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Microstructured Reactors for Electrochemical Synthesis�

Sabine Rode and François Lapicque

Electrochemistry is an extremely diversified field describing any kind of system
where a chemical reaction takes place at an electrified interface and is coupledwith an
electron transfer between an electronic and an ionic conductor. Well-known applica-
tion fields are electroanalytical devices, electrowinning of metals, electroplating,
energy storage in batteries, energy conversion in fuel cells and the synthesis of a great
variety of inorganic and organic compounds. The electrochemical reactors used in
these different application fields are various and it is outwith the scope of this chapter
to discuss the impact ofmicrostructuring on all of them. Instead, this chapter focuses
on a particular application field: electrochemical synthesis. Moreover, the reactor
layout is analyzed from the point of view of process engineering whereas electro-
catalytic aspects, even though extremely important in electrochemical engineering,
are not treated.
In the first section, some fundamentals of electrochemical processes are defined.

Common industrially relevant process flow schemes and equipment are described
in the second section. The third section discusses the interest of microstructured
reactors in electrochemical synthesis and gives an overview of the recent literature
in this area.

17.1
Fundamentals of Electrochemical Processes

Fundamentals of electrochemical processes can be found in several textbooks
[1–5]. The electrochemical reactor is an electrolytic cell, shown schematically in
Figure 17.1, powered by a current source. The cell contains positively charged
anodes and negatively charged cathodes in addition to an electrolyte solution
containing ions which permit to carry the electric current through the solution. The
reactant and the products are usually at least partially dissolved in the electrolyte.

�A List of Symbols can be found at the end of this chapter.
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The anodic and the cathodic half-cells may be separated by amembrane or a porous
diaphragm.

17.1.1
Electrode Reaction Stoichiometries and Faraday�s Law

Electrochemical reactions are heterogeneous reactions characterized by at least one
electron charge-transfer step. The electron e�appears thus in the reaction equation
with its stoichiometric coefficient n. The anodic oxidation of a reagent A to form the
product B can be written as

A!Bþ ne� ð17:1Þ
and the cathodic reduction of reagent C to form reagent D can be expressed as

Cþ n0e� !D ð17:2Þ
where n0 is a stoichiometric coefficient. Electrochemistry is only possible in a cell
which contains both an anode and a cathode and, owing to the need to maintain an
overall charge balance, the amount of electrons exchanged in the reduction at the
cathode and in the oxidation at the anodemust be equal. The total chemical change in
the cell is determined by adding the two individual electrode reactions:

Aþ n
n0
C!Bþ n

n0
D ð17:3Þ

The relations established in the following are developed on the example of
Equation (17.1) for the anodic half-cell reaction or Equation (17.3) for the overall
cell reaction.
The electric charge required to convert 1mol of reagent in a reaction involving n

electrons per mole is given by Faraday�s law of electrolysis:

Qmol ¼ nF ð17:4Þ

Figure 17.1 Schematic view of an electrochemical cell.
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17.1.2
Electrode Potentials and Gibbs Free Energy Change of the Overall Reaction

The equilibriumpotential of an electrochemical reaction is defined as the potential of
an electrode (with respect to the potential of a normal hydrogen electrode) when
immersed in an electrolytic cell containing the reactive species, but without current
flow. When a current is applied, the electrode potential is shifted. In the case of an
anodic reaction:

Ea ¼ Ea
e þha ð17:5Þ

where Ea is the anodic potential, Ea
e the equilibrium potential of the anodic reaction

and ha the anodic overpotential, which is linked to the charge-transfer rate. The
cathodic potential is defined in an analogous manner:

Ec ¼ Ec
e þhc ð17:6Þ

The difference between the equilibrium potentials of the half-cell reactions Ec
e�Ea

e

is related to the Gibbs free energy change DG of the overall cell reaction is

DG ¼ DH�TDS ¼ �nF Ec
e�Ea

e

� � ð17:7Þ

whereDH andDS are the enthalpy and the entropy change, respectively, of the overall
cell reaction, which are defined and calculated as in classical chemical reactions.
Electrochemical synthesis is concerned with carrying out reactions where the free
energy change is positive, i.e. Ec

e�Ea
e is negative. Electrolytic methods may even be

used to drive very unfavorable reactions.

