the mixture’s 14 

resulting Soret coefficient. This study found a trend of increasingly negative Soret 15 

coefficients as the difference in the mole-fraction-weighted self-diffusion activation 16 

energies of the components increased. 17 
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Introduction 21 

The Soret effect, whereby a concentration gradient forms when a multi-component mixture is 22 

exposed to a temperature gradient, is experimentally well-established.(Platten et al., 2003) The 23 

Soret effect has tremendous potential to be used in several energy harnessing capacities. The 24 

most promising of these is waste heat energy recapture. Wasted heat energy is a major issue 25 

with 70% of all energy produced being lost as heat waste.(Jones, 2018) This astounding figure is 26 

why waste energy recapture has become one of the most intriguing concepts in energy today. 27 

Our approach to addressing this issue is through the development of our understanding of the 28 

Soret effect. The long-term potential of this work is to develop a reusable polymer-electrolyte 29 

thermogalvanic cell, which could generate electricity like a battery but driven by thermal rather 30 

than chemical potential gradients.(Mentor et al., 2020) It would do this by using waste heat energy 31 

as a heat source and atmospheric conditions as a heat sink to create the temperature gradient 32 

previously mentioned. This would mean that wasted energy could be recaptured with a simple 33 

thermogalvanic cell, making it a cost-effective and accessible form of energy.(Yu et al., 2019) In 34 

addition to industrial processes, this work also has the potential to be harnessed for use in cars 35 

(exhaust heat) and other consumer products, as well as potentially with geothermal 36 

applications(Vining, 2009) and to improve the efficiency of other power generation systems. 37 

Study of the Soret Effect has a long empirical and phenomenological history. The earliest studies, 38 

by Ludwig and Soret, used aqueous electrolytes. In the early 1900's, significant emphasis was 39 

placed on studying gas mixtures,(Grew and Ibbs, 1952) due to the simplicity of molecular 40 

interactions in such systems and therefore the ability to model thermal diffusion with kinetic gas 41 

theory.(Hirschfelder et al., 1954) More recently, studies have been motivated by the practical 42 

significance of the experimental system. In an attempt to understand the behavior of 43 

petrochemicals in geological deposits, much work has been done on liquid hydrocarbon 44 

mixtures,(Köhler and Morozov, 2016) which are the focus herein. In the past two decades, 45 
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polymer solutions and polymer blends have been studied, primarily to better understand the 46 

success of thermal flow field fractionation for the separation of polyolefins(Malik and Pasch, 2016; 47 

Messaud et al., 2009; VanBatten et al., 1997) but also due to the propensity for such systems to 48 

have a large Soret coefficient.(Wiegand, 2004a) Arguably the most fundamental understanding 49 

of thermal diffusion in condensed systems has been achieved with solid oxides, whose study is 50 

motivated by the need for precise control of glass composition in some optical devices.(Noritake 51 

et al., 2019) In the work by Noritake and coworkers, the Soret coefficient was determined in 52 

multicomponent solid oxides using molecular dynamic simulations. In the oxides without charge 53 

compensation, a linear relationship between the Soret coefficients and potential energy 54 

distributions was found. The potential energy distributions are related to activation energy.  55 

The experimental efforts briefly reviewed in the previous paragraph have led to theoretical 56 

models. For more detail, the reader is referred to a review by Köhler and Morozov.(Köhler and 57 

Morozov, 2016) The thermal diffusion coefficient and the steady-state Soret coefficient can be 58 

predicted in ideal gas mixtures using kinetic gas theory.(Hirschfelder et al., 1954) Even in the 59 

simplest possible case of a binary mixture of spherical monatomic gases, the thermal diffusion 60 

ratio is "a very complex function of temperature, concentration, and molecular weights and 61 

depends parametrically on the force law of the molecules."(Hirschfelder et al., 1954) Moreover, 62 

Hirschfelder, Curtiss, and Bird explain that the error from the approximation used to derive an 63 

analytical expression for the thermal diffusion ratio, which is closely related to the Soret 64 

coefficient, is greater than for any other transport coefficient found using a similar approach. 65 

Another approach is grounded in thermodynamics. Thermal diffusion expressions based on 66 

thermodynamics have been developed by many researchers.(Köhler and Morozov, 2016) Some 67 

of these expressions are able to predict the behavior of simple mixtures (one phase, lacking strong 68 

intermolecular interactions) in the limit of small temperature gradients.(Köhler and Morozov, 2016; 69 

Rahman and Saghir, 2014) However, in practical systems where the Soret Effect is relevant, 70 
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temperature gradients are much larger than the range to which irreversible thermodynamics is 71 

expected to apply. Kempers used a clever approach to overcome the limitation of small 72 

temperature and concentration gradients by decoupling the kinetic component from the 73 

thermodynamic component of the model.(Kempers, 2001) This allowed him to start from 74 

equilibrium thermodynamics, although it did require using the definition of the Soret coefficient 75 

from irreversible thermodynamics. He has shown that kinetic gas theory can be combined with 76 

thermodynamics to predict Soret coefficients in liquids (and interacting gases).(Kempers, 2001) 77 

