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ABSTRACT: Miniaturized and microstructured reactors in

o 4 . : Microsensors
process engineering are essential for a more decentralized, flexible,
sustainable, and resilient chemical production. Modern, additive
manufacturing methods for metals enable complex reactor- -
geometries, increased functionality, and faster design iterations, a Y W
clear advantage over classical subtractive machining and polymer- qi"\ s
. =

based approaches. Integrated microsensors allow online, in situ
process monitoring to optimize processes like the direct synthesis
of hydrogen peroxide. We developed a modular tube-in-tube
membrane reactor fabricated from stainless steel via 3D printing by
laser powder bed fusion of metals (PBF-LB/M). The reactor
concept enables the spatially separated dosage and resaturation of
two gaseous reactants across a membrane into a liquid process
medium. Uniquely, we integrated platinum-based electrochemical sensors for the online detection of analytes to reveal the dynamics
inside the reactor. An advanced chronoamperometric protocol combined the simultaneous concentration measurement of hydrogen
peroxide and oxygen with monitoring of the sensor performance and self-calibration in long-term use. We demonstrated the highly
linear and sensitive monitoring of hydrogen peroxide and dissolved oxygen entering the liquid phase through the membrane. Our
measurements delivered important real-time insights into the dynamics of the concentrations in the reactor, highlighting the power
of electrochemical sensors applied in process engineering. We demonstrated the stable continuous measurement over 1 week and
estimated the sensor lifetime for months in the acidic process medium. Our approach combines electrochemical sensors for process
monitoring with advanced, additively manufactured stainless steel membrane microreactors, supporting the power of sensor-
equipped microreactors as contributors to the paradigm change in process engineering and toward a greener chemistry.

3D-printed Microreactor

1. INTRODUCTION and oxygen (O,) on noble metal catalysts.”> In recent years,
In recent years, flow chemistry using microreactors has become another fascinating research field arose from the idea to utilize
a promising alternative to established batch processes in large electrochemical reduction as a fabrication route for hydrogen
plants. Monbaliu et al. underlined the importance of peroxide. Investigations were realized to enable the production

microreactors as a contribution toward next generation process
engineering, calling miniaturized flow reactors a new
paradigm.’ Microreactors are gaining importance in different
fields of application. Based on their improved capability for and the increase in sustainability is comparably promising as it
upscaling with regard to production volume by combining can be conducted in water or aqueous solutions and does not
several reactor modules, a flow-chemistry-approach is 6-38

beneficial in the different stages of testing and producing fine
chemicals like drug substances.” Due to their advantage of
enhanced heat transfer, microreactors facilitate, e.g., exother-
mic organometallic reactions in organic chemistry.3 In process
engineering, lowering the dimensions of reaction chambers to
microchannels allows the safe operation of catalytic reactions
that bear explosion risk at larger volumes, like the direct
synthesis of hydrogen peroxide (H,0,) from hydrogen (H,)

of H,0, via the two-electron reduction of oxygen. This

approach as well uses microreactors in a decentralized manner

produce any waste.
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Reactor concept and sensor design
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Figure 1. Concept of the sensor-equipped, additively manufactured reactor for the direct synthesis of hydrogen peroxide. (A) Cross section along
the reactor length, indicating the in- and outlets of the process media and gases as well as the position of the electrochemical sensors. (B) Sensor
plug for insertion into the reaction channel with an inserted photograph of the electrode plane. (C) Ilustration of the used chronoamperometric
measurement protocol for the quantification of hydrogen peroxide and dissolved oxygen.

Classically, microreactors are fabricated with techniques
optimized for 2-dimensional patterning.” Nowadays, additive
manufacturing is superior to traditional manufacturing with
respect to the unit costs, if the production volume is low, or
the product complexity is high.'” Furthermore, with additive
manufacturing, the realization of complex geometries, includ-
ing for example internal cavities, is possible.'’ All of these
aspects are beneficial for advanced microreactors, making
additive manufacturing a highly promising fabrication method.
Stainless steel is a very suitable material for microreactors used
to synthesize H,0, because it is highly pressure-resistant,
usable at low pH and has a high thermal conductivity. A variety
of techniques for the additive manufacturing of metals has
been under investigation lately and is already applied.'”'>"?
The microreactor demonstrated in this work was fabricated
using the laser powder bed fusion of metals (PBF-LB/M).