17.1.3
Kinetics and Mass Transfer Limitations of the Electrode Reaction

The overpotential terms of Equations (17.5) and (17.6) are the driving forces of the
electrochemical reaction. The most commonly used kinetic expression in electro-
chemistry is undoubtedly the Tafel law, which predicts an exponential increase of the
current density of the desired reaction, iA, with the electrode overpotential. For the
anodic reaction of Equation (17.1):

iA ¼ nFkAC
i
Aexp bAhað Þ ð17:8Þ

where kA and bA are kinetic constants which depend strongly on the electrode
material and on the electrolyte composition and temperature. Ci

Ais the reagent
concentration at the electrode surface.
Under steady-state conditions, the reagent flux from the bulk to the electrode

surface, frequently modeled by a Newton-type law, equals the reagent consumption
due to the electrochemical reaction:

km Cb
A�Ci

A

� � ¼ iA
nF

ð17:9Þ
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where Cb
Ais the reagent concentration in the bulk. Combination of Equations (17.8)

and (17.9) permits the removal of the interfacial reagent concentration:

iA ¼ nFkmCb
A

1þ km
kA
exp �bAhað Þ ð17:10Þ

For high anodic overpotentials, a limiting current density, corresponding to the
maximum possible mass transfer, is obtained:

iA lim ¼ nFkmC
b
A ð17:11Þ

Due to economic factors, large-scale processes are generally driven close to the transport-
limited rate [2].

17.1.4
Process Performance Criteria

In order to evaluate and to compare different process options, performance criteria or
�figures of merit� have been developed in the domain of electrochemical process
engineering. For the reaction described inEquation (17.1) performed in a continuous
flow reactor in steady-state flow, the reagent conversion q, product selectivity s and
material yield y are defined by

q ¼ _n in
A� _nout

A

_n in
A

ð17:12Þ

s ¼ _nout
B

_n in
A� _nout

A

ð17:13Þ

y ¼ _nout
B

_n in
A

ð17:14Þ

where _n is a molar flux. These definitions are those found in classical chemical
engineering and, as in the latter, high conversions and selectivities are desired. In
electrochemical processes, an additional performance parameter appears, namely
the current efficiency, defined as the yield based on the electrical current passed
during the electrolysis:

F ¼ nF _nout
B

I
ð17:15Þ

Current efficiencies below unity indicate either that to some extent the back
reaction occurs on the counter-electrode, or, more likely, that undesired products
are being formed. These may, however, arise by electrolysis of the solvent or the
carrying electrolyte. Hence they are not necessarily associated with a material yield
lower than unity.
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One of themost valuable statements of reactor performance is the space–time yield,
which expresses the mass amount of product per unit of time and reactor volume VR:

rst ¼
MB _nout

B

VR
¼ MBFI

nFVR
¼ MBF i�as

nF
ð17:16Þ

whereMB is themolarmass of the product, i the average current density applied in the
cell and as the specific electrode area, i.e. the electrode area per reactor volume. In
commercial processes, the average current density applied is typically on the order of
magnitude of the limiting current density of the reagent [Equation (17.11)] and the
space–time yield is proportional to the following terms:

rst �
MBiA limas

nF
¼ kmMBCb

Aas ð17:17Þ

It is therefore an important challenge to electrochemical engineers to design electro-
lytic cells characterized by high mass transfer coefficients and important specific
electrode area.

17.1.5
Specific Energy Consumption and Cell Voltage

The specific energy consumption states the electric power required to make unit
weight of the product. It is a function of both the electrolysis conditions and the cell
design. The specific energy consumption is given by [2]

Specific energy consumption ¼ �nFEcell

FMB
ð17:18Þ

where Ecell is the cell voltage which has a negative value in electrochemical cells which
arenotpowergenerators,which is the caseof electrosynthesisapplications.Thespecific
energy consumption is a function of the cell voltage and of the current efficiency.
Hence it can be minimized only by selecting electrolysis conditions that lead to high
current efficiencies and to absolute values of the cell voltage as low as possible.
The cell voltage is a complex quantity which depends on the electrode potentials

[Equations (17.5) and (17.6)], but also on the ohmic potential drops IR, which are
related to the current flow through the electrochemical cell and the electric circuit
(cables, current leads, etc.):

Ecell ¼ Ec
e�Ea

e�jhcj�jhaj�IRcell�IRcircuit ð17:19Þ
Whereas the cell voltage is a global parameter, the electrode potentials and the ohmic
drops are local parameters which are, of course, interdependent.

17.1.6
Ohmic Drop and Heat Generation

The ohmic drop in the electrochemical cell is related to the potential field in the
electrolyte, which depends on the geometry and the arrangement of electrodes and
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also on the voltage applied between the electrodes and on the electrolyte conductivity.
For parallel electrodes with a uniform current density distribution, the ohmic drop is
distributed uniformly and can be expressed by Ohm�s law:

IRcell ¼ DFohm ¼ i�d
k

ð17:20Þ

where d is the inter-electrode gap and k the electrolyte conductivity.
Heat is generated in the electrochemical cell by means of electrical power loss

related to the cell voltage, referred to as Joule heating, and alsomechanical power loss
related to the electrolyte flow. The Joule heating of the system is given by [2]

Q Joule ¼ I Ecell�Etnð Þ ð17:21Þ

where Etn is the thermoneutral voltage of the cell, defined by

Etn ¼ �DH
nF

ð17:22Þ

The ohmic drop frequently represents an important fraction of the cell voltage and
plays a major role in the heat generation terms. This is especially true in organic
electrosynthesis where current densities are high and electrolyte conductivities low.
A major concern in electrochemical engineering is clearly linked to the design of cells with
minimum ohmic drops.