This model handles nonideality using molar properties of the components that are determined 78 

with equation of state (EOS) software. Unfortunately, Kempers reports that EOS software at the 79 

time was of insufficient accuracy due to the extreme sensitivity of the Soret coefficient to EOS 80 

values. Despite this shortcoming, reasonable agreement with many experimental Soret 81 

coefficients was found, although Kempers reports agreement with liquid hydrocarbons to be fair 82 

to poor.(Kempers, 2001) More recently, the model has been successfully applied to solid 83 

oxides.(Shimizu et al., 2018) Qualitatively, the model predicts that Soret coefficients will increase 84 

with increasing nonideality. 85 

Although significant progress has been made in understanding and predicting Soret coefficients, 86 

both kinetic gas theory and thermodynamic models yet suffer from significant error. There also 87 

remain gaps in our understanding of thermal diffusion. For example, the direction of thermal 88 

diffusion can switch with composition of the mixture.(Kita et al., 2004) Although some qualitative 89 

hypotheses have been put forward, it is not currently possible to predict this behavior. This inhibits 90 

our ability to identify promising mixtures for use in thermogalvanic cells. Currently, thermogalvanic 91 

cells utilize materials that are either very expensive or inefficient, rendering them impractical.(Lee 92 

et al., 2014) There is an incentive to find cheaper, more energy-efficient materials to use within 93 

these devices. The process of developing an effective thermogalvanic cell would be facilitated if 94 

it were known which mixtures offered the greatest potential for this application. Therefore, an 95 
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equation is derived that relates pure component self-diffusion coefficients to the Soret coefficient. 96 

This relationship is used in simplified form to semi-empirically examine published data with a 97 

graphical approach to understanding the role that self-diffusion-based activation energy plays in 98 

thermal diffusion. 99 

The purpose of this work is to investigate a potential relationship between the activation energy 100 

of self-diffusion of the two individual parts of a binary mixture and the mixtures’ resulting Soret 101 

coefficient. Our prediction is that whichever component has a greater activation energy will 102 

thermally diffuse to the cold side, while the other component will thermally diffuse in the opposite 103 

direction. The gradient in rate of thermal fluctuations results in a flux from faster thermal 104 

fluctuations (higher temperature) to slower (lower temperature). This would be expected to occur 105 

for all components in a mixture, which gets to the underlying reason why thermal diffusion is a 106 

small effect in many systems. A concentration gradient only develops due to a relative flux of the 107 

species whose difference in thermal fluctuation rate is greater. In other words, the higher 108 

activation energy component thermally diffuses to the cold side. If this turns out to be true, this 109 

would be a major breakthrough in our understanding of thermal diffusion, because it would tell us 110 

that the mobility that determines Fickian diffusion and thermal diffusion is fundamentally the same. 111 

The difference is that Fickian diffusion depends on the mean of the component mobilities (and a 112 

thermodynamic factor) and thermal diffusion depends on the relative temperature-dependence of 113 

the component mobilities, i.e. relative activation energies. The relationship between Fickian 114 

diffusivities and self-diffusivities is already well established.(Krishna and van Baten, 2005; Vrentas 115 

and Vrentas, 2007) In dilute and polymer solutions, a proportionality has been found between 𝐷் 116 

and the self-diffusion coefficient of the solvent.(Brenner, 2006; Rauch et al., 2007) However, the 117 

idea that thermal diffusivities are related to activation energy of self-diffusion is new approach that 118 

could elucidate the aforementioned proportionality and will be applied to concentrated solutions. 119 

If the hypothesis is correct, it would mean that binary combinations could be screened separately 120 
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and those with the greatest difference in self-diffusion activation energy would yield the largest 121 

concentration gradient at Soret steady state. 122 

 123 

Methodology 124 

This work is entirely computational, based on data taken from the literature. The basis for including 125 

given Soret data include 1) the need to also have available self-diffusion activation energies and 126 

2) the data was generated from simple experiments with clearly defined bounds. Only binary liquid 127 

mixtures were examined, and only data collected via the following 6 methods were used. 128 

- Thermal Diffusion Forced Rayleigh Scattering: Interference fringes, created by the 129 

intersection of two equal-intensity laser beams, interact with a dye to create temperature 130 

gradients whose spatial extent is defined by the varying light intensity. The Soret Effect 131 

results in the development of a concentration grating. Both the temperature and 132 

concentration gradients induce a refractive index grating that is measured by a second 133 

laser utilizing Bragg diffraction. The benefits of this technique are that it has a diffusion 134 

time on the order of milliseconds. The drawbacks are that the experiments must be run 135 

thousands of times to give accurate results. The temperature-gradient used in these 136 

experiments is on the order of 100 μK 10 μm⁄  ൌ 0.1 K/cm.(Platten, 2006)  137 

- Sliding symmetrical tubes & Thermo-gravitational Columns: Two vertical concentric 138 

cylinders held at different temperatures are used to create a temperature gradient. The 139 

sample is placed between the two cylinders and the gradient is imposed horizontally. 140 