In order to control and optimize both types of decentralized
production, the direct synthesis of H,O,, and the electrosyn-
thesis of hydrogen peroxide in microreactors, a real-time
measurement of reactant concentrations like dissolved O,, as
well as the synthesized H,O,, is essential. Electrochemical
sensors are highly suitable for this purpose due to their defined

19701

zero-point, high temporal resolution, high sensitivity over a
wide range of analyte concentrations, and the possibility to
miniaturize them."*~'®

In general, H,0, and the dissolved gases H, and O, in the
liquid phase can be detected by various approaches, with
electrochemical and optical sensors being the most common
for real-time in situ monitoring.'”'® Electrochemical sensors
are typically based on the conversion of the analytes at a noble
metal electrode, often covered with a suitable membrane.'’
Miniaturized optical sensors, e.g., based on luminescence,””*!
fluorescence,”” or absorption™ spectroscopic/spectrophoto-
metric techniques, often consist of an optical fiber or sensor
patch coated with an appropriate indicator dye.'” Fiber-optical
in line oxygen sensors in custom 3D-printed stainless steel flow
reactors have been demonstrated at a pressure of 7 bar and up
to 42 mM oxygen in the presence of organic solvents.”* Optical
at-line sensors for H,O, up to 200 M have recently been
shown.”

Rugged sensor probes for industrial applications based on
either principle, such as commonly found in bioprocess
monitoring, are typically centimeter-scale rod-shaped devices
with millimeter-size sensor elements at the tip or patches
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which require optical access. These are challenging to integrate
in microreactors, especially highly customized steel reactors,
due to limitations in geometry, a potential lack of optical
access, the required resistance to harsh environments and high
pressures, and also cost if multiple sensors are required to map
the reactor along its length or width. Chip-based sensors with
microelectrode arrays promise high spatial resolution but are
also difficult to integrate into stainless steel reactors due to the
challenges in interfacing and lack of robustness. Besides these
limitations, in processes such as H,O, synthesis, offline
methods such as titration® or ultraviolet/visible/near-infrared
spectroscopy”>* are still commonly employed to detect the
analyte, often outside or downstream of the reactor.

Besides their promising analytical performance for monitor-
ing the reaction, miniaturized, robust electrochemical sensors
allow integration into stainless steel microreactors without
lowering the pressure-resistance of the system or interfering
with the synthesis reaction. Electrochemical microsensors
enable the continuous, marker-free, online concentration
measurement in direct contact with the process medium.
Specifically, Pt electrodes are capable of detecting and
quantifying H,, O,, and H,0, simultaneously, by the
application of advanced chronoamperometric protocols.”
These protocols can also be used for self-calibration during
long-term use in harsh environments.

In this work, we present a sensor-equipped, additively
manufactured stainless steel microreactor for the direct
synthesis of H,O,. We discuss the concept and requirements
for the additive manufacturing process by PBF-LB/M of
stainless steel. A planar design was successfully transferred to a
tube-in-tube concept using the advantages of modern 3D-
printing techniques, which allowed a modular concept for the
membrane microreactor with integrated electrochemical
sensors. The fabrication process and leakage-free performance
of the reactor components was qualified. Finally, the in situ
process monitoring of H,0, and O, was demonstrated using
electrochemical sensors, and sensor performance and long-
term stability in process media were evaluated. Sensor-
equipped, 3D-printed reactors for flow chemistry can promote
more efficient, automated as well as safer process engineering
and facilitate the transition to green chemistry.