17.2
Electrochemical Equipment and Process Flow Schemes

The diversity of electrosynthesis reactions and reactors is tremendous and it is
clearly outwith the scope of this chapter to deal with all of them. After the definition
of important fundamental process options, the geometry of the most common
commercial cells is briefly described and typical overall process flow schemes are
discussed.

17.2.1
Some Overall Process Options

17.2.1.1 Divided and Undivided Cells
As mentioned in Section 17.1, the anodic and cathodic compartments of an
electrochemical cell can be separated by an ion-exchange membrane or a porous
diaphragm. The division of a cell is often practiced in industrial processes, despite the
additional costs, the need for additional seals and possible maintenance problems.
A separator may indeed allow a more independent choice of anode/anolyte or
cathode/catholyte, enable current efficiency to be maintained due to the exclusion
of redox shuttles and help to isolate electrode products or prevent the formation of
explosive or toxicmixtures, for exampleH2–O2.However, if possible, undivided cells
are preferred, as they lead to lower ohmic drops and to much simpler technologies.
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17.2.1.2 Direct and Indirect Electrosynthesis
In direct electrosynthesis, the desired product is formed by means of an electro-
chemical reaction. In indirect electrosynthesis, a redox couple is used as an �electron
carrier� for the oxidation or reduction of another species in the system. In other
words, the electrode is used to reconvert the redox reagent continuously to an
oxidation state where it is able to react with another compound in a desirable,
generally homogeneous redox reaction. Most suitable redox couples are inorganic
whereas the desired product is typically organic. The final redox step may be carried
out inside or outside the electrochemical cell.

17.2.1.3 Simple and Paired Electrosynthesis
As discussed in Section 17.1.1, electrochemical cells always involve two electrochem-
ical reactions, anodic and cathodic. Currently, only one of the products is valuable
whereas the other is a valueless side product. A common case is the anodic oxidation
of an organic substrate combined with the cathodic production of hydrogen. Some
processes, however, permit �paired electrosynthesis� characterized by the simulta-
neous formation of valuable products at both electrodes. This combination, if
possible, is extremely interesting as it allows waste to be minimized. Paired electro-
synthesis reactions can be parallel (two reagents give two products), divergent (one
reagent gives two products) or convergent (two reagents give a single final product).
In the last case, a homogeneous reaction step permits the combination of the
intermediates formed by the heterogeneous electrode reactions.

17.2.2
Typical Commercial Cells

An overview of the various types of electrochemical cells that are of importance for
industrial electrosynthesis processes is given in several textbooks [1–5]. Only the
main cell types are briefly discussed here. Despite the diversity of cell design, there
are clearly some general rules [2]. The achievement of a correct rate and selectivity of
production requires control and uniformity of the mass transfer rate and also of the
potential and current distribution. This is best attained by a parallel electrode
configuration, leading to a constant inter-electrode gap and thus, it is expected, to
a uniformpotential field. The control andminimization of the inter-electrode gap are
particularly important in direct electrosynthesis, where high reagent concentrations
and high current densities are desirable.

17.2.2.1 Tank Cells
The tank cell is the classical batch or semi-batch reactor of electrochemical techno-
logy. In most tank cells, the electrodes are vertical and made from sheet, gauze or
expanded material. The cell is arranged with parallel lines of alternate anodes and
cathodes, the electrodes extending across and to the full depth of the tank. The
anode–cathode gap is made as small as possible to maximize the space–time yield
and to reduce the energy consumption. It is unusual in tank cells to induce
convection by mechanical means, but electrolyte stirring is in generally promoted
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by gas bubbles evolving at the electrodes. The great advantage of the tank cell is the
simplicity of construction and the wide range of materials which can be used for its
manufacture. It is, however, poorly suited to large-scale operation or to a process
where control of the mass transfer rate is required.

17.2.2.2 Filterpress-type Flow Cells
The majority of commercial electrochemical reactors have up to now been flow cells
involving parallel electrodes disposed in a plate-and-frame arrangement and
mounted on a filterpress [2, 4]. The mass transfer rate is promoted in these cells
by high electrolyte velocities obtained through external electrolyte pumping and
eventually turbulence promoters such as plasticmeshes. The electrodes are generally
disposed vertically in order to facilitate gas evolution. Separators can be introduced if
the cathodic and the anodic compartments are to be divided. In plate-and-frame cells,
it is normal to reduce the inter-electrode gap to 0.5–5 cm. Although the potential
distribution in a parallel-plate cell is good and the mixing conditions can be made to
meet most requirements, it is often difficult to reduce the inter-electrode gap
sufficiently to obtain the desired space–time yield and energy efficiency [2].