Concentration is measured using multiple sample taps along the tubes. In this method, 141 

convection is a significant part of creating the concentration gradient. However, given the 142 

dimensions of the tubes, vertical diffusion can be neglected at steady state. This method 143 

is more labor-intensive than other methods, but it is also the oldest and most well 144 
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understood.(Platten, 2006) In particular, the technique has been used to separate 145 

hydrocarbons as well as to understand how geothermal gradients affect local hydrocarbon 146 

concentrations in petroleum deposits.(Platten, 2006) The temperature-gradient used in 147 

these experiments is on the order of 1 K 0.1 cm⁄ ൌ 10 K/cm. (Platten, 2006) 148 

- Optical Beam Deflection: This technique is used primarily for binary liquid mixtures. The 149 

liquid is contained in a box with a temperature plate on the top and bottom, and optical 150 

glass on the sides. The plates at different temperatures impose a temperature gradient 151 

that over time will create a concentration gradient in the mixture. A laser is passed through 152 

the mixture, and the degree of refraction in the beam is used to calculate the gradient. 153 

This method is simple to set up and offers more potential applications as the temperature 154 

can be controlled more easily. However, relaxation times are very long, and getting 155 

repeated results takes a large amount of time.(Platten, 2006)  The temperature-gradient 156 

used in these experiments is on the order of 1 K 0.1 cm⁄ ൌ 10 K/cm.(Koeniger et al., 2009)   157 

- Optical Digital Interferometry: The mixture is placed into a glass frame clamped between 158 

two highly conductive metal plates used to drive the temperature gradient. The cell is 159 

placed into an interferometer, and diffusion is measured via a complex optical 160 

arrangement involving the reflection of a He-Ne laser. This method is unique as it traces 161 

the transient path of the system over the full cross-section of the cell. (Mialdun et al., 2012)  162 

The temperature-gradient range used in these experiments is on the order of 10 K/cm. 163 

(Mialdun et al., 2012) 164 

- Stirred Diaphragm Cells: Diaphragm cells can have a wide range of specifications and 165 

designs. In the simplest form, a diaphragm cell is composed of a sintered diaphragm in a 166 

casing. Diffusion is confined to the pores of the diaphragm, allowing for the use of large 167 

gradients measured in a short time. However, there is a significant amount of potential 168 

variance in this method, and some scientists question the reproducibility of this 169 

method.(Gordon, 1945) 170 
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- Influence of Vibrations on Diffusion in Liquids: This experiment uses the optical digital 171 

interferometry technique, but it was done onboard the international space station (ISS) 172 

under microgravity conditions. (Mialdun et al., 2012) The temperature-gradient range used 173 

in these experiments is on the order of 10 K 1 cm⁄ ൌ 10 K/cm. (Mialdun et al., 2012) 174 

These 6 methods were found to have a sufficient amount of available data to evaluate their 175 

reliability. Consistency among the techniques was taken as an indication of their accuracy. 176 

Possibly due to specific interactions, mixtures with a chlorine-containing compound exhibit 177 

behavior completely uncorrelated to any other data. This was true for both carbon tetrachloride 178 

and chlorobenzene. As a result, it was excluded from our data on the basis that there is some 179 

unique intermolecular interaction(s) occurring that cannot be otherwise accounted for without 180 

detailed equation of state input or some measurement of the thermodynamic factor. Herein is 181 

reported a database of Soret coefficient values that have been collected from literature reporting 182 

compilations of multiple studies as well as some original reports. This database (found in its 183 

entirety in the associated dataset)(Silverman and Hallinan Jr, 2020) includes the components and 184 

concentrations of the binary mixture, the Soret coefficient, the experimental method, and 185 

experimental conditions. In addition, this investigation required the use of the activation energy of 186 

self-diffusion for each component. This information is not widely available, and most of it had to 187 

be calculated. To achieve this, we compiled temperature-dependent self-diffusion coefficient data 188 

from a variety of sources. Then, Arrhenius plots were used in the following format: 189 

lnሺ𝒟ሻ ൌ 𝑙𝑛ሺ𝒟଴ሻ െ
𝐸௔

𝑅
∗

1
𝑇

 190 

The activation energy, 𝐸௔, was calculated by multiplying the magnitude of the slope of lnሺ𝒟ሻ 191 

versus 1/𝑇 by the gas constant, 𝑅 ൌ 0.008314
୩୎

୫୭୪ ୏
. The self-diffusion activation energies are 192 

reported in Table 1. 193 

 194 
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Table 1. Activation energy for self-diffusion of each component included in this study. 195 

 196 

Terms & Definitions 197 

The complete compiled Soret data are reported in the associated dataset.(Silverman and Hallinan 198 

