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Preface

Having only had experience with “normal” electrochemical systems, where normal is
defined as a noble metal (such as platinum or ruthenium) catalyst and chemicals
such as strong acids, bases and simple organic molecules like methanol, the world of
bioelectrochemical processes at first appeared very diverse and confusing. Chemical
structures and formulas were lengthy and required me to refer to long-forgotten
organic chemistry books. Additionally, enzymes turned out to be very exotic, and the
idea that they can indeed function as bioelectrochemical catalysts seemed bizarre. At
first, | was filled with doubt and questions . This new fascinating world was full of
different preparation strategies and unfamiliar (bio)chemistry. My first approach when
reading related literature in this field was to assign functionality to colorful names
appearing in numerous different preparation procedures reported in the literature. In
the world of catalysts, mediators, binders and supports | felt more comfortable. Since
the field was dominated by exotic chemicals and enzymes, | realized fast that there
were few systematic approaches to the preparation of electrodes and that the field
was methodically relatively poor. Furthermore, most of the enzymatic fuel cells had a
rather primitive design. In the field of bioelectrochemical synthesis, electrochemical
analysis appeared highly underrepresented. The overall design of bioelectrochemical
fuel cells and reactors had also been very little explored . | viewed our mission as
adding an engineering touch to bioelectrochemistry . A short overview of the main
research directions and results is presented in this habilitation thesis. | wish you a
pleasant journey through the fascinating world of bioelectrochemical systems!

Magdeburg, March 2018 Tanja Vidakovi¢-Koch
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Zusammenfassung

In bioelektrochemischen Geraten werden Enzyme als katalytische Komponenten auf
intelligente Weise mit elektrisch leitenden Oberflachen kombiniert. Auf diese Weise
kénnen diese elektrisch leitenden Materialien die natlrlichen Enzymsubstrate in
einem sogenannten direkten Elektronentransfermechanismus (DET) ersetzen.
Alternativ kénnte ein klnstliches Enzymsubstrat, ein sogenannter Mediator,
verwendet und elektrochemisch uber einen vermittelten
Elektronentransfermechanismus (MET) regeneriert werden. Derzeit besteht ein
groBes Interesse an der Verwendung von Enzymen in technischen Systemen, die
hauptsachlich durch ihre hohe Selektivitat und ausgezeichnete katalytische Aktivitat
unter milden Bedingungen (neutraler pH-Wert, niedrige Temperatur) gekennzeichnet
sind. Diese Merkmale machen Anwendungen maoglich, bei denen technische
Systeme selektiv auf Komponenten der komplexen Mischung ansprechen, wie es
von Biosensoren erwartet wird. In ahnlicher Weise ermdglicht eine hohe Selektivitat
bei enzymatischen Brennstoffzellen ein vereinfachtes Brennstoffzellen-Design, bei
dem auf klassische Brennstoffzellen-Teile wie Separator, oder sogar Gehause
verzichtet werden kann. Dieses Design ist vorteilhaft fir das sogenannte "Energy
Harvesting", bei dem der Brennstoff /das Oxidationsmittel direkt aus der Umgebung
extrahiert und damit eine Miniaturisierung Uber das Niveau hinaus ermdglicht wird,
das fur andere elekitrochemische Vorrichtungen (z.B. herkémmliche Batterien oder
Brennstoffzellen) gilt. Aus diesen Grinden werden enzymatische Brennstoffzellen als
vielversprechende implantierbare miniaturisierte Energiequellen flr medizinische
elektronische Gerate, wie Herzschrittmacher, medizinische Pumpen, Sensoren usw.
angesehen. Neben der Nutzung als Sensoren und Energiewandler bilden
elektroenzymatische Systeme eine interessante Option fir die chemische
Produktion. Chemikalien kébnnen sowohl in enzymatischen Brennstoffzellen als auch
in elektroenzymatischen Reaktoren hergestellt werden. Im ersten Fall kdnnen
partielle Oxidationsprodukte aus typischen "Brennstoffen" Glucose, Methanol,
Ethanol erhalten werden. Im zweiten Fall werden selektive Reduktionsprozesse
angestrebt, bei denen beispielsweise CO2 in Methanol (oder Ameisensaure oder
Formaldehyd) umgewandelt werden kann. Der Grad der Oxidation/des
Reduktionsprozesses hangt von der Lange der enzymatischen Kaskade ab. Die
hohe Enzymselektivitat spiegelt sich theoretisch in einer héheren Produktreinheit
wider als in herkdmmlichen Verfahren, was die weitere Verarbeitung in der
chemischen Industrie vereinfacht.

Der Fokus dieser Arbeit liegt auf enzymatischen Brennstoffzellen und deren
Anwendungen in Energie- und Stoffumwandlungen. Die Leistungsfahigkeit dieser
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Vorrichtungen wird hauptséchlich durch Hindernisse beim Elektronentransfer
zwischen Enzymen und Elektroden begrenzt. Daher waren die meisten meiner
Forschungsaktivitaten auf das Verstandnis der limitierenden Prozesse auf der Ebene
enzymatischer Elektroden gerichtet. In einem systematischen Ansatz untersuchten
wir Hauptfaktoren, die das Verhalten enzymatischer Elektroden mit direkten und
vermittelten Elekironentransfermechanismen beeinflussen. Wir haben gezeigt, wie
die Elektrodenarchitektur die Elektrodenleistung beeinflusst. Zwei verschiedene
Elektrodenarchitekturen wurden untersucht: geschichtet und gemischt. Zusatzlich
wurde der Einfluss des Bindemittels Uberprift. Wir haben gezeigt, dass das
Bindemittel die Leistung der DET-Elektroden dramatisch beeinflusst, wéhrend es die
Leistung der MET-Elektrode nur maBig beeinflusst. Um das zu klaren, wurde der
Einfluss des Bindemittels auf die Enzymagglomeration und die Organisation auf
leitfahigen Oberflachen untersucht. SchlieBlich wurde ein generisches Verfahren zur
Herstellung von DET- und MET-Elektroden vorgeschlagen. Wir haben gezeigt, dass
die Wahl des Mediators nicht immer einfach ist. Zunachst wurden zwei verschiedene
Mediatoren far Glucoseoxidase (GOx) getestet. Eine kinstliche
Elekironentransportkette, die den Elektronentransport zwischen FAD-Redoxzentrum
und Elektrodenoberflache ermdglicht, wurde zusammengebaut. Obwohl die
Ergebnisse einen Glukoseoxidationsstrom zeigten, war es nicht mdglich, die
elektrokatalytische Aktivitat nur der GOx zuzuordnen. Stattdessen scheint die
darunter liegenden Goldoberflache hauptkatalytisch aktiv zu sein. CNT und TTF sind
erwiesen sich als vielversprechende Mediatoren flr weitere Anwendungen von
enzymatischen Elektroden.

Unsere experimentellen Studien haben gezeigt, dass die Aktivitdten von
enzymatischen Elektroden fir die gleiche Enzymladung innerhalb von 2
GréBenordnungen variieren. Das Herstellungsverfahren hat Auswirkungen auf die
Orientierung des Enzyms auf der leitenden Oberflache sowie auf seine Verteilung
und Anordnung innerhalb der porésen Matrix. Zusatzlich beeinflusst es die Struktur
der Katalysatorschicht in Bezug auf Porositat, Elektrodendicke und verfigbare
Oberflache; dies bewirkt eine weitere Enzymkinetik sowie einen Ladungs- und
Massentransport innerhalb der Katalysatorschicht. Da diese Kreuzkorrelationen nicht
immer intuitiv verstandlich sind, haben wir neben experimentellen Ansatzen die
mathematische Modellierung als ein wichtiges Werkzeug zur Beschleunigung der
Evaluierung der Prozesse in Bezug auf reale Anwendungen verwendet. In
Anbetracht der Tatsache, dass bei bioelektrochemischen Systemen, dass das
Verstéandnisniveau enzymatischen Elektroden sehr niedrig ist, legen wir groBen Wert
auf das Verstdndnis und die Quantifizierung poréser enzymatischer
Elektrodenreaktionen. Wir konnten zeigen, dass die elektrochemischen Methoden in
Kombination mit geeigneten mathematischen Beschreibungen signifikante Einblicke
in die Hintergriinde liefern kénnen, durch die das Gesamtverhalten der Elekirode
begrenzt wird, was letztendlich zu einem besseren Systemdesign beigetragen hat.