17.2.2.3 Cells with Parallel Electrodes and a Millimeter or Submillimeter
Inter-electrode Gap
Theminimization of the anode–cathode gap is clearly recognized to be an important
process parameter, especially in electro-organic synthesis where electrolyte conduc-
tivities are low and where the ohmic drop is a major concern. Two undivided
electrochemical cells leading to the minimization of the inter-electrode gap are
commercially exploited. In the Swiss-roll cell shown schematically in Figure 17.2a,
thin metal foils are separated by a plastic mesh and wrapped around a central core.
The electrolyte flows axially through the cell and mass transfer is promoted by the
mesh. The inter-electrode gap is typically small (0.2–2mm) [2], providing a low cell
voltage and promoting uniform flow and electrode potential distributions. The
design is cartridge oriented and electrode or separator changes are made via a

Figure 17.2 Schematic view of undivided electrochemical cells
with a small inter-electrode gap. (a) Swiss-roll cell; (b) capillary
gap cell.
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replacementmodule. The technology is, however, restricted to undivided cells and to
metal electrodes. Carbon electrodes are used in the capillary-gap cell, shown
schematically in Figure 17.2b, which consists of circular graphite disks kept apart
by insulating spacers. The electrolyte enters via a central channel and flows radially
between the disks. The inter-electrode gap is in the millimeter range (1–2mm).

17.2.2.4 Cells with Non-parallel Dissymmetric Electrodes
In cases of low concentrations of the electroactive species, as typically observed
in metal recovery but also in indirect electrolysis processes, the specific electrode
area and also the mass transfer coefficient must be maximized in order to reach
a reasonable space–time yield [Equation (17.17)]. This can be obtained using
three-dimensional electrodes. In this configuration, as illustrated schematically in
Figure 17.3, the electrolyte flows through a by some means porous electrode.
Electrochemical cells with porous electrodes are characterized by non-constant,
relatively important anode–cathode distances. They are suitable for processes
involving low current densities and high electrolyte conductivities. However, porous
electrodes commonly lead to non-uniform electrode potentials and, hence, to a non-
uniform current distribution within the bed, along with the dimension parallel to the
current flow. These geometries are poorly suited to direct electro-organic synthesis
purposes, where current densities are high and electrolyte conductivities are low.

17.2.3
Process Flow Schemes

The economy of electrolytic processes, especially in the synthesis of organic special-
ties, is closely related not only to the electrochemical cell, but also to the straightfor-
wardness of product purification [1]. This means that the main objective for the
successful development of a new product from organic electrochemistry is closely
related to the best process flow scheme, combining the different process steps.
Electrochemical flow cells commonly suffer from the problem that the conversion

per pass is low. For this reason, it is common to run such cells with an electrolyte
reservoir and to recirculate the electrolyte repeatedly through a cell or group of cells
and back to the reservoir. If the electrochemical process including the flow cell is
operated batchwise, it is known as a batch recycle process (Figure 17.4a). The reagent
concentration in the reservoir decreases with time and the process is stopped when

Figure 17.3 Schematic view of an electrochemical cell with a
three-dimensional flow-through electrode arrangement.
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the desired conversion is reached. Although the current distribution is ideally
spatially uniform within the electrochemical reactor, the applied current density
must be lowered with time, in order to adjust to the decreasing reagent concentration
and to avoid undesired side reactions. Another disadvantage of this scheme is the
batch mode of operation, which is poorly suited to high production rates.
The electrochemical process including the low-conversion flow cell and the recycle

loop can also be operated in a continuous manner (Figure 17.4b). In this case, fresh
reagent is continuously fed to the reservoir and a fraction of the electrolyte is
continuously withdrawn. The reagent and the product are separated to concentrate
the product and to recycle the reagent. In order to work at high current density and
thus at a high productivity, the reagent concentration in the loop and thus in the
electrolyte tank should be as high as possible.Major disadvantages of this scheme are
the complexity of the recycle loops and the relatively large size of the separation unit.

17.3
Microreactors in Electrochemical Synthesis

The development of microtechniques permits electrochemical synthesis reactors to
be conceived that are characterized by electrodes and/or inter-electrode gaps in the
sub-millimeter range. Even though some commercial cells already approach sub-
millimeter inter-electrode gaps (see Section 17.2.2.3),microtechnologies permit us to
go further, and gaps of less than 0.2mm are attained [6–12], various electrode
materials can be considered [6] and electrode segmentation or heat exchangers may
be integrated in the reactor design [6, 13]. The sub-millimeter electrode widths and/
or inter-electrode gaps lead to the quantitative but also to the qualitative variation of
several process parameters, resulting in process intensification. Themost important
mechanisms of process intensification via microstructuring are outlined in
Section 17.3.1. The subsequent sections describe in more detail the two types of
microstructured reactors investigated in the recent literature, i.e. coplanar interdigi-
tated band electrodes, treated in Section 17.3.2, and microplate or microchannel
reactors, discussed in Section 17.3.3.

