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Abstract
The increasing penetration of renewable energy in the energy grid causes intermittency, resulting in
fluctuating prices. This in turn forges windows of opportunity for the electrochemical production of
chemicals that would otherwise be too expensive. This research aims to optimize a continuous-flow-
through reactor hosting the production of chemicals by mediated electrochemical oxidation, using or-
ganic aminoxyls (i.e., electrocatalysts), specifically 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and 4-
acetamido-TEMPO (ACT).

The first chapter addresses the main motivation behind- and the aims of the this research. In the sec-
ond chapter, an extensive literature review is provided on the physico-chemical and electro-catalytic
properties of the TEMPOmediators, that are important for the modelling of the electrochemical reactor.
The third chapter describes the analytical- and computational models that were created to investigate
the influence of mediator properties, current density, specific surface area, velocity, and electrode thick-
ness on the energy efficiency of the reactor. More specifically, a flow-through electrochemical reactor
with metal foam electrodes and divided anolyte and catholyte compartments.

The solutions obtained from the analytical model are in good agreement with the solutions of the com-
putational model. The analytical model was extended with the Hatta analysis to include mass transfer
in the porous electrode. It was found that ohmic losses, due to an expanding reaction zone from the
membrane inward in the anode, caused by mass-transfer and/or kinetic limitations of the mediator,
pose the biggest obstacle in reaching high conversion with reasonable efficiency.

The main result of this study is a mathematical formula, that allows for quick prediction of the perfor-
mance of mediated electrochemical oxidation in a flow-through reactor with a porous foam electrode.
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Nomenclature
Physics Constants

𝑏 Tafel slope 0.05 V

𝐹 Faraday constant 96485 Cmol

𝑅 Gas constant 8.314 Jmol K

Roman Symbols

Δ𝑉 total overpotential with the activation potetial as reference V

𝐴 Area m

𝑎 Volumetric surface area m m−3

𝐵 Pre-exponential factor Arrhenius equation L mol

𝑐 Concentration of oxidezed mediator unless told differently molm

𝐷 Diffusivity m s

𝑑 Equivalent diameter 6/𝑎 m

𝐸 Potential V

𝐸 Activation potential V

𝑓 Friction factor -

𝐼 Current A

𝑖 Current Density A m

𝑗 Current density C s m

𝐽 Activation energy kJ mol

𝑗∗∗ Exchange current density A m

𝐾 Permeability m

𝑘 Homogeneous rate constant s

𝑘 Heterogeneous rate constant m s

𝐾 Buffer equilibrium constant -

𝑘 Backward rate constant s

𝑘 Forward rate constant m s mol

𝑘 Mass transfer coefficient m s

𝐾 Water equilibrium constant -

𝐿 Electrode thickness m

𝑙 Shortest path length in porous medium m
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x Nomenclature

𝑁 Flux of a species mol m s

𝑛 Number of electrons participating in the reaction -

𝑃 Power W

𝑝 Pressure N m

𝑟 rare of the reaction mol m s

𝑇 Temperature K

𝑥 Coordinate in the electrode m

𝑧 Number of elementary charges −

𝜌 Charge density C m

h Cell height m

R Resistance Ω

r Rate of reaction mol s m

w Cell width m

Greek Symbols

𝛿 Boundary layer thickness m

E Effectiveness factor -

𝜌 Density kg m

𝜃 Enhancement factor -

𝛼 Charge transfer coefficient -

𝛿 Boundary layer thickness m

𝜖 Porosity -

𝜂 Activation overpotential V

𝜖 Ratio of void volume over the total volume -

𝜅 ionic conductivity Ω m

𝜇 Dynamic viscousity kg m s

Φ Potential V

𝜌 Density kg m

𝜎 Conductivity of the electrolyte Ω m

𝜏 Toruosity -

Dimensionless numbers

𝜂 Normalized activation overpotential 𝜂 𝑏

𝑐 Normalized concentration of oxidezed mediator unless told differently 𝑐 𝑐

𝑖 Ratio of current density in the electrode vs the total current density 𝑖 (𝑥) 𝑖

𝑗∗ Current normalized by the total superficial exchange current density 𝑗 (𝑘 𝐹 𝑐 𝐿 𝑎 )
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𝑗 Inverse Wagner number for the electrolyte 𝑗 𝐿 𝑏 𝜅

𝑗 Inverse Wagner number for the electrode 𝑗 𝐿 𝑏 𝜎

𝑗 Current Normalized by the maximum achievable current due tomass transfer 𝑗(𝑁 𝐹 𝐿 𝑎 )

𝑗 Inverse Wagner number for the parallel resistance

𝑗 Current normalized by themaximum current density achievable by chemical reaction 𝑗 (𝑘 𝑐 𝐹 𝐿 𝜖)

𝑀 Thiele modulus 𝐿 √𝑘/𝐷

AL Hinterland ratio 𝜖𝑘 𝑎 𝐷

Ha Hatta number √𝑘𝐷 𝑘

Re Reynolds number 𝑢 𝐿 𝜌 𝜇
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Abbreviations

ACT 4-acetamido-TEMPO

CV cyclic voltammetry
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PDO 1,2-propandiol
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0 Indicating the formal potential
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Subscripts
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𝑖 Species

𝑜 Oxidant
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𝑉 Constant Volume

buff Concerning the buffer

e Electronic

ion Ionic

lim Limiting current density
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s Solid





1
Introduction

Renewable energy sources account for an ever-increasing share of the total energy generation. One of
the main challenges of renewable energy sources, such as solar and wind, is intermittency: when the
sun is shining and the wind is blowing, there is an abundance of electricity, but on a windless night, no
energy is produced. Since prices fluctuate with demand and supply, cheap energy is available at days
of abundance. This cheap electricity improves the business case for the electrochemical production of
chemicals, as they usually require significant energy input to facilitate chemical conversion.

1.1. Background
Electrochemical production of chemicals is a process in which electricity is used to transform various
molecules into target chemicals, of which the most basic process is water electrolysis, shown in Figure
1.1 [42].

Figure 1.1: Alkaline water electrolysis, extracted from [42]

During water electrolysis, the current from the DC power source applied to an electrochemical reactor

1



2 1. Introduction

supplies electrons to the cathode, where water is split into hydrogen and hydroxide ion. The hydro-
gen leaves the compartment as a gas, while the hydroxide ions move in the electrolyte through the
diaphragm, towards an anode. On the anode, the electron is transferred back into the electric circuit,
and the hydroxide ions form water and oxygen. Therefore, a reduction reaction takes place on the
cathode and oxidation on the anode. However, if oxygen is not produced under high pressure, it is of
a little economic value. Pairing the cathodic process with a different anodic process, in which a value-
added chemical is produced, could yield a sound business case. This is already done with chlor-alkali
electrolysis [20], where chlorine is produced at the anode.

TNO is developing a process in which 1,2-propanediol, a chemical which can be easily produced from
bio-based glycerol, by-product in the production of bio-diesel [46], is turned into lactic acid. The latter
is used for the production of polylactic acid (PLA) of which as Lunt describes: ”The basic properties
lie between those of crystal polystyrene and PET” [41]. However, instead of a direct electrochemical
oxidation as shown in Figure 1.1, a mediated electrochemical oxidation is used to transform propandiol
into lactic acid.

During a mediated electrochemical oxidation, a redox mediator molecule is oxidized on an anode,
after which an oxidized form of the mediator diffuses away from the electrode surface and oxidizes a
reactant into a target molecule in the bulk of the electrolyte. Then, the reduced form of the mediator is
transformed back into the original oxidation state and the process is repeated. This way the mediator
is continuously recycled. The mediated oxidation of propandiol to lactic acid is shown on Figure 1.2.
In this process the organic aminoxyl (i.e.,electrocatalysts) TEMPO, is oxidized into TEMPO+ which is
an active oxidant for propandiol oxidation to lactic acid in the bulk of the electrolyte.

Figure 1.2: At the cathode, the reduction of water into hydrogen and hydroxide ion is portrayed. Hydrogen leaves the cathode
compartment at the top and the hydroxide, and travels through the membrane towards the anode. At the anode, first TEMPO
is oxidized at the electrode surface, to TEMPO , after which it oxidizes propandiol into lactic acid by reducing itself back into
TEMPO.

Themainmotivation to use TEMPOmediated propandiol oxidation is the reduced cost, since affordable,
porous electrode materials can be used for TEMPO activation. This is interesting, since direct electro-
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chemical oxidation of PDO is typically performed using gold or platinum, which is rather expensive. [11]

When pairing electrochemical processes, they must have compatible achievable current densities, i.e.
the limiting currents. Physical phenomena, mostly mass transfer, cause this limitation. We know that
the reduction of water is done at high current densities. However, the mediated oxidation of propane-
diol is researched by TNO [47], and the current density in a flow-by configuration reached a maximum
of 35 [mA/cm ]. The main issue was the mass transfer of the mediator from and to the bulk. In order
to increase the mass transfer, a pulsation in the electrolyte flow was introduced and this resulted in an
increased current density of 45 [mA/cm ].

This thesis looks into an alternative way to increase anode current density, via a design of a reactor
utilizing porous anode, which will effectively increase the specific surface area, which in turn increases
the current density to a level that is compatible with the water reduction.

1.2. Research Questions
• Which chemical characteristics of organic aminoxyl mediators are determining for the speed of
conversion in a flow through reactor?

• How do current density, volumetric surface area, velocity and electrode thickness influence the
efficiency of a flow-through reactor with a porous foam electrode?

1.3. Approach
In order to answer the first research question, an extensive reviewwill bemade of the available literature
on the mediator and its interaction with the propanediol.

In order to answer the second research question regarding the influence of geometrical and con-
dition parameters on the efficiency of the cell, two models will be created: an analytical and a 2D
computational model. Both models will be based on a lab-scale, continuous flow reactor, allowing for
efficient validation of the models.

There are many electrochemical models available already, such as the analytical model from Haverkort
[29], and a 2D model from Shah [53], the latter focusing on a liquid flow battery. Models with a coupled
electrochemical and chemical reaction are more scarce however. Scott did design such a model for a
packed-bed reactor [52]. However, neither of the models mentioned above make use of a mediator. In
Do’s 1D model [19] a mediator was used, however it was immobilized in a catalytic layer.

The model envisioned for this research is one incorporating activation, ohmic, and mass transfer losses
together with frictional losses for mediated oxidation in a porous electrode. To the best of the author’s
knowledge, no such model exists.





2
Theory

This chapter provides a theoretical overview that forms the basis of this research. Firstly, electro-
chemical reactions, mechanisms, and kinetics are elucidated. Secondly, bulk chemical reactions are
covered. Finally, mass transport and hydrodynamics are discussed.

2.1. Electrochemistry
This section will first focus on the equations governing the electron transfer from and to the electrode.
Second, it will discuss the current distribution, followed by an extensive review of TEMPO mediated
oxidation of 1,2-propanediol.

2.1.1. Kinetics
Butler-Volmer
”Experience demonstrates that the potential of an electrode strongly affects the rate of reactions oc-
curring on its surface” [5]. The Butler-Volmer equation provides an intuitive explanation for this phe-
nomenon. The equation ”or a variation derived from it, is used in the treatment of almost every problem
requiring an account of heterogeneous kinetics” [5]. The Butler-Volmer equation used in this work
also allows one to quantify the overpotential losses due to mass transport limitations resulting in the
concentration dependent Butler-Volmer:

𝑗 = 𝑛𝐹𝑘 (𝑐 𝑒[ ( )] − 𝑐 𝑒 [
( ) ( )]), (2.1)

where, 𝑗 is the current density,𝑛 the amount of electrons transferred, 𝐹 the Faraday constant, 𝛼 is the
symmetry factor, also referred to as the charge transfer coefficient, 𝐸 is the potential, 𝐸 is the standard
potential, 𝑐 is the concentration of oxidized species, 𝑐 is the concentration of the reduced species
and 𝑘 standard rate constant.

