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Summary 
 
After reminding shortly backgrounds of electrochemistry, the chapter deals with the 
main features of electrochemical engineering. In comparison to what happens in 
chemical reactors, formation of the double layer together with the existence of ohmic 
drop and charge transfer phenomena, rule the behavior of electrochemical cells. 
Transport and transfer phenomena are significant elements in the design of 
electrochemical cells since the electrochemical reaction occurs at the solid/liquid 
interface. Technology of electrochemical reactors is shortly introduced with emphasis of 
specific aspects e.g. ohmic drop, electrode activity and transport phenomena, and with 
references to representative processes of industrial significance. Current and potential 
distributions represent an important feature of electrochemical cells, with concern to the 
local production rate and selectivity. Finally, modeling and design of cells can be 
derived from the techniques developed in chemical reaction engineering, taking into 
account the specific features of electrochemical reactions, as shown in examples. The 
chapter has to be considered as an extended introduction to the scope, and readers can 
refer in more specialized papers and in the textbooks cited. 
 
1. Introduction 
 
Electrochemical processes have been used for decades in various industrial branches 
e.g. synthesis of fine chemicals, production of particular metals e.g. aluminum and 
sodium, production of gaseous elements such as hydrogen, chlorine or fluorine, 
deposition of metals or alloys, and pollution treatment. 
 
In addition to these industrial applications, electrochemical techniques represent 
powerful tools for investigation of physical phenomena e.g. mass transfer or 
hydrodynamics in the vicinity of solid surfaces in contact with a liquid. The large panel 
offered by electrochemical techniques results from two main features of electrochemical 
systems: 
 
• Electrochemical reactions are heterogeneous processes, therefore exhibiting 

numerous  similarities with catalytic processes. The electrochemical conversion 
consists of the sequence of chemical steps e.g. adsorption, electrode reactions, 
together with possible  chemical reactions, and physical steps such as transport 
and transfer processes. 

 
• Electrical charges obey specific laws such as Ohm’s law their transports, or 

Faraday’s law for the conversion of matter. 
 
Electrochemical processes consist of cells, i.e. anode-cathode assemblies, separated by 
the electrolyte medium containing reactants and products, as shown in Figure 1.  
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Figure 1: Schematic of an electrochemical process with flow recirculation 
 
Membranes or separators can be necessary when the species produced at one electrode 
can be consumed at the counter-electrode, or to avoid the simultaneous presence of two 
species forming a hazardous mixture – as for hydrogen and oxygen in a water 
electrolysis cell. Electrochemical cells have to be designed in a way to respect the two 
above constraints, and the above comments can be made: 
 
• Motion, circulation of the electrolytic media has to favor mass transfer to the 

electrode.  For some cases, the electrode motion induces mass transfer to the 
electrode. 

• The electrolytic media is of finite electrical conductivity and the occurrence of 
resistive –  ohmic- phenomena represent additional constraints in the design of the 
process, to avoid  too large heat production. The electrode gap is therefore generally 
reduced to a few  millimeters, whereas the electrode length can attain one meter or 
more. 

• The surface of the electrodes has to be controlled to ensure both high activity – i.e. 
high production rates - and high selectivity of the key-reaction. The range of 
electrode potential/current density will be chosen for this purpose. 

• The residence time in electrochemical cells is usually low, to allow high mass 
transfer rates at the electrodes. However, the conversion in single-pass configuration 
is usually low, and recirculation of the solution is necessary in most cases, for both 
continuous and discontinuous processes. 

 
Although some electrochemical processes are operated with various electrode 
configurations as in electrodialysis cells, or with bipolar electrodes, the two sides of 
which have different polarity, the presentation only concerns simple cells having only 
one anode and one cathode. After a brief description of electrochemistry backgrounds, 
the chapter presents successively specific aspects of electrochemical reactors, transport 
and transfer phenomena in cells, elements of their technology, and an introduction to 
modeling and design. The reader interested by more detailed presentation of the topic 
may read reference textbooks such as for instance those written by Newman (1972, 
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1991), Rousar et al. (1986), Coeuret and Storck (1993), Goodridge and Scott (1995). 

2. Backgrounds of Electrochemistry 

Only basic things required for understanding of the behavior and operation of 
electrochemical cells are given here. More extensive description can be found in Albery 
(1975), Newman (1991), Hamann et al. (1995), or Girault (2001) for instance. 
 