Diese modellbasierte Analyse flhrte zu einer signifikanten Verbesserung der
elektroenzymatischen Brennstoffzellenleistung. Zwischen 2011 und 2016 wurde die
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Leistung fur den gleichen enzymatischen Katalysatortyp um das 40-fache gesteigert.
Wir haben auch gezeigt, dass enzymatische Brennstoffzellen fir die
Gluconsaureumwandlung verwendet werden kénnen. In einem solchen System
kénnen sehr hohe Raum-Zeit-Ausbeuten (STY) und Selektivitat erreicht werden. Eine
vorlaufige Nachhaltigkeitsanalyse wies jedoch auf einige Schwachpunkte aktueller
elektroenzymatischer Prozesse wie niedrige Produkttiter und Zykluszeiten hin. Beide
Effekte beeinflussen den E-Faktor der enzymatischen Prozesse. Weitere
Verbesserungen der Enzymausnutzung und die Erh6éhung der Zykluszeiten sind
notwendig. Fur die Entwicklung nachhaltiger Prozesse muissen Probleme im
Zusammenhang mit der Trennung (Recycling) und der Toxizitat ausgewahlter
Mediatoren sorgféltig abgewogen werden. Um neue spannende bioelektrochemische
Anwendungen voranzutreiben, ist eine intensivere Interaktion zwischen
verschiedenen Disziplinen (Elektrochemie, Biologie, Bioelektrochemie,
Materialwissenschaften, Reaktionstechnik) dringend zu empfehlen.
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Abstract

In bioelectrochemical devices, enzymes, as catalytic parts, are smartly combined with
electroconductive surfaces. In this way electroconductive materials might replace one
of the natural enzyme substrates in a so-called direct electron transfer mechanism
(DET). Alternatively, an artificial enzyme substrate, a so-called mediator, might be
used and regenerated electrochemically via a mediated electron transfer mechanism
(MET). Currently, there is a high level of interest in the use of enzymes in technical
systems, which is mainly triggered by their high selectivity and excellent catalytic
activity under mild conditions (neutral pH, low temperature). These features favor
applications where technical systems respond selectively to components of complex
mixtures as expected in biosensors. Similarly, in enzymatic fuel cells high selectivity
enables a simplified fuel cell design where classical fuel cell components, such as
separator, fuel cell tank and even housing, can be avoided. This design is beneficial
for so-called “energy harvesting” where the fuel/oxidant is directly extracted out of the
environment and enables miniaturization beyond the level possible for other
electrochemical devices (e.g. conventional batteries or fuel cells). For these reasons
enzymatic fuel cells are considered to be promising implantable miniaturized power
sources for medical electronic devices such as pacemakers, medical pumps, sensors
etc. In addition to sensing and energy conversion applications, electroenzymatic
systems offer good prospects for chemical production. Chemicals can be produced in
both enzymatic fuel cells and electroenzymatic reactors. In the former case, partial
oxidation products of typical “fuels” such as glucose, methanol and ethanol, can be
obtained. In the latter case selective reduction processes are targeted where, for
example, CO2 can be converted into methanol (or formic acid or formaldehyde). The
level of the oxidation/reduction process depends on the length of the enzymatic
cascade. The high enzyme selectivity is theoretically reflected in greater product
purity than is the case in conventional processes, which further simplifies down-
stream processing in the chemical industry.

This work focuses on enzymatic fuel cells and their applications in energy and
material conversions. The performance of these devices is mainly limited by
obstacles in electron transfer between enzymes and electrodes. Therefore, most of
my research activities were directed towards understanding the limiting processes at
the level of enzymatic electrodes. Taking a systematic approach, we studied the main
factors influencing the performance of enzymatic electrodes with direct and mediated
electron transfer mechanisms. We have shown how the electrode architecture
influences the electrode performance. Two different electrode architectures were
studied: layered and intermixed. Additionally, the influence of the binder was
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checked. We have shown that the binder dramatically influences the performance of
DET electrodes, while the performance of MET electrodes is affected only
moderately. To clarify these issues, the influence of the binder on enzyme
agglomeration and the organization on conductive surfaces was studied. Finally, a
generic procedure for the preparation of DET and MET electrodes was suggested.
We have shown that the choice of mediator is not always simple. Initially two different
mediators for glucose oxidase (GOx) were tested. An artificial electron transport
chain enabling electron transport between FAD redox center and electrode surface
was assembled. Although the results showed a glucose oxidation current, it was not
possible to ascribe the electrocatalytic activity to GOx solely but rather to the
underlying gold surface. CNT and TTF are promising mediators for further
applications of enzymatic electrodes.

Our experimental studies have shown that activities of enzymatic electrodes for
the same enzyme loading vary within 2 orders of magnitude. The preparation
procedure has an impact on the enzyme orientation on the conductive surface as well
as its distribution and arrangement inside the porous matrix. Additionally, it impacts
the structure of the catalyst layer in terms of porosity, electrode thickness and
available surface area; this goes on to affect the enzyme kinetics as well as the
charge and mass transport inside of the catalyst layer. Since these cross-correlations
cannot always be understood intuitively, in addition to the experimental approaches
we also used mathematical modeling as an important tool in accelerating/evaluating
the processes towards real applications. In consideration of the fact that the
bottleneck of bioelectrochemical systems is still at the level of understanding and
improving enzymatic electrodes, we placed a great deal of emphasis on
understanding and quantifying the porous enzymatic electrode responses. We were
able to demonstrate that electrochemical methods combined with the proper
mathematical descriptions can bring significant insights into the reasons limiting the
electrode behavior as a whole. Ultimately this led to a better system design.

This model-based analysis resulted in a significant improvement in the
electroenzymatic fuel cell performance. Between 2011 and 2016 the power output of
the same type of enzymatic catalysts improved by a factor of 40. We have also
shown that enzymatic fuel cells can be used for gluconic acid conversion. Very high
space- time yields (STY) and selectivity can be achieved in such a system. Yet, a
preliminary sustainability analysis highlighted some weak points in current
electroenzymatic processes, such as the low product titer and cycle times. Both
effects impact the E-factor of enzymatic processes. It will be necessary to achieve
further improvements to the enzyme utilization and an increase in cycle times. For
the development of sustainable processes, the issues relating to the separation
(recycling) and toxicity of selected mediators must be carefully considered. Finally, in
order to push forward new exciting bioelectrochemical applications, closer interaction
between different disciplines (electrochemistry, biology, bioelectrochemistry, material
science and reaction engineering) is strongly advised.



Bioelectrochemical systems for energy and materials conversion
Dr.-Ing. Tanja Vidakovi¢-Koch

1 Introduction

Recently, the combination of biological and man-made components to create
technical devices has received a lot of attention. Examples of such devices include
biosensors, enzymatic fuel cells (EFC) and bioelectrochemical (electroenzymatic)
reactors. In all cases enzymes are “wired” with electron conductive surfaces, where
the signal of the enzymatic reaction is transduced into electrical current. This
transduction can occur in a direct manner, so-called direct electron transfer
mechanism (DET) or via a shuttle (a mediator), so-called mediated electron transfer
mechanism (MET). This high interest in the use of enzymes in technical systems has
been triggered by their high selectivity and excellent catalytic activity under mild
conditions (neutral pH, low temperature). These features favor applications where
technical systems respond selectively to components of complex mixtures as
expected in biosensors. Similarly, in enzymatic fuel cells high selectivity enables a
simplified fuel cell design where classical fuel cell components, such as separator,
fuel cell tank and even housing, can be avoided. This design is beneficial for so-
called “energy harvesting” where the fuel/oxidant is directly extracted from the
environment and enables miniaturization beyond the level possible for any other
electrochemical device (e.g. conventional batteries or fuel cells). For these reasons
enzymatic fuel cells are considered to be promising implantable miniaturized power
sources for medical electronic devices such as pacemakers, medical pumps, sensors
etc. Due to aging populations worldwide, it is anticipated that the market for these
devices will grow steadily, and one of the major obstacles to their use is a reliable
energy supply. The batteries that are currently used for these applications are limited
with respect to further miniaturization and life expectancy (5-10 years, after which
further surgery is necessary). The future might be in harvesting the body’s own
energy (such as glucose contained in blood). The feasibility of this concept has been
demonstrated in recent publications '+ 2; yet not on an example of glucose contained
in the blood but from other body fluids (tears or sweat).

In addition to sensing and energy conversion applications, electroenzymatic
systems offer good prospects for chemical production. Chemicals can be produced in
both enzymatic fuel cells and electroenzymatic reactors. In the first case, the partial
oxidation products of typical “fuels”, such as glucose, methanol and ethanol, can be
obtained. In the second case, selective reduction processes are targeted where, for
example, COz can be converted into methanol (or formic acid or formaldehyde). The
level of the oxidation/reduction process depends on the length of the enzymatic
cascade. For example, formation of methanol from COz2 will require 3 enzymes in the
cascade, while formation of formic acid only one. In electroenzymatic reactors the
main issue is the conversion of bio-based platform chemicals into higher added-value
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products 2. In a recent example, a proof of concept of a bioelectrochemical Haber—
Bosch process for ammonia production was demonstrated 4. The high enzyme
selectivity is theoretically reflected in greater product purity, than is the case in
conventional processes, which further simplifies down-stream processing in the
chemical industry.

Among the three major fields of application (biosensors, EFCs and
electroenzymatic reactors), only the biosensors can be considered sufficiently
commercialized, while the other two applications are still at a level of development.
The very first publications on EFCs date back to the 1960s, but much more research
has commenced during the last decade °. The recent progress in this field regarding
experimental and modeling efforts has been summarized in several review papers by
us % as well as other groups. Despite its attractiveness and some recent progress,
enzymatic fuel cells are still far from practical applications. When designing
biomimetic energy conversion systems based on redox enzymes, the following points
must be considered: enzyme immobilization, contact between enzyme and electrode
surface, enzyme kinetics, enzyme electrode architecture and, finally, the integration
of electrodes into the overall system. The first three aspects have been extensively
studied in the past, mainly in the framework of the development of biosensors. This
resulted in several preparation methods for biosensor enzymatic electrodes.
However, not all these methods can be transferred directly to EFCs, because they
will lead to electrode kinetics unfavorable for fuel cell operation. For example, for fuel
cell applications, the current densities must be improved significantly. Other issues,
such as long-term stability, which is relatively unimportant in the case of biosensors,
have a significant effect in the case of EFCs.

