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Enzymes, as green biocatalysts, open new and selective syntheses routes for more efficient and direct process
steps with minimal by-products. An innovative approach is the combination of an enzymatic reaction with an
electrochemical reaction to provide otherwise expensive co-factors for enzymes electrochemically. However,
there is a lack of scalable reactor designs with high volume specific electrode surfaces that are required to
achieve competitive space time yields for these electro-enzymatic syntheses. Here, we show for the first time a
three-phase fluidized bed electrochemical reactor for co-factor generation that allows in-situ delivery of educts
for electro-enzymatic syntheses. The performance of the fluidized bed electrode consisting of highly conductive
graphite particles, was characterized for the electrochemical generation of HyOs, the co-factor for e.g. indus-
trially relevant hydroxylation reactions applying peroxygenases, via oxygen reduction. The achieved space time
yields range up to 5.15 + 0.27 g/(Led) for batch and 10.47 + 0.73 g/(Led) for continuous operation, while
reaching current efficiencies of up to 57.0 + 8.2 %. As the results were obtained at neutral pH and at low
electrolyte concentrations the fluidized bed electrode is especially suitable for integrated systems combining
enzymatic and electrochemical reactions in one reaction chamber. By this, we successfully developed a scalable
particle electrode reactor for electro-enzymatic synthesis, which takes advantage of the excellent mixing and
mass transfer properties of fluidized beds. This reactor allows for controllable co-factor generation through

various factors such as pH in the counter electrode, supplied air flow, and applied potential.

1. Introduction

Most of the industrially relevant processes for the production of
chemicals are based on fossil fuel, which results in CO, emissions that
can hardly be avoided. [1,2] To reduce CO, emissions in industrial
processes, the innovative field and green alternative of electro-
biotechnology can be applied [3]. This field combines electrochem-
istry and biotechnology and enables CO, neutral synthesis of chemicals
through renewable electrical energy, green biocatalysts, and sustainable
resources [4]. In addition to the environmental benefits of CO5 neutral
synthesis of chemicals, most biocatalysts offer high selectivity and
enable efficient byproduct-free synthesis [3]. Even though biocatalysts
have many advantages over conventional synthesis of chemicals, pure
enzymatic systems have a significant cost disadvantage. [1,2] This cost
disadvantage is mainly caused by expensive co-factors such as NADPH,
ATP and FAD. [1,2,5,6] However, the combination of these two fields of
electrochemistry and biotechnology can reduce this drawback. In
electro-enzymatic processes, the co-factor can be generated or
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regenerated electrochemically, which can make the synthesis process
more economically attractive. [7-9].

In many industrial processes hydrogen peroxide is used as a chemi-
cal. Applications can be found in organic syntheses, water treatment and
energy conversion. [10-15] Far more important for this publication,
however, is the application of hydrogen peroxide as a co-factor for a
variety of enzymatic processes. [16] The conventional production of
hydrogen peroxide is carried out by an anthraquinone process, which
consists of hydrogenations, oxidations and distillation steps for its con-
centration. [10,12,13,17,18] Unfortunately, this process is character-
ized by high energy consumption and large volumes of solvent waste.
[10,12] Another promising approach is the electrochemical on-demand
production of hydrogen peroxide in an electro-enzymatic process. Here,
the co-factor is generated directly in the reactor, allowing accurate and
precise addition of the co-factor and preventing possible inhibition of
the enzyme due to excess concentration. [9,19-22] It should be noted
that special conditions must be present in an electro-enzymatic process,
which are characterized by a close to neutral pH, low electrolyte
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Fig. 1. A: Schematic illustration of the experimental setup. The working (WE, green) and counter electrode (CE, orange) chamber of the fluidized bed reactor were
separately supplied with electrolyte by two piston pumps. In batch operation mode, the pumps were used to fill the reactor. In continuous operation mode, the
electrolytes were pumped through the reactor and a third pump withdrew the H,O, enriched liquid from the WE chamber. At the outlets hydrogen peroxide, pH, and
electrolyte conductivity (EC) were measured. The reactor was connected to a potentiostat and a mass flow controller (MFC) fed air into the system. B: Visualization of
the electrochemical reactor. The gas (G) and liquid (L) inlets for counter and working electrode are highlighted. The reactor included a sparger for gas distribution
and a sensor for dissolved oxygen (O,) to measure air saturation. C: Illustration of a plexiglass tube reactor, which had the dimensions of the working electrode
chamber to investigate fluidization and hydrodynamic properties of the particle electrode. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

concentration and a large electrode surface with adequate current
density [23,24]. The required large volume-specific surface areas of the
electrodes are commonly realized by so-called 3D electrodes which
consist of an interconnected 3D structure of a highly conductive mate-
rial, such as a stack of metal grids or highly porous carbon foams [23].
An important type of 3D electrodes suitable for electrochemical re-
actions including a gaseous phase are gas diffusion electrodes (GDE).
[15,23,25,26] In case of GDEs, one side of the electrode faces the gas
phase and the other side faces the reaction solution. [12,13,16] Elec-
trochemical systems applying GDEs have shown impressive mass
transfer rates for the gaseous component. [13,25] Nevertheless their
scale-up capability is challenging because the electrochemical reaction
is not evenly distributed throughout the GDE but located within a layer,
were the gas/liquid phase boundary forms. [11,27] Therefore, there
exists a demand for alternative three phase 3D electrode types, which
are easy to scale. A promising candidate are so-called fluidized bed
particle electrodes through which a gaseous phase in the form of small
bubbles can penetrate.

In general, particle electrodes offer a very large volume specific
surface, which offers advantages in reaction systems with low substrate
initial concentrations. [28-31] Fixed bed and fluidized bed electrodes
share this advantage. Nevertheless, compared to fixed-bed electrodes,
fluidized-bed electrodes are convincing in terms of their good mass- and
heat transport as well as mixing properties. [32-36] Even in systems
with an additional gas feed respectively in systems with a debris-
containing reaction solution, the gas bubbles respectively debris can
flow through the fluidized bed without being retained or the particle bed
being blocked. [37] Additionally, fluidized beds show the advantage of a
lower pressure drop within the particle bed at elevated flow velocities.
[34,35] However, a serious disadvantage of fluidized bed electrodes is

encountered in the fast decay of their electrical conductivity with
increasing bed expansion. In a fluidized bed electrode, the fluidized
particles repeatedly lose contact with other particles for short periods of
time. [34,38-41] If this problem of contacting is not taken into account,
only a small portion of the particle bed is effectively used for the elec-
trochemical reaction. [42,43] However, it has been shown in previous
publications that the problem of contacting the electrode particles can
be minimized by a suitable selection of electrode particles and an
intelligent design of the current source. [32,33,37,44,45].