Tafel
In the exponents of equation 2.1 is the term (𝐸 − 𝐸 ) is referred to as overpotential 𝜂. At high overpo-
tentials, the right term of equation 2.1 goes to zero, making it negligible. With this assumption of a high
overpotential the Butler-Volmer formulation reduces to the Tafel equation:

𝜂 = 𝑏 ln( 𝑗𝑗∗∗
). (2.2)

where, the exchange current density is defined as: 𝑗∗∗ = 𝑘 𝐹𝑐 and is referred to as 𝑏, also
known as the Tafel slope.

5



6 2. Theory

2.1.2. Current Distribution
General Conductivity
Generally the relationship between current flowing through a conductor and voltage is described by
Ohm’s law 3.6. which introduces the resistance as a ratio between the two. In electrochemisty Ohm’s
law is still very applicable only resistance is described differently. Pouillet’s law 2.4 is used to describe
the resistance based on a materials conductivity, cross-sectional area and its length. combining the
two gives the equation 2.5:

𝑅 = 𝐸
𝐼 , (2.3)

𝑅 = 𝐿
𝐴𝜅 , (2.4)

𝜙ion = 𝐼𝐿
𝐴𝜅 =

𝑗𝐿
𝜅 , 𝜙e = 𝑗𝐿

𝜎 , (2.5)

where 𝑅 is the resistance in [Ω], 𝑖 is the current in [𝐴], 𝐴 is the area in [m ], 𝜙ion and 𝜙e are the ohmic
potential losses in the electrolyte and electrode respectively in [V], 𝑗 is the current density [A m ], 𝐿
is the length the current has to travel in [m], and 𝜅 is the conductivity of the the electrolyte in [Ω m ]
and 𝜎 is the conductivity of the electrode in [Ω m ].

Electrolyte
In order to minimize ohmic losses in an electrochemical reactor, an electrolyte with sufficient ionic
conductivity is required. For this purpose, inorganic supporting electrolytes of inert salts, acids, and
bases are used. Since supporting electrolytes do not participate in the reactions, and are present in
large quantities compared to the reacting ions, the conductivity can be assumed to be constant [43].
This research uses a buffer solution to ensure a constant pH and it simultaneously acts as a supporting
electrolyte. The working of the buffer is further elaborated upon in section 2.2.2. The ohmic loss in the
electrolyte obeys Equation 2.5, where 𝜅 the conventional symbol for conductivity in the liquid phase.
The electrolyte conductivity, depends on the characteristics of the buffer and its concentration.

Electrode
The electrode is also subjected to Ohm’s law, equation 2.5, 𝜎 is used, the conventional symbol for
conductivity in the solid phase. Conductivity is usually given as a material property, here 𝜎 . However,
in a porous electrode, the conductivity is not only a material property but also a geometrical property.

Since only part of the electrode volume is filled with the solid material, 𝜎 , needs to be multiplied by
(1−𝜖). Secondly, most porous media are chaotic, foams used in this research are no exception. Foams
consist of small ligaments attached to one another, forming a chaotic network of wires. These wires
expand in all directions, only the wires in the x-direction, normal to the current collector, will contribute
to the conductivity. Therefore, the 𝜎 needs to be divided by 3, giving the following modified equation,
established by Lemlich [39] , for the electrode conductivity:

𝜎 = 1
3(1 − 𝜖)𝜎 . (2.6)

Despite its simplicity, it shows strong resemblance to experiments with high porosity open-cell foams,
as acknowledged by [26] [13].

2.1.3. Electrochemical Thiele Modulus
The Thiele Modulus originates from the chemical industry [54] and is used to calculate the effectiveness
of catalytic particles in chemical reactors. It does so ”... by comparing the actual mean reaction rate
within the pore with the rate if not slowed by pore diffusion” [40], as depicted in equation 2.7. For this
derivation a slender pore inside a catalytic particle is considered, as shown in Figure 2.1 extracted from
[40].

E = actual mean reaction rate within pore
rate if not slowed by pore diffusion = ⟨𝑐⟩

𝑐 , (2.7)

this can be equated since the rate is proportional to the concentration of the reactant. For determining
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Figure 2.1: At the top is a schematic representation of a slender pore in a catalytic particle. The graph, underneath the schematic,
plots the concentration of reactant A. It shows that at the inlet of the pore the concentration is the highest. Moving inside the
pore the concentration will drop. The figure was extracted from [40]

the average concentration the Thiele modulus is introduced and used to find the pore effectiveness,
derived in [40]:

E = ⟨𝑐⟩
𝑐 = tanh(𝑀 )

𝑀 where, 𝑀 =
𝐿
√𝑘/𝐷

, (2.8)

from this function follows that when 𝑀 < 0.4 the effectiveness becomes E ≈ 1 and when 𝑀 > 4,
E = .

Haverkort introduced an electrode effectiveness factor for porous electrodes [29]. Similar to the chem-
ical effectiveness, again the average reaction rate is compared with the maximum reaction rate. How-
ever, here the rate is expressed in current. Following the Tafel equation the current is determined by the
amount of activation overpotential, 𝜂. This implies that the place with the maximum current is located
where the overpotential is highest, which is at the membrane, as indicated in Figure 2.2.

Figure 2.2: Schematic of the porous electrode. x is defined as zero at the membrane and 1 at the current collector. , indicates
the potential in the electrode, ion the potential in the electrolyte, i is the electronic current, iion is the ionic current and
is the total overpotential of the half cell. The figure was extracted from [29].

Similar to the effectiveness factor of equation 2.8, the average rate is compared with the maximum
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rate to determine the electrode’s effectiveness:

E = ⟨𝑗 ⟩
𝑗 = 𝑗

𝑗 = 1
𝑗
= 𝑗∗
𝑒

, (2.9)

where:
𝑗∗ =

𝑗
𝑗∗
, where 𝑗∗ = 𝑘 𝐹𝑐 𝐿𝑎 , (2.10)

and 𝜂 = 𝜂/𝑏. Also 𝑎 is the volumetric surface area and 𝐿 the electrode thickness. Rewriting equation
2.9 yields:

𝜂 = ln(
𝑗∗
E
), (2.11)

here E can again be described by tanh(𝑀)/𝑀, where 𝑀 is a modulus which can be dependent on
transport limitations or ohmic losses inside the electrode.

2.1.4. TEMPO Mediated Electrochemcial Oxidation

(a) schematic of TEMPO

(b) schematic of ACT

Electrochemical alcohol oxidation methods using organic aminoxyl medi-
ators (i.e., electrocatalysts) have advanced considerably in recent years,
and they provide a compelling alternative to the more traditional chem-
ical methods [45]. The mediated oxidation methods are appealing, in
part, because they generate hydrogen gas as the sole byproduct of
the reaction on the cathode side[50]. Next to that, these aminoxyl
mediators can be oxidized on inert materials such as carbon elec-
trodes eliminating the need for noble metals as electrode material. In
this section, the mechanism of mediated oxidation, by such a organic
aminoxyl mediator; 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) will be
discussed. Moreover, TEMPO will be compared to its derivative 4-
acetamido-TEMPO (ACT) and the parameters influencing this oxidation
reaction will be identified. TEMPO, schematically represented in Fig-
ure 2.3a, was first electrochemically investigated by Tsunaga et al. in
1973 [55]. By analyzing cyclic voltammograms (CV), they found that
TEMPO was chemically reversible. Meaning that the ”... electron trans-
fer between the electrode and the analyte is fast on the time scale of
mass transfer” [35]. This reversibility is also maintained in aqueous solu-
tions.

To date, there are over 100 of TEMPO derivatives synthesized and studied
[31]. In this research, only TEMPO and ACT are considered. The reason for
including ACT was, Raffie [50] found, that: ”the low-cost aminoxyl, ACT was found to be a highly effec-
tive mediator for electrocatalytic oxidation of various simple alcohols.” Furthermore, they demonstrated
the preparative-scale utility of ACT-mediated oxidation of primary alcohols and aldehydes to carboxylic
acids.

The molecular structures of ACT and TEMPO are very similar, with the difference that ACT has
an additional acetamido group, schematically represented in Figure 2.3b. Despite their similar molec-
ular structures, their catalytic performance, activation potential, and diffusion coefficients differ. As
displayed in Figure 2.6, where two CV’s are depicted, CV is a powerful and popular electrochemical
technique commonly employed to investigate the redox properties of molecular species[22].

Before comparing TEMPO and ACT, it is key to understand how organc aminoxyl mediators work.
First the more common, non-oxidized, version of TEMPO as shown in Figure 2.3a, is oxidized at the
electrode into TEMPO . Thereafter, TEMPO is reduced by an alcohol into TEMPOH. The oxidation
of the alcohol is graphically demonstrated in Figure 2.4 extracted from [48].

The combination of an alcohol-to-aldehyde reaction and an aldehyde-to-acid reaction results in a 2
electron/2 proton reaction. TEMPO does this by forming an adduct with alcohol or aldehyde. First, the
oxygen in the primary alcohol group, of the alcohol, bounds with the nitrogen in TEMPO, essentially
kicking out a proton. Thereafter, this proton is injected into the electrolyte. Next, a proton from the
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Figure 2.4: Proposed mechanism for the oxidation of alcohols by TEMPO under basic conditions [48].

carbon atom to which the the primary alcohol was attached bounds with the oxygen on TEMPO. This
leaves the alcohol with a double oxygen bound instead of an OH group and TEMPO is converted to
TEMPOH.

What happens next is still under debate, there are two options in the literature: first, the TEMPOH
is oxidized at the electrode with a two electron transfer and the proton is released into the electrolyte.
Second, TEMPOH reacts with TEMPO forming two TEMPO molecules and the then oxidizes again to
TEMPO at the electrode, this is called comprotonisation. The process is shown in Figure 2.5 extracted
from Nutting [45].

(a) (b)

Figure 2.5: Possible mechanisms for regeneration of TEMPO in electrocatalytic reactions, (a) direct electron transfer and (b)
comprotonisation. Extracted form [45].

However, the conclusion drawn by Israeli et al. is that the comprotonisation with a rate constant of
52 [M s ] is not fast enough to contribute toward the recycling of TEMPO [33]. Therefore, in this
work, the mechanism shown in Figure 2.5a will be used. Hickey et al. [31] proved that this mechanism
consists of two reactions: first, the oxidation of TEMPO to TEMPO+ and the second, the oxidation of
TEMPOH to TEMPO involving a proton. However, this second reaction happens at a lower potential
and is thus not limiting, depending on the pH.