2. MICROREACTOR DEVELOPMENT: CONCEPT AND
REQUIREMENTS

Microreactors for H,O, direct synthesis, a multiphase reaction,
require two independent, spatially separated gas inlets, a
membrane to enable dissolution of the gases in the process
medium, and a liquid channel, including the catalyst, for the
reaction and product collection. Previous planar designs were
fabricated by subtractive machining using CNC-milling of
stainless steel plates.zg_32 Catalysts were integrated, e.g., in
suspension or as a fixed bed.””’” Additive manufacturing
methods allow the transfer to more complex geometries such
as tube-in-tube structures (Figure 1A), enabling a more
modular concept, among other advantages.

For the development of an additively manufacturable reactor
design, there are requirements from the point of fabrication,
chemical reaction, and process environment.

2.1. Fabrication Requirements. To be suitable for
modifications to variable operating conditions at the develop-
ment stage and for individual changes for later use, the
developed reactor has to be adaptive and modular by its
design. The manufacturing of components via additive

manufacturing does not only allow more complex geometries,
it is also cheaper for smaller batches.’***

For the practical realization of the design of the reactor in
this study, additive manufacturing was therefore chosen as
fabrication method. Although the production of components
by means of additive manufacturing allows a high degree of
flexibility in design, some design guidelines must also be
observed in additive manufacturing at the same time. These
guidelines usually depend on the 3D-printing method. The
restrictions given in the following arise from the chosen
additive manufacturing process, the laser powder bed fusion of
metals method (PBF-LB/M), and the used printer, a Realizer
125 system (DMG Mori, Bielefeld, Germany). In designs for
PBF-LB/M, overhangs in the component geometry are to be
avoided as insufficient heat dissipation would be the
consequence and overhangs realized by the usage of support
structures would lead to additional postfabrication steps.’> >’

Due to thermal effects, large, glanar, thin walls must be
bypassed in the geometry design*”*' to prevent deformation
due to residual stress.*> Further care must be taken to keep the
component volume as small as possible because the
manufacturing costs incurred in additive manufacturing using
PBF-LB/M are directly proportional to its material volume and
especially to the component height. Since not all available
materials are suitable for PBF-LB/M processes, the material
selection is determined not only by the chemical inertness, but
also by the applicability in the selected manufacturing
process.”” The printer used for the manufacturing of the
parts in this work has a nominal build volume of 125 X 125 X
200 mm?®. That results in a maximum build height of 190 mm
for the reactor. This derived maximum build height is based on
experience, as the height of the build platform must also be
considered in the design and subtracted from the nominal
build height.

2.2. Reaction Requirements. For the direct synthesis
reaction of H,0,, the reactants H, and O, must be safely
brought into contact at a noble metal catalyst. To prevent the
formation of an explosive atmosphere, spatial separation of the
feed of H, and O, gases must be considered during the
development of the design. It is important to ensure tight
sealing of the reaction chamber filled with the liquid reaction
medium as well as sealing of the gas-supplying volume to the
outside to prevent the reactants from leaking into the
environment. The material used to manufacture the reactor
and, above all, the components in contact with the medium
must be chemically inert to avoid any undesirable effect on the
reaction. At the same time, the components must have
sufficient pressure resistance to allow increased operating
pressures, if necessary, and thus higher reactant quantities in
the reaction solution. The reaction takes place in the liquid
phase, but the catalyst is present as a solid. For this reason, a
way must be found to integrate the catalyst into the reactor
without requiring a consecutive filtrative separation step.

2.3. Process Requirements. Continuous flow processes
allow for easy automation as well as good reproducibility and
process reliability.*> For these reasons, the reactor concept to
be developed should be adapted to this type of process
operation. For the connection of the reactor to the plant
periphery, appropriate connecting pieces and contact surfaces
of the connecting screw heads must be considered in the
design. Attention must be paid to the modularity of the
individual components. To monitor the process in situ and
during the operation of the plant, sensor inlets for
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Fabricated sensor-equipped microreactor assembly
Photographs of the additive manufactured microreactor, the structured catalyst and the cast sensor plugs
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Figure 2. Photograph of the additively manufactured stainless steel microreactor with inserted tubular membrane, 3D-printed structured catalysts,

and cast sensor plugs.

corresponding sensor plugs (Figure 1B) that detect the
analytes using a chronoamperometric sensor protocol (Figure
1C) have to be integrated.