This thesis summarizes my research in the field of bioelectrochemical systems.
My focus was on EFCs and their applications in energy and material conversions.
Since the performance of these devices is still very low, which can be traced back to
complex electron transfer mechanisms between biological catalysts and electron
conductive materials as well as very low enzyme utilization in these systems, the
main issues were the development of technical enzymatic electrodes and their
integration into enzymatic fuel cells. Finally, EFCs were evaluated with respect to
gluconic acid production.
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2 Development of technical enzymatic electrodes

Enzymatic electrodes that potentially can be utilized in technical systems such as
EFCs or enzymatic reactors are considered to be technical electrodes. Up until now,
most of the work in these fields was exploratory in nature, therefore terms such as
“technical enzymatic electrodes” are not yet established. As is the case with more
conventional electrochemical systems, a technical enzymatic electrode can be
defined as a composite structure containing different layers e.g. catalyst layer and/or
diffusion layer and current collectors. Enzymatic catalysts are integrated into the
catalyst layer by immobilization into a suitable porous matrix or by entrapment
behind, for example, a dialysis membrane. Although the latter approach is simpler 7,
the performance of such electrodes is lower (approx. 50 pA cm? 7 compared to
approx. 700 uA cm & in the case of enzymatic electrodes employing hydrogenases).
Bearing in mind that the electrode performance plays a significant role in the further
development of technical systems, much attention has been paid to the use of
immobilization procedures. Such electrodes are also termed porous enzymatic
electrodes (see, for example, our paper ).

Porous enzymatic electrodes normally consist of a current collector (CC) and a
catalyst layer (CL) (Figure 2.1a). In the CL, biological components (such as
enzymes, or even a whole microorganism (please see for overview e.g. %)) are
combined with non-biological components that can be systematized roughly as
support materials, binders and, if necessary, mediators. Support materials provide
the support for biological components and electron conductivity throughout the
porous structure. For this purpose, different carbon (nanoparticles, nanotubes,
nanodots etc.) or metal (e.g. gold) nanomaterials can be used. To enhance the
electron conductivity, in addition to carbon or metal nanomaterials, in some studies
electron conductive polymers (such as polyaniline, polypyrrole) are added (not shown
in Figure 2.1a). Electron conductive polymers can also serve as so-called mediators.
Mediators shuttle electrons from enzymes to electroconductive supports (Figure
2.1a). They are necessary in cases where enzymes cannot exchange electrons
directly with the electron conductive support, for example due to the enzyme
orientation or an intrinsic structure of the enzymatic catalyst where the enzyme active
center is embedded deeply in an isolating protein shell. This type of electron transfer
mechanism is termed mediated electron transfer (MET) (Figure 2.1a). If direct
electron transfer between an enzyme and the support is possible, then the direct
electron transfer (DET) mechanism is invoked. Binders interconnect all parts of the
porous electrode providing mechanical stability to the whole structure.
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Figure 2.1: a) Schematic representation of a porous enzymatic electrode structure showing
two mechanisms of enzyme/electron conductive support electron transfer (mediated electron
transfer (MET) and direct electron transfer (DET)) and b) Schematic presentation of an
electroenzymatic device with GDE. Abbreviations: CC (current collector), CL (catalyst layer),
Medi (i=ox,red) (oxidized and reduced forms of a mediator), S (substrate), P (product).
Reprinted from ° with permission from Elsevier.

The binders are either inert to biological parts, where they are usually
introduced at first to interconnect support and mediator (if necessary); enzymes are
afterwards physically or chemically immobilized in the preformed porous structure.
Alternatively, all components of the porous electrode are mixed together with the
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biocompatible binder; afterwards mechanical stability is ensured through a cross-
linking procedure. In this case the enzymes are also cross-linked. Mediators and
binders are not necessarily parts of the porous electrode structures. Binder and
mediator-free porous enzymatic electrodes are also reported ''. In such cases the
enzymes show the DET mechanism (Figure 2.1a).

In addition to a porous enzymatic electrode shown in Figure 2.1a where the
enzymatic catalyst layer is contacted by liquid electrolyte on one side and the current
collector on the other side, there is another type of porous enzymatic electrode, the
so-called gas diffusion electrode (GDESs). In this case the catalyst layer is contacted
by the liquid phase on one side and by the porous gas diffusion layer (GDL) on the
other. The GDL distributes gas to the CL and might serve as a current collector as
well. In addition, as shown in Figure 2.1 b, an additional current collector with a flow
channel structure might be added. GDEs have a broad application in conventional
fuel cells, electrolyzers and metal-air batteries. Since oxygen and other gasses (such
as hydrogen) have a low solubility and diffusivity in liquid electrolytes, the electrode
performance is limited due to a slow mass transfer of these gases in the liquid phase.
Bearing in mind that the oxygen transport in the gas phase is much faster, the GDE
should provide separate transport pathways for the gas and the liquid, thus reducing
the mass transport resistance for oxygen and increasing the electrode performance.
A schematic representation of a device comprising a GDE is shown in Figure 2.1b.

Bearing in mind the large number of preparation strategies in the literature, our
main goal was to establish a generic platform for the preparation of porous enzymatic
electrodes with MET or DET mechanisms. In this respect, the influence of the
electrode architecture, enzyme and mediator loadings, as well as binder influence
was studied systematically. Two model enzymes were selected: glucose oxidase
(GOx) as a MET representative and horseradish peroxidase (HRP) as a DET
representative. The DET bilirubin oxidase (BOD) electrodes were prepared based on
knowledge gained with the model enzymes. Initially a mediator screening was
performed.

2.1 Choice of a mediator

GOx is a classic representative of a redox enzyme requiring a mediator for an
efficient electron transfer. This is due to the isolated protein shell which blocks the
electron transfer between the enzyme redox center and the electrode. GOx is able to
perform DET only after a partial removal of the protein shell by, for example,
deglycosylation '2. Nevertheless, DET for GOx employed in porous enzymatic
electrodes with carbon nanotubes has been reported in several cases. Some
possible artefacts leading to the conclusion of GOx DET are summarized in a very
recent paper 3. A successful mediator for GOx should efficiently transfer electrons
from flavin adenine dinucleotide (FAD) co-factor to the electrode surface. Since the
reaction between a mediator and FAD co-factor is a chemical redox reaction, an
adequate thermodynamic driving force should be accompanied with fast kinetics. The

potential of FAD/FADH: couple at pH 7 is -0.213 V 4, while formal redox potentials of
13
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all listed mediators in Table 2.1 are significantly more positive, making them
thermodynamically plausible as mediator choices. However, the kinetics of the
mediator itself with the electrode surface have to be fast.

Table 2.1: Mediators typically used in connection with FAD cofactors and their respective
formal redox potentials

Mediator Formal redox pH Reference
potential vs.
SHE" /V
2-methyl-1-4-naphtoquinone on PLL -0.07 7 15
Os polymers 0.01 (0.09) 5 16,17
0.01 (0.04) 7 16,18
pyrroloquinoline quinone 0.11(0.08) 7(7.2) | 1920
p-benzoquinone 0.6 7 21
8-hydroxyquinoline-5-sulfonic acid 0.305 5 2
phenazine methosulfate 0.32 6 2
tetrathiafulvalene 0.419 7 24
poly(vinilferrocene) 0.5 7 s
ferrocene monocarboxylic acid 0.527 7 26

"E vs. Ag/AgCI=E vs. SHE-0.197 (V); E vs. SCE=E vs. SHE-0.24 (V)
“Methylene green shows two redox peaks

Os-based mediators with redox centers attached to a polymer backbone have
exhibited the best performance to date 2. Their disadvantages are their complicated
synthesis procedure as well as toxicity issues associated with Os. Among other
mediators, PQQ has been reported as a very efficient mediator for GOx regeneration
20, The idea originally proposed by Willner's group is very sophisticated. It involves
the electron conductive support (gold) modification by several layers: linker
molecules (cystamine), mediator (pyrroloquinoline quinone (PQQ)) and enzyme co-
factor (FAD). Finally, apo-enzyme (apo-GOx) is reconstituted. The artificial electron
transport chain formed in this way is supposed to overcome the intrinsic DET
limitation of GOx. The targeted final structure is shown schematically in Figure 2.2.
Bearing in mind the high level of activity of this construct reported by Willner’s group
20 as well as the high degree of attractiveness of using a non-diffusive mediator, we
initially followed this procedure. All details on the synthesis of an amino group
modified FAD (Af-(2-amino- ethyl)-FAD) co-factor, preparation of apo-GOx as well as
the electrode modification steps can be found in the Ph.D. Thesis of I. Ivanov 2 and
in two publications 9 29, Although we were able to reproduce results from the
literature, our data strongly indicated significant activity of the gold support in glucose
electrocatalysis, which led us to the conclusion that indeed, in such complex
constructs, many different possibilities for electrocatalysis should be taken into
account, including reactions occurring on the supporting layers of the designed
bioelectrodes. Our data also supported the general possibility of an efficient direct
oxidation of different sugars on SAM modified high surface area gold electrodes,
which could be useful for sensors and fuel cell technologies 19 2°.
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Figure 2.2: Schematic representation of enzyme-electron conductive support contacting via
an artificial electron transfer chain