In this work, the applicability of a fluidized bed electrode for the co-
factor generation of a bioelectrochemical reaction system is evaluated
for the first time. The reaction investigated is the generation of hydrogen
peroxide, which is required as a co-factor for enzymes of the group of
peroxygenases. In this context, the electrochemical generation of
hydrogen peroxide can be achieved by oxygen reduction using the
following equation [12,46]:

2H" +2¢ + 0; » H)0, (1.1)

In the presence of H' ions, the dissolved oxygen can be electro-
chemically reduced to hydrogen peroxide by means of a two-electron
transfer. [12,46] In addition to the target reaction mentioned above,
several competing side reactions can occur simultaneously: (1) the
reduction of hydrogen peroxide to water, which occurs due to the
accumulation of hydrogen peroxide at the working electrode, (2) the
reduction of H' ions and dissolved oxygen to water, which is governed
by a four-electron transport, and (3) the hydrogen evolution reaction,
which lowers current efficiency and produces undesired hydrogen gas
(equation (1.2), (1.3) and (1.4)) [10-13,46-50].
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Fig. 2. Graphical representation of the fluidized bed reactor cross-section. In the reactor, the counter (CE) and the working electrode (WE) were separated by a cation
exchange membrane (CAT). The three-electrode setup was completed by an Ag/AgCl reference electrode (RE), which was inserted from the side into the WE
chamber. To distribute the current in the graphite particle working electrode a platinized four level titanium grid was placed in the center. The counter electrode
consisted of a platinized titanium wire wrapped around the working electrode chamber. In the reactor concept, the WE reduced O5 to H,O, and the CAT prevented
unwanted H,0, oxidation at the CE. In contrast, the required H" for 2e” reduction could transfer via the CAT from the CE to the WE, while the electrolyte in the
working electrode chamber was buffered and stayed at a neutral pH in order to keep enzyme compatible conditions. The necessary oxygen was resupplied and finely
distributed by an air sparger at the reactor bottom. The inlets for the air flow in the WE chamber (Gwg, Air), the electrolyte flow in the WE chamber (Lwg) and the

electrolyte flow in the CE (Lcg) are indicated by arrows.

2 H202 - 02 +2 H20 (12)
4H" +4¢ + 0, - 2 H0 (1.3)
2H" +2¢ > H, 1.4

It must be noted here that in order to minimize side reactions,
optimal conditions must be selected for the target reaction. The re-
actions are influenced by the pH value, the electrolyte concentration, the
applied potential between working and reference electrode, the
respective overpotentials of the electrocatalyst, the reaction at the
counter electrode, the oxygen supply rate, and the mass transfer. All
these parameters can be optimized in a conventional electrochemical
process but can only be considered to a certain degree in an electro-
enzymatic system to stay within the ideal conditions of the enzymatic
reaction [23].

In this work, we investigate the use of a fluidized bed electrode for
the in-situ generation of hydrogen peroxide as a co-factor for electro-
enzymatic processes in a three-phase reaction system. In addition, in
order to be suitable for future electro-biotechnological processes, the
reactor design and the chosen experimental conditions have been
especially adapted to the requirements of enzymes.

2. Material and methods
2.1. Chemicals and electrode particles

All chemicals were of analytical grade and were used without further
purification. Ultrapure water purified by a synergy water purification
system (Merck Millipore, USA) was used to prepare all reaction solu-
tions. For the fluidized bed electrode commercial graphite particles
(Desulco 9018, Superior Graphite, USA) were selected and sieved to a
fraction between 800 and 1200 pm. We determined the particle size
distribution by a digital microscope (Keyence, Japan) and the software
ImageJ. Prior to all experiments the particles were repeatedly washed
with 50 % (v/v) ethanol solution and with purified water.

2.2. Electrochemical fluidized bed reactor

The housing for the electrochemical fluidized bed reactor was
fabricated via additive manufacturing with an Objet260 Connex 3

printer using the photopolymer VeroClear of the company Stratasys
(Rechovot, Israel). The reactor housing consisted of four main parts: an
inner reactor chamber, an outer reactor chamber, a reactor bottom, and
a reactor lid. The outer and inner reactor chamber formed a concentric,
cylindrical assembly, which was based on a previous prototype design of
our research group [32]. All parts were sealed by radial or axial EPDM
(ethylene propylene diene terpolymer) gaskets. The fully assembled
gas-liquid-solid fluidized bed reactor is shown in Fig. 1B.

2.2.1. Reaction chamber

The core of the reactor was formed by a working and a counter
electrode chamber separated by a membrane. An enlarged cross-section
of the reactor of Fig. 1B is shown in Fig. 2 and all main elements of the
reactor chamber are color-coded. The 17 mL working electrode (WE,
green) chamber contained the particle electrode, which was contacted
by a current distributor made of four levels of platinized titanium grid. A
screw type Ag/AgCl (RE-3VT, ALS, Japan) reference electrode (RE, light
blue) was used as the potential reference point in the working electrode
chamber. A coiled platinized titanium wire formed the counter electrode
(CE, orange) and was separated by a 130 pm PEEK reinforced (FKB-PK-
130 PEEK-reinforced, Fumatech, Germany) cation exchange membrane
(CAT, purple). This separation of the reaction chambers allowed to have
different electrolytes in the counter and working electrode chamber.

2.2.2. Reactor bottom and lid

The reactor bottom contained two separate electrolyte inlets for
working and counter electrode chamber. For the air supply and a fine
gas distribution in the WE, a rod with a sparger attachment made of
sintered stainless steel (length: 5 mm, diameter: 8 mm, pore size: 2 ym)
was installed in the center of the reactor bottom. To maintain an equal
distribution of the electrolyte solution, the inlet flow was routed around
the sparger rod. For this purpose, the inlet flow was divided into first two
and then four symmetrically arranged flow channels. The four flow
channels opened into the working chamber in four concentrically ar-
ranged inlet ports. The electrolyte flow was thus guided in an annular
gap with a hydraulic diameter of 3 mm and was not expanded to the
entire working chamber diameter of 15 mm until it reached the sparger.
To enhance flow distribution, the annular gap was filled with 1 mm glass
beads, while a filter of 6 pm mesh size was placed above the layer of glass
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beads to hold back the graphite electrode particles. The liquid inlet of
the counter electrode chamber followed the same design principle of
four concentrical flow channels and guaranteed a good distribution of
the electrolyte.