2.4. Deduced Reactor Design. From the requirements,
we deduced the reactor design shown in Figure 1A, combining
the design rules of the fabrication method with the
requirements of the application. The cross-section shows the
tube-in-tube design with the process medium in the inner tube,
the gas compartments in the outer tube, and the membrane in
between. The structured catalysts, acting also as fluid guiding
elements,** are placed in the inner tube within the process
medium. The modular concept consists of feed module,
reaction body, and drain module (Figure 2). A resaturation
module connects two reaction bodies. Each resaturation/drain
module has an opening for placing an electrochemical sensor.
Hydrogen gas can be presaturated in the process medium,
whereas O, is supplied through the membrane, and hydrogen
can also be resaturated directly into the liquid phase (Figure
1A). All metallic components are 3D-printed in stainless steel
via a PBF-LB/M process.

Classically, wall coatings can be used for integrating solid
catalysts into a reactor without the necessity for consecutive
filtration steps. However, it is difficult to replace the catalyst in
this case without replacing the entire reactor module as it
might be needed, e.g, after deactivation of the catalyst. As a
solution, structured catalysts were chosen for the integration of
the solid catalyst in our concept**® (Figures 1A and 2). To
ensure the safety of the process when contacting the reactants,
membrane reactors in a distributor configuration are
considered, which allow the selective supply of gaseous
substances.”” Tubular membrane distributors can be used in
simple setugs, e.g.,, via adapted tube-in-tube reactors with O,-
permeable™ tubes made from fluorinated polymer.*”° To
fulfill the process requirements of synthesis reactions, the
membrane consisting of a hydrophobic PDMS layer on a
tubular ceramic support was integrated into an additively
manufacturable design oriented to conventional catalytic

membrane reactors.”’ Small dimensions of the reaction
chamber can be used not only to ensure that small reaction
volumes are present in the system, but also to ensure that the
critical length, which would be required for an explosion to
proceed in the event of an accident, is deceeded.> Further, this
miniaturization allows for a compact reactor and thus a small
physical footprint. As is required for additively manufactured
reactors,”” overhangs were avoided by appropriate bevels, for
example, on the flanges connecting the individual modules.
Via the tubular ceramic membrane with active PDMS
coating enclosing the tubular channel, the O, guided in the
outer gas feed channel can be fed to the reaction medium in a
controlled and bubble-free manner. In this concept, the
synthesis reaction occurs at the surface of the structured
catalyst. The concentrations of the reactants and the product in
the reaction medium can be monitored via insertable
electrochemical sensors directly downstream of the reaction
chamber. In later operation, there is the possibility of
postsaturation via the postsaturation module if the necessity
is detected via the sensors. Both O, and H, can be supplied to
the system via resaturation points, if required (Figure 1A). The
arrangement of the inlet and outlet points for liquid and gases
are each chosen to allow the liquid to flow in and out of the
reaction volume supported by gravity, while avoiding intrusion
into the H, postsaturation channel. The sensor measurement
points are each placed along the flow direction upstream of the
postsaturation points to prevent one or more sensor electrodes
from being covered by individual gas bubbles from the
resaturating gas stream and thus prevent sensor failure. The
product leaves the reactor as a component that is dissolved in
the reaction medium via an outlet on the underside of the
drain module. Due to the modular design, a membrane reactor
cascade can be derived by joining several reactor modules.
Lateral leakage of the gases from the membrane at the head
ends was prevented by the manufacturer by sealing the ends
with glass. This part was radially separated from the external
gas supply channel by enclosing the O-rings. The seal between
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the reaction channel and the reactant feed channel as well as
the seal of the reactant feed channel to the environment was
realized via O-ring-groove pairings (Figure 2). To minimize
the postprocessing steps after additive manufacturing, the
necessary threads for subsequent assembly were already
printed (Figure 2). Only the necessary sealing surfaces and
associated O-ring grooves and fits had to be reworked after
printing to ensure the necessary surface quality. The sensor
openings were prepared in the same way and postmachined in
order to further reduce gas or liquid leaking by means of high
surface qualities. The sensors were fixed in the module via a
separate adapting plate (Figure 2).

