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Onsager nonequilibrium cross effects and the Curie symmetry principle
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Relation between independent diffusive fluxes in heat&diffusion interactions
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σ in terms of relative diffusive fluxes and forces
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Cross effects between vectorial fluxes and forces
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Thermoelectric effects
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Second law efficiency of the thermoelectric generator
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Thermo-osmosis of pure substances in porous media
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Thermo-osmosis of pure substances in porous media

Thermo-osmotic effect is a flow against the 
hydrostatic pressure, driven by a temperature 
gradient.
Mechano-caloric effect is a heat flux driven by 
a pressure gradient.
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Nonequilibrium in 
heat, mass, and charge transfer

Thermo-diffusion effects
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Interdiffusion of two constituents at uniform T and p
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Interdiffusion of two constituents at uniform T and p
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Thermophoresis: interdiffusion of two constituents at uniform p
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Thermophoresis: interdiffusion of two constituents at uniform p

Slide 25.14



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

Thermophoresis: interdiffusion of two constituents at uniform p
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Thermophoresis: interdiffusion of two constituents at uniform p

Figure 1 from E. Oyarzua, J.H. Walther, Ha.A. Zambrano, 
Physical Chemistry Chemical Physics 20, 3672 (2018).

Form R. Piazza, "Thermophoresis: moving particles 
with thermal gradients." Soft Matter 4, 1740 (2008).

Figure 3 from D. Neither and S. Wiegand. "Thermophoresis of biological and biocompatible 
compounds in aqueous solution." Journal of Physics: Condensed Matter 31, 503003 (2019).
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Other mechanisms for molecular transport in a pore/capillary

Figure 3 from R.R. Ratnakar and B. Dindoruk, Processes 10, 1194 (2022).

Sbyrnes321 from Wikipedia

Runningamok19 from Wikipedia 

Jkrieger from Wikipedia

Slide 25.17

https://en.m.wikipedia.org/w/index.php?title=Molecular_diffusion&wprov=rarw1
https://en.m.wikipedia.org/wiki/Atomic_diffusion
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Active matter is particles that deploy nonequilibrium to self-propel
self-propulsion of a non-spherical particle or a Janus particle induced by local spinodal decomposition

From F. Schmidt et al. Nature communications 12, 1902 (2021).

Figures from Falko Schmidt, “Active Matter in a Critical State. 
From passive building blocks to active molecules, engines and 
active droplets.” PhD Thesis 2021, University of Gothenburg

Slide 25.18



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

R. Golestanian, T.B. Liverpool, and A. Ajdari. "Propulsion of a molecular machine by 
asymmetric distribution of reaction products." Physical review letters 94, 220801 (2005).

Molecular motors are machines that convert chemical energy to mechanical work. 
Here a colloidal particle with an enzymatic site that lowers the activation energy of 
an otherwise nonequilibrium mixture of reactants. The products of the reaction 
cause concentration gradients which activate diffusiophoretic mechanisms

Molecular motors deploy nonequilibrium
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Thermophoresis in solutions of electrolytes and charged particles

From D. Niether, and S. Wiegand. Journal of Physics: Condensed Matter 31, 503003 (2019).
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Now you are (almost) ready to model electrochemical systems!
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S. Kjelstrup and D. Bedeaux, Thermodynamics of Electrochemical Systems. In: Breitkopf, C., Swider-Lyons, K. (eds) Springer 
Handbook of Electrochemical Energy. (Springer Handbooks. Springer, Berlin, Heidelberg 2017), pp. 69-93.
D. Bedeaux, Nonequilibrium thermodynamics and statistical physics of surfaces. Advances in Chemical Physics 64, 47-109 (1986).

Modeling electrochemical systems

Figures 13.1, 13.2, 19.4, 19.5 from S. Kjelstrup, D. Bedeaux: Non-
equilibrium Thermodynamics for Heterogeneous Systems, Advances in 
Statistical Mechanics, Vol. 16 (World Scientific, Singapore 2008).
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Nonequilibrium 
beyond the linear regime
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More on far-nonequilibrium models
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More on far-nonequilibrium models
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In 2024 Thermodynamics turned 200 years old! 
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Ilya Prigogine Prize for Thermodynamics awarded to PhD theses
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https://www.mi.sanu.ac.rs/JETC2025/index.html
https://quantum-thermodynamics.unibs.it/PrigoginePrize/PrigoginePrize.htm


Thank you for attending (or viewing) these lectures!

I dedicate them in memory of my mentors 

with gratitude for having inspired 

my journey into this captivating field 
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Elias P. Gyftopoulos
(1927-2012)

James L. Park
(1940-2023)

James C. Keck
(1924-2010)

Mario Silvestri
(1919-1994)

George N. Hatsopoulos
(1927-2018)
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• Sketch of a roadmap to identify the direction of the thermophoretic motion © IOP Publishing. All rights reserved. This content is excluded 
from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.

• Image showing thermophoretic force and friction force © Royal Society of Chemistry. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.

• Image showing thermophoresis in a microfluidic device © Royal Society of Chemistry. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.
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• Gif animation showing diffusion from a microscopic and macroscopic point of view is in the public domain.

• Gif animation showing atomic diffusion across a 4-coordinated lattice courtesy of Runningamok19 on Wikipedia. License CC BY.

• Schematic representation of mixing of two substances by diffusion is in the public domain.

• Image showing various diffusion © MDPI. All rights reserved. This content is excluded from our Creative Commons license. For more 
information, see https://ocw.mit.edu/help/faq-fair-use.
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• Image showing isothermals around a non-spherical particle © Springer Nature Limited. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.

• Image showing miscibility diagram of lower-critical mixture courtesy of Falko Schmidt. Used with permission.

• Image showing importance of shape asymmetry for self-propulsion courtesy of Falko Schmidt. Used with permission.
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Image about molecular motors deploy nonequilibrium © American Physical Society. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.
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Sketch of the three forces acting on a charged colloidal sphere © IOP Publishing. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.

https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://commons.wikimedia.org/w/index.php?title=User:Runningamok19&action=edit&redlink=1
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
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Four figures about modeling electrochemical systems © World Scientific Publishing Co Pte Ltd. All rights reserved. This content is excluded 
from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.
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Image of book cover and Sadi Carnot's photo is in the public domain.
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• The US flag is in the public domain.

• Various flags copyright their respective countries, all rights reserved. This content is excluded from our Creative Commons license. For
more information, see https://ocw.mit.edu/help/faq-fair-use.

• Four portraits of Ilya Prigogine © Source unknown. All rights reserved. This content is excluded from our Creative Commons license. For
more information, see https://ocw.mit.edu/help/faq-fair-use.
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• Portrait of Mario Silvestri © Source unknown. All rights reserved. This content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use.

• Portrait of James L. Park courtesy of the Department of Physics and Astronomy at Washington State University. Used with permission.

• Portrait of George N. Hatsopoulos © Source unknown. All rights reserved. This content is excluded from our Creative Commons license. 
For more information, see https://ocw.mit.edu/help/faq-fair-use.

https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
https://ocw.mit.edu/help/faq-fair-use
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