In the next attempt to identify a non-diffusive suitable mediator, our motivation
was to use a commercially available substance that also exhibited good kinetics in
respect of glucose oxidation. Our screening indicated tetrathiafulvalene (TTF) as an
excellent candidate. The TTF mediator was used either alone or in combination with
tetracyanoquinodimethanide (TCNQ) forming a charge transfer complex (CTC) which
then acted as a mediator (°° and references therein). While CTC is electronically
conductive, the conductivity of TTF is negligible, which is why it is usually integrated
in the electron conductive matrix. CTC performed excellently with regard to glucose
oxidation, high oxygen tolerance and remarkable stability under continuous operation
31, 32 Additionally, enzymatic electrodes based on TTF or CTC do not require
complicated modification procedures; they can be prepared just by mixing the
respective components 3°. The CTC is commercially available and has a high
electronic conductivity, which is beneficial for lowering the ohmic resistance within the
electrode layer. The morphology of the CTC crystals can be fine-tuned by varying the
experimental conditions. They can also be prepared in the form of nanoparticles.
These strategies can be applied to fine-tune the catalytic properties of the CTC
and/or to increase the catalytically active surface area. Both TTF and TCNQ have low
toxicity, which is attributable to their low solubility in water and physiological fluids.
The focal points of our studies with respect to mediator issues were the mechanism

of CTC/TTF action 3° and the incorporation of a mediator into the electrode structure
31,33

Different possibilities were explored in the literature in order to incorporate the
CTC mediator into the electrode structure. For example Khan 32 34 explored two
methods for preparation of TTF-TCNQ electrodes. In one procedure TTF-TCNQ
crystals were modified by GOx 2. These modified crystals were mixed with a binder,
covered by 20 pl cm? gelatin and cross-linked by 5 % glutaraldehyde. The
performance of these electrodes was approx. 0.52 A m2 at 20 mM glucose and at
approx. 0.5 VsHe. In the other procedure, TTF-TCNQ crystals were first grown on
polypyrrole film, followed by adsorption of GOx from a buffer solution 4. The
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electrodes were then covered by a gelatin layer (20 pul cm2) and finally cross-linked
by 5 % glutaraldehyde. The performances of these electrodes were higher: 7 A m? at
20 mM glucose, approx. 0.5 Vsxe and 1.31 mg cm2 CTC loading. The procedure that
was initially used in our lab was similar to the latter and the electrode performance
corresponded well with results from the literature (Figure 2.3). This electrode
preparation procedure will be referred to as “layered” below.
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Figure 2.3: Cyclic voltammograms of (a) the layered CTC/GOx enzymatic electrode in the
presence of different glucose concentrations (1-6 mM) and (b) concentration dependence of
the current at 0.44 VsHe (corrected for the background current) for enzymatic electrodes with
different CTC loadings. Conditions: 0.1 M phosphate buffer, pH 7.2, 37 -C, 400 rpm, N2
atmosphere, sweep rate: 5 mV s™'. Reprinted with permission from Elsevier from 3'.

2.2 Influence of electrode architecture on activity

The layered CTC/GOx enzymatic electrode described previously has three distinct
layers as visualized by a SEM cross-sectional image (Figure 2.4). The polypyrrole
layer is an electron conductive support, the catalyst layer is a porous layer made of
CTC crystals and enzymatic catalyst, and cross-linked gelatin forms a film on top
which prevents enzymes from leaching out. We have shown that changing the
mediator loading or the thickness of the gelatin layer can influence the activity
towards glucose oxidation. The next question was to establish if changes to the
overall electrode architecture, whilst keeping nominal loadings the same, could
influence activity by, for example, changing catalyst or mediator utilizations. The new
electrode architecture was checked in this regard. Unlike the first example, in the
second case all components of the catalyst layer were intermixed. It was only
possible to compare the two cases to a limited extent, since, in the second example,
carbon nanoparticles were used instead of polypyrrole film as an electron conductive
phase/support.  Still, assuming that the carbon nanoparticles (Vulcan
XC72)/polypyrrole behave solely as an electron conductive phase/support, the
comparison can provide some insights.

The activity comparison between two architectures (both mass as well as
surface area (not shown here) normalized), shows the clear advantage of intermixed
layers. Interestingly, the intermixed electrodes show a decreasing trend with an

16



Bioelectrochemical systems for energy and materials conversion
Dr.-Ing. Tanja Vidakovi¢-Koch

increase of GOx loading, while the trend for layered assembly appears to be the
opposite. Possible reasons for this observation might be the higher porosity of
layered CL as well as the absence of gelatin inside the layer.

- * --m - layered
g 4,5 - - % - intermixed
<
€ 4,04
wo -
% 3.5 1 Catalyst layer:
> 1.8 mgcm? CTC
< agd
s 30 * , 3.6 mg cm?2  Vulcan XC72
£ g5 Catalystlayer. .. 0.35-0.9 mg cm? GOx
o | 2mgem CTC o
3 204 03-0.6mgcm2 GOx L
© DR *
S 1,54 .
0.3 0.4 05 06 07 08 0.9
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Figure 2.4: Comparison between two different archichectures. SEM image of enzymatic
electrode cross-sections a) layered and b) intermixed assemblies and ¢) mass normalized
currents at 0.4 V SHE as a function of GOx loading. Conditions: CTC loadings 2 and 1.8 mg
cm for layered and intermixed architectures respectively, 37°C, 20 mM glucose. Figures 2.4
a and b are reprinted with permission from Elsevier from 3133,

2.3 Generic platform for preparation of enzymatic electrodes

The previous examples of enzymatic electrodes were related to MET enzymatic
electrodes. We have shown that the activity of such electrodes at similar
enzyme/mediator loadings can be improved by changing the electrode architecture.
The intermixed assembly proved to be suitable for the preparation of MET electrodes
with other similar mediators such as TTF or TCNQ 2°. The next question was whether
this could be a generic platform which might also be used for the preparation of DET-
type electrodes. The first attempt in this direction was of limited success. The DET
electrodes with similar BOD/Vulcan XC72/Gelatin loadings showed very low activity
for the O2 reduction (Figure 2.5 a). However, in the presence of soluble 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) mediator the activity of the same
electrode for glucose oxidation was comparable with the MET electrodes shown
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previously (Figure 2.5 b). This indicated preserved catalytic activity of BOD inside an
intermixed layer, but probably not a favorable orientation for the DET. Being aware
that intermixed electrodes contain gelatin binder motivated us to check its influence in
greater detail. Model electrodes were prepared in order to do so. The main concerns
were enzyme organizations on different model supports and the cross-correlation
with the electrochemically observable activity.
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Figure 2.5: Cyclic voltammograms of a) DET and b) MET enzymatic cathodes with
intermixed electrode architectures showing oxygen reduction activity. Conditions: 0.1 M
phosphate buffer, pH 7.2, 37 °C, 400 rpm, scan rate 5 mV s, BOD loading 0.36 mg cm,
Vulcan loading 3.6 mg cm?; 1 mg ml" of soluble ABTS mediator. Adopted from 28 with
permission from author.

2.3.1 Model enzymatic electrodes

Fluorescence and atomic force microscopy were used to visualize enzyme
organization on conductive supports. Two types of supports were checked: ideally flat
surface (highly ordered pyrolytic graphite (HOPG)) and macroscopically flat surface
(spectroscopically pure carbon (SPG)). At first enzymes were adsorbed on a HOPG
surface. Beforehand, to facilitate their visibility in fluorescence microscopy, they were
labeled with a fluorescent dye. These studies were performed only with the DET
enzyme (HRP), since the direct contact of enzymes with an electrode surface and
possible agglomeration effects play a larger role in DET than in MET. The uniform
distribution of enzymes is possible only on ideally flat surfaces like HOPG. The
fluorescence micrograph shows a uniform level of fluorescence across the whole
surface (Figure 2.6 a). This was further confirmed by atomic force microscopy (AFM)
(not shown here). The average heights of these structures were approx. 4 nm at pH
6. These values correspond well to reported values of HRP dimensions (6.2 x 4.3 x
1.2 nm 3% and references therein) indicating monolayer formation.

Enzymes adsorbed on a SPG surface were not homogenously distributed but
showed a formation of agglomerates. Blue spots of different intensities, as well as
very dark areas were observed (Figure 2.6 b). These dark areas with a very low level
of fluorescence (approx. 200 A.U.) were ascribed to enzyme-free parts of the surface.
The blue spots of different intensities are taken as an indication of a non-uniform
distribution of enzymes on the remaining part of the surface, with spots showing a
higher level of fluorescence (approx. 1500 A.U.) probably indicating enzyme
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agglomeration, while spots with a lower level of florescence (approx. 800 A.U.)
indicate monolayer enzyme adsorption. The low intensity spots disappeared from the
electrode surface upon rotation (not shown here).

Figure 2.6: a) Fluorescence micrographs with exposure time of 200 ms of HRP adsorbed on
a) HOPG and b) on SPG without electrode rotation. Reprinted from 3 with permission of the
Royal Society of Chemistry.
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Figure 2.7: Fluorescence micrographs of HRP adsorbed on a) HOPG and b) SPG after
cross-linking. Reprinted from 35 with permission of the Royal Society of Chemistry.

The level of agglomeration increased after treating the electrode with
glutaraldehyde which is used as a cross-linking agent. On the HOPG surface, instead
of uniformly distributed fluorescence only one spot with a high level of fluorescence is
evident (Figure 2.7 a). Blue spots that differ in shape and size can be observed on
spectroscopic graphite (Figure 2.7 b). The average level of fluorescence for these
cross-linked agglomerates on spectroscopic graphite is approx. 3200 = 300 A.U.,
while the level of fluorescence for agglomerates on SPG without cross linking has
values of approx. 1500 A.U. It can be anticipated that the formation of enzyme
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agglomerates decreases the number of active enzymes. This was confirmed by
measuring the electrochemical activity of non- and cross-linked enzymes .