In addition to the reactor bottom, a reactor lid with a gas outlet was
designed for the reactor. The goals of the design were to integrate a
sensor for dissolved oxygen (Oxybase, PreSens precision sensing, Ger-
many), to retain particles attached to gas bubbles, and to allow
continuous operation. The reactor lid design added 18 mL of head space
volume to the WE chamber and is shown in Fig. 1B. The reactor lid was
open at the top, allowing exhaust air to escape and particles to be hold
back at the gas-liquid phase boundary. The liquid outlet was placed in a
side opening with a filter, thus allowing to operate the reactor
continuously.

2.3. Experimental setup

The experimental setup is shown in the flow diagram in Fig. 1A. The
electrolytes entering the counter and working electrode chamber were
supplied from two reservoirs by piston pumps of an FPLC (Fast Protein
Liquid Chromatography) system (Akta purifier 100, GE Healthcare,
Buckinghamshire, UK). The air flow in the reactor was controlled by a
mass flow controller (FC260, Tylan General, Germany), while the
pressure was regulated at 1.6 bar overpressure. The potential between
working and reference electrode was applied by a potentiostat Interface
5000 from Gamry (Warmister, USA). For continuous operation, the
counter and the working electrode chamber were operated in flow-
through mode. The electrolyte containing the product had to be with-
drawn from the working chamber by means of a separate pump. At both
outlets pH, electrolyte conductivity and HyO5 concentration were
measured by sampling.

2.4. Hydrodynamic reactor characterization

To investigate the hydrodynamics of the fluidized bed electrode, the
transparent acryl glass reactor in Fig. 1C was used. The column re-
sembles the dimensions of the working electrode which allows to
transfer the determined volumetric mass transfer coefficient k;a and the
bed expansion &g to the electrochemical reactor.

2.4.1. Investigation of bed expansion

To evaluate the fluidization state of the particle bed electrode, the
bed expansion was experimentally determined for different air flow
rates. While increasing the air flow rate step by step, we measured the
column volume occupied by the particle electrode. For calculation of the
bed expansion, the initial volume of the particle electrode Vs was
compared to the volume of the fluidized state V; at a certain air flow rate
in equation (2.1):

es = Vs/Vos @1

2.4.2. Determination of kya value

A dynamic approach was chosen to determine the k a value for
different air flow rates in the fluidized bed reactor. Prior to each
experiment, the reactor was almost completely degassed with nitrogen
until an oxygen concentration of 0.5 ppm or lower was measured. The
reactor was then gassed with air and the change in dissolved oxygen
concentration over time dc; o,/ dt was recorded. The individual runs
were terminated as soon as saturation could be reached in the oxygen
concentration (cgz). The measured saturation curve was used to calcu-
late the k;a value by linearizing the data via equations (2.2) and (2.3):

dey o,

%O':lqao(co2 cLo,) 2.2)
t

In(cy, cro,) = kaet (2.3)

2.5. Electrochemical operation

2.5.1. Electrochemical generation of H202

In order to be compatible for enzymatic reactions, the working
electrode chamber always contained a 100 mM potassium phosphate
buffer of pH 6.1. Due to the separated chambers, the conditions at the
counter electrode could be varied, so that the counter electrode chamber
contained 250 mM K5SOg4, which was adjusted to the investigated pH
values of 8.1, 6.1, 4.1 and 3.1. Prior to the experiment, these electrolytes
were saturated with air and filled in the reactor. To start the electro-
chemical H20; production, the fluidized bed was expanded by air and a
potential of 0.25, 0.40, 0.55o0r 0.70 V vs Ag/AgCl was applied.
During continuous operation, the buffer solutions were redelivered with
3 mL/min in the working electrode and 6 mL/min in the counter elec-
trode. Besides the pH and the potential, the influence of the air flow was
evaluated on the electrochemical HyO5 generation. The k;a values were
determined in advance and respectively the air flows corresponding to
the kya values of 0.3, 0.5, 1.0 and 1.5 1/min were applied. During the
experiment, samples were taken in regular intervals and the H,O5 con-
centration, pH and conductivity were measured. The HyO5 concentra-
tions were determined via a Cu(II)-neocuproine based photometric HoO5
test kit (Supelco Spectroquant, Merck) at a wavelength of 445 nm by an
UV-Vis photometer (Tecan Spark, Suisse). Prior to the measurement, all
samples were diluted below a HyO; concentration of 0.18 mM based on
semiquantitative enzymatic test strips (Supelco MQuant, Merck).

The Hx02 production rate ¢, represented the generated H,O, con-
centration cy,o, per time t. For the calculation via equation (2.4), the
H,0; concentration within the working electrode chamber was consid-
ered after a reaction time of 15 min:

. lo,

= 2.4

G ==

The space time yield (STY) was calculated via the mass of generated
hydrogen peroxide my,o, per time t and per occupied electrode volume
V. (equation (2.5)). In case of the particle electrode, the occupied
electrode volume was determined based on the bed expansion at the
corresponding air flow rate. For all batch experiments, the rate of HyO4
formation was determined after a reaction time of 15 min. For contin-
uous operation, the accumulated volume for the full process duration
was considered.

STY = my,o0,/(Ve 1) (2.5)

2.5.2. Cyclic voltammetry

Cyclic voltammetry (CV) was done to determine the operation win-
dow of the electrochemical reaction and to investigate the electro-
catalytic activity of the electrodes for O reduction. We evaluated the
reactor with current feeder and after addition of the electrode particles.
The working electrode contained a 100 mM potassium phosphate buffer
(pH 6.1) and the counter electrode 250 mM K3SO4 at pH 3.1. Prior to
every CV, the electrolyte was saturated with nitrogen or with air and the
reactor was fully sealed. The scan rate was chosen to be 2 mV/s and all
scans were following IUPAC convention with a scan cycle from high to
low and low to high potentials.