Jr, 2020) It includes: names of component 1 and component 2, the mole fraction of each 199 

component, the average temperature in Kelvin at which the data was collected, the Soret 200 

coefficient measurement method, and the resulting Soret coefficient in 𝐾ିଵ. The designation of 201 

component 1 and component 2 is arbitrary due to mutual counter-diffusion occurring in the binary 202 

liquid mixtures, and 𝐷ଵଶ ൌ 𝐷ଶଵ. However, the designation is important because it determines the 203 

sign of the thermal diffusion coefficient, i.e. 𝐷்,ଵଶ ൌ െ𝐷்,ଶଵ. Since 𝑆்,ଵଶ ൌ 𝐷்,ଵଶ/𝐷ଵଶ, the 204 

designation also determines the sign of the Soret coefficient. A positive Soret coefficient indicates 205 

that thermal diffusion of component 1 occurs from higher temperature to lower temperature. In 206 

other words, positive 𝑆் indicates that component 1 concentrates at the lower temperature (and 207 

component 2 concentrates at the higher temperature due to conservation of mass). Since the 208 

mutual (Fickian) diffusion coefficient is always positive, a negative Soret coefficient indicates that 209 

the flux of component 1 due to thermal diffusion is from low to high temperature. The convention 210 

in this study was to define the components such that the weighted 𝐸௔ difference (defined below) 211 

Substance 
Activation 

energy (kJ/mol) 

95% 
Confidence 

interval 

Temperature 
range (K) 

Source 

acetone 8.62 +/- 0.679 186-334 (Suárez-Iglesias et al., 2015) 
benzene 12.829 +/- 0.589 283-318 (Winter, 1952) 

cyclohexane 14.62 +/- 0.621 281-333 (Suárez-Iglesias et al., 2015) 
decane 13.313 +/- 0.323 247-444 (Suárez-Iglesias et al., 2015) 

dodecane 13.74 +/- 0.984 278-334 (Suárez-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 (Suárez-Iglesias et al., 2015) 
pentane 6.833 +/- 0.331 190-309 (Suárez-Iglesias et al., 2015) 
toluene 11.27 +/- 0.285 202-379 (Suárez-Iglesias et al., 2015) 
water 17.361 +/- 0.871 273-364 (Suárez-Iglesias et al., 2015) 
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would be positive, effectively looking at only the magnitude of weighted 𝐸௔ differences. In 212 

experiments where the difference was negative (with the components as defined in the original 213 

literature report), the designation of components was switched and the sign of the Soret coefficient 214 

was changed (to account for the change in the component designation). 215 

 216 

Results and Discussion 217 

In order to develop a relationship between self-diffusion-based activation energies and the Soret 218 

coefficient, it is convenient to express the Soret coefficient 𝑆் ൌ 𝐷் 𝐷஺஻⁄  in terms of the thermal 219 

diffusion coefficient, 𝐷், and the mutual diffusion coefficient, 𝐷஺஻. In an initially homogeneous 220 

mixture that is subjected to a temperature gradient, the only way for a concentration gradient to 221 

develop is if the diffusive flux of component A, 𝐽஺, is different from that of component B, 𝐽஻. In 222 

other words, in a binary mixture the net flux creating the concentration gradient is equal to the flux 223 

due to thermal diffusion. 224 

𝐽஺ െ 𝐽஻ ൌ 0.5ሺ3𝑅ሻଵ ଶ⁄ ቂ𝑇ଶ
ଵ ଶ⁄ െ 𝑇ଵ

ଵ ଶ⁄ ቃ ൤ ௖ಲ

ெಲ
భ మ⁄ െ

௖ಳ

ெಳ
భ మ⁄ ൨ ൌ 𝑐𝑥஺𝑥஻𝐷்∇𝑇    (1) 225 

All variables are defined in the definition of variables section. Thus, for 1-dimensional diffusion in 226 

the 𝑥-direction, 227 

𝐷் ൌ
∆௫

ଶ௖௫ಲ௫ಳ∆்
ሺ3𝑅ሻଵ ଶ⁄ ቂ𝑇ଶ

ଵ ଶ⁄ െ 𝑇ଵ
ଵ ଶ⁄ ቃ ൜൤ቀଷோ మ்

ெಲ
ቁ

ଵ ଶ⁄
െ ቀଷோ భ்

ெಲ
ቁ

ଵ ଶ⁄
൨ 𝑐஺ െ ൤ቀଷோ మ்

ெಳ
ቁ

ଵ ଶ⁄
െ ቀଷோ భ்

ெಳ
ቁ

ଵ ଶ⁄
൨ 𝑐஻ൠ228 

 (2) 229 

Note that the velocity of component 𝑖 at temperature 𝑗 is v௜௝ ൌ ቀ
ଷோ்ೕ

ெ೔
ቁ

ଵ ଶ⁄
. The self-diffusion 230 

coefficient of component 𝑖 at temperature 𝑗 can be considered 𝒟௜௝ ൌ ∆𝑥 v௜௝, such that 231 

