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Non-equilibrium thermodynamics of heterogeneous systems

This book extends non-equilibrium thermodynamics to hetero-
geneous systems, specifically to systems consisting of two homoge-
neous phases separated by a phase boundary referred to as surface
or interface. In this extension the homogeneous phases and the
phase boundary are treated as separate thermodynamic systems
with the assumption that each one satisfies local equilibrium. The
book focusses on transport of mass, heat, and charge in the direc-
tion perpendicular to the phase boundary. In isotropic homoge-
neous systems there is no coupling between vectorial transport
phenomena like transport of mass, heat, or charge, and scalar phe-
nomena like chemical reactions. In two-dimensional surfaces or in-
terfaces all transport processes in the direction normal to the
interface become scalar. The book gives a systematic treatment of
the resulting couplings between transport of mass, heat, and charge
and chemical reactions in heterogeneous systems. The conse-
quences of these couplings are profound as elucidated for many
processes like evaporation and condensation, mass diffusion, heat
diffusion and cross effects, and for a variety of applications
involving transfer of chemical and electrical energy. The book
does not consider convective or viscous phenomena. While convec-
tion and shear flow will disturb chemical reactions and transport of
heat and mass, they do not couple to these directly, so that these
effects can be treated without a need for introducing new concepts
in non-equilibrium thermodynamics.

After two introductory chapters describing some basic features
of non-equilibrium thermodynamics and the purpose of the book,
the authors review the relevant equations of equilibrium thermo-
dynamics for the two homogeneous phases and the separating sur-
face, first in global equilibrium and subsequently in local
equilibrium. including the concept of excess surface thermody-
namic properties. They then proceed to review entropy production
in the homogeneous phases from traditional non-equilibrium ther-
modynamics. The new material starts in Chapter 5 with a descrip-
tion of the excess entropy production for the surface, followed by
an interlude on the excess entropy production for a three-phase
contact line in Chapter 6. Chapter 7 gives the general form of the
flux equations and the Onsager relations that result from the
expression for the entropy production. The following Chapters 8
to 12 deal with transport of heat and mass in heterogenous sys-
tems, transport of heat and mass with some thermoelectric applica-
tions, transport of mass and charge in electrochemical cells,
evaporation and condensation in one-component fluids, multi-
component diffusion and heats of transfer in heterogeneous
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systems, respectively. Chapters 13 till 17 describe a number of addi-
tional electrochemical applications, including non-isothermal con-
centration cells, electrochemical cells, adiabatic electrode reactions,
liquid junction potential between two aqueous electrolytes, and
conversion of chemical into electrical energy in formation cells.
Chapter 18 describes transport of heat and mass across membranes
in osmosis, Chapter 19 deals with heterogeneous polymer electro-
lyte fuel cells, Chapter 20 with transport in cation-exchange mem-
branes, and Chapter 21 with the impedance of an electrode surface.
In Chapter 22 the authors review results of non-equilibrium molec-
ular dynamics simulations verifying the assumption of local equi-
librium and the validity of Onsager relations. Chapter 23 is an
interesting chapter extending the square gradient theory of van
der Waals for the vapor-liquid interface to non-equilibrium.

The present book is an update of the first edition that was earlier
published in 2008. The chapters discussed above are identical to
those in the first edition. These chapters all deal with transport
phenomena across flat surfaces. In the new edition of the book
the authors have added a chapter extending the non-equilibrium
square gradient theory to curved vapor-liquid interfaces in liquid
droplets and vapor bubbles. After reviewing the known curvature
dependence of the surface tension, they show how the non-
equilibrium resistivities, in contrast to those of flat interfaces, also
depend on the curvature. Another new chapter shows how the sur-
face temperature of a heterogeneous catalyst differs from the tem-
perature of the adjacent phases using the example of oxidation of
carbon monoxide to carbon dioxide on a platinum surface as a cata-
lyst. An interesting conclusion is that a nonlinear Arrhenius plot as
a function of the inverse gas temperature becomes linear when the
gas temperature is replaced with the surface temperature. In the
new edition, the authors have also dropped the separation of label-
ing Chapters 4 to 10 as “General Theory” and the remaining chap-
ters as “Applications”. And indeed, several of the later chapters
also contain very important aspects of general theory, such as
Chapter 12 on the relation between multi-component diffusion
and Maxwell-Stephan diffusion coefficients, and Chapters 23 and
24 on the non-equilibrium square gradient theory for the vapor-
liquid interface.

The authors of the book are recognized experts in non-
equilibrium thermodynamics. They give a very scholarly treatment
of the concepts needed for dealing with transport phenomena
across surfaces and interfaces. They also explain the relationship
of their treatment of non-equilibrium thermodynamics with the
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literature. For instance, they discuss carefully the difference be-
tween entropy production and the concept of dissipation function
employed by others in non-equilibrium thermodynamics. They
show that entropy production should be the basis of non-
equilibrium thermodynamics. They also provide evidence for
some basic assumptions like local thermodynamic equilibrium
and of the validity of the Onsager relations, not only for homoge-
neous phases, but also for the vapor-liquid interface as an illustra-
tive example. The authors also say explicitly what is not covered in
the book, like surfaces that are not homogeneous along the surface.
Nor do they consider mesoscopic non-equilibrium thermody-
namics with internal variables, a new frontier area in non-
equilibrium thermodynamics bridging kinetic theory and non-
equilibrium thermodynamics in systems involving chemical reac-
tions. The clarity of the book is admirable.

The authors say that the book is intended for a graduate-level
course for physics, chemists, and engineers. And indeed, many
detailed exercises help a motivated reader to really become familiar

with the subject. However, the book is much more. It is a superb
reference for anybody interested in the treatment of diffusional,
thermal, chemical and electrical forces into or across surfaces.
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