2.6. Calculation of electrochemical performance indicators

All electrochemical performance indicators were determined at 15
min of a batch experiment and for the full process during continuous
operation.

2.6.1. Current density

The current density j was calculated according to equation (2.6) by
normalizing the average current I with the electrode surface A, (current
feeder: 17.5 cm?, 4.5 g electrode particles 121.3 cm?). For the estimation
of the particle electrode surface, the particles were simplified as spheres.
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Fig. 3. Particle and fluidization properties of the working electrode. A: Number density and sum distribution of the graphite electrode particles. B: Microscope image
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1
j=— 2.
=1 (2.6)

2.6.2. Current efficiency

The current efficiency ®f; ,, was defined as the ratio of charge for the
H>0; generation Qu,0, and the total quantity of charge Qqa, that passed
in a certain time. The charge quotient can also be described as a function
of the amount of hydrogen peroxide, the number of electrons z for ox-
ygen reduction reaction to hydrogen peroxide, the Faraday’s constant F
and the integrated total current over time (equation (2.7)). The amount
of hydrogen peroxide ny,o, was determined via multiplying the HyO,
concentration by the volume during batch (35 mL) and by the accu-
mulated volume during continuous operation.

ny,0, ® 20 F

JoI(t)de

¢ _ QHZOZ _
H,0, — -
2 thal

2.7)

3. Results and discussion
3.1. Properties of the fluidized bed electrode

An important aspect of the three-phase fluidized bed reactor is the
particle bed electrode, which is used as the working electrode and

fluidized by means of the gas phase inflow. Especially, the parameters
particle size, the volumetric mass transfer coefficient of oxygen from gas
to liquid phase in the presence of particles and the particle bed expan-
sion have a prominent role in the considered system. It must be noted
that these parameters influence themselves mutually and must be
weighed against each other, in order to attain ideal process parameters
for the reaction system. The results of the parameter investigations are
shown in the Fig. 3.

Fig. 3A and B show the particle size distribution (PSD) and a
microscopic image of the electrode particles. Looking at the PSD, it can
be seen that the electrode particles used have a broad size distribution of
approximately 400 to 1500 pm and a mean particle size of 950 ym. The
microscopic images show that the electrode particles used have a shape
that is not fully spherical. Depending on the size, distribution and shape
of the particles, the fluidization is thus influenced. [51,52] In a three-
phase fluidized bed reactor the course of particle fluidization can only
be reliably determined by experiments. A special feature as well as a
challenge of the described system is that the fluidization is achieved with
an additional air flow into the reaction chamber. The finely dispersed air
bubbles allow the electrode particles to reach an expansion state even
when the pump rate of the liquid phase is set to 0, as shown in Fig. 3D.
This demonstrates a nearly linear relationship of air flow to particle bed
expansion in a range from 0 to 50 mL/min. Beyond the airflow of 50 mL/
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Fig. 4. Results of the electrochemical batch generation of H>O, within the three-electrode reactor setup with only the platinized titanium current feeder as working
electrode (WE), a platinized titanium wire coil as counter electrode (CE) and an Ag/AgCl reference electrode (RE). The electrolytes are 100 mM potassium phosphate
buffer at pH 6.1 in the WE chamber and 250 mM K;SO, in the CE chamber. A: Cyclic voltammetry of the platinized titanium current feeder in N5 and air saturated
buffer in the WE chamber as well as a pH value of 3.1 in the CE chamber. B: Investigation of the H,O, generation of the current feeder at different pH values in the CE
chamber at a potential of —0.55 V and a kjavalue of 0.5 1/min. C: Investigation of the H,O, generation of the current feeder at different k;a values at a potential of
—0.55 V and a pH value of 3.1 in the CE chamber. D: Investigation of the H,O, generation of the current feeder at different potentials vs Ag/AgCl at a k;a value of 0.5
1/min and a pH value of 3.1 in the CE chamber. A-D: For each experiment, the varied parameters are indicated in the inset and the legend of each illustration.

min, the particle bed expansion becomes more irregular. It should be
mentioned that in previous studies it was shown that a particle bed
expansion of more than 10 % is negative for the conductivity and limits
the usability of the particle electrode for the electrochemical reaction
process [32,42]. In this context, a particle bed expansion of 10 % can be
achieved in this system with an air flow rate of 21 mL/min. In addition
to the particle bed expansion, the air flow has another important role in
the three-phase reaction system of the fluidized bed electrode. The air
flow supplies the reaction system with an oxygen supply, which is
necessary for the generation of hydrogen peroxide. Thereby, the gaseous
oxygen in the air must first dissolve into the liquid phase of the system.
This process can be expressed by the volumetric mass transfer coefficient
kpa (Fig. 3C). For comparison, the k;a-value was examined as a function
of the air flow rate for the reaction system with and without the particle
electrode. Fig. 3C shows, that higher k;a-values can be achieved without
particle electrode even at lower air flow rates. In the particle electrode
system, higher air flow rates must be set to produce similar oxygen
transfer rates. This is due to the fact that the finely dispersed air bubbles
agglomerate in the particle bed, which has a negative effect on mass
transfer from the gas phase to the liquid phase. For the following series
of experiments, although higher air flows have a negative influence on
the electrical contacting of the particle electrode, oxygen transfer rates

of 0.3 (19 mL/min), 0.5 (30 mL/min), 1.0 (48 mL/min) and 1.5 1/min
(73 mL/min), corresponding to particle bed expansions of 8, 15, 19 and
24 %, were investigated. For the set of experiments without the particle
electrode, the air flow rate was reduced, and the oxygen transfer rates
were 0.3 (4 mL/min), 0.5 (8 mL/min), 1.0 (15 mL/min) and 1.5 1/min
(23 mL/min).

3.2. Batch H20, production applying only the current feeder as WE

The platinized titanium current feeder was chosen as easily form-
able, conductive material to maximize the contacting of the particle
electrode. The four-level mesh structure was chosen based on previous
research, which showed that for larger distances from the grid, the
contacting of the fluidized particles gets insufficient. [32,33,37].