Figure 17.4 Production schemes for organic electrosynthesis.
(a) Batch recycle process; (b) continuous process including
reagent recycle.
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17.3.1
Process Intensification Mechanisms

17.3.1.1 Enhancement of the Mass Transfer Rates
Sub-millimeter inter-electrode gaps (in the case of plate and channel reactors) or
electrode widths (in the case of coplanar interdigitated band electrodes) lead to thin
concentration boundary layers with any flow rate [14, 23] resulting in enhancedmass
transfer rates and thus increasing the attainable space–time-yield [Equation (17.17)].

17.3.1.2 Coupling of the Electrode Processes
The decrease in the inter-electrode gap may lead to the overlapping of the anodic
and cathodic diffusion layers [7–11, 17–19]. This is referred to as �coupling� of the
electrode processes. Charged reaction intermediates, often protons or hydroxide ions
produced by the electrode reactions, accumulate in the diffusion boundary layers and
act as electrolyte.The coupling of the electrode processes thus increases the conductivity in the
inter-electrode gap. The coupling of the electrode processes confers a particular advan-
tage in the case of paired convergent electrosynthesis reactions (see Section 17.2.1.3
for the definition), as it accelerates the final homogeneous reaction step by facilitating
the mass transfer between the electrogenerated intermediates [16,18, 20].

17.3.1.3 Reduction of the Ohmic Drop
As illustrated in Equation (17.20) for parallel electrodes and a uniform current
distribution, the ohmic drop decreases with decrease in the inter-electrode gap and
with increase in the electrolyte conductivity. Inmicrostructured reactors, the small inter-
electrode gap together with the conductivity increase due to the coupling of the electrode
processes leads to a substantial reduction in the ohmic penalty [7, 8]. Hence micro-
structured designs permit one to minimize the cell voltage [Equation (17.19)], the
specific energy consumption of the electrochemical cell [Equation (17.18)] and the
heat generation terms [Equation (17.21)].
The low ohmic drop reduces the need for supporting electrolyte. Several research

teamshave shown that it is even possible toworkwithout the addition of a conducting
salt [7–11]; the resulting processes are referred to as �self-supported�. The absence of
a conducting salt reduces costs since it has neither to be purchased nor removed from
the reaction mixture.

17.3.1.4 Operation in Single-pass High-conversion Mode
In microplate and microchannel reactors, the electrolyte flows between the plane
electrodes and the small inter-electrode gap leads to a high surface-to-volume ratio,
i.e. a high specific surface area. High specific electrode areas not only increase the
space–time yield of the reaction [Equation (17.17)], but also permit electrosynthesis
reactions to be performed in a single-pass high-conversion mode, leading to a continuous
process without recycle [7–12]. This process scheme has twomajor advantages over the
classical process flow schemes described in Section 17.2.3: it requires only a small
separation unit and both the short residence time and the plug flow of the reagent,
minimize undesired side reactions.
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17.3.2
Coplanar Interdigitated Microband Electrodes

Girault and co-workers [14–19] developed the concept of coplanar interdigitated
microband electrodes illustrated schematically in Figure 17.5 The electrodes are built
by successive screen printing of conductive and insulating layers on a substrate
(stainless steel or aluminum). Various electrode materials such as platinum and
ruthenium oxide are employed. Electrode widths are in the range 0.5–1mm, with a
gap between the electrodes varying from 0.25 to 1mm. For most investigations, the
electrode band length is between 20 and 27mm and the total number of bands on
a plate is between 20 and 70. Syntheses are carried out in a 150mL tank reactor and
also in a flow cell characterized by a flow section 4mm in depth and 20mm in
width [15–17, 19].
Two indirect organic electrosynthesis reactions have been investigated: the

methoxylation of furan in methanol [15] and the epoxidation of propylene in
water [16]. The anodic redox couple for the two systems is bromide–bromine
(Br�–Br2), whereas the cathodic reaction results in hydrogen formation. The
authors emphasize the low energy consumption associated with the low ohmic
drop, but also the good performance of the interdigitated system in terms of mass
transfer. The latter is due to the periodic relaxation of the mass transfer boundary
layer. Good mass transfer coefficients are obtained even without convective
electrolyte flow and the authors suggest the use of the technology in tank reactors
in order to increase themass transfer rates. The epoxidation of propylene is a paired
convergent electrolysis system, as the hydroxide ions resulting from the cathodic
reaction allow the formation of the propylene oxide which is the final product.
Belmont and Girault underline the fact that the coupling of the electrode processes
facilitates the overall reaction [16].
Girault and co-workers reported the application of plane interdigitated microband

electrodes to an inorganic electrosynthesis of industrial interest: the hypochlorite
generation from sea water electrolysis. The system was studied in a laboratory cell
[17] and also in a pilot plant [19]. A major problem in this synthesis is related
to the deposition of scale (calcium and magnesium hydroxide) on the cathode due
to the local production of OH� anions. The coupling of the electrode processes
permits the pH excursions on the cathode to be restricted, leading to a decrease in
scale deposition.