2.3.2. Influence of binder in intermixed architecture

Gelatin is a binder which not only offers a suitable environment for enzymes, but also
results in the formation of enzymatic electrodes of a reasonable physical integrity.
However, gelatin interacts with enzymes, which in the case of DET electrodes proved
to be disadvantageous. Therefore, we looked for another binder that was chemically
inert to enzymes. The suitable choice proved to be a poly(vinylidene fluoride)
(PVDF), a stable binder with different applications in electrochemistry (batteries, fuel
cells etc.). In the next step, following the idea of an intermixed architecture, a porous
carbon conducting matrix was prepared, by mixing PVDF binder and Vulcan XC 72
nanopatrticles. After drying at 60°C, the enzymes were introduced into the preformed
matrix by means of physical adsorption. The porous matrix was supposed to offer a
large surface area for enzyme adsorption, which theoretically should be able to
accommodate a large number of enzymes. The new architecture was checked with
respect to the hydrogen peroxide reduction by HRP DET. The data in Figure 2.8
demonstrate the influence of binder in the intermixed assembly at the same Vulcan
XC 72 loading.
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Figure 2.8: Influence of binder in intermixed architecture on hydrogen peroxide reduction by
DET HRP. Conditions: potential 0.24 V SHE, 1 mM hydrogen peroxide, 400 rpm, N:
atmosphere, pH 6.00.

The limiting currents depend on the enzyme loading. Irrespective of the chosen
binder, it is possible to observe an increase in activity with an increase in enzyme
loading followed by a later decrease at high enzyme loadings. The results indicate
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that PVDF binder is more suitable for DET electrodes. The mass currents show a
constant decrease in enzyme utilization. The current densities as well as mass
currents have lower values than already shown by GOx. This is due to low peroxide
concentrations. So, an increase in the concentration to 4 mM results in a significant
increase in activity. It should be noted that at higher concentrations HRP is inhibited
by its substrate hydrogen peroxide.

2.3.3. Can this knowledge be used for preparation of other enzymatic
electrodes?

By following the idea of a generic platform for the preparation of enzymatic
electrodes, BOD as well as enzymatic electrodes comprising GOx-HRP cascade
were prepared using the same procedure as in the HRP case. The results in Figure
2.9 appear promising. Both surface area (Figure 2.9 a) and mass normalized
currents (Figure 2.9 b) compare well with the literature. In the case of GOx-HRP
cascade 20 mM glucose was added to the solution. Hydrogen peroxide as a
byproduct of enzymatic glucose oxidation was reduced further by HRP DET.
Therefore, the hydrogen peroxide concentration was not readily available. The BOD
electrode utilized O2 dissolved in buffer and the concentration of hydrogen peroxide
in the case of the HRP electrode was 3 mM. From all studied electrodes the BOD
showed the highest surface normalized currents. The mass normalized currents
show a higher activity of the HRP electrode. The comparison of BOD DET (Figure
2.9 b) and MET (Figure 2.5 b) mass normalized currents, points to higher catalyst
utilization in the latter case. The reason may be an overestimation of enzyme loading
in the DET case (enzymes are adsorbed from the solution and the loading depends
on an adsorption time) or the fact that the BOD loading in the DET case is already on
the descending part of the activity loading dependence as also observed for other
enzymes (the BOD loading of the MET electrode was 0.36 mg cm, while that of the
DET was 1.8 mg cm). Additionally, it can be expected that not all BOD enzymes will
have a favorable orientation for the DET.

Finally, MET electrodes were prepared in an intermixed PVDF architecture. The
results (not shown here) indicate that intermixed PVDF architecture can be
considered as a generic platform and the activities of two MET electrodes are similar.
Still at more negative overpotentials an intermixed gelatin electrode exhibited slightly
higher activity, while at more positive overpotentials the activity of an intermixed
PVDF electrode is higher. These issues will be discussed further in connection with
the mathematical modeling of the electrode responses.

2.4. And how do we relate to the literature?

The majority of porous enzymatic electrodes reported in the literature have a random
structure 1 33 3640 (Figure 2.10). The typical current densities (for all electrodes
limiting currents shown) of these electrodes are below 100 A m-2. Our intermixed
gelatin GOx electrodes display very high levels of activity, especially at low loadings.

This electrode type shows a decrease even of surface area normalized activity with a
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GOx loading. This was also observed for other electrodes, but trends initially showed
an increase in the surface normalized activity with loading followed by a decrease at

higher loadings.
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Figure 2.9: Intermixed PVDF architecture as a generic platform for preparation of DET
based electrodes a) surface and b) mass normalized activities.
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Our results also indicate that, in general, the intermixed PVDF procedure offers
higher levels of activity than the intermixed gelatin procedure. In comparison with
other examples from the literature, for all studied enzymes our electrodes show very
high levels of activity (Figure 2.10). With respect to random structure electrodes only
binder-free electrodes show superior surface normalized activity (Figure 2.10 a).
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Figure 2.10: Comparison to literature a) surface normalized currents and b) mass
normalized currents. The color code as well as the legend for both panels is given in the
panel “b”.
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At this point it should be mentioned that this binder-free GOx electrode ' was
tested at a much higher glucose concentration, 50 mM, than in the present case (20
mM). Additionally, the activity was evaluated from cyclic voltammetry measurements.
Bearing in mind the high carbon loadings in the system mentioned, very large
capacitive current contributions can be expected (see, for example, the discussion in
35). An exception with respect to both current density and mass current is a porous
electrode with a definite structure 4'. This electrode features high current densities at
low enzyme loading, which result in very high mass currents. This indicates very high
enzyme utilization. It should also be mentioned that the substrate concentration in
this study was 200 mM. If we consider a mass activity dependence on enzyme
loadings, we see that our intermixed gelatin GOx electrodes have a very high catalyst
utilization and feature mass activities close to definite structure. This figure clearly
displays a decrease in enzyme utilization with an increase in loading.
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3. Mathematical modeling of porous enzymatic electrodes

We have seen in the previous examples that the levels of activity of enzymatic
electrodes vary significantly. The important message from the previous section is that
whilst keeping the same nominal enzyme loading the enzyme utilization can be
significantly influenced by the preparation procedure. The preparation procedure has
an impact on enzyme orientation on the conductive surface as well as its distribution
and arrangement inside the porous matrix. Additionally, it impacts the structure of the
catalyst layer in terms of porosity, electrode thickness or available surface area;
further, this effects enzyme kinetics as well as the charge and mass transport inside
the catalyst layer. Since these cross-correlations cannot always be understood
intuitively, in addition to the advanced experimental approaches, mathematical
modeling might prove to be an important tool in accelerating/evaluating the
processes toward real applications. Considering that the bottleneck of
bioelectrochemical systems is still at the level of understanding and improving
enzymatic electrodes, we place great emphasis on understanding and quantifying
porous enzymatic electrode responses. Bearing in mind the importance of
understanding processes in porous electrodes for the development of
electrochemical systems in general, we recently provided a nice summary of porous
electrode modeling 2. We focused on macroscale models, since at present they
provide a more straightforward relationship to experimentally measurable quantities.
In general, macroscale modeling approaches can be classified as interface, porous
and agglomerate models. The interface model can be understood as a simplification
of a porous model, where all gradients (concentration, potential and current
distributions) are neglected (Table 3.1). Therefore, the interface model has a low
capability to describe the structure of the catalyst layer, but can be utilized to resolve
complex reaction mechanisms, providing reaction kinetic parameters for distributed
models. The physical structure of porous enzymatic electrodes appears quite random
(Figure 2.4 a & b), for which reason, in the theoretical description we largely oriented
on the porous electrode modeling framework originally proposed by John Newman
and coworkers #3 and adopted it for the descriptions of porous enzymatic electrodes
with DET and MET. The porous-electrode model relies on the general assumptions
associated with the application of the spatial averaging theorem (for further details
see, for example, ¢ and sources therein). For this kind of model, the variables of
interest are averaged over a representative averaging volume. The exact geometrical
details of the electrode are ignored. Instead the electrode geometry is described by
the volume fraction “¢” of the corresponding phase and the internal surface “a” (in
m2act / M3geo0). In the balance equations, all fluxes are then typically related to
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superficial quantities by multiplying the interstitial flux with the corresponding volume
fraction “€”.

3.1. Governing equations

The overview of governing equations for porous and interface models is shown in
Table 3.1. For more details please see “2. As can be seen in Table 3.1, in the
interface model the electrode structural parameters are lumped together, the aL
(m2act/ M2ge0) constant can be understood as an electrode roughness. For ideally flat
electrodes the roughness factor will be equal to 1. In the porous electrode model the
local current density “z “(for example, in the charge balance equation for the interface
(eq. 3.3-p)) is the local current production density in units A m2act. To get the current
density that can be measured experimentally per geometrical surface area (igectrode
with units A mZgeo), the local current production densities are integrated over the
electrode thickness and multiplied by the internal surface area (a). In formulating the
interface charge balance equations (eqs. 3.3-p, 3.3-i) a convention for the cathode
was followed (per convention it is assumed that n,, < 0). The mass balance equations
consider concentration changes in the diffusion layer and the catalyst layer. The
formation of a diffusion layer of a constant thickness was assumed, which
corresponds well to the conditions established close to the surface of a rotating disc
electrode. In this case the thickness of the diffusion layer can be expressed by a well-
known equation (egs. 3.7-p or 3.7-i) and it can be experimentally adjusted by
changing electrode rotation rate. For the interface model, the concentration in the CL
is constant over the electrode thickness (eq.3.8.i). Its change over time is obtained
by integrating the concentration change (eq.3.8.p) over the electrode thickness with
appropriate boundary conditions. In the limiting case of an electrode surface without
any thickness (electrode is considered as a wall), the concentration on the electrode
surface is obtained by solving the mass balance equation in the diffusion layer
(eq.3.9.i). The interface model has fewer parameters than the porous electrode
model since some parameters are lumped. If we additionally assume that the
electrode can be considered to be a real interface (without any thickness) the surface
morphology can be completely disregarded (except for the surface roughness). Also,
some parameters, such as diffusion coefficients through porous structure, will be
obsolete. This corresponds experimentally to an enzymatic layer immobilized on a
flat non-permeable substrate. In this case the geometrical surface of the electrode
can be easily assessed, as well as some other parameters, such as the double layer
capacity. It must still be kept in mind that the measured currents will depend on the
roughness of the electrode.