2.1. Electrode Interface and Double Layer  
 
The electrode interface is a transition region for charge transport: in electrolytic media, 
being conducting liquids or molten salts, charges are mainly transported by ions under 
the action of the electrical field. In the metal phase, namely the electrodes, the current 
leads and the wires, the current is transported by electrons. Charge transfer occurs then 
at the electrode interface. 
 
The metal surface is generally charged, i.e. covered by a monolayer of ions, with a sub-
layer of solvent molecules – water for instance, due its appreciable dipolar moment. In 
most cases, anions are preferentially adsorbed on the metal surface. Outside this layer 
and contrary to the solvent molecules, very few counter ions (cations) are adsorbed. The 
ion layer is stable on the interface plane and represents the so-called rigid part of the 
double layer (Helmoltz layer), according to the Gouy-Chapman theory. The potential 
exhibits a steep variation in the rigid part of the double layer, and the intense electric 
field of the order of 108 V/m or more, corresponds to the charge of the ions forming the 
first layer. Further from the electrode surface, the solvent molecules, anions and cations 
are present in the solution: at the local scale, more anions are present close to the 
interface, and electroneutrality equation does not hold there. This region is also called 
the diffuse (Stern) part of the double layer, and appears as a transition zone to the bulk 
of the electrolytic medium. Its thickness is of the order of 1-10 nm, depending on the 
electrolyte concentration. 
 
The electrical current, I , can be used in two processes: 

• formation or modification of the double layer structure: this contribution being the 
capacitive current is only significant in electrical transient regimes, 

• chemical conversion of matter, corresponding to the faradaic current as presented 
below. 

 
2.2. Potentials and Currents 
 
The potential of a phase at one point in a phase is linked to the energy required to carry 
one electron from infinite to the location considered. Volta potential of an electrode 
surface is related to the energy required to reach a point a few 10-9 m distant from the 
interface. Getting closer to the electrode surface through the double layer, results in a 
sharp potential variation, and Galvani potential is defined as the potential difference 
from infinite to the metal phase. The electrode potential is defined as the difference 
between Galvani and Volta potential. Though defined by a potential difference, the 
electrode potential cannot be measured, and a reference is required. Various reference 
potentials can be used on the basis of a redox reaction: NHE, normal hydrogen 
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electrode, based on the H+/H2 couple, silver chloride electrode, based on the Ag/AgCl 
couple etc… 
 
The potential in the electrode structure can often be considered constant, for sufficient 
conductivity of the metal, Mκ , taking into account the generalized form of Ohm’s law: 
 

M Mgradi κ= − Φ  (1) 
 
Ohm’s relation is also written in the liquid phase, with variables κ  and sΦ : 

 

sgradi κ= − Φ  (2) 

 
The current density, in A m-2, can be defined at the electrode surface as well as in any 
location of the electrolytic phase, as explained in Section 2.1. 
 
2.3. Faraday’s Law 
 
Faraday’s law establishes the relationship between the current passing through the 
metal-liquid interface, I , and the conversion rate of the reactant of interest A. For the 
example of reduction of species A involving en electrons: 
 
A + ne e - → B 

e AI n Fn=  (3) 
 
where F is the Faraday constant, equal to 96487 Coulombs, i.e. the electrical charge of 
one mole electrons, and An  the conversion rate of A (mol s-1). The above relation can 
be expressed in terms of current density, in A m-2, and specific conversion rate (or 
specific molar flux), in mol m-2 s-1, as follows: 

e A
e A

n FnIi n FN
S S

= = =  (4) 

Should two electrode reactions or more occur at the electrode surface, faradaic yield 
eΦ - or current yield - is defined as the likelihood of one electron to be transferred for 

the completion of the considered reaction. For the case of the reduction of species A: 
 

e A

e

n FN
i =

Φ
 (5) 

 
Fraction ( e1−Φ ) of the current is to be consumed in other reactions such as solvent 
electrolysis. 
 