TEMPO −−−→ TEMPO + e (2.12)

TEMPOH+OH −−−→ TEMPO+H2O+ e (2.13)

Now there is a basic understanding of how TEMPO and ACT work. Figure 2.6 shows how TEMPO
and ACT compare, this is done with cyclic voltammetry (CV) measurements, a powerful and popular
electrochemical technique commonly employed to investigate the redox properties of molecular species
[22]. They were conducted in both the absence and presence of 1,2-propanediol (PDO). Figure 2.6a
shows a CV of TEMPO and ACT in absence of PDO. Here both TEMPO and ACT have their peak
anode/cathode potentials close to each other, indicating reversibility. The current of TEMPO starts to
rise earlier than ACT showing that TEMPO has a lower activation potential. Also, the peak current of
TEMPO is higher compared to ACT, which suggests TEMPO has a better diffusivity. In Figure 2.6b one
finds the CV with PDO added to the solution. With both TEMPO and ACT, the cathodic peak decreased,
and the anodic peak increased. The decrease in cathodic peak current is caused by the reaction
between the substrate, here PDO, and the mediator reduces the mediator. So after the reaction, there
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is no oxidized mediator left to reduce, therefore, no peak. The increase in anodic peak current is due
to the mediator’s regeneration, resulting in a higher concentration of unoxidized mediator available
close to the electrode. The speed of regeneration is determined by the rate of the reaction between the
mediator and the substrate. When TEMPOand ACT are compared, ACT achieves a higher anodic peak
current, translating to a higher reaction rate, between ACT and the substrate compared to TEMPO.
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Figure 2.6: (a) Cyclic voltametry of 15 mM TEMPO and 15 mM ACT with a scan rate of 10 mVs in an aqueous solution with a
0.5 M borate buffer at pH 9.2, (b) with 140 mM of PDO added. The experiments were conducted during this work, appendix A
describes how they were executed.

As to why ACT is more catalytically active than TEMPO, literature was consulted. Hickey et al.
provided the following explanation: ”The catalytic activity is directly proportional to the inverse of the
oxidation potentials E and E ” [31], where E belongs to reaction 2.13 and E to reaction 2.12.
However, by their theory, TEMPO should be more catalytically active then ACT, which is contradicted
by Raffie et al.[49]. Raffie argues the enhanced performance is due to the higher driving force given by
ACT’s higher potential compared to TEMPO. Therefore, at this moment, no univocal conclusions can
be drawn from the existing literature about why ACT is more catalytically active than TEMPO.

One conclusion that can be drawn however, is that an elevated pH enhances the catalytic perfor-
mance. This can be seen in Figure 2.7, extracted form Raffie’s work [48]. In which CV’s are shown of
TEMPO both in the absence and presence of a substrate and at different pH values. The figure 2.7
indicates that at an elevated pH the reaction rate of the chemical reaction increases:

Figure 2.7: CVs of 10 mM TEMPO in the absence (a) and presence of 10 mM BA (p) in buffer solution at various pH values.
Scan rate: 10 mV/s, extracted form [48].

This could be due to the steric effect argued by Raffie [48] or by the decrease in potential 2.13
argued by Hickey et al. [31]. Either way, pH is an key parameter in determining the conditions inside
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the reactor; not only because of the enhanced performance but also to ensure stability of TEMPO
or ACT, as pointed out by Stahl et al. [24], who made Pourbaix diagrams of both TEMPO and ACT,
presented in Figure 2.8.

(a) (b)

Figure 2.8: Pourbaix diagrams of TEMPO (a) and ACT (b). Extracted from [24].

Figure 2.8a shows that if the pH drops below 7 when TEMPO gets reduced, it will reduce to
TEMPH , which is an electrochemically inactive species and can only be chemically oxidized again
by TEMPO . However, this process is slow. Thus, when the pH drops below 7, TEMPO will be re-
duced to an electrochemically inactive species and thereby ending its cyclic oxidation of alcohol. For
ACT, this happens around pH 6.4.

The same issue arises at an elevated pH, although not visible in Figure 2.8a. In 2.8b, it becomes
clear that at a pH of 11.8 or higher, ACT is transformed to ACT-OH. This molecule is electrochemically
inactive as well, causing the cyclic oxidation to be crippled.

This phenomenon is incredibly important when designing a reactor. For ACT, this means that the
pH cannot drop below a pH of 6.4 and not exceed a pH of 11.8, which is challenging considering that
four hydroxides ions are used to convert one PDO ion into LA and two for LA to PA. A buffer is needed,
to keep the reaction working as it is supposed to.

Summary and Properties
Based on the literature review this will be the parameters used for the design and modeling of a reactor,
the following aspects from the previous section will be considered. First the oxidation reaction; the
oxidation of TEMPOH is viewed as two steps, where the last step, TEMPO to TEMPO+, is the limiting
step; therefore, the only electrochemical reaction modeled.

Secondly, the reactor’s pH should stay between 7 and 14 for TEMPO and 6.4 and 11.8 for ACT.

TEMPO Properties
D 10 [m /s] E [V] Eeq[V] k 10 [m/s] method pH T [∘C]

Stalh [24] 7.5 0.745 CV 3-14 n/a
Glandut[25] 7.7 CV, sim n/a n/a
Fish [23] 51 0.731 3.10E-05 CV, anlysis 2-12 n/a
Janiszewska [34] 5.52 0.708 1.50E-04 CV, RDE, sim 7 25
Hickey [31][30] 12.34 0.53 0.74 CV,sim 7, 25
This work 6.36 CV 9.2 20
This work 3.25 2.33E-04 RDE 9.2 20

Table 2.1: Chemical properties of TEMPO
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ACT properties
D 10 [m /s] E [V] Eeq[V] k 10 [m/s] method pH T [∘C]

Stalh [24] 0.858 CV 2-11.6 n/a
Hickey [31] 0.635 CV,sim 7 25
This work 3.53 1.97E-04 RDE 9.2 20
This work 3.22 CV 9.2 20

Table 2.2: Chemical properties of ACT

2.2. Chemical Reactions
The previous section explained how the electrochemical alcohol oxidation using organic aminoxyl medi-
ators works. This section discusses what reaction path is taken in converting 1,2-propanediol (PDO) to
Lactic acid (LA), what the limiting step in this process is, and what at what rate this step proceeds. The
oxidation of PDO is already covered in a couple of papers [11][18]. with the reaction paths displayed
in in Figure 2.9 form Chadderdon et al. [11]. However, in these papers, PDO was directly oxidized on
gold and platinum electrodes, whereas this research intends to use a mediator as a chemical catalyst.

Figure 2.9: Reaction paths form propandiol to pyruvate, note that Lactate is the substance of interest. Extracted from [11]
.

2.2.1. The Coupled Reaction
Path
A good understanding of the reaction mechanism of the conversion of PDO into LA is needed to en-
sure an adequate model solution. Generally, the fastest way to get from molecule A to molecule B
is the reaction path. In this reaction-chain, the slowest link is the rate-determining step. Hickey et al.
performed research on the mediated oxidation of glycerol to CO2 with TEMPO, where each step of
the process was measured separately with a CV. This study provides insight into the slower and faster
steps in the process, as shown in Figure 2.10: Although glycerol and PDO are not the same, they are
similar. Therefore, it is assumed that the steps proceed with the same relative rate to each other. The
oxidation of the aldehyde (molecule 2 in Figure 2.10) shows the highest conversion. Second is the ox-
idation of glycerol itself. Aldehyde is found in both paths. However, if the aldehyde in the second path
were to be oxidized, it would end up as pyruvate. This together with the findings of Raffie et al. [48],
who say TEMPO and it is derivatives are catalytically more active towards primary alcohols compared
to secondary alcohols, makes pathway O1 as displayed in Figure 2.9 the most likely.

Rate
The combination of PDO with TEMPO or ACT is not reviewed in literature. Therefore, a way had to be
found to get these rate constants. Numerous CV’s and RDE experiments where conducted to achieve
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Figure 2.10: CV’s of the oxidation steps from glycerol towards CO2 with a schematic of the oxidized molecule displayed in each
CV. Extracted form [30]

.

this. These experiments together with analytical tools such as a foot-of-wave-analysis [12][37][38], fit-
ting CV’s with a CV model in COMSOL, and other methods as described in [44] and [51], are supposed
to give a value for the rate of the reaction. In the end, Lee et al. [37], suggested a way to extract a
rate constant for the oxidation of PDO by ACT from an CV experiment. How this is done is covered in
appendix A. The experiments also displayed that at elevated concentrations of the PDO, the concen-
tration of the substrate had no influence on the rate. The influence of pH on the rate is not taken into
account in this research, since the solution is buffered at a constant pH. Leading to a first order rate
equation:

𝑟 = 𝑘[𝐴], (2.14)

where k is the rate constant in [1/s], [A] is the concentration of rate-determining species [mol m ] and
r is the rate of the reaction in [mol m s ]

Chemical reaction k [1/s] rate equation
PDO + 2TEMPO+ + 2OH– −−−→ LA + 2TEMPOOH + 2H2O 1.9 r = k [TEMPO+]
PDO + 2ACT+ + 2OH– −−−→ LA + 2ACTH + 2H2O 5.5 r = k [TEMPO+]

Table 2.3: The chemical reactions considered with there rate and rate equation.

2.2.2. The Buffer
A buffer is used to keep a solution or goods at a stable pH. pH is defined as:

pH = −log[H ] (2.15)

So in order to have this ”buffering” effect, the concentration of protons [H ] has to be maintained. This
is done by adding a weak acid; AH, and its conjugate base; A , to a solution obtaining the following
equation:

AH −−−⇀↽−−− H + A (2.16)

One can see when acid is added to a buffered solution, the equilibrium of equation 2.16 shifts towards
the right-hand side and the concentration of [H+] goes back to its original value, hence the solution is
buffered. The value of pH is determined by the equilibrium constant of equation 2.16.
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The Anodic compartment is buffered at a pH of 9.2, which is in the stable region of both TEMPO
and ACT: Figure 2.8b. For this report, a borate buffer was used, which is cheap and widely avail-
able(source).

The borate buffer consists of boric acid H3BO3, acting as weak acid, and tetrahydroxyborate H4BO4,
acting as the conjugate base, resulting in the following reaction:

H3BO3 +OH −−−⇀↽−−− H4BO4 (2.17)

Note that equation 2.17 is written with OH– instead of H+ because this is more convenient since OH–

is used in the reaction to form LA. The equilibrium constant is kPa = 9.14, which can be expressed as:

𝐾 = [H3BO3][OH ]
[H4BO4 ] = −log (9.14) (2.18)

Where 𝐾 is the equilibrium constant of the boric acid buffer. For modeling purposes it is key know
how fast balance is restored when the equilibrium is disturbed. R. E. Zeebe and D. Wolf-Gladrow [16]
investigated this buffer and came up with the following expressions for the forward and backward rate
constants, using the Arrhenius equation for the forward rate constant:

𝑘 = 𝐵𝑒 , (2.19)

where, the pre-exponetial factor; B = 4.58 10 L mol , the activation energy; 𝐽 = 20.8 kJ mol , this
results in a forward rate constant of;f 𝑘 = 1.04 10 L mol s . For the backward rate constant they
used the following expression:

𝑘 =
𝑘
𝐾 = 𝑘 𝐾

𝐾 , (2.20)

where, 𝐾 is the equilibrium constant for water and backward rate constant, 𝑘 = 256 s for water at
25 ∘C.

Buffer reaction pKeq kf [m /(s mol)] kb [1/s]
H3BO3 + OH

– −−−⇀↽−−− H4BO4
– 9.14 9005.43 124.30

Table 2.4: Equilibrium constants of the buffer.

2.3. Mass Transport
This section focuses on the mass transport in the Porous electrode. There are three ways of mass
transportation in a porous electrode; Advection, Migration, and Diffusion. Migration is the mass trans-
port of ions in an electrolyte driven by the electric-field (potential). However, since a buffer is used,
which acts as a supporting electrolyte, Migration is negligible [60]. Leaving only Advection and Diffu-
sion.

