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PREFACE

The analysis of electrochemical reactors by means of chemical
engineering principles is a relatively new endeavour, tying together several
scientific and engineering disciplines such as electrochemistry, physical
chemistry, hydrodynamics, mass and heat transport phenomena, chemical reaction
engineering, mathematical modelling and optimization. Very few university
programs provide at the present time such a combination of backgrounds, at
least at the undergraduate level where instruction rarely reaches heyond
courses devoted essentially to subjects of classical electrochemistry. Practi-
cing professionals who wish to get quickly acquainted with the field of
electrochemical engineering can seldom afford the time and effort required for
a systematic and detailed understanding of all these subjects, desirable
as it may be, before they have to do electrochemical engineering. They need to
get acquainted with basic principles and computation procedures in a relatively
short time, without having to become immediately familiar with all details of
the constitutive disciplines.

This book was written, therefore, with two goals in mind. The first
goal was to create a book on electrochemical reactors which can be used as a
text by undergraduate and junior graduate students in an electrochemical
engineering course. The second goal was to address chemical engineers and
electrochemists with a conventional background in their respective fields who
wish to Tearn about electrochemical reactors essentially on a self-taught
basis. The book could also serve, perhaps in a minor sense, as a reference-
source of methods, procedures and equations for electrochemical engineers who
already possess a good fundamental understanding of the subject matter. Major
emphasis is placed on turning fundamental principles into tools for engineering
computing; for this purpose, every chapter contains a number of illustrative
examples and problems, and numerical techniques of importance are discussed at
a depth normally not encountered in the few books available in electrochemical
engineering.

The contents may be classified into two parts: basic concepts (Chapters
1-5) and advanced concepts (Chapters 6-11). In the first part, five principal
subjects are discussed. Chapter 1 establishes the framework for fundamental
calculations regarding electrochemical reactors from a strongly practical noint
of view; there is an almost immediate emphasis on mass transport-oriented

thinking, which is so essential to the substance of the domain. It is followed
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by reactor analysis via two basic reactor models: the plug flow model (PFM;
Chapter 2) and the CSTER model (Chapter 3). Chapter 4 is a guide to the
estimation of mass transport coefficients for electrode geometries of major
engineering interest. Chapter 5 discusses the thermal behaviour of electro-
chemical reactors, and especially the estimation of steady state electrolyte
temperatures. After having studied these five chapters, the reader should be
able to carry out process analysis and design of simple electrochemical
reactors.

The second portion of the text contains material beyond an elementary
level of understanding and it consists of six chapters. Chapter 6 presents an
overview of mathematical models more sophisticated than the PFM and CSTER mode "
via the concept of dispersion. Chapter 7 explores certain aspects of convec-
tive diffusion theory with particular regard to axisymmetric electrode surfaces
in order to provide a deeper understanding of mass transport phenomena and
relationships presented in the first part. In Chapter 8 a refined approach to
transport, which accounts for the influence of the electric field on the
limiting current (the largest current attainable under mass transport control
during the electrode reaction of a single ionic species) is presented; the
topic serves also as an introduction to Chapter 9, where the spatial variations
of electric potential and current in a reactor are examined in an introductory
manner, but emphasizing the use of modern numerical techniques in solving
distribution problems. Chapter 10 exposes the reader to a still scarcely
explored area of electrochemical engineering of growing importance for process
control: the dynamic behaviour of electrochemical reactors. Finally, Chapter
11 portrays the conceptual framework of optimizing reactor operation with a
modicum of mathematical encumbrance. If used as a text, the first five chap-
ters can be readily covered in an undergraduate course, while the remaining
six chapters can serve as a base for a graduate course. The illustrative
examples and separate problem sets employ consistently SI units; the serious
reader is urged to work out these problems of various levels of difficulty (a
common electronic slide rule and occasionally a programmable calculator will be
needed for numerical work).

There are no specific references given within individual chapters for
two major reasons. Firstly, this book is not intended to be a research report,
or a guide-compendium of previous publications where the acknowledgement of
individual contributions is de rigueur. Secondly, it is not necessary for the
understanding of the material presented here to search for detailed information
in individual research papers: in fact, such an activity would detract the
reader from the pursuit of a reasonably rapid assimilation of principles and
computation procedures. However, a selected list of recommended reference
material is given in Appendix 1 for further perusal of the various aspects of



the science of electrochemical reactors which have been covered only to the
necessary extent.