In addition to transport and structural parameters both porous and interface
models contain kinetic parameters. They are contained in the rate expressions
denoted as r; (Table 3.1).

26



Bioelectrochemical systems for energy and materials conversion

Dr.-Ing. Tanja Vidakovié-Koch

Table 3.1: An overview of main governing equations for porous and interface models
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In the porous electrode model r, depends on the location “z” inside of the CL
(only changes along the electrode thickness are considered ie. 1-D model
formulation) and it can be calculated with an appropriate kinetic expression:

1e(t, 2) = 1c(ic (8, 2), €a(t, 2), T (8, 2), )

(3.11)
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from the concentration field c,(t,z), the temperature field T(t,z) and the local
overpotential n,(t, z) of the reaction. The spatial profile of the overpotential n,(t, z)
follows from the potential field within the electron conductor ¢g(t, z) and the potential
field within the ion conductor ¢,(t,z) (eqs.3.2-p and 3.3-p), with A@° being the
equilibrium potential difference of the reaction. For the interface model r;, is only
dependent on time, since no potential and concentration distributions in the CL are
assumed. It should also be noted that the r; in the interface model is expressed in
mol m2ge0 5!, while in the porous electrode model it is expressed in mol m2act s, If
the roughness factor is 1, geometrical and active surface areas will be the same.

The meaning of the reaction terms r, (Table 3.1) is illustrated using the
example of hydrogen peroxide reduction. The definition of these terms depends on
the assumed reaction mechanism. The overall reaction for hydrogen peroxide
reduction can be written as follows:

H,0, + 2H* + 2e~ = H,0 (3.12)

Enzymatically this reaction is catalyzed by HRP. The mechanism of this
reaction involves enzymatic and electrochemical steps. It is widely accepted that the
electrochemical regeneration is based on DET. According to the literature, the
primary catalytic cycle of HRP hydrogen peroxide reduction involves:

- two enzymatic steps according to the Michaelis-Menten mechanism

H202 + Ered m ES (313)
ES— H,0 + CPI (3.14)
kcat
- and two electrochemical steps
CPI+ H* + e"——CPII (3.15)
kelO
CPII+ H* + €™ —— E¢q + H,0 (3.16)
keZO

where Ered refers to the native form of the enzyme, ES to the enzyme substrate
complex, CPI to the oxidized form of the enzyme (so-called compound 1) and CPII to
the partly reduced form of the enzyme (compound Il) (*° and references therein).

According to this scheme, HRP reacts initially with the substrate forming an
enzyme substrate complex (ES). The complex decomposes further to compound |
(CPI) which is then electrochemically reduced in the presence of protons H* giving
compound Il (CPIl). The initial state of HRP is regenerated by a further
electrochemical step followed by H* incorporation. Bearing in mind that the hydrogen
peroxide and H* concentrations can be mass transport limited, it is possible to define
different model variants based on the reaction mechanism presented (Table 3.2). As
can be seen, in model 1, the steps 3.13-3.14 are lumped and all mass transfer effects
(substrate and proton diffusion) are neglected. Model 2 is like model 1, but it includes
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mass transfer effects. Model 3 is the most general considering formation and
disproportion of the ES complex in accordance with steps 3.13-3.14 and all mass
transfer effects. Similar assumptions were also considered in the literature, e.g. steps
3.13-3.14 were lumped in 4648 Moreover, two electrochemical steps are often
combined in one step 46 48, This assumption is perfectly justified in the case of steady
state model formulations (please see below), but in the case of dynamic system
characterization cannot be adopted.

Now the rates of enzymatic steps were formulated based on mass law kinetics
and electrochemical steps by assuming Tafel kinetics.

Table 3.2: Three model variants for hydrogen peroxide reduction and corresponding rate
expressions (ri) taking M3 as an example.

Model 1 (M1) Model 2 (M2)
H202,bu1ka202 3.20
Hy0, + Ereqy-Ho0 + CPI 3.17 H;0, + Ereay-H,0 + CPI 3.21
CPI+ H* + e~ ——CPII 3.18 CPI + H* + e~—CPII 3.22
ka0 ke1o
CPIl + H* + e‘k—»Ered + H,0 3.19 CPII + H* + e~ /T Ereq + H,O  3.23
e20 e20
Model 3 (M3) M3-rate expressions
H,0, puik — H,0 3.24
2VY2,bulk dlff 2VY2 Ny
H,0; + Erea 7 ES 325 | = ka0, Erea ~ k-1lks 3.29
1 1
= ket ]
ES —— H,0 + CPI 3.26 feat = Featl BS 3.30
kcat F
CPI + H* + e~ -— CPII 3.27 Te1 = keige “RTM I gpregs 3.31
el0
F
CPII+ H* + ™ —Ereq + H,0  3.28 Tez = kezoe “RT"2 Igppiegs 3.32
e20

In Table 3.2 T'i i=Erq,ES,CPI and CPII are surface concentrations of reduced
forms of enzyme, enzyme substrate complex, compound | and compound Il
respectively in mol m2a. Over-potentials of two electrochemical steps 14, 1,, are
defined in accordance with egs. 3.3-p-3.3-i. In case of HRP, the equilibrium potential
differences Ag) are 1.02 and 1.05 V vs. SHE for the first and second steps
respectively 4°.

As can be seen, the model equations contain several parameters. Some of
them are available from the literature, such as equilibrium potentials, or can be
measured (such as temperature). Still a large number of parameters are unknown,

such as the kinetic constants of enzymatic and electrochemical reactions, and the
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structural parameters of enzymatic electrodes (porosity, internal surface area, and
electrode thickness). Furthermore, the total enzyme concentration is also an
unknown parameter. This uncertainty has a huge impact on the determination of all
kinetic constants. Since the reliability of the model depends heavily on the reliability
of its parameters, a great amount of work was invested in proper parameter
prediction. Bearing in mind that kinetic and transport processes are highly interrelated
in the porous electrode, with the first approach we tried to determine kinetic
parameters by using model systems that we assumed are largely free from the non-
idealities of porous electrodes and satisfy major assumptions of the interface model.

3.2. Interface model

In the interface model, the gradients of concentration, potential and current inside the
catalyst layer are neglected. In order to apply the interface model, the model
electrodes must satisfy its main assumptions. Two types of electrodes that we utilized
largely met these conditions. The first one was based on a macroscopically flat
carbon support with immobilized enzymes (this type has already been described with
respect to fluorescence microscopy measurements in section 2.3.1) and the second
one was prepared by following the intermixed PVDF procedure but where the porous
layer had a very low thickness. Both electrodes were studied in a rotating disc
electrode assembly, which ensured defined mass transport conditions. To further
reduce the number of model parameters, steady state conditions were applied.

3.2.1. Steady state solution

Steady state solution is illustrated on the basis of Model 3 (Table 3.2). By assuming
the steady state conditions, the following overall current density expression, here
shown in its reciprocal form, can be derived:

1 1 |Km + cn,0,(0,59) 1

. = F
lelectrode M3.ss ~ 2F 1t | kcatCh,o,(0, ss) e+ (0, Ss)kee_aﬁﬁ%lecm’de-ss

(3.33)

Eq. 3.33 demonstrates the series connection between enzymatic and
electrochemical steps as also shown by Andreu et al 4°. In eq. 3.33, ke stands for an
effective electrochemical rate constant defined as:

ke1 'ke2
r— 3.34
° ke1 + ke2 ( )

where ko1 and ke2 are defined as follows:
a F

ker = ke1oeﬁA¢2 (3-35)

aF o
ke, = kezoeﬁA% (3.36)

The Km is the Michaelis-Menten constant defined as usual:
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Ky =———% (3.37)

To calculate the overall current density based on eq.3.33, concentrations of
substrate and protons at the electrode surface are also needed. These
concentrations are obtained by solving the mass balance equations (eq.3.5-i) with
appropriate boundary conditions. Under steady state conditions, the number of
original parameters is significantly reduced. Instead of two electrochemical rate
constants only one lumped constant ke appears. Similarly, from 3 enzymatic rate
constants only kcat and Km can be determined independently, while k1 and k-1 will be
lumped together in the Km value. An additional parameter is the total enzyme surface
concentration I't.

The overall rate expressions for two other model variants M1 and M2 mentioned
previously (Table 3.2), can be derived in a similar way (not shown here). In these two
models the number of model parameters is even fewer. For example, only one
enzymatic rate constant K1 and one electrochemical rate constant ke were involved.
The difference between M1 and M2 was only in the concentrations of hydrogen
peroxide / protons which are considered to be the same as in bulk (M1), or their
concentration on the electrode surface was considered (M2).