𝐷் ൌ
ଵ

ଶ௖௫ಲ௫ಳ∆்
ሼሾ𝒟஺ଶ െ 𝒟஺ଵሿ𝑐஺ െ ሾ𝒟஻ଶ െ 𝒟஻ଵሿ𝑐஻ሽ.      (3) 232 
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Self-diffusion coefficients follow an Arrhenius temperature dependence. 233 

𝒟௜௝ ൌ 𝒟௜଴𝑒ିா೔ ோ்ೕ⁄           (4) 234 

Since 𝑥௜ ൌ 𝑐௜ 𝑐⁄ , 235 

𝐷் ൌ
ଵ

ଶ௫ಲ௫ಳ∆்
൛𝒟஺଴ൣ𝑒ିாಲ ோ మ்⁄ െ 𝑒ିாಲ ோ భ்⁄ ൧𝑥஺ െ 𝒟஻଴ൣ𝑒ିாಳ ோ మ்⁄ െ 𝑒ିாಳ ோ భ்⁄ ൧𝑥஻ൟ   (5) 236 

Next, we can use the Darken relation to relate the mutual diffusion coefficient to the self-diffusion 237 

coefficients.(Krishna and van Baten, 2005) 238 

𝐷஺஻ ൌ 𝑇௛ሺ𝑥஻𝒟஺ ൅ 𝑥஺𝒟஻ሻ         (6) 239 

where 𝑇௛ is a thermodynamic factor that accounts for deviation from ideality. It is unity in an ideal 240 

system, which will be assumed here. Taking the mutual diffusion coefficient at some average 241 

temperature, 𝑇, 242 

𝐷஺஻ ൌ ൫𝑥஻𝒟஺଴𝑒ିாಲ ோ்⁄ ൅ 𝑥஺𝒟஻଴𝑒ିாಳ ோ்⁄ ൯       (7) 243 

Inserting equations 5 and 7 into the Soret coefficient ratio yields 244 

𝑆் ൌ
ଵ

ଶ௫ಲ௫ಳ∆்

൛𝒟ಲబൣ௘షಶಲ ೃ೅మ⁄ ି௘షಶಲ ೃ೅భ⁄ ൧௫ಲି𝒟ಳబൣ௘షಶಳ ೃ೅మ⁄ ି௘షಶಳ ೃ೅భ⁄ ൧௫ಳൟ

൫௫ಳ𝒟ಲబ௘షಶಲ ೃ೅⁄ ା௫ಲ𝒟ಳబ௘షಶಳ ೃ೅⁄ ൯
.    (8) 245 

Rearranging 246 

𝑆் ൌ
ଵ

ଶ௫ಲ௫ಳ∆்

൥௘
ಶಲ
ೃ ൬భ

೅ష
భ

೅మ
൰

ି௘
ಶಲ
ೃ ൬భ

೅ష భ
೅భ

൰
൩௫ಲ

௫ಳା௫ಲ
𝒟ಳబ
𝒟ಲబ

௘൫ಶಲషಶಳ൯ ೃ೅⁄
െ

൥௘
ಶಳ
ೃ ൬భ

೅ష
భ

೅మ
൰

ି௘
ಶಳ
ೃ ൬భ

೅ష భ
೅భ

൰
൩௫ಳ

௫ಳ
𝒟ಲబ
𝒟ಳబ

௘൫ಶಳషಶಲ൯ ೃ೅⁄ ା௫ಲ
.     (9) 247 

If 𝑇ଶ and 𝑇ଵ are sufficiently similar, then 
ଵ

்
െ

ଵ

మ்
≅

ଵ

்
െ

ଵ

భ்
≅

∆்

ଶ்మ. Using this assumption, equation A9 248 

can be simplified to  249 

𝑆் ൌ
ଵ

௫ಲ௫ಳ∆்

ೣಲ
ೣಳ

 ୱ୧୬୦ቀ
ಶಲ∆೅
మೃ೅మቁ ି 

𝒟ಳబ
𝒟ಲబ

 ୱ୧୬୦ቀ
ಶಳ∆೅
మೃ೅మቁ௘൫ಶಲషಶಳ൯ ೃ೅⁄

ଵା
ೣಲ𝒟ಳబ
ೣಳ𝒟ಲబ

௘൫ಶಲషಶಳ൯ ೃ೅⁄
.      (10) 250 



12 
 

For all Soret coefficient measurements compiled in this study 
∆்

ଶ்మ is small, on the order of 10ିଷ. 251 

lim
∆೅
೅మ→଴

ୱ୧୬୦ቀ
ಶ೔∆೅

మೃ೅మቁ
∆೅
೅మ

→
ா೔

ଶோ
          (11) 252 

With these assumptions, a final exact expression for the Soret coefficient is 253 