There are also two ways to look at mass transfer, or as put by Boomsma: ”Modeling of porous media
flows of the nature we are interested in falls under two distinct categories: macroscopic, where volume
averaging is performed and microscopic, where the details of the flow in/around individual structural
elements of the medium are examined” [9]. In this work, all analyses are done on the macroscopic
scale: First a general overview of the hydrodynamics and diffusion in porous media, then the mass
transfer of the buffer to the membrane and finally the mass transfer from the electrode surface to the
bulk.

2.3.1. Porous Electrode
Porous electrodes enhance the surface area on which an electrochemical reaction can take place but it
also impacts the mass-transport. This section establishes the vocabulary needed to describe the mass
transport in porous media.
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Tortuosity (𝜏) expresses the fact that the length of the microscopic level flow, or transport, through
the actual(microscopic) tortuous pathways within the void-space is larger than the length of averaged
transport [7].:

𝜏 =
𝑙||
𝑙 , (2.21)

where, 𝑙|| is the actual path traveled by the molecule and 𝑙 is the shortest path.

Bruggeman correlation empirically Bruggeman found that:

𝜏 ≈ 1
√𝜖
. (2.22)

Equivalent diameter (𝑑 ) is an approximation of the pore size in porous media. Equation 2.23 gives
this estimation for a solid foam [7]:

𝑑 = 6
𝑎 , (2.23)

where 𝑎 is the volumetric surface area.

2.3.2. Diffusion
The superficial species flux 𝑁 , in [mol m s ] can be calculated using Fick’s law:

𝑁 = −𝐷 𝑑𝑐
𝑑𝑥 , (2.24)

where 𝐷 is the effective diffusivity, which can be calculated as follows:

𝐷 = 𝐷𝜖𝜏 ≈ 𝐷𝜖 , (2.25)

where, 𝐷 is the molecular diffusivity commonly used in Fick’s law, 𝑏𝑟𝑢𝑔𝑔 is the Bruggman factor which
is normally around 1.5.

2.3.3. Continuity
In the porous electrode mass is preserved leading to the following equation for continuity:

𝜖𝜕𝜌𝜕𝑡 + ∇ ⋅ (𝜌v) = 0, (2.26)

where v the velocity vector is volume averaged [21], meaning that velocity deviations in the pores are
averaged out. With a plug flow, the velocity is taken constant over the whole porous medium,

The reason for this difference, compared with, Hagen-Poussuille, where the velocity is a function
of position, is that over the volume of a porous electrode, the surface area causes friction between the
fluid and the solid, is equally distributed. Whereas with Hagen-Poussuille, there is only friction on the
side walls. Locally in the pores, there are velocity differences, but when looking at the whole electrode,
they are averaged out.

2.3.4. Buffer Depletion at the Membrane
The advantage of porous electrodes is the extra surface area aiming to increasing the current density. In
order to facilitate high current densities, big ionic fluxes are required between the electrodes. Since the
ion-carrying species is hydroxide, see Figure 1.2, an increase in pH at the membrane can be expected.
Even when the solution is buffered it is questionable whether the buffer can hold the pH steady. This
can be problematic because, as mentioned in section 3.1.3, when the pH exceeds a certain level the
mediator stops working. In [6] an estimate is derived to quantify the maximum flux to a wall in a plug-
flow, which is the same problem encountered here.

𝑗lim =
𝐹𝑐buff√𝑢𝐷buff

√ℎ
, (2.27)

where 𝑗lim is the limiting current imposed by the buffer, 𝑐buff the concentration of the buffering species
of the buffer, 𝑢 is the superficial velocity and 𝐷buff is the diffusion coefficient of the buffer.
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2.3.5. Mass Transport in the Pores
For most of this research, perfect mixing in the pores is assumed. Meaning the concentration in the
pore is the same as the electrode surface. However, this is somewhat paradoxical, to get a species from
the wall into the pore mass transfer is needed. The driving force for mass transfer is the concentration
gradient. So in order to have perfect mixing, concentration gradients are required.

In fact there are stagnant boundary layers [4], which determine the mass transport between the
surface and the bulk. In literature this is referred to as external mass transfer, Bracconi at al.[10] state
that the performance of open-cell foams is ”limited by external heat and mass transfer”. To quantify
the amount of mass transfer, mass transfer coefficients (𝑘 ) are used, which can by calculated with
equation 2.28. Where the Sherwood number, Sh is a correlation based on the structure of the medium
and the flow through or past it. In literature there are two Sherwood correlations for open-cell foams,
such as used in this research, found in table 2.5.

𝑘 = Sh𝐷
𝑑 . (2.28)

soucre Range Formula

Das [4] Re > 10 Sh = 1.94 + 0.41Re . Sc .

Bracconi [10] 1 < Re < 100 Sh , = 𝜖 (0.566Re .
, + 0.0039Re .

, )Sc /

Table 2.5: Sherwood numbers for opencell foams found in literature

However, the fact that during this mass transfer the species transported is also reacting complicates
the matter. This brings us to the Hatta number which ”compares the rate of reaction in a liquid film to
the rate of diffusion through the film.”[8] and is provided in equation 2.29. The Hatta analysis introduced
in 1932 [27], was originally applied to reactors with a liquid gas interface, where the gas dissolves into
the liquid phase where it reacts [56] [57]. In such reactors a stagnant layer would develop between
the bulk and the gas/liquid interface. The Hatta analysis allows one to calculate what the yield of the
reactor would be.

The problem described above in the gas/liquid reactor is very similar to the problem presented in
this report. The difference is that instead of a gas/liquid interface there is a solid/liquid interface. The
condition of a constant concentration is still maintained because of the regeneration of the mediator. It
is not the first time it is used in combination with electrochemistry [52].

Ha = 𝛿 √ 𝑘
𝐷 =

√𝑘𝐷
𝑘 , (2.29)

where 𝛿 is the mass transfer boundary layer. The Hatta number can then be used to calculate the
maximum flux form the wall of the reacting species, in this case the oxidizedmediator, shown in equation
2.30, extracted from [57].

𝑁 = 𝐷
𝛿 𝑐 Ha

Ha(AL− 1) + tanh(Ha)
Ha(AL− 1)tanh(Ha) + 1 , (2.30)

here 𝑁 is the maximum flux achievable by the mass transfer, AL is the Hinterland ratio AL is defined
as the ratio between the total reaction phase volume and the reaction phase film volume [56], given in
equation 2.31:

AL = 𝜖
𝑎 𝛿 = 𝜖𝑘

𝑎 𝐷 (2.31)

If the following conditions are met: AL ≫ 1 and (AL-1) Ha ≫ 1. equation 2.30 can be simplified into
2.33, using the the enhancement factor calculated in equation 2.32. This simplification provides an
enhancement factor. This enhancement factor predicts the extra flux due to the chemical reaction in
the boundary layer.

Θ = Ha
tanh(Ha) (2.32)
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𝑁 = 𝑘 Δ𝑐Θ (2.33)

Where, Δ𝑐med would be the concentration difference between the wall and the bulk, the driving force.
It is assumed, the concentration at the wall to be 𝑐 . Figure 2.11 gives a schematic representation of
the mass-transfer of the mediator between the bulk and the electrode surface. With the dashed line
indicating the concentration profile without reaction in the boundary layer and the solid line indicating the
concentration profile with the reaction taken into account. In addition to equation 2.33 an expression

Figure 2.11: A schematic of the concentration profile of the mediator between electrode surface at to the bulk at m,
the mass-transfer boundary thickness. The dashed line indicates the profile without reaction and the solid line indicates the
concentration profile with the reaction taken into account. The difference in bulk concentration presents the additional driving
force of the flux yielding a higher mass-transfer.

for Δ𝑐med can be found. Since the enhancement happens prior to the reaction in the bulk, with the
assumption of steady state, the mass transfer and the reaction can be equated, in order to not use the
boundary layer double 𝜖 was multiplied by (1- ):

𝑘𝑐 𝜖(1 − 1
AL) = 𝑘 Δ𝑐Θ𝑎 (2.34)

resulting in an expression for the bulk concentration:

𝑐 = 𝑎 Θ𝑘 𝑐
𝑎 Θ𝑘 + 𝑘𝜖(1 −

AL
)

(2.35)

Leading to an equation for the maximum flux:

𝑁 = 𝑘 Θ𝑐 (1 − 𝑎 Θ𝑘
𝑎 Θ𝑘 + 𝑘𝜖(1 −

AL
)
) (2.36)





3
Modeling

3.1. Analytical Model
The analytical model is an essential part of this report. It will indicate what might be the potential for
an electrochemical mediated oxidation process with a few calculations. The mass transfer, activation
potential, and ohmic losses are captured in one formula, which will be derived in section 3.1.3. Firstly
however, this section elaborates on the assumptions that are made in creating the model and the
hydrodynamics.

3.1.1. Assumptions
In order to create a comprehensive and insightful model, several assumptions were made:

• The reactor is in steady state;

• The electrode conductivity is a log bigger than the electrolyte conductivity 𝜎 ≫ 𝜅;

• Throughout the domain there is a constant ionic conductivity;

• Only the anode is considered, not the cathode;

• The chemical reaction of PDO to LA is a first order reaction dependent on the mediator concen-
tration;

• pH stays stable throughout the electrode;

• No in- and outlet effects.

• Faradaic losses are not considered.

3.1.2. Hydrodynamics
Since the hydrodynamics inside a porous medium are complex, the most common way to model them is
by using a correlation. The first one to make such a correlation was Darcy, whose equation was meant
for slow moving fluids in soils, since he was a civil engineer. Later Ergun, a chemical engineer came
up with a correlation for packed bed reactors, which as Das [15] puts it: ”For engineering purposes, the
most well-known formula for predicting the pressure drop in a randomly packed-bed of particles is the
Ergun correlation.” Although packed-beds consist of small spherical particles, which is different form a
open-cell structure, they are similar. Therefore, in literature there are two correlations found based on
the Ergun equation meant for open-cell foams.

Δ𝑝
𝐿 = 𝑓𝜇𝑢

𝑑 , (3.1)

different relations for the friction factor, presented in table 3.1

19
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Source Range formula

Das [15]
Re > 20 𝑓 = 70.54 ( ) .

. + 0.84 ( ) .
. 𝑅𝑒 . . . ( ) .

20 <Re < 550 𝑓 = 70.54 ( ) .
. + 1.95 ( ) .

. 𝑅𝑒

Dietrich [17] 10 <Re< 10 𝑓 = 247.5 ( ) + 2.175 ( )𝑅𝑒

Table 3.1: Friction factors for open-cell foams found in literature.

3.1.3. Electrochemistry
The analysis performed here is very similar to the one in [29]. The difference here is the extra reaction
term of the chemical reaction in the bulk-solution. In order to make the analytical model more insightful,
dimensionless numbers are used:

𝑗 = 𝑗
𝑗 , where 𝑗 = 𝑘𝑐 𝐹𝐿𝜖, (3.2)

where 𝑗 indicates the highest achievable current by the chemical reaction. Which is calculated by the
highest possible reaction rate multiplied by the total void volume. Following equation 3.2 the maximum
rate is achieved when all of themediator is oxidized, yielding a concentration equal to the initial mediator
concentration.