The reactor without particle electrode was investigated to evaluate
the influence of the platinized current feeder on the reaction system in
terms of electrochemical functionality and to validate the reactor
concept (Fig. 4). For this purpose, cyclic voltammetry experiments and
experiments for the generation of hydrogen peroxide, varying different
parameters such as the pH, the air gassing and the potential between the
working and reference electrodes, were performed. In addition, these
experiments aimed to serve as a reference for the electrochemical
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Fig. 5. Results of the electrochemical batch generation of H,O, within the reactor setup with current feeder and particle electrode as working electrode (WE), a
platinized titanium wire coil as counter electrode (CE) and an Ag/AgCl reference electrode (RE). The electrolytes are 100 mM potassium phosphate buffer at pH 6.1
in the WE chamber and 250 mM K;SO, in the CE chamber. A: Cyclic voltammetry of the graphite particle electrode (4.5 g) in N5 and air saturated buffer in the WE
chamber as well as a pH value of 3.1 in the CE chamber. B: Batch H;O, generation of the fluidized particle electrode at different pH values in the CE chamber at a
potential of —0.55 V and a kza value of 0.5 1/min. C: Batch H;O; generation of the fluidized particle electrode at different k,a values at a potential of —0.55 V and a
pH value of 3.1 in the CE chamber. D: Batch H,O, generation of the fluidized particle electrode at different potentials vs Ag/AgCl at a k. a value of 0.5 1/min and a pH
value of 3.1 in the CE chamber. A-D: For each experiment, the varied parameters are indicated in the inset and the legend of each illustration.

experiments with the particle electrode.

Cyclic voltammetry experiments were conducted to determine the
operation window of the current feeder potential and to find the optimal
conditions for HyO5 generation (Fig. 4A). The voltammogram shows the
start of the oxygen reduction at around 0.25 V during the sweep in
negative direction in an air saturated solution. In comparison, a solution
saturated with nitrogen shows only a minor initial peak in this region
and practically no current if the potential is in the region between 0 to

0.40 V. This indicates that in the presence of oxygen a reduction is
taking place and increases the current flow. However, at platinized
surfaces the 4e” oxygen reaction starts at a more positive onset potential
than the 2e” oxygen reaction, so that the formation of water is thermo-
dynamically favored and starts at a potential of around 0.20 V already.
[49,53,54] Therefore, the reduction peak observed in the CV indicates
the dominance of the 4e” reaction and low efficiencies of HyO5 pro-
duction must be expected. For the aimed 2e” reaction probably higher
reduction potentials are needed. However, for the platinized surfaces
water electrolysis already starts at around 0.55 V, narrowing the us-
able operation window of WE potential into a range where only limited
H,0, generation can be expected.

Given that the current feeder is in contact with the electrolyte, also in
case of the experiments with the particle bed electrode, it is crucial to

determine its influence on HyO, generation and current consumption,
even though the electrode surface of the current feeder (17.5 cm?) is
limited compared to the surface of the particle electrode (121.7 cm?). In
Fig. 4B, the HyoO5 generation of the platinized current feeder is shown at
different pH values in the counter electrode. The highest H,O5 produc-
tion rate of 0.05 mM/h was reached at pH 3.1 in the counter electrode
chamber with a current efficiency of 4.6 %. In contrary, the lowest
hydrogen peroxide generation of 0.02 mM/h was observed at pH 8.1
with a current efficiency of 2.1 %. This proves the importance of the
proton transfer through the CAT and the successful enhancement of
transfer when the CE electrolyte is more acidic while still keeping the pH
in the WE chamber around pH 6. Using a buffered system, protons can be
transported by hydrogen phosphate ions which dissociate at the WE
electrode due to the locally increased pH. Since the best hydrogen
peroxide production rates were achieved by a pH of 3.1 in the counter
electrode chamber, this condition was set for the subsequent series of
experiments.

The following examination of the influence of the air flow rate
(Fig. 4C) showed that the maximum hydrogen peroxide production rate
(0.05 mM/h) was already reached at an kya-value of 0.5 1/min. Inter-
estingly, increasing the k;a value further to 1.0 and 1.5 1/min actually
reduced the H,0, production rate. Here, the benefit of an increased
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oxygen input is outweighed by the negative effect of gas bubbles
isolating parts of the electrode surface.

Another parameter influencing the oxygen reduction at the current
feeder is the potential between the working and the reference electrode.
Looking at Fig. 4D, it is evident that with increasing the reduction po-
tential from 0.25 V to 0.55 V, the hydrogen peroxide production
undergoes a maximum of 0.05 mM/h. At the same time, however, with a
potential increase to  0.70 V, no further increase in hydrogen peroxide
production can be achieved. In the cyclo-voltammogram (Fig. 4A) it
showed that water electrolysis starts at a voltage of 0.55 V. In view of
this it is obvious that an increase of the voltage to 0.70 V will not
enhance hydrogen peroxide production but will cause water electrolysis.
Consequently, the current efficiency at this condition is reduced from
4.6 % to 1.8 %, while the hydrogen peroxide production rate remains the
same. The full data of the HyO, production rates, the current densities,
the current efficiencies and the space time yields are listed in the SI.

In summary, this first set of experiments investigating the extend of
hydrogen peroxide generation of the current feeder, demonstrated
optimal conditions with respect to the pH value in the counter electrode
chamber, the air flow rate and the potential range. Thereby, these data
provide a first starting point for the subsequent experiments with
application of a particle electrode. Also, the results show that the
application of only the current feeder results in a hydrogen peroxide
production rate of up to 0.05 mM/h, indicating that the electrode sur-
face of the titanium grid is not sufficient to obtain significant production
rates. In addition, it turned out that platinized titanium shows a bad
selectivity towards oxygen reduction into hydrogen peroxide resulting
in low current efficiencies. Therefore, in order to increase the reactor
performance, a larger electrode surface area delivered by a material with
higher selectivity for electrochemical hydrogen peroxide generation is
needed.