3. ELECTROCHEMICAL SENSORS AND METHODS

3.1. Process Media. A 0.15 mM sulfuric acid (pH = 3.5)
was diluted from a 0.5 M sulfuric acid stock solution (VWR
Chemicals, France) with deionized water. Halides such as
NaBr may serve as inhibitors for the side reactions of direct
synthesis.’4 Thus, sodium bromide (>99%, Sigma-Aldrich,
USA) was added in the majority of the experiments, resulting
in a 0.15 mM H,SO, and 4 mM NaBr solution. Measurements
including H,O, were performed in 0.15 mM H,SO, + 4 mM
NaBr spiked with different amounts of H,O, dilution to adjust
the desired concentration. The H,0, dilution was obtained
from a 30% H,0, stock solution (Perhydrol, Merck,
Germany). For experiments with changing levels of diluted
gases, the process media or the outer side of the tubular
membrane was flushed with nitrogen or mixtures of nitrogen
and O, using a gas mixing station with programmable mass
flow controllers (IL-GMix41, HiTec Zhang, Germany).

3.2. Electrochemical Instrumentation. The fabricated
sensor plugs were used in a 3-electrode setup. Two out of the
three Pt wire electrodes were used as working and counter
electrodes. The Ag/AgBr pseudoreference was used as
reference electrode for all chronoamperometric measurements,
and all potentials refer to this electrode. All electrochemical
measurements were controlled by a potentiostat (Compact-
Stat, Ivium Technologies, The Netherlands).

3.3. Fabrication of the Electrochemical Sensors. The
electrochemical sensor plugs for insertion into the additively
manufactured microreactor were fabricated based on a
previously described process.”’ The sensor plug consisted of
a polymer housing (Loctite Stycast 2057 and Loctite Cat 9,
Henkel, Germany) that encloses three Pt wire electrodes with a
diameter of 300 pm (99.99%; ChemPUR, Germany) and a
silver wire electrode with a diameter of SO0 pm (99.99%;
ChemPUR, Germany) as shown in Figure 1B. A poly-
(hydroxylethyl methacrylate) (pHEMA) membrane on each
electrode (Figure 1B) ensured a diffusion-limited mass-
transport regime, resulting in a wide linear concentration
range. A schematic of the entire reactor concept with the
indicated sensor positions can be seen in Figure 1B.

3.4. Electrochemical Sensor Protocol. The integrated
electrochemical sensors enable the monitoring of the direct
synthesis of H,O, from O, and H, by online quantification of
the concentration of each reactant and the product. The Pt-
based sensors allow the simultaneous quantification of H,O,,
H,, and 0,.”” To evaluate the additively manufactured reactor
and its tubular design, quantifications of H,0, as the liquid
product and dissolved O, as the gaseous reactant were chosen.
The used 3-step chronoamperometric protocol is illustrated in
Figure 1C. The first potential of 0.925 V leads to the formation
of Pt oxide at the electrode surface as a prerequisite for the

subsequent H,O, detection by oxidation. The 15 s duration
was long enough to completely oxidize the Pt surface and led
to a concentration dependent detection current for changing
H,0, concentrations in the process medium. The second step
polarizes the electrode negatively to —0.4 V for 10 s. In this
step, the Pt oxide gets reduced and leads to a bare Pt surface.
At this bare Pt surface, the level of dissolved O, is measured by
direct electrochemical reduction in the third step at a potential
of —0.3 V. Again, the length of the third step at 10 s was long
enough to reach a steady state current response.