𝑗∗ =
𝑗
𝑗∗
, where 𝑗∗ = 𝑘 𝐹𝑐 𝐿𝑎 , (3.3)

which is the current compared to the exchange current density. More normalized numbers are used in
addition to the latter, to keep the derivation more readable:

𝜂 = 𝜂
𝑏 , 𝑐 = 𝑐

𝑐 , 𝑥 = 𝑥
𝐿 , 𝑖 = 𝑖 (𝑥)

𝑖 , 𝑗 = 𝑗𝐿
𝑏𝜅 , 𝑗 = 𝑗𝐿

𝑏𝜎

Where the first is the normalized overpotential, the second is the concentration of the oxidized mediator
normalized with the initial concentration of the mediator, the third is the current density in the electrode
at a certain position and the fourth and fifth are the inverse Wagner numbers for the electrolyte and
electrode respectfully. Finally, the inverse Wagner number for the parallel resistance is:

𝑗 = 𝑗𝐿
𝑏(𝜎 + 𝜅) . (3.4)

Tafel Kinetics
The analysis in this and the following sections closely follows that of [28]. Since the reactor is in steady
state, the current used in the electrochemical reaction is the same as the amount of electrons needed
for the chemical reaction. This can be explained because the two are linked in series therefore, the
chemistry and the electrochemistry can be equated. For the electrochemisty Tafel is assumed, and
there are no mass transport limitations.

𝑖 = 𝑐
𝑗
= (1 − 𝑐)𝑒

𝑗∗
= 𝑗∗ 𝑒

1 +
∗
𝑒
, (3.5)

where 𝑖 is the ratio of the current density in the electrode over the total current density at a certain
position, 𝑐 is the normalized concentration of oxidized mediator, so 1−𝑐 is the normalized concentration
of unoxidized mediator, since 𝑐med, = 𝑐med +𝑐med. Note that the concentration is eliminated here. The
result is put into Ohm’s law, with the assumption that 𝜎 ≫ 𝜅 [29]:

𝜂 = 𝑗 (𝑖 − 1), (3.6)
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filling equation 3.5 in 3.6 gives the following double derivative of the potential in the electrode:

𝜂 =
𝑗
𝑗∗

𝑒

1 +
∗
𝑒
, (3.7)

by using the following relationship formulated in equation 3.8 for the left hand side, derived with the
product rule and the chain rule: = :

𝜂 = 𝑑
𝑑𝑥(

𝑑𝜂
𝑑𝑥) =

𝑑𝜂
𝑑𝑥

𝑑
𝑑𝜂(

𝑑𝜂
𝑑𝑥) = 𝜂

𝑑𝜂
𝑑𝜂 =

1
2
𝑑𝜂
𝑑𝜂 . (3.8)

Integrating equation 3.7 with using equation 3.8 gives:

𝑗∗
2𝑗

(𝜂 − 𝜂 ) =
ln(1 +

∗
𝑒 ) − ln(1 +

∗
𝑒 )

∗

(3.9)

Next is assumed that the exponent of the overpotential is considerably higher at the membrane com-

pared to the current collector, meaning that 𝑒 ≫ 𝑒 , thus ln(1+
∗
𝑒 ) is neglected. In addition, the

derivative of 𝜂 = 0 and 𝜂 = −𝑗 , which leaves the following equation:

𝑗 𝑗
2 = ln(1 + 𝑗

𝑗∗
𝑒 ) (3.10)

Resulting in an expression for 𝜂 :

𝜂 = ln(𝑒 − 1

∗

) (3.11)

This can then be used for the electrochemical Thiele Modulus, described in 2.1.3, just like in [29]:

Δ𝑉 = ln(
𝑗∗
E
) + 𝑗 , where E ≈ 1

𝑀 , (3.12)

since 𝑀 ≫ 1. Leading to a electrode effectiveness described similar to the Thiele effectiveness:

E = tanh(𝑀)
𝑀 , with, 𝑀 = 𝑒 − 1

𝑗
(3.13)

At higher current densities, 𝑒 ≫ 1, which allows to simplify equation 3.12 to equation 3.14:

Δ𝑉 = ln( 𝑗∗
𝑗
) +

𝑗 𝑗
2 (3.14)

Which can be rewritten into dimensional quantities:

Δ𝑉 = 𝑏 ln( 𝑘𝜖
𝑘 𝑎 ) + 𝑗

2𝑘𝑐 𝜖𝜅 (3.15)
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Figure 3.1: Schematic of equation 3.14, indicates the reaction zone, were the conversion takes place. At is the
membrane and at is the current collector, e and ion represent the current in the electrode and electrolyte respectively.

Concentration Polarization
The Tafel regime represents a simplification of the Butler-Volmer equation at high overpotentials 𝜂 > 1
or currents exceeding the exchange current density 𝑗∗ > 1. However, this is not always the case; it is
also interesting to know what happens at lower potentials, which are more favorable when taking into
account the efficiency.

𝑖 = 𝑐
𝑗
= (1 − 𝑐)𝑒 − 𝑐𝑒

𝑗∗
(3.16)

When multiplying by 𝑗∗, ∗ reduces to almost zero since both 𝑗∗ and 𝑐 are very small. Using this results
into the following equation:

(1 − 𝑐)𝑒 = 𝑐𝑒 (3.17)
Which can be rewritten into a function for the overpotential:

𝜂 = ln(( 𝑐
1 − 𝑐) ) = ln(( 𝑗

1 − 𝑗
) ) (3.18)

when 𝑗 approaches 0, the overpotential is not determined by ohmic losses, as is the case with the
Tafel kinetics, but rather by a change in equilibrium potential. Meaning the distance to the membrane
is less important compared to the local concentration. Therefore, at low currents the concentration of
the oxidized mediator is homogeneously spread through the electrode. Consequently, 𝑗 translates the
current into an average concentration, thus 𝑗 = 𝑐. equation 3.18 can also be rewritten in dimensional
terms:

Δ𝑉 = 𝑏 ln(√ 𝑗
𝑘𝑐 𝐹𝐿𝜖 − 𝑗) (3.19)

Combined Solution
The solutions acquired from both the Tafel and the concentration polarization regime can be combined
by using their effectiveness factors:

Δ𝑉 = ln(√ 𝑗
1 − 𝑗

+
𝑗∗

ETafel
) + 𝑗 = ln(√ 𝑗

1 − 𝑗
+ 𝑗∗

𝑒 − 1
𝑗

) + 𝑗 (3.20)

Equation 3.20 offers a solution for the full range of current densities, at low currents the left term in the
natural logarithm is dominant and at higher currents the right is more dominant. When converted back
to dimensional form:

Δ𝑉 = 𝑏 ln(√𝑘𝑐 𝐹𝐿𝜖𝑗 + 𝑒 − 1) (3.21)
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With Mass Transfer
The problem with the derivation above is that 𝑗 , defined in equation 3.2, assumes a maximum current
where the entire pore volume is filled with the oxidized mediator, enabling maximum chemical conver-
sion. However, this is only the case when 𝑘 𝑎 ≫ 𝑘𝜖
Instead of marking the chemical reaction as limiting, mass transport could become limiting. Generally,
mass transfer is modeled in series with either an electrochemical or a chemical reaction. This research
models both, meaning that the mass transfer is in series and parallel to the chemical reaction. Here
the Hatta analysis comes in which is discussed in section 2.3.5. The Hatta analysis introduces an en-
hancement factor, quantifying the extra mass transfer due to the chemical reaction between the bulk
and the electrode surface. To adjust for the mass transfer 𝑗 in equation 3.20 needs to be replaced by
𝑗 which is the current normalized by the maximum current density achievable due to mass transfer
given by:

𝑗 = 𝑗
𝑗 ,where 𝑗 = 𝑁 𝐹𝐿𝑎 (3.22)

Where, 𝑁 is defined in equation 2.36, this leads to a new equation for the overpotential of:

Δ𝑉 = ln(√
𝑗

1 − 𝑗
+ 𝑗∗

𝑒 − 1
𝑗

) + 𝑗 (3.23)

3.2. 2D model
For the 2D model COMSOL was chosen, a multi-physics software package, capable of simulating and
combining different physical phenomena, and able to do so in multiple dimensions. A key motivation
for using COMSOL is its ability to combine flow, chemical and electrochemical reactions in porous me-
dia. Also, its large number of available tutorials on the electrochemical module, together with its broad
userbase in the industry.
Firstly, the input parameters will be presented. Secondly, the governing equations and boundary con-
ditions are discussed. Thirdly, this section elaborates upon the additional assumptions that needed to
be made in order for the model to function. Finally, the mesh is considered.

3.2.1. Parameters
Throughout the theory section constants are presented in tables, which all serve as input to the COM-
SOL model. The kinetics and the diffusion coefficients of TEMPO and ACT are presented in table 2.1
and 2.2. The rate constants of the chemical reactions can be found in table 2.3. The equilibrium reac-
tion of the buffer can be found in table 2.4. Nevertheless, there is still more input needed in terms of
geometry, conditions, material properties, inlet conditions and the diffusion coefficients of the molecules
used. These are shown in tables 3.2 and 3.3.

Input type Parameter symbol value unit
Geometric Height of cell ℎ 0.1 [m]

Width of cell 𝑤 0.1 [m]
Thickness of anode 𝐿 4 [mm]

Material properties Porosity 𝜖 0.95 [-]
Electrode conductivity 𝜎 150000 [S/m]
Electrolyte conductivity 𝜅 5 [S/m]

Process Temperature 𝑇 293.15 [K]
Flow velocity 𝑢 0.0035 [m /s]
Current density 𝑗 var [A/m ]

Inlet conditions Tempo concentration cTempo 40 [mol/m ]
PDO concentration cPDO 200 [mol/m ]
H3BO3 concentration cH3BO3 300.15 [mol/m ]
H4BO4 concentration cH4BO4 199.15 [mol/m ]

Table 3.2: Parameters used as input in COMSOL.
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Chemical Diffusion coefficient (D) 10 [m /s] source
ACT 0.33 Pérez-Gallent et al. [47]
PDO 1.14 Wang[58]
LA 1.03, 1.00 CNC handbook[59], Koerlsch2013[36]
PA 1.12 Koerlsch
H3BO3 1.3 CNC handbook
H4BO4

– 1.3 CNC handbook
OH– 5.27 CNC handbook

Table 3.3: Diffusion coefficients of the species used in COMSOL.

3.2.2. Boundary Conditions, Simulation Settings and Assumptions
The first step in building a COMSOL simulation is to chose the right modules. Each module represents
a certain discipline in physics. For this model the following modules were chosen, accompanied with
their governing equation:

Current Distribution
A secondary current distribution is chosen because of the use of the buffer which also serves as a
supporting electrolyte, with a constant conductivity [2]:

𝑖ion = −𝜅∇𝜙ion , (3.24)

secondly since the kinetics of the of the oxidation of the mediator are not reversible, the kinetics are
potential driven like in equation 3.25.

𝑗loc = 𝑗∗∗(
𝑐
𝑐 ,eq

𝑒 [ ] − 𝑐
𝑐 ,eq

𝑒 [
( ) ]), (3.25)

where 𝑗loc is the local current density.

Mass Transport
The mass transport is done with the module of transport of diluted species in porous media. Which is
a macroscopic representation of the mass transport. It is done using the following equation[3]:

𝜕
𝜕𝑡 (𝜖𝑐 ) + u ⋅ ∇𝑐 = ∇ ⋅ [(𝐷D, + 𝐷e, )∇𝑐 ] + 𝑅 + 𝑆 (3.26)

where, u is the 2 dimensional superficial flow speed and 𝐷D is the dispersion, which is not used in this
research. 𝑅 and 𝑆 are the reaction and source term respectively.