Figure 17.5 Schematic representation of the coplanar interdigitated electrode band geometry.
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The major drawback of the technology of coplanar interdigitated microband
electrodes is related to the fabrication technique: the electrodematerials are restricted
to those that can be screen-printed and the voltage drop in the thin layer electrodes
can be important, leading to non uniform overvoltage and current distributions [19].
Finally, the specific electrode areas developed by the interdigitated design are smaller
than those developed with simple plane electrodes.

17.3.3
Plate and Channel Microreactors

A straightforward manner to apply microtechniques to electrochemical synthesis
reactors is to develop parallel plate reactors with a sub-millimeter inter electrode gap.
The plane electrodes are separated by isolating spacers, which may lead to
the formation of parallel flow channels. In any case, the electrodes are plane
sheets which can be replaced and thus made out of any plain material, e.g. nickel,
lead, glassy carbon or graphite.Recent technological developmentsmade at the Institute of
Microtechniques, Mainz [6, 7], have led to the construction of versatile microchannel
electrochemical reactors. Indeed, the pressure can be elevated to up to 35 bar and the
electrodes can be stacked in order to increase the overall electrode area. Moreover,
polymer electrolyte membranes can be inserted, separating anodic and cathodic
compartments if necessary, and finally heat exchangers may be integrated.
A major interest of micro-scale plate and channel reactors is related to the

high specific electrode area, permitting operation in a single-pass high-conversion
mode. This mode is characterized by some special features which are detailed in
Sections 17.3.3.1–17.3.3.4. The subsequent sections discuss the experimental and
theoretical investigations reported in the recent literature.

17.3.3.1 Reagent Flux and Applied Current
A dimensionless current, comparing the applied electrical current to the current
necessary to entirely convert the reagent flux, can be defined:

I� ¼ I
nF _n in

A

¼ I

nFCin
AQL

¼ y
F

ð17:23Þ

A single-pass high-conversion electrochemical cell should ideally operate at
a dimensionless current close to unity, permitting high yields to be obtained at
high current efficiencies. Dimensionless currents higher than unity are not desirable
in principle as they are always associated with current efficiencies lower than unity.
Furthermore, if the secondary reactions involve the desired product, dimensionless
currents higher than unity lead to a rapid decrease in the material yield.

17.3.3.2 Mass Transfer Limitations and Reagent Conversion
Due to the important ratio between the reactor length and the inter-electrode
distance, plate and channel microreactors behave like plug flow reactors. The
maximum possible conversion is reached if the reaction is under mass transport
control on the entire electrode surface. The combination of the local diffusion-limited
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current density [Equation (17.11)] and the material balance on a reactor slice
(assuming a constant electrolyte velocity) leads to

dCA xð Þ
dx

¼ � iA lim xð Þ
nFuLd

¼ � kmCA xð Þ
uLd

ð17:24Þ

where uL is the superficial electrolyte velocity. The integration of Equation (17.24)
over the electrode length L permits the determination of the maximum possible
reagent conversion:

q ¼ Cin
A�Cout

A

Cin
A

¼ 1�exp � kmL
uLd

� �
ð17:25Þ

Thedimensionless number appearing in the exponential factor inEquation (17.25)
is the number of transfer units (NTU), as it compares a characteristic mass transfer
flux, kmW, with the overall flux QL:

NTU ¼ kmL
uLd

w
w
¼ kmW

QL
ð17:26Þ

where w is the electrode width, W the electrode surface area and QL the volumetric
electrolyte flow rate. Equation (17.25) demonstrates that single-pass high-conversion
microreactors imply high NTU values. For example theNTU necessary to obtain, under
mass transfer control, a conversion of 99% is 4.6. If the reactor works beyond the
limiting current density, the NTU necessary for high conversion is even higher.

17.3.3.3 Liquid–Solid Mass Transfer Coefficient and Coupling of the Electrode
Processes
In a small-gap parallel-plate reactor with laminar liquid flow (without gas evolution),
infinitely wide electrodes and a constant electrode surface concentration, the average
Sherwood number over the electrode length is given by L�evêque�s equation [21]:

Sh ¼ kmd
D

¼ 1:85 ReSc
d
L

� �1
3 ¼ 1:85

DL

uLd
2

� �� 1
3 ð17:27Þ

Equation (17.27) describes a developing mass transfer boundary layer in a fully-
developed laminar flow. However, if the mass transfer boundary spans the whole
electrode gap, the Sherwood number attains a limiting value which is independent of
flow hydrodynamics. The limiting Sherwood number is given, for a uniform mass
flux at the electrode surface by [21]

Shlim ¼ kmd
D

¼ 2:69 ð17:28Þ

Equation (17.28) holds if themass transfer boundary layer is fully developed, which is
verified for the following condition (see [22] for the case of the heat transfer boundary
layer):

DL

uLd
2 > 0:1 ð17:29Þ
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The combination of Equation (17.27) or (17.28) with the definition of NTU
[Equation (17.26)] permits NTU to be expressed in the case of a non-developed
[Equation (17.30)] or a developed [Equation (17.31)] concentration profile.

