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ELECTROCHEMICAL SYSTEMS usually in-
volve the simultaneous interplay of several 

different phenomena so that overall behavior is 
often difficult to predict on the basis of intuition 
alone. The principles of a rational analysis of 
electrochemical systems rest upon an under­
standing of thermodynamics, electrode reaction 
kinetics, surface phenomena, mass transport and 
potential field effects. The quantitative basis for 
electrochemical engineering is the combination of 
transport phenomena and basic physical chemis­
try. Since this same combination is included in the 
training of chemical engineers, it is not surprising 
that chemical engineers can become familiar with 
electrochemical systems with relative ease. 

The distinguishing feature of electrochemical 
systems is the electrical potential. The potential 
plays a fundamental role in the thermodynamics 
of galvanic cells, theory of solutions of electro­
lytes, and double-layer effects at interfaces. The 
potential is important in the kinetics of charge­
transfer reactions, in the morphology of surface 
alterations, and in mass transport by electrical 
migration. For chemical engineers, there are 
distinct advantages to having the capability of 
using electrical energy to carry out chemical re­
actions. To borrow a metaphor from R. B. Mac­
Mullin, [l] "Chemical reaction, like politics, is 
the art of the possible; electrochemical reaction, 
like military tactics, is the art of overriding the 
impossible by applying electrical force." In 
studying electrochemical systems, the chemical 
engineer must therefore broaden his traditional 
scope in physical chemistry, as well as adjust, 
so to speak, his strategy of attack on engineering 
problems. 

At Illinois, a three hour lecture course m 
electrochemical engineering ( 45 class meetings) 
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is offered every other year. In lieu of using a 
textbook, we have developed a set of lecture notes 
and homework problems which have been updated 
and expanded each time the course has been 
offered. A reasonable alternative would be to use 
the thorough, yet concise account of fundamental 
electrochemical principles as given in Electro­
chemical Systems by John Newman (Prentice­
Hall, Englewood Cliffs, N.J., 1973). During the 
course, about forty homework problems are 
assigned. These, along with three hour exams, a 
final examination, and a term paper, determine 
the course grade. The topic of the term paper 
is left to the student; grading is based on ap­
propriateness to course material, originality, 
technical proficiency, thoroughness of coverage, 
and accuracy in communication. Some topics 
covered in recent years include desalination, 
hydrometallurgy, waste water treatment, recovery 
of heavy metals, industrial energy conservation, 
electro-organic synthesis, batteries and fuel cells, 
and various aspects of corrosion. 

In addition to chemical engineers, the course 
has included graduate students from ceramic, 
metallurgical, nuclear and mechanical engineering, 
electroanalytical and physical chemistry, and 
solid-state physics. 

LECTURE TOPICS 

AN OUTLINE OF LECTURE topics is given 
in Table I. A bibliography of useful source 

material for the preparation of lectures on various 
topics is available from the author upon request. 
The introductory comments include a voltage 
balance about a cell in order to indicate the 
different phenomena which act to consume the 
voltage applied to the cell terminals. The voltage 
balance includes terms associated with the thermo­
dynamic potential of the cell at rest, and over­
potentials which arise at the electrode surface 
( charge transfer and crystallization processes, 
etc.), in the mass transfer zone near the surface 
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(concentration variations) and the remammg 
regions within the cell (ohmic resistance effects). 
The voltage balance indicates that consideration 
must be given to thermodynamic, kinetic, mass 
transport, and potential field effects. 

Of the various phenomena which contribute 
terms to the voltage balance, the notion of ohmic 
resistance is the most familiar to chemical 
engineers owing to similitude with heat and mass 
conduction, and potential flows. The physical 
chemistry of conduction processes is reviewed for 
aqueous, nonaqueous, fused salt and solid-state 
electrolyte systems. The purpose is not to teach 
fundamental physical chemistry, but to provide 
sufficient understanding of these systems to per­
mit estimation of conduction parameters for use 
in engineering applications. Finally, the notion 
of the spatial distribution of potential and current 
is intr9duced in order to calculate the ohmic 
resistance of an electrolytic solution between two 
electrodes. Examples discussed at this point can 
be drawn from applications in electroplating, 
aluminum cell design, and electro-organic syn­
thesis cell design. 