Finally, an expression of gratitude is due Nancy A. Stade for her
prowess in deciphering and efficient typing, and to my family and colleagues
for their patience. Living in the microchip age has been very useful for

treating the subject matter with a strong mathematical propensity and arithme-
tic flavour.

T.Z. FAHIDY
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Chapter 1

FUNDAMENTAL CONCEPTS AND CALCULATIONS

1.1 A GENERAL VIEW OF ELECTROLYTIC PROCESSES

Electric current flow between an anode and cathode placed in an electrolyte
is the combined result of electrode processes, charge transport and mass
transport brought about by the imposition of an electric field across the
electrodes. The relative strength of individual components in the total
current flow depends essentially on the strength of the electric field if the
nature and composition of the electrolyte is given. This is a simplistic view
of an extremely complicated set of phenomena (amply treated in numerous text-
books of electrochemistry), but it will suffice for what we have in mind for
an engineering analysis of electrochemical reactors.

In Figure 1.7, a typical current-voltage drop relationship is shown. At
voltage drops below VD (curve position OA) there is hardly any current flowing
through the reactor (the small current flow is due to a transient capacitive
and a so-called residual effect); this region is of no particular interest to
practical electrolysis. The sharply rising curve past V > VD (portion AB)
corresponds to the domain of electrolytic polarization where the current flow
is determined to a large extent by the kinetics of electrode processes
involved: the ohmic resistance of the electrolyte usually plays a much lesser
role than the "kinetic resistance". The result of extrapolating portion AB
to the abscissa, VD is called the decomposition voltage of a given electrolyte
in a given reactor. It is best interpreted for our purpose as the lower bound
of practical potential drops between the electrodes. As the voltage drop is
increased beyond point B, the rate of ionic transport via convection and
diffusion become the major source of current flow: the portion BC of the
(I,V) curve represents mixed control where kinetic, convective and diffusive
components are all significant contributors to the overall transport process.
The Tast two are increasingly important as V is increased and become fully
predominant in the CD range. This range (plateau) is represented by the
Timiting current IL, which is in principle the largest current that can flow
between the electrodes, due to a particular set of electrode reactions. The
rising portion DE represents the onset of new electrochemical processes, such
as the electrolysis of water in an aqueous solution, following the cathodic
deposition of a metal.

There are certain comments to be made at this point. Firstly, the CE curve
shown in Figure 1.1 corresponds, strictly speaking, to systems where the



ionic reactions are truly consecutive. Many processes are known where jonic
reactions occur simultaneously within a particular range of the imposed
electric field causing considerable distortion in the AB and CD portions of
the overall curve; in certain cases a limiting current plateau is not even
distinguishable. Secondly, we could consider individual electrode potentials
(measured by means of a suitable reference electrode) for the abscissa and
obtain current versus electrode potential curves similar to Figure 1.1. Such
polarization curves, although of great importance in the study of electrode
kinetics, are less important for the electrochemical engineer who has to think
more in terms of voltage drops between working anodes and cathodes than in
terms of a potential drop between one working electrode and a reference
electrode.

Electric current, I

E
| Limiting current,T, ¢ D
B
A 7 Voltage drop between
0 /Vp cathode and anode,V

Figure 1.1. The variation of electric current in an electrochemical reactor
with voltage drop across the anode and the cathode.

Very often the practitioner encounters only the AC or the AB portion of
Figure 1.1 in industrial electrochemical processes.
Nevertheless, there are important situations where processes at one



particular electrode will sufficiently determine conditions for reactor design.
Consider, for instance, the deposition of copper from an aqueous Cu504/H2504
or Cu(NO3)2 solution where the anode reaction results in oxygen gas evolution
and the overall cathode reaction is the discharge of cupric ions to copper.
The anode reaction will fall in the AB range of the anodic polarization curve,
but the cathode reaction can occur in the CD range of the cathodic polariza-
tion curve if the voltage drop across the electrodes is properly set. Then,
the overall ionic transport process will be governed by the Timiting current
at the cathode, therefore, cathodic conditions will be the significant factor
in process analysis. Similarly, if the anode reaction is exactly the opposite of
the cathode reaction (i.e., anodic oxidation of copper to cupric ions), both
electrode processes can be run at Timiting conditions, in principle, and
conditions at one electrode would again determine overall reactor behaviour,
because of the "mirror-image" of the two electrode processes.