2𝑥஺𝑥஻𝑇𝑆் ൌ
௫ಲ

ಶಲ
ೃ೅

𝒟ಲబ ୣ
൬

షಶಲ
ೃ೅ ൰

ି௫ಳ
ಶಳ
ೃ೅

𝒟ಳబ ୣ
൬

షಶಳ
ೃ೅ ൰

௫ಳ𝒟ಲబ ୣ
൬

షಶಲ
ೃ೅ ൰

ା௫ಲ𝒟ಳబ ୣ
൬

షಶಳ
ೃ೅ ൰

.       (12) 254 

In the limit as the activation energy difference, 𝐸஺ െ 𝐸஻, goes to zero 255 

lim
ሺாಲିாಳሻ→଴

𝑆் →
ଵ

ଶ௫ಲ௫ಳ்

ೣಲ
ೣಳ

 
ಶಲ
ೃ೅

 ି 
𝒟ಳబ
𝒟ಲబ

 
ಶಳ
ೃ೅

ଵ ା 
ೣಲ𝒟ಳబ
ೣಳ𝒟ಲబ

ൌ
ாಳ

ଶ௫ಲ௫ಳோ்మ

ೣಲ
ೣಳ

 
ಶಲ
ಶಳ

 ି 
𝒟ಳబ
𝒟ಲబ

ଵ ା 
ೣಲ𝒟ಳబ
ೣಳ𝒟ಲబ

ൌ
ଵ

ଶ௫ಲ௫ಳோ்మ

௫ಲாಲ ି 
𝒟ಳబ
𝒟ಲబ

௫ಳாಳ

௫ಳ ା ௫ಲ
𝒟ಳబ
𝒟ಲబ

.  (13) 256 

For an equimolar mixture with equal 𝒟௜଴, 𝑆் goes to zero in the limit as 𝐸஺ െ 𝐸஻ goes to zero, but 257 

it can be nonzero for unequal 𝒟௜଴ and/or asymmetric mixture composition. The parametric plots 258 

of Figure 1 and Figure 2 use equation 12 to examine the effect of 𝒟௜଴ ratio and composition on 259 

𝑆், respectively. In Figure 1 with unequal 𝒟௜଴, the trend of the model qualitative agrees with the 260 

compiled data up to a value of 𝑥஺𝐸஺ െ 𝑥஻𝐸஻ ൑ 5. It is worth noting that the greatest weighted 261 

activation energy difference in the compiled data is 16. However, in the limit of large weighted 262 

activation energy difference, the compiled data does not appear to tend toward zero, as Figure 1 263 

would suggest. It is interesting to note that Figure 1 was generated by incrementing the value of 264 

𝐸஺ larger and the value of 𝐸஻ smaller, but large weighted activation energy difference could be 265 

achieved with finite 𝐸஻ values that would not drive 𝑆் to zero. The effect of 𝐸஻ on 𝑆் values in the 266 

limit of large weighted activation energy difference is shown in Figure 3. The derived expression 267 

does not require 𝑆் to tend toward zero, but rather a negative value, as the compiled data 268 

demonstrates.  269 

lim
ሺாಲିாಳሻ→ஶ

𝑆் → െ
ଵ

ଶ௫ಲ௫ಳ்

௫ಳ

௫ಲ

ாಳ

ோ்
.        (14) 270 
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 It will be interesting to see if a minimum is observed as mixtures with yet larger self-diffusion 271 

activation energy differences are studied. Due to uncertainty in determining 𝒟௜଴ values, i.e. the 272 

self-diffusion coefficient at infinite temperature (
ଵ

்
→ 0), this study focused simply on empirical 273 

correlation with weighted activation energy differences (and ratios) rather than using the exact 274 

expression derived in equation 12. It is worth pointing out that different expressions could have 275 

been chosen to relate thermal and mutual diffusion coefficients to self-diffusion coefficients, which 276 

would have resulted in a different final expression for the Soret coefficient. The expressions used 277 

here are grounded in a phenomenological understanding of continuum transport theory and have 278 

been widely used by other investigators. 279 
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 280 

Figure 1. Parametric plot of Soret coefficient versus weighted activation energy difference for 281 
different values of the ratio of the Arrhenius pre-exponential constants for self-diffusion (noted in 282 
legend). The ratios were achieved by fixing 𝒟஻଴ ൌ 1 ൈ 10ି଼ 𝑐𝑚ଶ/𝑠 and varying 𝒟஺଴. This plot was 283 
generated using equation 12 with 𝑥஺ ൌ 𝑥஻ ൌ 0.5, 𝑇 ൌ 298 𝐾 (i.e. 𝑅𝑇 ൌ 2.48 𝑘𝐽/𝑚𝑜𝑙), 𝐸஺ values 284 
between 28 and 14.5 𝑘𝐽/𝑚𝑜𝑙, and 𝐸஻ values between 1 and 14.5 𝑘𝐽/𝑚𝑜𝑙. 285 
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 286 