The final discussion topic 
brings economic factors (dollar balances) 
into the models in order to provide a 
quantitative approach to process optimization. 
Numerous tradeoffs can be decided as, for 
example, number of individual cells, optimum 
cell current and electrode area, best anode­
cathode gap spacing, frequency 
of gap adjustment, etc. 

Principles of thermodynamics of galvanic cells 
are developed next, with examples which include 
fused salt and solid-state cells. The thermodynamic 
interactions between heterogeneous charge 
transfer reaction and homogeneous chemical re­
actions is covered in detail (Pourbaix diagrams) 
in preparation for future discussion of corrosion 
systems. It is, of course, crucial to establish a 
consistent set of nomenclature for potential 
signs, and the IUP AC system is used here. Ap­
plication of principles is made in the areas of 
estimating cell voltages and measuring thermo­
dynamic functions. 

The kinetics of electrode processes are ap­
proached by first introducing the use of reference 
electrodes and power supplies, by means of which -
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the reaction rate and reaction driving force can 
be measured simultaneously in order to determine 
the rate constant. In order to analyze the data 
properly, the existence of the electrical double 
layer is introduced with discussion of double 
layer phenomena in colloidal suspension, electro­
phoretic separation, streaming currents, and 
electropainting. Then the theory of kinetic rate 
processes is applied to heterogeneous charge 
transfer reactions in order to generate the form of 
a reaction rate expression for simple and multiple­
step reaction sequences. Since chemical engineers 
are not accustomed to the notion of an electrical 
potential acting as a driving force for a reaction, 
it is especially important to proceed with caution 
in this area. The role of electrode kinetics on 
mixed-potential (uniform corrosion) systems re­
ceives careful attention. 

ENGINEERING RAMIFICATIONS 

AT THIS POINT, it seems worthwhile to shift 
attention to some of the engineering ramifica­

tions of the fundamentals introduced so far. In 
particular, the relative importance of charge­
transfer resistance to ohmic resistance ( defined 
by the dimensionless polarization parameter) is 
of great importance in determining the uniformity 
of the current distribution along an electrode sur­
face. The polarization parameter provides one 
basis for engineering scale-up of electrochemical 
systems. The difficulty of scale-up is central to 
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TABLE I: Course Outlin.e 

PRINCIPLES OF ELECTROCHEMICAL ENGINEERING 

I. Introduction to Electrochemical Engineering 
A. The scope of electrochemical phenomena 
B. Disciples which encounter the1oe phenomena 
C. Introductory concepts, Faraday's laws 

II. The Electrolytic Phase 
A. Conduction processes in aqueous solutions 
B. Conduction in nonaqueous solutions and fused 

salts 
C. Conduction in ionic crystals 
D. The resistance of electrolytic solution between 

electrodes: potential field distribution 

III. Thermodynamics of Galvanic Cells 
A. Electromotive force 
B. Concentration cells and transference 
C. Applications of galvanic cells 

1. Measurements of Gibbs energy, activity 
coefficients, standard potentials, ionization 
constants; monitoring of chemical reactions 
on electrode surfaces 

D. Application of standard potentials 
1. Criteria for a stable interface, cell reactions 

at stable interfaces, Pourbaix diagrams, 
corrosion 

IV. Kinetics of Electrode Processes 
A. . Reference electrodes 
B. Power sources 
C. Structure of the electrical double layer 

1. Capacitance, charging and faradaic re­
action, stability of colloidal suspensions, 
applications 

D. Charge transfer 
1. Theory of rate processes, influence of con­

centration variation, complex reaction se­
quences, methods of measurement of rate 
constants 

E. Applications 
1. Corrosion: mixed potential theory, cathodic 

protection; the polarization parameter and 
current distribution phenomena, electro­
plating, battery electrodes 

V. Mass Transport in Electrochemical Systems 
A. Electrolysis under diffusive transport control 

1. Steady and unsteady-state methods of 
electroanalytical chemistry 

B. Electrolysis under convective transport control 
C. Current distribution at the limiting current 
D. Current distribution below the limiting current 

VI. Synthesis of Fundamentals 
A. Survey of applications 
B. Modeling electrochemical systems 
C. Developing an electrochemical process 
D. Optimizing electrochemical processes 
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the task of electrochemical engineering, and will 
be developed to a considerable extent later in the 
course. Applications of the polarization parameter 
are given by examples of designing battery plates, 
and electroplating systems. 