Hydrodynamics
For the hydrodynamic part, the Brinkman equation is used, which describes ”(...) fast-moving fluids in
porous media with the kinetic potential from fluid velocity, pressure, and gravity to drive the flow. These
equations extend Darcy’s law to describe the dissipation of the kinetic energy by viscous shear as with
the Navier-Stokes equations.”[3]:

𝜌𝜕u𝜕𝑡 − 𝜇(∇u+ (∇u) ) − (
𝜇
𝐾u+ ∇𝑝 − F) = 0 (3.27)

∇ ⋅ u = 0 (3.28)

Here, 𝜇 is the dynamic viscosity and 𝐾 is the permeability. Permeability is dependent mainly on the
porosity and pore size of the porous medium.

Boundary Conditions
Besides the right modules, accompanied by their governing equations, the following boundary condi-
tions (BC) were established:
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• A slip boundary condition on the current collector and membrane walls, since the Brinkmann
equation already resolves the friction;

• Danckwerts inlet BC [14], which ensures the concentrations do not drop below zero at the inlet;

• OH– flux from the membrane proportional to the current, this way, the conservation of charge is
maintained, simulating the hydroxide that would otherwise pass through the membrane;

• The potential at the membrane is set at zero; this implies that the potential at the current collector
is the applied potential to the half cell.

All simulation- and boundary conditions are displayed in Figure 3.2.

Additional Assumptions
Besides the assumptions made in the simulation settings and boundary conditions discussed above,
the model contains several additional assumptions:

• The reactor is in steady state;

• The model is isothermal, meaning the temperature does not change;

• There are no microscopic mass transfer effects, meaning there is no mass transport limitation in
the pores;

• Only the anode is considered, not the cathode;

• The inlet is considered to be fully developed.

• Faradaic losses are not considered.

Figure 3.2: Overview of the used governing equations and boundary conditions.
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3.2.3. Meshing
COMSOL solves physical problems using a finite element method. These elements combined form
a mesh, such as shown in Figure 3.3. The accuracy of the simulation is heavily dependent on how
fine the mesh is made. A finer mesh leads to a more accurate solution, but it will also take longer to
compute. Therefore, one should strive for a mesh resolution that provides an accurate solution, but that
is not unnecessarily accurate, making it computationally expensive. One way to do so is to create a
mesh with varying resolutions based on the required accuracy at specific places in the domain. Higher
accuracy can be needed, for instance, at the inlet or places with high gradients in concentration or
velocity. Generally speaking, the mesh should be fine where a property (e.g., concentration, velocity)
is subject to change. In the porous electrode, this is at the membrane and the inlet. Therefore, the
mesh in this report is more refined in these areas, as shown in Figure 3.3.

Figure 3.3: A 200x100 where the elements are distributed more towards the membrane and the inlet.



4
Results & Discussion

4.1. 2D model Validation
This section analyses the results of the 2D model. First, the mesh is analyzed to examined whether the
solution changes with different mesh resolutions. Second, the results of the 2D model are reviewed.

4.1.1. Mesh Resolution
First, the 2D model mesh is checked on whether the mesh fineness affects the solution the 2D model
provides. This is done by testing different mesh resolutions; the resolutions used are provided in table
4.1.
The outcomes of the different mesh resolutions are plotted in Figure 4.1.

Coarse Fine Finer Finest
number of cells among anode height 50 100 150 200
number of cells in width of anode 100 200 300 400
total number of cells 5000 20000 45000 80000

Table 4.1: Mesh resolutions used to check model for mesh dependence.
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Figure 4.1: Overpotential vs. current solution for each mesh resolution proposed in table 4.1. Graph shows perfect overlap. The
finer and finest meshes are more stable and achieve higher current densities compared to the fine and coarse mesh.

27
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4.1.2. 2D Model Results
The 2D contains eight species in the electrolyte with each of their characteristics amounting to over 30
parameters. Here the results of this model are analyzed and checked on reasonability.
First, since the electrode is a lot more conductive than the electrolyte, it is expected that the reaction
takes place close to themembrane. In other words, the PDO converts close to themembrane, whereas,
at the current collector, no conversion occurs. To achieve conversion, TEMPO is required since the
rate is dependent on it. Figure 4.2 shows the resemblance of the model with the criteria mentioned
above.

(a) TEMPO concentration at a current density of 1500 A
m

(b) LA concentration at a current density of 1500 A
m

Figure 4.2: Two surface plots of both TEMPO and LA, at 1500 A
m and a flow speed of 0.0035 [ ] in a 4 mm thick electrode.

In each figure the membrane is depicted on the right and the current collector on the left.

As mentioned in the TEMPO section 2.1.4, the pH should be kept in a particular range for TEMPO to
remain stable. Also, as argued in section 2.3.4, the ability of the buffer to maintain the pH is dependent
on the current and the flow velocity. Figure 4.3 shows the local pH inside the electrode, on the left, in
Figure 4.3a the local pH at a current of 1500 [ A

m
] and a flow speed of 0.0035 [ A

m
] are presented. On

the right, in Figure 4.3b, shows the same current with a flow speed of 0.1 [m
s
], proving that stable pH at

the membrane is not obvious.

(a) surface plot of the pH at a current density of 1500 [ A
m

] at a flow
velocity of 0.0035 [m

s
].

(b) surface plot of the pH at a current density of 1500 [ A
m

] at a flow
velocity of 0.1 [m

s
].

Figure 4.3: Two surface plots of the pH at flow velocities of 0.0035 and 0.1 [ms ] and both at a current density of [ A
m ]. In each

figure the membrane is presented on the right and the current collector on the left. The buffer used is a 0.5 M Boric acid buffer. In
Figure (a), it is visible that the buffer is depleted due to the high pH in a relatively large area. In Figure (b), there is also depletion;
however, the depletion area is less compared with Figure (a).
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Last to consider are the flow velocity and the pressure drop across the electrode. Since it is a
porous material, uniform flow is expected, meaning that the flow speed is the same everywhere, and
the pressure decreases linearly with the length of the reactor. Figure 4.4a shows the velocity, which
indeed is uniform. Figure 4.4b shows the pressure drops, which decreases with the length of the
reactor.

(a) Surface plot of the flow velocity in the porous electrode, clearly indi-
cating a constant velocity throughout the domain

(b) Contour plot of the pressure drop, showing a linear decline along the
length of the electrode.

Figure 4.4: A surface plot of the flow velocity in the electrode and a contour plot of the pressure drop. In both figures the
membrane is depicted on the right and the current collector on the left.

4.2. Analytical Model Validation
The analytical model is validated with the 2D model; the formula validated is equation 3.20. First,
equation 3.18 is investigated, second the validity in the Tafel regime of equation 3.14 is checked and
finally, a sensitivity analysis is done by varying the parameters in equation 3.20

4.2.1. Concentration Polarization
This section investigates, the validity of equation 3.18 by checking if the normalized concentration is
equal to the current normalized by the maximum reaction rate: 𝑐 = 𝑗 . First, the concentration profile of
TEMPO was extracted from COMSOL and normalized with Tempo’s initial concentration. Second, 𝑗
was calculated, by equation 3.2, for each current. Both are plotted in Figure 4.5. In the left Figure 4.5a
current densities 1 and 10 [ A

m
] are compared, here the assumption, 𝑐 = 𝑗 , shows good agreement.

In the right Figure 4.5b, slightly elevated current densities are plotted: 50, 100, and 200 [ A
m
], of which

50 [ A
m
] show reasonable agreement whereas, for 100 and 200 [ A

m
], there is little agreement. The

disagreement is probably caused by the neglected ohmic loss in the electrolyte by equation 3.18. Here,
the reaction’s position is determined more by the ohmic losses rather than by the activation loss.
Therefore, the assumption is only valid when 𝑗 < 1, which is true for small current densities such as:
1, 10 and, 50 [ A

m
].

4.2.2. Tafel
This section examines the validity of equation 3.14 against the 2D model. As stated in section 3.1.3 the
dominant term in this equation is: , where the 𝑗 describes the electrode utilization from the mem-
brane into the electrode, shown in Figure 3.1. In order to validate, concentration profiles of TEMPO at
different current densities are extracted from COMSOL. Figure 4.6a shows the TEMPO concentration
of the whole electrode. However, this figure cannot be used to compare different current densities.
Therefore, the concentration profiles are extracted along the green dashed line of Figure 4.6a and plot-
ted as solid lines in Figure 4.6b. Also, 𝑗 is plotted as a dashed line in the color corresponding to the
current densities; 2000, 4000, and 6000 [ A

m
]. Figure 4.6b, proves that 𝑗 indeed indicates the end of
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Figure 4.5: The normalized concentration profile of TEMPO+ at 1, 10, 50, 100 and 200 [ A
m ], the solid line is generated by

COMSOL and the dashed line is . =1 is at the membrane and is at the current collector.

the reaction zone. Although the position where 𝑗 intersects the line is not at 𝑐 = 1, the intersection
point does not change with the current density.

(a) Concentration profile of TEMPO+ at 3000 [ A
m

] generated by COM-
SOL, where the dashed green line indicates the line along which the
profiles of Figure 4.6b are extracted.

0.00.20.40.60.81.0
position  x [-]

0.0

0.2

0.4

0.6

0.8

1.0

co
nc

en
tr

at
io

n 
c 

[-]

j = 2000  [ A
m2 ]

j = 4000  [ A
m2 ]

j = 6000  [ A
m2 ]

(b) The solid line is the concentration profile extracted from the hori-
zontal dashed green line in Figure (a). Here the vertical dashed lines
represents at the current density associated with its color.

Figure 4.6: Figure (a) is extracted from the COMSOL model, the horizontal dashed green line indicates the line along which the
profiles of Figure (b) are extracted. Figure (b) compares , indicated by the vertical dashed lines, with the profiles, showing
good agreement

4.2.3. Sensitivity Analysis
To verify whether the analytical model varies in similar fashion as the 2D model. The parameters of
equation 3.21, consisting of the rate constant k, electrolyte conductivity 𝜅, and initial mediator concen-
tration 𝑐 , are varied. First, the chemical rate constant is varied in Figure 4.7a. The default parameters
used can be found in table 4.2. The potenital reported in the figures it the potential minus the standard
potential which is when 𝑐 = 0.5. When the current density is close to zero 𝑐 ≈ 0, causing a shift in
equilibrium potential and thus resulting in a negative potential for low current densities, as shown in
Figure 4.6.

Figure 4.7a shows good agreement between the analytical and 2D model. At higher current densi-
ties, the analytical solution slightly overestimates at a high rate constant and slightly underestimates at
a low rate constant. In the range between 100 and 1000 [ A

m
] the agreement with the analytical solution
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Default parameters
k [m/s] 𝐿 [mm] c [mol m ] 𝜅 [S/m]

1 4 40 5

Table 4.2: Default parameters of both the analytical and the 2D model.

and the 2D model for 𝑘 = 0.5 is off. The current density range corresponds to the transition between
the polarization concentration and Tafel regime, this might cause the disagreement.
In Figure 4.7b, the initial mediator concentration is varied between 15 and 100 [mol m ]. Here the
analytical model and the 2D model are in near-perfect alignment.
Figure 4.7c the electrolyte conductivity 𝜅 is varied between 1 and 50 [S/m]. The analytical solution
underestimates the COMSOL model slightly for all the conductivities but follows the same trend. Con-
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(a) The rate constant k was varied, while keeping the other parameters
of table 4.2 constant.
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(b) The initial Tempo concentration was varied, while keeping the
other parameters of table 4.2 constant.
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(c) The electolyte conductivity was varied, while keeping the other
parameters of table 4.2 constant.