3.3. Batch H30; production with a fluidized bed particle electrode

In a second set of experiments, the WE chamber of the reactor was
filled with the particle electrode and the same parameter variations as
described in chapter 3.2 were evaluated. Looking at the voltammogram
of the air saturated solution (Fig. 5A) a similar reduction peak at around
0.25 V than in case of the CV with the current feeder only (Fig. 4A) can
be observed. The fact that the height of the reduction peak did not
significantly increase despite the strong increase of the theoretical
electrode surface by the graphite particles is an indication, that the
oxygen reduction at 0.25 V still is dominated by reactions at the plati-
nized current feeder. Another observation is that the voltammogram in
nitrogen saturated solution shows an enhanced, almost rectangular
hysteresis which is caused by capacitive effects of the high electrode
surface of the graphite particles [55,56]. The hysteresis is visible also in
the case of the voltammogram in air saturated solution, but in the po-
tential range between Oto 0.40 V an additional effect becomes
dominant, strongly increasing the current by about 1 mA. The additional
current most likely is a result of oxygen reduction at the graphite particle
electrode. Even more important, due to the high selectivity of carbon
materials for the 2e” reduction reaction of oxygen, the additional current
compared to the experiments with only the platinized current feeder
favours HyO4 generation [17,57-59]. The potential when this happens is
not clearly identifiable as a peak, because the potential drop within the
particle electrode results in an additional shift of the voltage when the
reactions take place. The potential drop rises with increasing distance
from the current feeder, ending up in a relatively broad potential range
in which the oxygen reduction reaction can be observed within the
voltammogram. Investigating pure graphite, the potential for the start of
water electrolysis would also be strongly shifted to more negative po-
tential [56,60,61]. However, in our system the platinized current feeder
is present and therefore the occurrence of water electrolysis remains at
about 0.55 V, still limiting the usable operation window of the elec-
trode potential. This indicates that the potential range between 0.40 to

0.55 V is the ideal operation window with the least side reactions in
our reaction system.

Looking at the influence of the pH value in the counter electrode
chamber on the electrochemical generation of hydrogen peroxide in the
buffered working electrode chamber, the system with the particle elec-
trode (Fig. 5B) shows similarities to the system with the current feeder
only (Fig. 4B). Again, the decrease of the pH value of 6.1 to 3.1 resulted
in a strong increase in the HoO5 production rate from 0.12 to 0.45 mM/h
as well as a higher current efficiency of 5.8 % to 29.1 %. The water
electrolysis occurring in the counter electrode chamber should stoi-
chiometrically supply the required hydrogen ions needed for the pro-
duction of hydrogen peroxide. Though, with respect to the low
production rate of 0.12 mM/h, the redelivery of H" via the membrane
seems limited at pH 6.1 in the counter electrode chamber. Reducing the
pH in the counter electrode chamber in order to make this region more
acidic, however, can promote the availability of H' at the cation ex-
change membrane. The consumed hydrogen ions are thus replenished
by the H'-transfer across the cation exchange membrane resulting in a
higher HyO2 generation. It should be mentioned, that the exact mech-
anism is still unclear in neutral pH conditions, which are present in the
working electrode chamber. [62] Since the best hydrogen peroxide
production rates in our system were obtained at a pH of 3.1 in the
counter electrode chamber, these conditions were set for all subsequent
experiments.

In the previous investigations without a particle electrode, it was
found that higher air gassing rates had no or even a detrimental effect on
the hydrogen peroxide production rate (Fig. 4C). A different behavior is
observed in case of the reactor with a particle electrode in the working
electrode chamber (Fig. 5C). By increasing the air flow rate, corre-
sponding to an increase in the oxygen mass transfer from 0.3 to 1.5 1/
min, the hydrogen peroxide production rate was substantially improved
from 0.41 to 1.09 mM/h. Furthermore, a higher air flow rate has also a
positive effect on the current efficiency of the system. A possible
explanation is the strong mixing in case of high air flow rates, moving
the generated hydrogen peroxide away from the electrocatalyst, i.e. the
electrode surface. As a result, the generated hydrogen peroxide does not
undergo any further reduction reaction [63]. Additionally, the stronger
mixing improves the oxygen transfer from the gas to the liquid phase as
well as the transfer of the H-ions penetrating the CAT. Interestingly, the
particle electrode still seems to have sufficient electrical contacting due
to the design of the current feeder. Even at a particle bed expansion of
24 % (kra = 1.5 1/min) the hydrogen peroxide production rate is
improved. In former work of our group and others, an expansion of the
fluidized bed of about 10 % was considered to be optimal, in order to
maintain a good electrical contacting of the fluidized bed electrode
[32,42].

Finally, the WE potential as one of the key parameters of the elec-
trochemical reaction, was studied for the reactor including the particle
electrode. As expected, the production rate of hydrogen peroxide in-
creases with rising reduction potential and reaches its highest value of
1.17 mM/h at a potential of 0.70 V (Fig. 5D). However, in contrast to
the experiments with the current feeder only, the potential step from

0.40 Vto 0.70 V resulted in a strong increase in HO2 production.
The explanation for this difference is given by the potential drop within
the particle electrode. Because of this potential drop, applying a po-
tential of 0.40 V to the current feeder means that a fraction of the
particle bed is operating at an electrode potential of 0.30 V or even
lower, depending on the distance of the particles from the current
feeder. Increase the current feeder potential to 0.70 V guarantees that
also particle fractions having a larger distance operate at reduction
potentials which enable them to take place in the aimed oxygen
reduction reaction. However, increasing the potential to 0.70 V comes
at the price that water electrolysis occurs at the current feeder and thus,
the current efficiency is reduced. At a potential of 0.70 V, a current
efficiency of 28.2 % could be achieved, while a potential of 0.40 V
resulted in current efficiencies of up to 39.0 %. An overview of the key



M. Abt et al.

60

Current efficiency, %
w H
o [&)]
T T

-
a
T

Current feeder
CE: pH 6.1
CE: pH 4.1
CE: pH 3.1

0.3 1/min
1.0 1/min
1.5 1/min
-0.25V
-0.40V
-0.70 vV

STY, g/(L- d)
~

—=
2 H
0 T T T
>
Yol
N -
Q@

Current feeder
CE: pH 6.1
CE: pH 4.1
CE: pH 3.1

0.3 1/min
1.0 1/min
1.5 1/min
-0.40V
-0.70 vV

Fig. 6. Key performance indicators determined for the batch H,O, generation with graphite electrode particles of Fig. 5. For comparison, one of the experiments with
the platinized current feeder of Fig. 4 is listed. The current density (A) and the current efficiency (B) are shown at 15 min of the experiments. For each experiment, the
varied parameter is shown. All other process conditions are —0.55 V, 0.5 1/min, pH 3.1 in the CE chamber and pH 6.1 in the WE chamber, if not specifically varied in

the experiment.