Although mass transport is familiar ground 
to chemical engineers, the role of the potential 
and cell voltage present unfamiliar new terri­
tories which must be worked through. Simple one­
dimensional examples are available in many of the 
methods employed in electroanalytical chemistry. 
More complex examples involve convective mass 
transport wherein the current and potential dis­
tribution along an electrode is not uniform owing 
to the presence of a nonuniform mass transfer 
boundary layer. 

The course now moves from providing a 
fundamental background to developing the engi­
neering prowess needed for handling practical 
situations. This last group of lectures is, I feel, 
the heart of the course. First, a survey of existing 
industrial process technology is presented in order 
to show how closely related is the process chemis­
try and the process engineering. Copper electro­
refining, chlorine-caustic production, aluminum 
reduction, battery and fuel cell systems, and water 
electrolysis provide fertile grounds for discussion. 
In copper refining cells, for example, a change in 
process temperature affects the electrolyte con­
ductivity, the electrochemical reaction rate con­
stant, the solubility of dissolved salts and the 
current efficiency. From such examples, the 

The purpose is not to teach 
fundamental physical chemistry but to 

provide sufficient understanding of 
these systems to permit estimation of 

conduction parameters for use in 
engineering applications. 

students gain a fuller sense of the complex rela­
tion between process variables and process be­
havior. 

The next topic is to show how to develop 
mathematical models to correlate the behavior 
of an electrochemical system with the parameters, 
or process variables of the system. The discussion 
covers the justification of modeling activities, the 
different goals and levels of sophistication which 
models may take on, the typical simplifications 
which are commonly invoked, and the complexities 
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For chemical engineers there are distinct advantages to having the 
capability of using electrical energy to carry out chemical reactions. To borrow 

a metaphor from R. B. McMullin, 11chemical reaction, like politics, is the art of 
overriding the impossible by applying electrical force." 

which often limit such endeavors. Based upon my 
own interests, I have used as examples models of 
flow-through porous electrodes, circuit board 
fabrication, and localized corrosion. 

The third step is to evaluate and work up 
the process engineering for a reaction which has 
been studied in th'J research laboratory at the 
beaker scale. Altr.Jugh many examples are proba­
bly available, the workup of the Baizer process 
for adiponitrile production is particularly well 
documented insofar as it was awarded the 1965 
Kirkpatrick Award for Chemical Engineering 
Achievement. Attention cent~rs on having 
students anticipate (1) what dilemmas must be 
solved in order to settle upon the choice of system 
chemistry and process operating conditions and 
(2) when and how to use models to assist in 
determining what effects are important and how 
they will scale-up. 

The final discussion topic brings economic 
factors ( dollar balances) into the models in order 
to provide a quantitative approach to process 
optimization [2]. Numerous tradeoffs can be de­
cided as, for example, number of individual cells, 
optimum cell current and electrode area, best 
anode-cathode gap spacing, frequency of gap ad­
justment, etc. 

By discussing the foregoing engineering 
examples, a great deal can be accomplished in 
dispelling the aura of black magic which electro­
chemical systems seem to possess. 

CONCLUDING REMARKS 

OF THE TOTAL POWER generated in the 
United States, nearly 10% is consumed by the 

electrochemical process industry. Meanwhile, 
corrosion processes consume more than fifteen 
billion dollars in U. S. resources each year, or 
1¼ % of the GNP. Owing to the power consump­
tion and economic importance of the electro­
chemical industry, there is certainly no doubt 
about the technological importance of electro­
chemical phenomena, nor about the economic in­
centives for improving our engineering knowledge 
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of electrochemical systems, including corrosion 
systems. 

Compelling trends toward the future indicate 
that it will become even more important to under­
stand electrochemical systems. Within the next 
twenty-five years, the primary form of energy 
will shift to an electrical form, away from the 
present chemical fossil fuel form. Nuclear and 
solar generation both require energy conversion 
and storage capabilities, and electrochemical 
-routes are certainly most viable. 

Perhaps even more importantly, chemical 
engineers will have to learn to operate chemical 
processes without a fossil fuel based economy. 
Electrical energy will become increasingly inex­
pensive in comparison with chemical agents for 
oxidation and reduction operations. Therefore, it 
seems only reasonable that chemical engineers will 
give increased consideration to the evaluation of 
electrochemical routes for the synthesis of 
chemical materials and for the beneficiation of 
increasingly lean natural resources. 

It is with these perceptions of the future that 
the choice of examples and discussion topics is 
made in our teaching efforts. • 
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