4. RESULTS AND DISCUSSION

4.1. Additive Manufacturing of the Reactor. The
individual reactor components feed, reaction body, and drain
were manufactured by means of the PBF-LB/M process. The
CAD model was designed by using Autodesk Inventor. The
individual components were fabricated on the described
Realizer SLM 125 (DMG Mori, Germany) from stainless
steel (1.4404, Carpenter Additive, USA) (Figure 2). Although
the build plate and build space theoretically allow multiple
components to be fabricated at the same time, the individual
components were printed sequentially to avoid surface defects
due to the metal slag splashing off. After printing, the support
structures required for anchoring the printed part to the build
plate were milled off. The sides of the components that later
served as sealing surfaces were milled over to remove any
unevenness caused by the printing process. The fits, for
example, for the subsequent installation of the electrochemical
sensors or for chambering the O-rings, were subsequently
integrated by milling the specified geometries. Due to the
unavoidable overhangs caused by the sensor fits, direct printing
of the geometries was not possible. When handling pure O,,
care must be taken to ensure that components that come into
contact with the gas are free of grease, as oil and grease
residues that come into contact with O, pose a high fire risk.>®
Since all components of the reactor system are in direct
contact with pure O,, all machining postprocessing steps were
performed as dry milling,

4.2. Sensor Flow Rate Dependency. Once the
assembled reactor was proven to be gastight and no leakage
of liquid into the gas compartments was detected, measure-
ments with inserted electrochemical sensors were conducted
inside the microreactor’s reaction channel. To obtain mean-
ingful concentration measurements of the dissolved gases and
H,0, at the sensor positions, the sensors operate ideally flow
rate independent.

The electrodes of the sensor plugs are covered with a
hydrogel membrane. This hydrogel membrane acts as a
diffusion barrier in order to achieve a diffusion-limited
detection regime. Ideally, the concentration gradient at the
sensor electrode occurs entirely within the hydrogel if the
medium flow provides a constant concentration at the
hydrogel surface, and all analytes are converted at the electrode
surface at the bottom of the membrane. To measure flow rate
dependency, the process medium under ambient conditions
presaturated with 256 uM of dissolved O, was aspirated
through the reactor at different flow rates by adjusting the
pumping rate of the peristaltic pump. The gas-side of the
membrane was kept under ambient conditions for the entire
measurement. This minimizes the O, diffusion across the
membrane. For each flow rate, 10 measurement cycles were
averaged to exclude fluctuations in the measured signal that are
not related to the change in flow rate.

https://doi.org/10.1021/acsomega.4c02210
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The chronoamperometric protocol includes a step for the
formation of Pt oxide required for H,0O, detection (Figure
1C). Figure 3A shows the flow rate dependency of Pt oxide
formation. The signal is flow rate independent, as expected,
and demonstrates a stable electrochemical cell, constant
catalytic activity of the electrode, and a stable electrode/
hydrogel system. Figure 3B shows the corresponding dissolved
O, measurement, which is also flow rate independent in the
range of 0 to 5.6 mL min~". The described measurements were
conducted with and without inserted structured -catalyst
carriers. Both Figure 2A and B contain a comparison of each
measured current for the two different setups. Neither for the
Pt oxide formation current nor for the O, reduction current
shows a different flow rate dependency with a structured
catalyst carrier inside the process chamber. This result
demonstrates the flow independent measurement of a
dissolved reactant gas in the microreactor channel by
integrated microsensors, uninfluenced by the integration of
the structured catalyst. For all subsequent experiments, flow

Flowrate dependency inside microreactor
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Figure 3. Investigation of the sensor’s flow rate dependency inside the
microreactor. (A) Measured signal of Pt oxide formation for different
flow rates with structured catalyst (black triangles) and without
structured catalyst (red triangles) placed inside the liquid channel. (B)
Measured signal of the O, reduction for different flow rates with
structured catalyst (black triangles) and without structured catalyst
(red triangles) placed inside the liquid channel.

19705

rates in the investigated range between 1 and 5.6 mL min~!
were used.

Hereby, we demonstrated that the flow rate within the
microreactor can be adjusted in order to control the reaction
without compromising the quality of the sensor signals. The
electrochemical sensors provide adequate information about
the analyte concentrations in the medium flow.