DL

uLd
2 < 0:1 NTU ¼ 1:85

DL

uLd
2

� �2
3 ð17:30Þ

DL

uLd
2 > 0:1 NTU ¼ 2:69

DL

uLd
2 ð17:31Þ

Equations (17.30) and (17.31) demonstrate that single-pass high-conversionmicroreactors
which are characterized by NTU higher than unity (see Section 17.3.3.2) imply fully
developed mass transfer boundary layers for the major part of the electrode surface. The
electrode processes are thus coupled. Themass transfer coefficient is independent of the liquid
phase flow rate and can be estimated using Equation (17.28).

17.3.3.4 Increase in the Space–Time Yield at a Constant Ohmic Penalty
The combination of Equations (17.17) and (17.28) permits the attainable space–time
yield in single-pass high-conversion reactors to be estimated:

rST � 2:69
DMBC

b
A

d2
ð17:32Þ

Equation (17.32) shows that a decrease in the inter-electrode gap leads to the
enhancement of the attainable space–time yield. Moreover, for a given electrolyte
conductivity, the process intensification is realized without enhancing the ohmic penalty,
as shown by the combination of Equations (17.11), (17.20) and (17.28):

DFohm � 2:69
nFDCb

A

k
ð17:33Þ

17.3.3.5 Experimental Investigations Reported in the Literature
Several recent papers [6–12] have reported the use of microplate or microchannel
cells for electro-organic synthesis purposes. The most important characteristics of
these investigations are given in Table 17.1. The cell overall widths and lengths are in
the centimeter range whereas the inter-electrode gap is between 25 and 320mm.
Various electrode materials are used: glassy carbon is often preferred for electro-
organic oxidation reactions, whereas reductions are carried out on stainless-steel,
platinum or nickel electrodes.
Different electro-organic reaction systems have been studied. The anodic reactions

investigated are mainly the four-electron methoxylation of 4-methoxytoluene
[6, 7, 11, 12] and the two-electron methoxylation of furan to 2,5-dimethoxy-2,5-
dihydrofuran [10], but also other methoxylation and acetoxylation reactions [11].
Methoxylation reactions are performed in methanol as a solvent, whereas acetoxyla-
tions are performed in acetic acid.Moreover, K€upper et al. [7] reported the anodic two-
electron decarboxylation of sodium glucanate in an aqueous medium. The cathodic
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reactions discussed are the two-electron reduction of tetraethyl ethylenetetracarbox-
ylate in ethanol [8] and the reduction of 4-nitrobenzyl bromide in DMF [9], which is a
special reaction system, as the reaction is self-propagating in the bulk.
Most investigations, however, were performed under conditions which are

not relevant for commercial production purposes [8–11]: dilutemedia (i.e. inlet reagent
concentrations �0.02M) and low average current densities (i.e. <100Am�2). More-
over, theselectionof theoperatingconditions isempirical. Inconsequence, thenumber
of transferunits [Equation (17.26)] and thedimensionless current [Equation (17.23)] are
inanexceedinglywide range (seeTable 17.1).Various research teamshavenevertheless
demonstrated the possibility of obtaining high reagent conversions together with high
product selectivities, even in the absence of added supporting electrolyte [7–11].
The different investigations thus clearly demonstrate the feasibility of and the interest in
micro-structured single-pass high-conversion electro-organic synthesis cells.

17.3.3.6 Reactor Model
Recently, our group developed and validated a reactor model suitable for design
calculations in a thin-gap single-pass high-conversion electrochemical cell [23, 24].
Themodel is based on electrolyte plugflowand includes electrochemical kinetics and
mass transfer limitations. It has been developed for the case of three consecutive
electrochemical reactions, with the key product formed by the second reaction, but
can easily bemodified in order to be used for other reaction schemes, such as parallel
reactions or solvent oxidation.
For given electrochemical kinetics, the reactor performance depends on only three

independent dimensionless numbers: the dimensionless current [Equation (17.23)],
NTU [Equation (17.26)] and a Wagner-like number which compares the kinetic
resistance of the system with its ohmic resistance:

Wa ¼ k
nFkmCin

A dbA
ð17:34Þ

Low Wagner numbers lead to uniform current density distributions over the
electrode length, whereas high Wagner numbers induce uniform overpotential
distributions.
Themodel simulations permit one to define optimumoperating conditions for the

single-pass high-conversion mode: a dimensionless current close to unity and NTU
between 6 and 12, i.e. sufficiently high to permit the reagent to join the electrode
surface. Highest selectivities and high current efficiencies are obtained when
the Wagner number is high (i.e. Wa > 0.5), as the local current density adjusts to
the decreasing reagent concentration. In the case of a natural uniformcurrent density
distribution (i.e. a low Wagner number), undesired reactions are favored at the
reactor outlet, where the reagent concentrations are low. In this case, electrode
segmentation may be used in order to force a decrease in the current-density over
the electrode length [13].
The reactormodel was validated successfully bymeasurementsmade in a thin-gap

flow cell [24] with operating conditions close to those described in [12] and reported in
Table 17.1. A serious difficulty encountered in experiments performed at relatively
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high reagent inlet concentrations (Cin
A ¼ 0:1M) is related to the huge amount of

electrogenerated hydrogen. As the gas phase is isolating versus electrical current, the
conductivity in the inter-electrode gap decreases, leading to high cell voltages. This
problem does not arise at low reagent concentrations, as the electrogenerated
hydrogen remains dissolved in the electrolyte. The estimation of the gas and liquid
fluxes as a function of the operating conditions is developed in [23].

17.4
Conclusion and Outlook

The reduction of the inter-electrode gap to the sub-millimeter scale clearly opens up
new opportunities in the design of electrosynthesis cells. Process intensification is
due to the thinning and the overlapping of themass transfer boundary layers and also
to the substantial decrease in the ohmic penalty, which are major concerns of
electrochemical reaction engineering.Moreover, in the thin-gap cell, the high specific
electrode area together with the high mass transfer rates permits the overall process
scheme to be changed: single-pass high-conversion reactors can be envisioned.
The single-pass high-conversion reactor has proved feasible with dilute reagent

concentrations [6–12].However, if oneof the electrode reactions involves gas evolution,
a single-pass high-conversion mode of operating implies, under industrially relevant
working conditions (i.e. high reagent inlet concentrations), very high gas production
rates [23]. This phenomenon is detrimental to the current transport in the inter-
electrode gap. An increase in the operating pressure would limit the amount of the
volumetric gas flow under these conditions, but the feasibility of the electrochemical
synthesis under these conditions should be demonstrated experimentally. Further-
more, only a few electrochemical syntheses have been realized so far in thin-gap high-
conversion flow cells, whereas many industrially relevant simple or paired reaction
systems could benefit from the coupling of the electrode processes [20]. Moreover, the
conception and the construction of multilayer thin-gap cells permitting industrially
relevant production rates to be reached and including eventually heat exchangers are
still a technical challenge and there is clearly a lot of work to be done before micro-
structured electrochemical cells can be introduced routinely in industrial processes.

List of Symbols

as Specific electrode area (m�1)
A, B, C, D Reagent or product of the electrochemical reaction
bA Kinetic constant of the reaction involving reagent A (V�1)
CA Concentration of reagent A (molm�3)
d Inter-electrode gap (m)
D Diffusion coefficient (m s�1)
Ec, Ea Cathodic, anodic potential (V)
Ec
e; E

a
e Cathodic, anodic equilibrium potential (V)
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Ecell Cell voltage (V)
Etn Thermoneutral cell voltage (V)
F Faraday constant (96 487A s equiv�1)
i Current density (Am�2)
I Cell current (A)
I� Dimensionless cell current, defined by Equation (17.23)
kA Kinetic rate constant of the reaction involving reagent A (m s�1)
km Mass transfer velocity (m s�1)
L Electrode length (m)
MB Molar mass of product B (kgmol�1)
n, n0 Number of electrons involved (equivmol�1)
_n Molar flux (mol s�1)
NTU Number of transfer units, defined by Equation (17.26)
QL Electrolyte volumetric flow rate (m3 s�1)
Qmol Electric charge required per mole of reagent (A s)
Q Joule Heat generation flux (W)
Rcell Equivalent electrical cell resistance (W)
Rcircuit Equivalent resistance of the electrical circuit (W)
Re Reynolds number, Equation (17.27)
Sc Schmidt number, Equation (17.27)
Sh Sherwood number, Equation (17.27)
uL Superficial velocity of the liquid phase, uL¼QL/(dw) (m s�1)
V Cell voltage (V)
VR Reactor volume (mL)
w Electrode width (m)
Wa Wagner number, defined by Equation (17.34)
x Spatial coordinate

Greek Letters

DFohm Ohmic resistance of the cell
F Current efficiency
ha, hc Anodic, cathodic overpotential (V)
k Electrolyte conductivity (Sm�1)
q Reagent conversion
rst Space–time yield
s Selectivity versus the desired product
y Product yield
W Electrode area, W¼ Lw (m2)

Suffixes

— Space averaged value
in Relative to the reactor inlet
out Relative to the reactor outlet
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Subscripts

b Relative to the bulk
i Relative to the liquid–solid interface
lim Limiting value
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