Figure 2. Parametric plot for different mixture compositions (noted in legend). This plot was 287 
generated using equation 12 with 𝒟஺଴ ൌ 𝒟஻଴ ൌ 1 ൈ 10ି଼ 𝑐𝑚ଶ/𝑠, 𝑇 ൌ 298 𝐾 (i.e. 𝑅𝑇 ൌ288 
2.48 𝑘𝐽/𝑚𝑜𝑙), and 𝐸஺ and 𝐸஻ values between 1 and 20 𝑘𝐽/𝑚𝑜𝑙. Note that 𝑥஻ ൌ 1 െ 𝑥஺. 289 
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 290 

Figure 3. Parametric plot examining the effect of the self-diffusion activation energy of component 291 
B (noted in legend). This plot was generated using equation 12 with 𝑥஺ ൌ 𝑥஻ ൌ 0.5, 𝑇 ൌ 298 𝐾 (i.e. 292 
𝑅𝑇 ൌ 2.48 𝑘𝐽/𝑚𝑜𝑙), and 𝒟஺଴ ൌ 𝒟஻଴ ൌ 1 ൈ 10ି଼ 𝑐𝑚ଶ/𝑠. For each curve, the weighted activation 293 
energy difference was varied by changing the value of 𝐸஺ between 40 to 0 𝑘𝐽/𝑚𝑜𝑙. 294 

 295 

Motivated by this derivation, several simplified relationships between the activation energies of 296 

self-diffusion of each component in a binary mixture and the Soret coefficients of the mixtures 297 

were examined. As shown in equation 13, for small activation energy differences, similar self-298 

diffusion prefactors, and similar composition, 𝑆் would be expected to scale with the weighted 299 

activation energy ratio: 300 
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where 𝑥௜ is the mole fraction of component 𝑖. The relationship between the compiled 𝑆் data and 302 

the weighted activation energy ratios are presented graphically in Figure 4. This graph shows a 303 

general but weak trend that as the ratio of activation energy gets larger, the Soret coefficient tends 304 

towards a large negative value. 305 

306 

Figure 4. Soret coefficients versus mole-fraction-weighted activation energy ratio. The 307 

horizontal axis is log-scale. 308 

 309 

By rearranging equation 13, one might expect  𝑆் to scale with a weighted activation energy 310 

difference, as follows.  311 

𝑥ଵ𝐸௔,ଵ െ 𝑥ଶ𝐸௔,ଶ  312 

The plot of Soret coefficients versus this weighted activation energy difference is presented in 313 

Figures 5a and 5b. A parabolic relationship is apparent in Figure 5a (see dashed curve), indicating 314 
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that as weighted 𝐸௔ difference increases, the magnitude of 𝑆் gets larger. Due to the large scatter 315 

in data for small weighted 𝐸௔ difference, it is unclear if the parabolic trend is real or if rather there 316 

is a threshold weighted 𝐸௔ difference above which a linear trend occurs (with negative slope). The 317 

latter behavior would be in agreement with molecular dynamic simulations of silicate liquids that 318 

found a linear relationship between 𝑆் and 𝐸௔.(Noritake et al., 2019) It could also be rationalized 319 

if there is a minimum weighted 𝐸௔ difference required for the experimental techniques to 320 

accurately detect 𝑆் values. There is a clear trend of increasingly negative 𝑆் values with 321 

increasing weighted 𝐸௔ differences.It can be explained physically as follows. In a mixture that is 322 

initially homogeneous and exposed to a temperature gradient, net flux due to thermal diffusion is 323 

not driven by differences in the number of diffusing species (as is the case for Fickian diffusion 324 

driven by a concentration gradient), but rather it is driven by the difference in the rate of diffusive 325 

jumps in regions of different temperature. Since all diffusion coefficients follow Arrhenius behavior, 326 

this would indicate that both species would tend to diffuse from hot to cold since the rate of 327 

diffusive jumps is higher on the hot side than it is on the cold side. The flux of both species from 328 

hot to cold might occur at very early times to satisfy thermal expansion (temperature dependence 329 

of mixture density). However, at Soret equilibrium conservation of mass prevents continued flux 330 

of both species in the same direction. Furthermore, such flux would not induce a change in 331 

component concentration unless the flux of one component is different from that of the other. 332 

From a molecular perspective, the development of a concentration gradient due to thermal 333 

diffusion requires the exchange of component 1 and component 2, since an exchange of two 334 

molecules of the same species results in an indistinguishable diffusive step and no change in 335 

concentration, i.e. chemically identical molecules cannot be distinguished. Thus, differences in 336 

thermal diffusion flux, which by these arguments are driven by a gradient in the rate (as opposed 337 

to number) of diffusive steps, requires that the rate difference be greater for one component than 338 

for the other. Equation 14 predicts the trend toward negative Soret coefficient values with 339 
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increasing activation energy difference. It also can explain the large scatter observed at small 340 

activation energy differences, which is likely rooted in the more complex dependence on 341 

composition and self-diffusion coefficient pre-exponential factors that were not considered due to 342 

experimental uncertainty.  343 

In order to make apparent specific trends within a given experimental technique, the data in Figure 344 