2.4. Electrodes and Cells at Equilibrium 
 
Consider the electrode reaction A + ne → B. The standard electrode potential is 
proportional to the difference of the Gibbs formation enthalpies, as follows: 
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f f 0
B A e 0.G G n F EΔ −Δ = −  (6) 

 
From IUPAC conventions, positive standard potentials correspond to negative enthalpy 
differences, i.e. for exothermal reactions such as oxidations. For temperature and 
pressures different from the standard conditions i.e. 298.K and 1Atm, the enthalpy 
difference involves the activity of species A and B, and the reversible electrode 
potential, 0E , is then given the Nernst’s law: 
 

0 A
0 0

e B
ln

aRTE E
n F a

= +  (7) 

 
The cell voltage is defined as the potential difference between anode and cathode: 
 

c a cU E E= −  (8) 
 
When the net current circulating in the cell and through the electrodes is zero, the cell 
voltage is at its lowest value, 0U , and is equal to the difference ( 0,a 0,c-E E ), where each 
potential is given by the above Nernst’s law. When a current is applied, the cell voltage, 

cU , exceeds voltage 0U  by (i) the ohmic drop between the two electrodes, which can 
be calculated by using rel. (1), and (ii) the overpotential of the two electrodes, as 
explained below. 
 
2.5. Electrode Overpotential 
 
Electrochemical reactions are catalytic processes for which monitoring the electrode 
potential allows the corresponding available current density. Charge transfer phenomena 
can be of a finite rate, and various models have been developed to predict the additional 
potential contribution – overpotential - required for the considered current density to 
pass through the electrode. For anode processes, overpotential η  is positive, and is 
equal to ( a 0,a-E E ). For cathodic processes, 0η < and is equal to ( c c0-E E ). 
 
The most well-known model for description of charge transfer kinetics was proposed 
decades ago by Butler-Volmer. The electrochemical reaction is assumed to be reversible 
and to involve one electron: 
 
A + e  ↔ B  
 
Assuming in addition that the charge transfer at the electrode is rate-controlling process 
in the overall conversion, leads to the expression of the current density – proportional to 
NA - with overpotentialη : 
 

e e
0

(1 )
exp exp

n F n F
i i

RT RT
α α

η η
⎧ − ⎫⎛ ⎞ ⎛ ⎞

= − −⎨ ⎬⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎩ ⎭

 (9) 
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where η can be positive or negative, α is the charge transfer coefficient, and 0i is the 
exchange current density, i.e. the specific flux of electrons crossing the interface at 
equilibrium: although the net current is zero at equilibrium, this flux differing from 
zero, depends on the rate constants of both cathodic and anodic processes (Vetter, 
1967). For sufficient polarization, i.e. for η > 50-100 mV, one of the two exponential 
vanishes, and the above relation can be approximated by the empirical Tafel law: 
 

e
0 aexp

n F
i i

RT
α

η⎛ ⎞
≈ ⎜ ⎟

⎝ ⎠
 for an anodic process, i.e. a log( )a b iη = +  (10) 

 

 
 

Figure 2: Concentration profile of electroactive species A in the vicinity of the electrode 
surface 

Similar law can be derived for cathodic processes. Contrary to Butler-Volmer’s law, 
Tafel’s law expresses the reaction rates of irreversible processes. For sufficient current 
densities, mass transport to the electrode can be controlling, as for catalytic processes: 
as soon as transferred to the electrode surface by diffusion and migration, reactant A is 
converted to B, and a concentration profile is formed near the electrode surface, as 
shown in Figure 2 (This point will be detailed in Section 2). 
 
This profile is the source of additional overpotential dη expressed by the relation: 
 

Ab
d

e As
ln

(1 )
CRT

n F C
η

α
⎛ ⎞

= ⎜ ⎟
− ⎝ ⎠

  for the reduction of A into B (11) 

 
where AbC and AsC denote the concentrations of A in the bulk and at the electrode 
surface, respectively. dη  is called the concentration overpotential and can be defined at 
both electrodes. For partial control by mass transfer rates, a more general for expression 
for Butler Volmer’s law taking into account both mass and charge transfer kinetics, can 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

CHEMICAL ENGINEEERING AND CHEMICAL PROCESS TECHNOLOGY – Vol. III - Electrochemical reactors - F. Lapicque 

©Encyclopedia of Life Support Systems (EOLSS) 

be used. Typical current – overpotential curves with both charge and mass transfer 
controls are given in Figure 3. 
 

 
 

Figure 3: Voltammetric curves. Fictitious example: limiting current density (see Section 
2.1): 

96.5 A m-2, α =0.5, and various values of the exchange current density, 0i  
 
 
 
- 
- 
- 
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