In the next steps the goal was to identify the most appropriate model for the
description of the experimental electrode responses by comparing experimental data
with the predictions of the models M1, M2 and MS3. First estimations of the kinetic
parameters were obtained from experimental data by using a linearized form of the
overall rate expressions (e.g. €q.3.33) and by assuming no mass transfer resistance
effects (see for example '4), while their final values were a result of the global
optimization “°. Finally, the steady state solutions for the three different models are
plotted in Figure 3.1.

As can be seen, all 3 models can qualitatively describe the experimental data,
with M3 having the best quantitative agreement. No model discrimination was
possible. We have shown previously that dynamic models have a higher capability for
model discrimination °0. Therefore, the dynamic formulation of the models was
reconsidered. From different dynamic methods, electrochemical impedance
spectroscopy was selected as the method of choice.
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Figure 3.1: Steady state polarization curves at pH 6 for hydrogen peroxide reduction on HRP
modified SPG RDE; symbols — experimental data and lines — simulated curves (M1 - blue
dashed dot line, M2 — green dashed line and M3 — black solid line). Conditions: fixed delay of
1 min, hydrogen peroxide concentrations from 10 to 160 uM, pH 6, room temperature,
rotation rate 400 rpm.

3.2.2. Dynamic response

At first we adopted an approach for deriving the theoretical impedance of
enzyme/electrode systems based on the reaction mechanisms of enzyme catalyzed
electrochemical reactions 4°. In this way mechanistic details relating to
bioelectrochemical reactions including all relevant kinetic parameters were obtained.
This approach overcomes the limitations of the classical equivalent circuit approach,
since it does not rely on phenomenological elements, but on the particular reaction
mechanism. It is based on the more general theory of nonlinear frequency response
(NLFR) 5152 which in the present case was restricted to its linear part. This method
has a generic mathematical background that allows the analysis of any weakly
nonlinear system with a polynomial nonlinearity. It was initially developed for the
analysis of nonlinear electrical circuits and in chemical engineering for the
investigation of the adsorption equilibrium and kinetics %% 53, We first demonstrated
the application of this method in theory and experiment using the example of simple
electrochemical reaction ferrocyanide oxidation kinetics %% 55, For all details of the
derivations related to the enzymatic electrode case, please refer to our paper .

For the weakly nonlinear system, its input—output behavior around the steady
state (A@glectrode,Ss: lelectrode,ss) Can be described with a Volterra series. For a
harmonic input signal:

- A .
E(t) = Acos(awt) = > (e/? + e~Ih) (3.38)
it follows that:
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2]

1) = Z f B (o1 . ) (700050  gmfolt=)Y _ (gIolt=5)

(3.39)
+eJot=m))d g ..dz,
where E(t) = Agp lectrode(t) A¢e1ectrode ss and i(t) = iglectrode(t) — lelectrode,Ss -

After applying the n-dimensional Fourier transformation the system output can
be expressed as:

A . .
i) = (E) [Hi(0)e/® + Hy(—w)e ot
+ (é)z [H ( 2jot +2H 0
> 2(w, w)e 2(w,—w)e

+ Hy(—o, —w)e~ 2] (3.40)
3

A . .
+ (E) [H3 (o, 0, ®)e¥ " + 3H3(0, 0, —w)e!
+ 3H3(w, — o, —w)e I
+ Hy(—o,—o,—w)e 3]+,

The function H;(w) is the so-called first-order frequency response function of
the system. It can be shown that H;(w), is identical to the reciprocal of the
electrochemical impedance. The remaining functions H,(®, ... ... ) are called higher
order frequency response functions. They contain the nonlinear fingerprint of the
system. The higher order frequency response functions can be derived analytically
from the model equations 4% 54, Additionally, they can be determined experimentally.
This can be briefly demonstrated by rearranging eq.3.40 sorted by the power of e/®*:

AZ
i(t) =e® 7H2(a), —) +..

Hq,DC(er)

1 jot 3 3
+E e AH1(60)+ZA Hz (o 0,—o) + -

Hq‘I(CU,A)

. 3
+ e/t [AHl(—a)) + ZH3(—a), -0, —o) + ]

Hq’l(—a),A)

(3.41)

(
1 - [A?
+5 et 7H2(a),a))+---

L Hg(oA)

\

Hy(—o,—o) + ] L+
Hg 1 (-wA) J
The individual higher order frequency response functions H,(®, ... ... ®) are
related to the amplitude-dependent quasi-response functions of the harmonics
H,;(w,A). The quasi-response functions of the harmonics can be obtained with an

experimental setup similar to EIS. This was demonstrated taking ferrocyanide
33
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oxidation as an example (Figure 3.2) 3. The results are shown here as an illustration
of a response of a simple mass transfer limited reversible electrochemical reaction.

In contrast to EIS the excitation amplitude in NLFR is considerably larger in
order to exceed the quasi-linear range (EIS) and to raise higher harmonics in the
output signal (to determine the linear part of the response a 10 mV amplitude is
typically used, for the second order frequency response function an amplitude of 50
mV was selected as an optimal value %°). The comparison of analytically derived and
experimentally determined higher order frequency response functions can be used
for model discrimination and to determine the nonlinear system parameters.
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Figure 3.2: Amplitude and phase shift frequency spectra of the first (Hi(w)) and second order
(H:(,w)) frequency response functions at different potentials (in mV); Symbols: experimental
data; lines: theoretic curves (input amplitude: 50 mV r.m.s.; electrolyte: 20 mM [Fe(CN)g]*"*-,
1.0 M KCI; rotation speed: 4500 rpm; t = 25.0 °C). Adopted from 5% with permission from the
American Chemical Society.

Since the method described is generic, it was further used to derive the
analytical expressions of electrochemical admittances based on the models M1, M2,
M3 already introduced above®. The analysis was restricted to the linear part of the
response. The results show that only M3 can predict the correct order of the reaction
resistance change with potential, while models M1 and M2 fail in this aspect (Figure
3.3). Therefore, M3 was further implemented into the porous electrode model and

used to simulate electrode responses. The kinetic parameters determined here were
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used for simulations in the framework of the porous electrode model. The only
remaining parameters were related to the electrode structure (porosity, internal
surface area and the electrode thickness).
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Figure 3.3: Experimental (symbols) vs. simulated (lines) EIS data with optimized parameters
at three steady state potentials a) M1 (dashed line) and b) M3. Conditions: pH 5, 80 M
hydrogen peroxide concentration, room temperature and rotation rate 400 rpm. Adopted from
45 with permission from Elsevier.

3.2. Porous electrode model

As has already been shown, the porous electrode model has three structural
parameters, the electrode porosity, its thickness and the internal surface area “a”.
The electrode thickness can be experimentally determined from SEM cross-sectional
images (Figures 2.4 a&b). The two other parameters were considered as fitting
parameters. The porosity can be estimated based on carbon and binder loadings, by
calculating the theoretical compact thickness of CL and by comparing it with the
experimentally determined thickness. The meaning of the internal surface area “a” is
dependent on the type of electron transfer mechanism DET or MET. For the DET
case, parameter “a” depends on the internal surface area of the electron conductive
support in contact with an enzyme. This can be estimated based on the electron
conductive material loading and the BET surface area, as well as the thickness of the
porous electrode. Carbon nanomaterials, which are often employed as
electroconductive supports, have BET surface areas in the range between 200 and
600 m? g'. For Vulcan XC 72 BET the surface area is 250 m? g'. The addition of
binder materials, which are necessary for porous electrodes, might reduce this area
significantly. From the fuel cell research, a reduction in the order of up to 10 times in
the BET area was observed, depending on binder to carbon ratios 6. Assuming a
similar effect of the binder in the present case and Vulcan XC 72 loading of 3.0 mg
cm? and 53 um electrode thickness, the internal surface area can be calculated as
1.4 x 107 m2?ac/m3ge0. Assuming further similar coverage as in the case of the flat
electrode (approx. 1 % of the full monolayer), the “a” value can be estimated as being

in the order of 10° m2act/m34e0. The values which were obtained by parameter fitting
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were between 0.35 and approx. 8 x 10°% m2ac/m3ge0 depending on the electrode
preparation procedure (intermixed gelatin, intermixed PVDF)®’.

The modeling results show that only the concentration distribution of the
substrate plays an important role with respect to the electrode responses. Due to low
current densities and high conductivities of electron and ion conducting phases, the
potential field distribution in the catalyst layer can be neglected. The change of the
electrode thickness does not always have a significant (positive) effect on the
electrode response. The change in the intermixed PVDF electrode thickness from 19
to 53 um results in almost no changes in the electrode responses (Figure 3.4). This
can be rationalized based on calculated concentration profiles which show that due
to the substrate depletion, a large part of the thick electrode is essentially unused.
Similar results were expected for the intermixed gelatin electrode. However, in this
case an almost linear increase in activity is obtained as the electrode thickness
increases. The results also show a significant change in the internal surface area
(fitting parameter). For the same electrode porosity, this value should theoretically
remain the same. This indicates a significant reduction in the number of active
enzymes for the thin intermixed gelatin electrode compared to the thick one. The
physical reason for this observation may be the electrode cross-linking, which is
performed by dipping the electrode into glutaraldehyde solution for a certain period.
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Figure 3.4: Simulated steady state profiles of a) thin and b) thick intermixed PVDF
electrodes at two hydrogen peroxide concentrations and corresponding concentration
change along the spatial coordinate at three steady state potential values and at 160 um
hydrogen peroxide in bulk. Conditions: fixed delay 1 min, room temperature, rotation rate 400
rom, pH 5. Adopted with permission from Elsevier from 7.