Figure 4.7: Overpotential vs. current result comparison between the COMSOL model and the analytical model, where in Figure
a, b and c the rate constant k, initial Tempo concentration and electrolyte conductivity was varied respectively, while the rest
of the parameters were kept at their default values as presented table 4.2

cluding on from the graphs in Figure 4.7, the analytical model varies in the same way as the 2D model.
Besides some slight under- and overestimation, there is a good agreement.

4.3. Optimization
This section researches what parameters to focus on when optimizing a reactor based on the models.
The 2D model may be more accurate; however it is less insightful as well. It is only evident what the
effect of a parameter variation is after it has run. In the analytical model, the effect is immediately visible
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prior to any calculation. In addition to its correspondence with the 2D model, shown in section 4.2.3, it
moreover provides an insightful tool to optimize a reactor. With the analytical solution. First, a reactor
is considered without any mass transport limitations, then with mass transfer limitations, and finally,
metal foams and the mediator’s effect is analyzed.

4.3.1. Optimization without Mass Transfer
In this section the pore volume is assumed to be perfectly mixed. The flow velocity does not influ-
ence mass transfer and thus does not change the potential-current relation of equation 3.20. The sole
purpose of the flow is to maintain sufficient substrate levels to sustain a reaction. When assuming a
particularly soluble substrate, only a little flow is required, causing a low pressure drop which in turn
yields negligible pumping losses. When pumping losses are not considered, the only way to improve
the efficiency of a reactor is to lower the overpotential required to reach a certain current density. An-
other assumption made here is that the reactor, for it to be economically viable, runs at current densities

above 1000 [A/m ]. Following equation 3.14, 𝑒 ≫ 1, meaning that ohmic losses are the main con-
tributor to the overpotential. Together with the assumption that the pore volume is perfectly mixed, this
assumption leads to the following equation for the overpotential in the reactor:

Δ𝑉 ≈ 𝑗
𝑘𝑐 𝜀𝐹𝜅 , (4.1)

Efficiency 𝜀, is used to quantify the performance of the reactor. The efficiency is calculated by dividing
the useful energy by the total energy put into the system:

𝜀 = 𝑃useful
𝑃total

= 𝐸a𝑗
𝐸a𝑗 + Δ𝑉𝑗

= 𝐸a
𝐸a +

, (4.2)

where, the useful energy, 𝑃useful, is based on the activation potential of the mediator times the current
density. The total energy consists of the useful energy and the overpotential, times the current density.
Together with the relation for the overpotential, the efficiency is defined in equation 4.2. The equation
shows that in order to increase the efficiency, the mediator concentration, porosity, rate constant, and
electrolyte conductivity need to be increased. Interestingly, the thickness does not influence the per-
formance of the cell. However, in order to not waste material the minimal electrode thickness can be
found by: 𝐿 = . The only geometrical property directly influencing the cell’s efficiency is 𝜖. With
the assumptions made, the properties of the mediator are determining for the reactor’s performance.

4.3.2. Optimization with Mass Transfer
Without mass transfer, optimizing gets more tedious. Now, there is an extra step between and parallel to
the oxidation on the electrode surface and the bulk reaction. Equation 3.23 describes this relationship.
Mass transfer can be a limiting factor in reaching high currents at reasonable overpotentials. It depends
on the flow speed, the geometry of the reactor, and themediator’s diffusivity. Increasing the speed of the
flow yields more mass transfer and thus a lower overpotential for the same amount of current. However,
the increased flow speed also induces a higher pressure drop and, therefore, higher pumping losses.
To optimize the reactor, the pumping losses must be included, which can be calculated by equation
4.3:

𝑃pump = Δ𝑝𝑢𝐿𝑤 =
ℎ𝑓𝜇𝑢
𝑑eq

𝑢𝐿𝑤 = 𝑓𝜇𝐿𝑢 𝑤ℎ
𝑑eq

, (4.3)

where Δ𝑝 is the pressure drop calculated by the equations in section 3.1.2, 𝑢 the flow velocity, 𝐿 the
thickness of the electrode, ℎ the length of the electrode and 𝑤 the width of the electrode. When using
equation 4.3 for the efficiency, the pump loss needs to be divided by the projected area of the cell. This
leads to the following equation for the efficiency:

𝜀 = 𝑃useful
𝑃total

= 𝐸a𝑗
𝐸a𝑗 + (

( AL )
)
+

eq

. (4.4)
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Equation 4.4 explains how the efficiency can be calculated. Note that instead of 𝜖 now 𝑎 is the geomet-
rical parameter that needs to be maximized compared to the model without mass transfer. Moreover,
the formula for the minimal electrode thickness changes into: 𝐿 = . In order to find the opti-
mum flow velocity for a particular current, the derivative must be taken with respect to the flow speed,
𝑢, since 𝑘 and 𝑓 are dependent on the flow velocity as well. The formula that would be derived would
be so complex that it would not yield any insights. Therefore, the optimization is done numerically, by
calculating different currents for every flow speed, comparing the efficiencies, and choosing the optimal
current velocity combination. This process is graphically shown in Figure 4.8. This process is also used
in the results of the following section.
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Figure 4.8: 3D plot where every grey dot represents a the efficiency of a combination of a flow speed and current. The black
line represents the optimal combination of current and flow speed. This graph is based on: a foam with a porosity . ,
volumetric surface area , [1/m], thickness, L = 4 [mm] and a mediator with a rate constant [S/m] and Diffusion
coefficient . [m /s]

4.3.3. Foams
For the study, three metal foams are used. The same geometry is used as proposed in Table 3.2.
The metal foams are nickel foams from Recemat BV [1]. Their properties are provided in Table 4.3:

Designation Ni-2733 Ni-4753 Ni-5763
Pores per inch 27...33 47...53 57...63
average pore diameter [mm] 0.6 0.4 0.35
porosity 95.2% 95.2% 96%
Volumetric surface area [1/m] 2800 5400 6900

Table 4.3: Nickel foam properties extracted from the website of Recemat BV [1].

When comparing the metal foams there are three variables: pores per inch, average pore diameter,
and the volumetric surface area. The volumetric surface area is used as an input parameter. The other
two are related to it. Thus only using the volumetric surface area to differentiate between the foams
seems like a legitimate assumption.
Now, using the same method as described in section 4.3.2 Figure 4.9 is created. Note that for every
current, the ideal flow speed is used. Therefore, it is a 2D plot instead of 3D, which yields better
readability.

Figure 4.9 shows that a higher volumertic surface area yield a higher efficiency. It is key to note
however, since an increase in volumetric surface area does not effect the porosity there is no optimal
volumetric surface area. In reality at one point porosity should decrease when surface area increases,
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Figure 4.9: Foams of table 4.3 with a mediator with a rate constant, of 5 [1/s], Diffusion coefficient D of . [m /s] and
the thickness of the foam, = 4 [mm]

otherwise the strut thickness would become to small following the formula of Lacroix et. al. The rela-
tionship between surface area and porosity is material dependent and to maintain general applicability,
it was excluded.

4.3.4. Mediator
Equation 4.4 shows that the reactor’s efficiency depends substantially on the mediator properties. This
section examines the mass transport of the mediator in the porous electrode.
When considering the Hatta analysis for the mass transfer, there are two regimes. Firstly, the reacting-
diffusion regime, in which the oxidized mediator is reduced again before reaching the bulk. Secondly,
the reacting-diffusion-advection, in which the reaction occurs both in the mass transfer boundary layer
and in the bulk. Of these two, the reacting-diffusion-advection is the most complex to generalize. For
this analysis the following equations were used: 3.23 combined with equations, 2.32 and 2.33. When
using these equations, one should always ensure that the conditions for simplification still hold: AL
≫ 1 and (1-AL)Ha ≫ 1. If they do not hold, one should use the extensive equation 2.30 also in
section 2.3.5. The reacting-diffusion regime is where the catalytic, very active mediators will be in.
In comparison, the reacting-diffusion-advection regime is more important for mediators with a more
moderate catalytic activity.

Reacting-Diffusion
When Ha≥ 2, which only occurs at particularly low flow velocities or at a high rate constant, tanh(Ha)
becomes 1. Therefore, equation 4.5 simplifies to the Hatta number:

Θ = Ha
tanh(Ha) ∝ Ha = √𝑘𝐷

𝑘 . (4.5)

When this enhancement factor is used in equation 2.33 and then put into equation 3.14, the following
approach to the overpotential is obtained:

Δ𝑉 ≈ 𝑗
𝑘 Δ𝑐 √ 𝐹𝑎 𝜅

= 𝑗
√𝑘𝐷𝑐 𝐹𝑎 𝜅

(4.6)

Note that the mass transfer coefficient drops out. The Hatta number can also be seen as a ratio
between the mass transfer boundary layer and the diffusion-reaction boundary layer. In this case,
when the diffusion-reaction layer is smaller than the mass transfer boundary layer, hence Ha ≥ 2, there
will be no mass transfer towards the bulk anymore since the mediator is already reduced inside the
reacting boundary layer. This means that when Ha ≥ 2, this can be either due to a low velocity or to a
very reactive mediator.
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Figure 4.10: Schematic of porous electrode, with two boundary layers, the reaction boundary layer indicated by and the
convective boundary layer indicated by . indicates the electrode surface. Here the Hatta number Ha ≫2, resulting in
reaction boundary layer smaller than the convective boundary layer and thus the oxidized mediator does not reach the bulk.

Diffusion-Reaction-Advection
It gets more tedious when themass transfer boundary layer is smaller than the reaction-diffusion bound-
ary layer. In that case where 0 < Ha < 2 and thus the enhancement is 1 < Θ < 2, the overpotential
scales with equation 4.7:

Δ𝑉 ≈ 𝑗
𝑘 𝑐 Θ𝐹𝑎 𝜅(1 −

( )
)
. (4.7)

The formula shows that increasing the electrolyte conductivity, volumetric surface area, and the me-
diator concentration results in lower overpotential losses. About the mass transfer coefficient such a
statement cannot be made. The effect on the overpotential of increasing the mass transfer depends
on the ratio between the mass transfer and the rate constant. If the mass transfer is increased, but it is
already high compared with the rate constant, it will also lead to lower concentration gradients between
the wall and the bulk leading to less mass transfer. This can be quantified by equation 4.8, already
introduced in section 2.3.5:

(1 − AL)Ha , (4.8)

similar to van Elk et al. [56] equation 4.8 can provide insight into ”the ratio of the maximum conversion
in the liquid bulk to the maximum transport through the film”. Meaning that when (1 − AL)Ha < 1
the bulk is saturated with oxidized mediator and the chemical reactor can be considered rate limiting.
When (1 − AL)Ha ≫ 1 the mass transfer is rate limiting, and increasing the flow velocity will result in
a higher achievable current density.