5a is represented in Figure 5b with the technique denoted. All techniques appear to follow a similar 345 

trend, and there are no obvious discrepancies. This validates the choice of experimental 346 

techniques to include in this compilation. As shown in Figure 5b, almost all measurements of 347 

mixtures with large weighted activation energy difference have been conducted with the optical 348 

bending technique (OBD). Thus, there is a need for Soret measurements of large-weighted-𝐸஺-349 

difference mixtures with other techniques. This will help to determine if scatter in the data is truly 350 

smaller in the limit of large weighted 𝐸஺ difference. 351 

Motivated by the apparent parabolic behavior in Figure 5a, 𝑆் was plotted versus the square of 352 

the weighted 𝐸௔ difference in Figure 6. This does not appear to result in a better correlation. 353 

However, it does accentuate the possible second-order polynomial relationship, which could be 354 

rooted in the lowest-order terms of a Taylor series representation of an exponential dependence 355 

of 𝑆் on the 𝐸௔ difference.  356 
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 357 

 358 

Figure 5. (a) Soret coefficient versus mole-fraction-weighted activation energy difference. The 359 

second-order polynomial fit (dashed curve) has an R-squared value of 0.52. (b) The same data 360 
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as (a) with the experimental method denoted: TDFRS – Thermal Diffusion Forced Raleigh 361 

Scattering (de Mezquia et al., 2014; Hartmann et al., 2012; Li et al., 1994; Ning et al., 2006; 362 

Platten, 2006)  SDC – Stirred Diaphragm Cell (Tyrell, 1961; Wiegand, 2004b), TGC – 363 

Thermogravimetric Column (Alonso de Mezquia et al., 2014; Ecenarro et al., 1990; Mialdun et al., 364 

2012), OBD – Optical Bending Technique (Mialdun et al., 2012), ODI – Optical Digital 365 

Interferometry (Mialdun et al., 2012), and IVIDIL – Influence of Vibrations on Diffusion in Liquids 366 

(Mialdun et al., 2012). 367 

 368 

Figure 6. Weighted activation energy difference squared versus Soret coefficient.  369 
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Table 2. This table provides a summary of the Soret coefficient data. Reported are the 371 

temperature ranges over which Soret coefficients were measured, as well as the range of Soret 372 

coefficients for each binary mixture. If only one Soret coefficient is listed, the mixture had only 373 

one value reported. 374 

Temp Range 
(K) 

Soret Range (K-1) 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) 

298 308.2 -0.0036 0.00356 Dodecane Hexane 
(Hartmann et al., 2012), (de 

Mezquia et al., 2014) 

296 311.2 -0.00771 0.00664 Ethanol Water 
(Tyrell, 1961), (Wiegand, 
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) 

296 311.2 -0.00469 0.00659 Toluene Hexane 

(Hartmann et al., 2012), 
(Wiegand, 2004b), (Ecenarro et 
al., 1990), (Segrè et al., 1993), 

(Firoozabadi et al., 2000),(Kohler 
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 et al., 2012), (de 

Mezquia et al., 2014) 
298  0.00054  Toluene Acetone (Hartmann et al., 2012) 
288 308 -0.01105 0.00787 Water IPA (Mialdun et al., 2012) 

375 

Conclusions 376 

The graphical representation of the compiled data strongly suggests that there is a positive 377 

correlation between the magnitude of the Soret coefficient and the weighted 𝐸௔  difference. 378 

Although this study does not prove that this empirical correlation is universal, it does provide 379 

sufficient evidence that future examination of an even wider range of mixtures would be 380 

warranted. This trend is a significant discovery because it could prove useful in successfully 381 
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predicting mixtures that would exhibit the largest magnitude Soret coefficient, which could impact 382 

applications such as thermally driven separations, thermogalvanic waste heat recovery, and 383 

battery efficiency related to temperature gradients. Given the variety of substances used in this 384 

study, it appears that exploring binary mixtures with increasingly large weighted 𝐸஺ differences 385 

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

 387 

Definition of variables 388 

𝑐௜ – concentration of component i 389 

𝑐 ൌ ∑ 𝑐௜௜  – total concentration of mixture 390 

𝐷஺஻ – Mutual diffusion coefficient in a mixture of components A and B 391 

𝒟௜ – Self-diffusion coefficient of component i 392 

𝒟௜଴ – Pre-exponential constant for Arrhenius temperature dependence of self-diffusion 393 

coefficient of component i 394 

𝐷் – Thermal diffusion coefficient 395 

𝐸௜ – Activation energy for self-diffusion of component i 396 

𝐽௜ – flux of component i 397 

𝑀௜ – molecular weight of component i 398 

𝑅 – universal gas constant 399 

𝑆் – Soret coefficient 400 

𝑇௝ – temperature of side j 401 
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𝑣௜௝ – velocity of component i at temperature j 402 

𝑥௜ – mole fraction of component i 403 

∇ – gradient 404 
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