36



Bioelectrochemical systems for energy and materials conversion
Dr.-Ing. Tanja Vidakovi¢-Koch

It can be assumed that by this procedure a layer of highly cross-linked
enzymes of low activity is formed close to the top of the electrode surface, while
close to the bottom the enzymes are less cross-linked and more active. For DET
enzymes the intermixed PVDF procedure always produced better results than the
intermixed gelatin procedure. On the other hand, the intermixed gelatin procedure
was highly suitable for the preparation of MET electrodes (Figure 3.5). It would
appear that the enzyme cross-linking is of little importance in this case since the
enzymes are regenerated by an assumed freely diffusive mediator. The comparison
between intermixed PVDF and intermixed gelatin procedures in the case of MET is
shown below (Figure 3.5). The intermixed gelatin thick and thin electrodes reach the
same limiting current values, which is caused by glucose depletion throughout the CL
in the case of a thick electrode. At more negative overpotentials the thick electrode is
more active due to the higher enzyme loading. This also explains the strong
decrease in the mass normalized limiting currents with enzyme loading observed
experimentally (Figure 2.10).

O 0mM
* 5mM

geo
NN W
o o
geo
w
o
T

N
(&)}
T

N

o
N
o

T

—_
(@)
—
o
T

(&)}
7

Current density /A M2
o

Current density / A M2
o

-~

e AN NG N TN

R

0 0 02 03 04 0 0.1 0.2 0.3
Electrode potential vs. SHE/ V Electrode potential vs. SHE/ V

Figure 3.5: Steady state experimental (symbols) and simulated (lines) polarization curves of
a) thin intermixed PVDF (black full lines - full model, dashed blue lines - simulated curves of
full model with Duox = 0, and dashed black lines: upper and lower limits of full model with 95%
individual Cl and b) of thin and thick intermixed gelatin electrodes at different glucose
concentrations. Conditions: fixed delay of 2 min; temperature of 37 °C; rotation rate of 400
rom; pH 7; and enzyme loading of 1.1 mg cm? (intermixed PVDF), 0.035 mg cm? (thin
intermixed gelatin) and 0.09 mg cm (thick intermixed gelatin). Figure 3.5: a, reproduced with
permission from Elsevier from 32,
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4. System integration

4.1 Enzymatic fuel cells

This section shows some of the performance data on enzymatic fuel cells developed
in our lab (Figure 4.1). In the period between 2011 and 2016 several generations of
enzymatic fuel cells were developed (Table 4.1 summarizes all the important data on
these systems).
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Figure 4.1: Comparison of the performance of fuel cells developed in our lab between 2011
and 2016. Other conditions of the experiments are summarized in Table 4.1 below.

The first fuel cell in this row was a so-called hybrid fuel cell. The term “hybrid”
reflects the combination of an enzymatic anode with a noble metal cathode in the
same system. As can be seen in Figure 4.1, the HFC did not feature the best
performance of all the systems studied. The low activity of HFC-2011 compared to
EFC-2016 is partly due to the anode structure (layered vs. intermixed gelatin); at this
point reference should be made to the different flow rates and glucose concentrations
in the two systems (10 ml min~' vs. 5 ml min"* and 5 mM vs. 20 mM in HFC-2011 and
EFC-2016 respectively). However, the main reason for the observed difference is the
low activity of the Pt black cathode under studied experimental conditions (pH 7,
phosphate buffer). Additionally, the stability of HFC-2011 was mainly governed by the
stability of the cathode as shown below (Figure 4.2).
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Table 4.1: Overview of performance characteristics of enzymatic fuel cells developed in our

lab
Fuel Cell Type HFC-2011 | EFC-2011 EFC-2011 EFC-2015 EFC-2016

MET-MET MET-DET MET-DET MET-DET
Anode:
Mediator CTC CTC CTC TTF TTF
Loading/ mgcm? |2 2 2 1.5 1.5
Catalyst GOx GOx GOx GOx GOx
Loading/ mgcm2 | 0.6 0.6 0.6 1.5 1.5
Support polypyrrole | polypyrrole polypyrrole Vulcan Vulcan
Loading / mg cm? 3 3
Type layered layered layered i. gelatin i. gelatin
Cathode
Mediator no Soluble no no no

ABTS
Catalyst Pt black BOD BOD GOx-HRP BOD
Loading/ mgcm2 |5 0.36 0.36 06-1.8 1
Support Vulcan Vulcan Vulcan Vulcan
Loading / mg cm 3 3 3 3
Type GDE i. Nafion i. gelatin i. gelatin i. PVDF i. PVDF
Temperature 37°C 37°C 37°C 22°C 37°C
pH 7 7 7 6 7
Glucose 5 mM 5 mM 5 mM 20 mM 20 mM
Oxygen Gas phase | Gas phase Gas phase Gas phase | Gas

phase

Separator Nafion 117 | no no no no
Power density /| Upto 100 25 5 100 200

pW cm2

Abbreviations: HFC-Hybrid Fuel Cell, EFC-Enzymatic Fuel Cell, CTC-Charge Transfer
Complex, GDE-Gas Diffusion Electrode, GOx-Glucose Oxidase, ABTS- 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid), BOD-bilirubin oxidase, HRP-horseradish peroxidase,
TTF- tetrathiafulvalene, i. Nafion (intermixed Nafion), i. PVDF (intermixed PVDF), i. gelatin

(intermixed gelatin).

After the cathode was exchanged the performance of the HFC reverted almost
to its original activity. This dramatic loss of activity was attributed to the proton
exchange in the membrane by sodium ions as well as to glucose cross-over. On the
other hand, the stabilities of enzymatic electrodes were quite satisfying (Figure 4.2).
The major performance improvement between EFC-2011 and EFC-2016, which
utilized the same enzymatic catalysts, can be traced back to a significant cathode
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improvement. This mainly relates to an improved understanding of limiting factors in
the system.

With respect to system integration, not only did the combination of noble metal
and enzymatic catalysts show some incompatibilities, but compromises were also
required in pure enzymatic systems. The most prominent example is the pH
optimum, which might be different for different enzymatic catalysts. For example, the
pH optimum of HRP is 5-6 and of GOx 7. Although GOx is functional at pH6 it shows
much lower activity than at pH 7.
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Figure 4.2: “Long” term stability of HFC-2011 and enzymatic electrodes of EFC-2015. The
chart shows the absolute cathode current values.

4.2 Enzymatic fuel cells as a co-generation device

An enzymatic fuel cell can also be considered as a co-generation device (electricity +
value added products). Glucose, as a fuel, is not only of interest for implantable
power source applications, but in general it can also be considered as a renewable
feedstock for the chemical industry. It is an abundant carbon source with good
biodegradability. These aspects make it a platform chemical for different syntheses
and a good candidate for replacing the use of fossil raw materials. In an enzymatic
fuel cell glucose is oxidized to its partial oxidation product gluconic acid. Gluconic
acid is widely used in pharmaceutical, detergent, food, textile and other industries.
Glucose conversion in the electroenzymatic fuel cell was studied to evaluate the
cells’ performance for gluconic acid production. The product analysis was performed
using nuclear magnetic resonance spectroscopy (NMR). The performance data were
also compared with literature data of other electroenzymatic processes for gluconic
acid production. Two types of EFC were evaluated (EFC-2015 and EFC-2016). EFC-
2015 operates at pH 6 and has GOx on both anode and cathode side. This fuel cell
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does not require any membrane and operates spontaneously (without additional
electricity). EFC-2016 has GOx only on the anode side. It operates at pH 7 and 37°C.
These conditions are more optimal for GOx which is also reflected in a significant
improvement in the electrochemical performance data. On the other hand, only less
than 30% glucose conversion was achieved in this reactor, while almost 60% was
achieved with EFC-2015 with much lower electrochemical performance. As can be
seen in Table 4.1 EFC-2015 has higher total GOx loading (due to the presence of
GOx also on the cathode side), than the EFC-2016. Additionally, it appears that a
pure enzymatic conversion performs significantly better than an electroenzymatic
conversion in EFC-2015. Furthermore, an interesting aspect was a gluconic acid
selectivity decrease observed in EFC-2015, but not in EFC-2016. This was attributed
to the enzymatic cathode, where due to development of hydrogen peroxide in an
enzymatic reaction between glucose and oxygen, follow-up reactions between
hydrogen peroxide by-product and gluconic acid, are possible. A possible mechanism
of this reaction is demonstrated below (Figure 4.3). The additional product formed is
arabinose. It was shown that its yield is strongly related to the process conditions.
Those conditions, which favor high hydrogen peroxide concentrations (low flow rates,
low overpotentials) result in higher yields of arabinose. On the other hand, the
selectivity of EFC-2016 for gluconic acid production was 100%.
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Figure 4.3: Possible reaction mechanism of by-product formation in EFC-2015 58

The electroenzymatic reactor with the best performance for glucose conversion
was compared with the literature examples (Table 4.2). Several sustainability
indicators were selected for comparison purposes. They were space-time yield
(STY), product titer, cycle time, reaction yield, atom efficiency and E-factor. At first
our process was compared with other electroenzymatic processes. As can be seen,
our process has higher STY than literature examples. This is partly due to the
glucose conversion on both electrodes, but also due to higher enzyme utilization in
our system. Product titer is relatively low for our process. This low product titer is a
common feature of many reported electroenzymatic processes. The straightforward
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consequences of this high level of dilution are higher product separation costs, with a
major influence on the product economy as well as on the E-factor (due to the
disposal of large amounts of wastewater). The cycle times are similar to other
electrochemical processes, as are the reaction yields. There is a small difference in
the atom efficiency between the process developed 