Table 1

Summary of the performance indicators determined for the batch H,O, generation with graphite particle electrode (Fig. 5 and Fig. 6). For comparison, one of the
experiments with the platinized current feeder of Fig. 4 is listed. The electrolytes are 100 mM potassium phosphate buffer at pH 6.1 in the WE chamber and 250 mM
K2S0y4 in the CE chamber. The current density, the current efficiency, the H,O, production rate, and the space time yield are shown at 15 min of the experiments.

Electrode Parameters: Current density, [ H,0,-rate, mM/h STY,
Potential, V pH in CE kya, 1/min pA/cm? % g/(Led)

Current feeder, batch 0.55 3.1 0.5 115+ 12 4.6 + 0.5 0.05 £+ 0.01 0.28 + 0.04
Graphite particles, batch 0.55 6.1 0.5 31+4 5.8 +£0.7 0.12 £+ 0.01 0.51 £+ 0.07
Graphite particles, batch 0.55 4.1 0.5 -22+4 21.7 + 3.8 0.31 + 0.04 1.35 + 0.24
Graphite particles, batch 0.55 3.1 0.5 34+5 29.1 + 4.6 0.63 + 0.01 2.76 + 0.05
Graphite particles, batch 0.55 3.1 0.3 30+8 20.3 + 4.9 0.41 + 0.01 1.94 £ 0.02
Graphite particles, batch 0.55 3.1 1.0 37+6 36.7 + 6.1 0.90 + 0.02 3.84 + 0.07
Graphite particles, batch 0.55 3.1 1.5 38+8 43.7 + 8.8 1.09 + 0.08 4.44 + 0.34
Graphite particles, batch 0.25 3.1 0.5 9+3 239 +6.7 0.15 £+ 0.02 0.65 £+ 0.07
Graphite particles, batch 0.40 3.1 0.5 19+ 4 39.0+7.5 0.49 + 0.01 2.14 + 0.02
Graphite particles, batch 0.70 3.1 0.5 64 +11 28.2+4.7 1.17 + 0.06 5.15 + 0.27

performance indicators (current efficiency and STY) extracted from the
experiments applying a particle electrode is shown in Fig. 6. The values
of current efficiency and STY are listed and summarized together with
the current density and HyO» production rate in Table 1. For compari-
son, the performance indicators of the experiment showing the highest
H,0; production rate for the reactor with current feeder only is also
included. The results show that due to limited electrode area and the
early occurrence of water electrolysis, the current feeder of the present
system is not ideal and offers potential for further improvement.
Nevertheless, the achieved STY is close to the best ones reported in
literature for other reactor designs for in-situ HyO, generation. Using an
enzymatic cascade for HoO5 generation Ni et al. achieved an estimated
STY of 5.63 g/(Led) [64]. A similar STY of 4.90 g/(Led) could be ob-
tained by a plasma-driven process for HyOo, but the highest STY of 7.34
g/(Led) for enzyme compatible in-situ HyO, generation reported so far
results also from an electrochemical process applying a GDE as WE
[65,66].

3.4. Continuous H,0, generation with a fluidized bed electrode

After finding optimum conditions for batch in-situ electrochemical
H,03 generation under enzyme compatible conditions, in a last step we

modified the system in order to allow continuous operation. The batch
reactor approach already offered three options to control the electro-
chemical co-factor generation, without changing pH or electrolyte
concentration in the working electrode chamber. As it takes some time
to change the pH in the counter electrode chamber, the air flow rate and
the potential are chosen as promising options to control the H,O,-gen-
eration during a continuous process.

The continuous Hy0, production was investigated with an electro-
lyte flow rate of 3 mL/min, therefore exchanging the volume of the WE
chamber (35 mL) approximately every 12 min. To keep the pH in the
counter electrode chamber constant, the respective electrolyte was
exchanged approximately every 15 min by a flow rate of 6 mL/min
(Fig. 7B and D). In the first set of experiments, the influence of different
potentials of 0.40, 0.55 and 0.70 V on the continuous electro-
chemical generation of hydrogen peroxide was investigated. When
applying the different potentials, once again a clear correlation between
the potential and HyO»-generation could be observed. The reasons for
this behavior have already been discussed in the previous section. A new
aspect of the continuous system is the adjustment of an equilibrium
between the generation of hydrogen peroxide and its outflow from the
reaction system. Such an equilibrium can be identified for all potentials
after a running time of the experiment of approx. 40 min. Hereby, a
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Fig. 7. Results of the electrochemical continuous generation of H,O» within the reactor setup with current feeder and particle electrode as WE. A: Continuous H>0»
generation with the graphite particle electrode at different potentials vs Ag/AgCl. B: Illustration of the continuous generation at different potentials with 3 mL/min
electrolyte flow in WE and 6 mL/min electrolyte flow in CE. C: Continuous H>O, generation with the graphite particle electrode at different air flow rates. D:
Ilustration of the continuous generation at different air flows with 3 mL/min electrolyte flow in WE and 6 mL/min electrolyte flow in CE.

continuous effluent concentrations of hydrogen peroxide of 0.10, 0.28,
and 0.37 mM could be achieved at a potential of 0.40, 0.55, and

0.70 V, respectively (Fig. 7A.). Comparing these results with the re-
sults of the batch experiments, it can be seen that the STY for the po-
tentials of 0.40 and 0.55 V have improved by a factor of four
(compare Table 1). Within the process time of 300 min, STY of 3.05 g/
(Led) at 0.40V and of 8.48 g/(Led) at 0.55V were reached, while the
highest space time yield of 10.47 g/(Led) was observed at a potential of