Figure 4.11: Schematic of porous electrode, with two boundary layers, the reaction boundary layer indicated by and the
convective boundary layer indicated by . indicates the electrode surface. Here the Hatta number Ha 1, resulting in
an advective boundary layer significantly smaller than the reaction boundary layer.
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Conclusion on Mediator Transport
Figure 4.12 summarizes the two sections above. The line representing 𝑘 = 50 [1/s] is flat until a flow
speed of around 0.4 [m/s], meaning that an increase in the mass transfer coefficient does not yield
an increase in the mass transfer corresponding to equation 4.6. The same holds for the first parts of
the lines representing the rate constants 10 and 20 [1/s]. However, this flat part is not present in the
line presenting 𝑘 = 1, here the line is leveling off at higher flow rates, indicating saturation of oxidized
mediator in the bulk as predicted in section 4.3.4. One can conclude that when the catalytic performance
is high, speeding up the flow would lead to only a little gain in conversion, when only considering the
mediator as limiting. Therefore, it will lead to higher pumping losses and thus a lesser efficiency. When
0 < Ha < 2, optimizing depends on the trade-off between pumping losses and overpotential reduction.
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Figure 4.12: Mediators with different rate constants show that if the rate goes up, the marginal increase with flow speed gets
reduced. Equation 4.7 was used, with the following parameters: . , a = 5400 [1/m] and D=5 [m /s].

4.4. Buffer Depletion at the Membrane
When only considering themediator, with high catalytic activity, increasing the flow speed will not benefit
the efficiency of the reactor. However, if the flow would come to a hold, other issues will arise. As
explained in section 2.3.4 a buffer limitation towards the membrane could cause limitations. The limiting
current inflicted by the buffer is dependent on the flow velocity. The maximum current density given by
the buffer on a 10x10 cm laboratory cell is given in Figure 4.13
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Figure 4.13: Current density sustainable by the buffer vs flow speed. The buffer concentration is the concentration of the
buffer species that is actually taking on the hydroxide ions. With the following properties used: . , a = 5400 [1/m] and
Dbuffer . [m /s].
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However, essential to note here is that when considering dispersion, the limiting buffer current will
dramatically increase. Although axial dispersion correlations exist [32], they are meant for the disper-
sion in the porous medium, but not dispersion to the wall.





5
Conclusion and Recommendations

5.1. Conclusion
This research aimed at optimizing the anode-side of a continuous-flow-through reactor, hosting the
production of chemicals by mediated electrochemical oxidation, using organic aminoxyls (i.e., elec-
trocatalysts), more specifically 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and 4-acetamido-TEMPO
(ACT).

An extensive literature review was carried out to identify the requirements of the reactor and the chem-
ical characteristics of organic aminoxyl mediators that are determining for the speed of the conversion.
It was found that, first of all, for TEMPO to be stable, the pH should be maintained between 7.3 and 14
and for ACT between 6.4 and 11.8. Secondly, the aminoxyls were found to be reversible and finally,
an attempt was made into finding the rate constants of TEMPO and ACT with PDO, yielding a rate
constant of 1.9 and 5.5 [1/s] respectfully.
Building on the literature review, a 2D COMSOL model was created featuring the reactions kinetics,
hydrodynamics and current distribution. One of the main results obtained from the model is that the
concentration of the oxidized mediator does not change over the length of the reactor. Instead, a reac-
tion layer would form next to the membrane and expand into the anode with increasing current density.
This suggests that the model can be simplified.

This simplification expressed itself in an analytical formula, equation 3.20, that was validated with the
2D model. The formula and the model are in good agreement over the whole domain. In order the
make the model more practically relevant, mass transfer between the surface and the bulk was added,
resulting in equation 3.23. A general optimization was difficult, nevertheless some conclusions can
be drawn. First of all, it can be said that increasing the concentration of the mediators and electrolyte
conductivity has a significant impact on the reactor’s efficiency. Second of all, the formula showed
that for every current there is an optimal flow velocity. Thirdly, when the volumetric surface area is
independent of the porosity, increasing the volumetric surface area will always yield a better reactor ef-
ficiency. Fourth, the electrode thickness does not influence the electrochemistry, yet it does influence
the pumping losses. Moreover, although the thickness does not influence the electrochemistry, the
electrochemistry does determine the minimal electrode thickness required. Finally, when a mediator
is very catalytically active, resulting in a Hatta number higher than 2, (Ha > 2), increasing the flow unit
Ha = 2 will not contribute to a higher achievable current density. When the Hatta number is lower than
2, (0 > Ha > 2), the flow speed does influence the highest achievable current, resulting in a trade-off
between pumping losses and overpotential reduction.
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5.2. Recommendations
5.2.1. General
Economical Evaluation
An economical evaluation of the entire conversion process could provide more insight into the most
profitable conditions for the reactor, making the model more practically applicable. From Figure 4.9, it
stands out that when the current density increases, the efficiency decreases. Therefore, the optimal
operating conditions are dictated by economics. Moreover, in an economical evaluation, the separation
process that takes place after the reactor should also be taken into account to find the most profitable
conditions for the whole process. For instance, increasing the mediator concentration in the electrolyte
would yield a higher reactor efficiency. However, if this makes the separation process more difficult
afterward, it is rather costly and thus not profitable. All in all, economically motivated research yields
key insights into the viability of commercialization of the process.

Consider other Porous Media
In this research, only nickel, metal foams were considered as porous electrode material in the reactor.
By adapting the friction factor and the Sherwood correlation, it would allow one to investigate other
porous electrode structures as well, such as carbon felts and paper. It would be interesting to analyze
whether these materials yield higher efficiency.

5.2.2. Experimental
Experimental Validation
Both the analytical- as well as the computational model presented in this research provide the same
results, despite the fact that they were modeled differently. Although these models definitely provided
fruitful insights, their credibility could be further established by experimental validation.

More Experiments on the Chemical Rate Constants between Mediator and Substrate
Further research is needed to find a way to extract the rate constants of the oxidation of PDO, by
TEMPO. This research attempted to do so, as shown in appendix A. However, the results are not
considered reliable because of their lack of coherence. Most literature reviewed, revolved around
cyclic voltammograms (CV) or rotating disk experiments (RDE) as means to extract rate constants.
These experiments however, may not be adequate tools to use, since the mediator changes from
TEMPO to TEMPO to TEMPOH. This means that if a reactor would run for some time, TEMPO would
only exist temporarily at the electrode surface, and the bulk would consist of TEMPO and TEMPOH.
This transformation is not captured by CV’s of RDE’s, making them inaccurate. Nevertheless, these
constants are needed in order to validate the analytical model. If an adequate method were to be found
to retrieve the rate constants, multiple chemistries could be tested and used together with the analytical
solution of this report to estimate the reactor’s performance when utilized.

5.2.3. Modeling
Extend the Model
This research modelled an electrochemical and a coupled chemical reaction. Nevertheless, there are
numerous of other variations of this combination. For instance, after the oxidation of PDO to LA, the
oxidation continues at a lower rate towards pyvuric acid. Modelling the latter reaction would be an
interesting addition to this research, because it would contribute to the further optimization of the reactor.

Dispersion
In this research, dispersion was not modelled. Dispersion is additional mass transfer induced by mi-
croscopic effects in porous media. Often it is simulated by an artificial diffusion coefficient. In this
research’s simulations, the buffer suffered depletion at the membrane. However, in reality this may not
happen due to the effect of dispersion. Experiments are therefore needed to show there is more mass
transfer than predicted by equation 2.27.

Flow by Model
From an economical point of view it would be interesting to know the achievable current densities and
accompanied efficiencies of a flow-by configuration. The findings of this report form the ideal basis to
establish such a model capable of determining these particulars.
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Appendix A

A.1. Experimental: cyclic voltammetry measurements
The electrolyte used was a buffer of 0.5M boric acid (BA) at a pH of 9.2. Two different mediators were
used, TEMPO and 4-acetamido-TEMPO (ACT). The pH of the BA buffer was adjusted by adding 1M
of NaOH till the desired pH was reached. As working electrode (WE) a graphite rod of surface area of
1 cm2 was used, shown in Figure 3 and as counter electrode (CE) a coiled platinum wire was used.
The reference electrode (RE) was a Ag/AlCl. Nitrogen gas was bubbled through the solution and the
solution was vigorously stirred. The equipment was set up as shown in Figure A.1. The electrodes
were connected to the potentiostat, which applied potential scans at 10, 20, 50 and 100 mV/s. First the
potential was increased with the selected scan rate and then decreased with the same rate to create a
cyclic voltammetry (CV) and during this procedure the current is constantly measured.

For the experiments the following setup was used, in Figure A.1: Varied electrolyte compositions

Figure A.1: Experimental setup with with the single compartmetn electrochemical cell, the working electrode indicated as WE,
the reference electrode as RE and the counter electrode as CE; electrolyte buffer of 0.5M boric acid at a pH of 9.2.

used during the CVmeasurements are provided in Table A.1 For every different electrolyte composition,
4 scans with different scan rates were performed. For the test with substrate a concentration of 140 mM
of PDOwas chosen. In previous tests performed by TNO it was shown that increasing the concentration
further than 100 mM did not have any effect on the current density.
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Measurement number Electrolyte composition
1 7.5mM TEMPO
2 7.5mM TEMPO + 140mM PDO
3 15mM TEMPO
4 15mM TEMPO + 140mM PDO
5 7.5mM ACT
6 7.5mM ACT + 140mM PDO
7 15mM ACT
8 15mM ACT + 140mM PDO

Table A.1: Table with the executed experiments, the electrolyte in all experiments contained a 0.5M boric acid buffer.

A.2. Analysis of cyclic voltammetry results
The analysis performed was found in works by Lee [37], however it was first introduced by Saveant
[51]. To find the the peak current of a CV the Randles–Sevcik equation A.1 can be used.

𝑖 = 0.4463𝑛 𝐹𝐴𝑐0,med√
𝑛 𝐹𝜈𝐷
𝑅𝑇 , (A.1)

where 𝜈 is the scan rate in [V/s], 𝑖 is the peak current [A/m ] and 𝑛 is the amount of electrons needed
for the mediator in absence of the substrate, here it is two since the mediator transports 2 electrons
from propandiol. The plateau current of the catalyst combined with the substrate is given by equation
A.2 [51]:

𝑖pl = 𝑛𝐹𝐴𝑐0,med√𝐷𝑘 , (A.2)

where 𝑘 𝑏𝑠 is the first order observed rate constant in [1/s]. By dividing the plateau current, equation
A.2, by the peak current, equation A.1, equation A.3 is obtained:

𝑖pl
𝑖 = 𝑛

0.4463𝑛
√𝑅𝑇𝑘
𝑛 𝐹𝜈 , (A.3)

here conveniently, the electrode area and the mediator concentration drop out, leaving only the first or-
der rate constant as a unknown. Important here is that the rate is both the same rate and concentration
needs to be used.

A.3. Experimental Results

(a) 7.5 mmol of TEMPO (b) 15 mmol of TEMPO

Figure A.2: Plots where the current of the CV with 140mM PDO and TEMPO is divided by the peak current of the TEMPO.
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(a) 7.5 mmol of ACT (b) 15 mmol of ACT

Figure A.3: Plots where the current of the CV with 140mM PDO and ACT is divided by the peak current of the ACT.

A.4. Determined rate constants
The obtained results show that the calculated rate constant is dependent on the scan rate, shown in
Figure A.4. This implies that the rates obtain should be used with caution. Though the can still serve
as a rough estimate.

(a) The rate constant obtained for TEMPO, it is average 1.90, a maxi-
mum of 2.67 and a minimum of 1.01 [1/s]

(b) The rate constant obtained for ACT, it is average 5.50, a maximum
of 8.73 and a minimum of 2.54 [1/s]

Figure A.4: A plot of the rate constants of both TEMPO and ACT combined with 140mM PDO
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