1.2 COMPUTATIONAL ASPECTS OF THE CURRENT-VOLTAGE RELATIONSHIPS IN ELECTRO-
LYTIC REACTORS

It follows from the preceding discussion that the computation of the (I,V)
relationship depends on the specific portion of Figure 1.1 which corresponds
to operating conditions: an overall voltage balance could be the starting
point. Assume that we impose a specific voltage drop V across the electrodes.
Then, as illustrated in Figure 1.2, the overall voltage balance may be written
as

V:VD+IR+>;Jnj\ (1.1a)
J
where VD is the decomposition voltage drop, IR is the ohmic voltage drop and
b M is the sum of the voltage drops due to activation polarization (i.e.,
ﬁinetic effects) and concentration polarization, caused by concentration
gradients between the electrode surfaces and the bulk electrolyte. The
rigorous computation of Zlnjlon a purely theoretical basis is often impossible
in the instance of practical electrolytic processes and semi-empirical equa-
tions have to be used. The summation signs and absolute-value imply that the
polarization voltage drops have to be considered for all constituent anodic and
cathodic processes as additive quantities. The computation is rather involved,
but it can be simplified to some extent in one case which occurs frequently in
practice: the cathode is strongly polarized whereas the anodic polarization is
Tow and concentration polarization for the anodic process is negligible. Then,
(1.7) may be written as



Vo=V + IR+ |”1,al + |“1,c1 + [nz’al (1.1b)
where Ny 4 is the voltage drop due to activation polarization at the cathode,

THy e is the voltage drop due to concentration polarization at the cathode and
N a the voltage drop due to activation polarization at the anode.

Current

l
|
|
|
|
l

Voltage drop

/ across electrodes

V|
<——vD—>L— IR + §|1,j|‘>|

Figure 1.2. Illustration for Equation (1.1a).

The Decomposition Potential VD

As shown in Section 1.1, the decomposition potential drop between two
electrodes is an extrapolated quantity and although it has no theoretical
significance, it is important for the estimation of the practical minimum
voltage drop in an electrochemical process. Its numerical value depends on
the electrode material, electrolyte composition and concentration, temperature
and the experimental thoroughness in establishing the rising portion of the
(I,V) curve. Care must be taken to avoid confusing VD with the cell potential
drop U computed from the free energy change of the overall electrochemical

process:
AG = -zFU (1.2a)

or its standard-state value, computed from the standard free energy change

AG® = -2FU° (1.2b)



where F, the Faraday number, is the product of the Avogadro number (6.023 x
1023 jon/mol) and the fundamental unit of electric charge (1.602 x 10_]9
coulomb); its numerical value is 96.487 kC/mol or 26.8 A.h/mol. AG° is a
measure of the minimum energy to be put into an electrolytic process at thermo-
dynamically reversible conditions, hence U° is at best a fictitious "minimum"
potential drop. Its value, computed from AG® obtained from standard free
energies of formation of the reaction constituents, may be reasonably close to

experimental VD values in some instances.

Example 1.1: The standard free energy of the water decomposition reaction
, 1

HZO(Q') - Hz(g) + 2 02(9)

is computed from the standard free energies of formation of HZO(Q), H2(g) and
0,(g) as

AG® =

ro|—

AG°, (g) + AG°, (g) - AG°, (%)
0, H,, H,0

at 25°C, AG® = l—0 + 0 - 237.346 kJ per one mol of H,0 or one mol of H
2 2

Since two electrons are transferred per one mol of H20 in the process,

2

-AG® _  237.346

U = —ZF = 12)(96.487)

= 123 ¥

at 25°C. On the other hand, experimental decomposition potentials of water
vary with the nature and concentration of the electrolyte, as shown in Table
1.1; they are larger than U°.

TABLE 1.1
Selected values of the decomposition potential of water at smooth platinum
electrodes and 25°C

Electrolyte Concentration, mol/L VD’ volt
HC1 0.17 C1.41
H3P04 0.50 1.67
H3PO4 0.34 1.70
NaOH 1.00 1.69
KOH 1.00 1.69