0.70 V. Therefore, the STY at 0.55 V and especially at 0.70 V for in-
situ electrochemical HyO generation under enzyme compatible condi-
tions even exceed the one reported by Horst et al [65]. The production
rate can be adjusted by the potential to match the requirements of an
enzymatic reaction consuming hydrogen peroxide as co-factor. A good
match of the production rate is essential, because excess hydrogen
peroxide production will quickly result in enzyme inhibition by the co-
factor. Another positive effect of switching from batch to continuous
operation is the improvement of current efficiency. Comparing the

current efficiency of the continuous process with the batch process at a
potential of 0.55 V shows an increase from 29.1 to 50.9 %. One effect
contributing to this improvement in STY and current efficiency is that
the continuous supply of buffer near maximum air saturation provides
more oxygen in addition to the oxygen supply by air sparging. Especially
in the lower section of the reactor near the inlet, the additional supply
results in higher oxygen saturations and allows a higher H,O, genera-
tion than in batch mode. Another effect contributing to this improve-
ment, is given by the fact that in continuous operation the hydrogen
peroxide concentration in the particle bed region close to the inlet is also
kept at a very low level due to the supply of new buffer solution, while in
batch operation the hydrogen peroxide concentration constantly in-
creases in all sections of the particle bed. Because hydrogen peroxide is
prone to be further reduced to water when getting into contact with the
WE, its presence in higher concentration is detrimental to the current
efficiency and explains the improvement during continuous operation
compared to the batch process. It should also be mentioned here that the
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Table 2

Summary of the performance indicators determined for the continuous H,O, generation with graphite electrode particles. The current density, the current efficiency,
the HO,-concentration, and the space time yield are listed for the full process duration of 300 min.

Electrode Parameters: Current density, DF 0,5 H,0,-conc., mM STY,
Potential, V pH in CE kpa, 1/min uA/cm? % g/(Led)
Graphite, continuous 0.40 3.1 0.5 17+ 2 51.1 +6.9 0.10 + 0.02 3.05 + 0.26
Graphite, continuous 0.55 3.1 0.5 47 £ 9 50.9 +£10.3 0.28 £+ 0.06 8.48 £ 0.23
Graphite, continuous 0.70 3.1 0.5 74 + 14 44.0 + 8.1 0.37 + 0.08 10.47 + 0.73
Graphite, continuous 0.55 3.1 1.5 46 + 7 57.0 £ 8.2 0.29 £+ 0.06 7.85 £ 0.35

additional fluid flow has no effect on the fluidization of the fluidized bed
electrode, since the minimum fluidization rate of the electrode particles
without air sparging is much higher. Nevertheless, gas bubbles are more
easily transported outside of the fluidized bed in case of the continuous
operation, reducing the effect of blocking parts of the particle bed by
sticking gas bubbles. These observations are confirmed by the increase
in current density from 36 uA/cm2 to 47 pA/cmz, comparing the
batch with the continuous process. Above all, the achieved current ef-
ficiencies are in accordance with carbon materials in literature, which
are listed between 26.5 and 75.7 % at neutral pH conditions [62].

In the last set of experiments, the air flow rate was investigated as an
option to further increase the HO2 generation without the downside of
lower current efficiencies, as it was already shown in batch operation
experiments. In Fig. 7C the kya -values of 0.5 1/min and 1.5 1/min at a
potential of 0.55 V were examined for the continuous operation pro-
cess. In contrast to the batch process (Fig. 5C), the higher air flow rate
does not lead to a higher production rate, and a constant hydrogen
peroxide concentration of 0.29 mM is established in the effluent after
approximately 40 min. On the one hand, the higher air flow rate in
addition to the electrolyte flow, the fluidized bed expands further, which
causes poorer electrical conductivity of the electrode particles. On the
other hand, the more turbulent regime enhances the mass transfer to the
electrode surface and transports the product away to avert further
reduction of HyO45 [63]. These two effects seem to balance out and
nearly equal current densities of 47 pA/cm? respectively 46 yA/cm?
are observed at an oxygen mass transfer of 0.5 1/min respectively 1.5 1/
min. Interestingly, while not improving the production rate, the higher
air flow rate improves the current efficiency up to 57.0 %.

Overall, the continuous operation showed higher space time yields
and improved current efficiencies compared to the batch process. The
correlation of H>O2 generation and potential allows to control and to
adapt the process to the rate of an enzymatic reaction in an electro-
enzymatic system. If the aim is to maximize the current efficiency, the
optimum set of parameters are 0.55V, k;a = 1.5 1/min and pH 3.1 in
the counter electrode, resulting in a current efficiency of 57.0 % and a
space time yield of 8.48 g/(Led) (Table 2). If a higher hydrogen peroxide
generation is preferred, the reactor should be operated at 0.70 V at a
space time yield of 10.47 g/(Led).

4. Summary and conclusions

In this study, we developed a novel three-phase fluidized bed reactor
for the electro-enzymatic co-factor generation that allows to introduce
educts for the enzymatic respectively electrochemical reaction during
batch and continuous operation. The reactor performance was examined
for the generation of HyO,, a co-factor required for enzymes of the group
of peroxygenases. A design applying separated chambers for the counter
and working electrode allowed to keep the WE chamber conditions in an
enzyme compatible neutral pH range and at low electrolyte concentra-
tions while offering the freedom to optimize the electrolyte properties in
the counter electrode chamber. The required H ions for the reduction of
oxygen to hydrogen peroxide were transferred via a cation exchange
membrane from counter to working electrode chamber and the oxygen
was supplied via an air sparger at the bottom of the WE chamber. It was
found, that the HoO, generation at the graphite particle electrode was

influenced by the pH-value in the counter electrode chamber, by the air
flow rate and by the applied potential between working and reference
electrode. In the case of batch operation, a maximum space time yield of
5.15 g/(Led) was achieved, while fluidizing the particle electrode by an
air flow. During continuous operation of the fluidized bed reactor, a
fluid flow was additionally applied in the counter and working electrode
chamber. Here the HyO, generation was further improved to 10.47 g/
(Led) and optimized towards a current efficiency of up to 57.0 %. In
future, the material of the current feeder should be replaced by a
graphite-based system, because the platinized current feeder turned out
to have unfavorable selectivity regarding the aimed 2e” reduction re-
action of oxygen forming hydrogen peroxide and the unwanted 4e
reduction reaction of oxygen forming water. In contrast to traditional
fuel cells and common electrolyzers, relying on a numbering up, the
reactor based on a particle electrode shows promising scale up oppor-
tunities of the unit itself, thus strongly simplifying the scale-up design.
Especially, during electro-enzymatic processes, the adequate current
density of < 100 pA/cm? due to the large electrode surface will be
exceptional beneficial. Together with the good mass transfer and mixing
properties of a fluidized bed, the particle electrode enables homogenous
and controllable co-factor generation for optimized electro-enzymatic
processes with less enzyme inhibition by overdosing.
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