4.3. Hydrogen Peroxide Monitoring. A specific use case
for flow microreactors is the direct synthesis of H,O,. This
synthesis reaction can be realized using the microreactor
described here (Figure 1A). In order to demonstrate the
capability of the electrochemical sensors to detect and quantify
H,0, inside the acidic process media, calibration measure-
ments were carried out.

For the calibration of H,O,, process media under ambient
conditions possessing a dissolved O, concentration of roughly
255 uM, with five different concentrations of H,O, between 0
and 2,000 uM, were pumped through the microreactor from
lowest to highest concentration. In Figure 4A, the time-
transient current density is shown, forming a staircase-shaped
signal without fluctuations or any drift. The gray boxes in the

On-line H,0, sensing by oxidation in membrane reactor
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Figure 4. Online calibration of hydrogen peroxide inside the
microreactor by electrochemical oxidation of hydrogen peroxide in
acidic process media. (A) Time transient signal of the measured
current response showing the dynamics inside the reactor. (B) Highly
linear calibration curve for hydrogen peroxide over a wide range of
concentrations with high sensitivity.
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plot indicate the point in time at which the electrolyte
reservoirs were changed. Therefore, the delay between the
edge of a gray-white intersection and the increasing current is
caused by the time the process medium needs to flow through
the peripheral tubing and the length of the reaction channel to
the sensor. The exchange of the media did not lead to a vertical
slope, meaning that the sensor is able to monitor the dynamics
of the concentration exchange in the flowing process media.
The corresponding calibration curve is shown in Figure 4B.
Across the entire range from 0 to 2,000 yuM H,0O,, the sensor
signal was highly linear (R* = 0.999) and showed a high
sensitivity of 68 nA cm™> uM™', demonstrating that the sensor
was operated in a diffusion-limited regime. Based on 3¢ of the
blank signal, the detection limit was around 3.5 M. The offset
was caused by background currents from the presence of
bromide in the media. Overall, the sensitivity can be adjusted
by different membrane thicknesses, according to the desired
concentration range.

An additional calibration of H,0, was conducted via its
reduction at the bare platinum surface under continuous flow
for the same range of concentration (Figure SA). For this
calibration, the third potential step of the chronoamperometric
protocol was used. The same potential is used for the
quantification of dissolved oxygen. The reduction of H,O,
showed a sensitivity of 62 nA cm™ uM™', which is in very
good agreement with the sensitivity for the oxidation.
Furthermore, the calibration at the potential that is used for
the oxygen reduction shows a linear correlation (R* = 0.999)
between the concentration of H,O, and the current response
(Figure SB). Thus, the contribution of the H,O, related
current to the superposition of currents at the oxygen
detection potential can be subtracted by knowing the
concentration of H,0, by evaluating the current response
derived in the previous potential step.

The H,0, measurements demonstrated that the micro-
sensors integrated in the additively manufactured microreactor
enable a sensitive, precise, and reproducible in situ measure-
ment of concentrations in the liquid phase within each module,
which can either be a presaturated reactant or product of the
reaction.

4.4. Oxygen Monitoring. Besides H,0,, the sensor will be
used to detect and quantify dissolved gases in the process
medium. In the H,0O, direct synthesis, O, will be applied to the
outer side of the tubular membrane and has to diffuse across
that membrane from the gas-phase into the process medium
(Figure 1A). This measurement validates the reactor concept.

For these experiments, the process medium was flushed with
nitrogen prior to measurement in order to remove any
dissolved O,. The process medium was then aspirated through
the reaction channel inside the tubular membrane. The gas
inlet of the reactor was connected to a gas mixing station, and
the outside of the membrane thus flushed with 450 mL min™"
nitrogen or mixtures of nitrogen and O,. The concentration
gradient across the membrane led to the diffusion of O, from
the gas phase into the liquid phase. At the end of the reaction
chamber, the process medium with its changed content of
dissolved O, passes the sensor, and the concentration of
dissolved O, can be measured.

The time transient signal for the detection of dissolved O, is
displayed in Figure 6A. At the beginning of the measurement,
both the process medium and the outer side of the membrane
are flushed with pure nitrogen. Hence, there is no dissolved O,
in the process medium, and the sensor shows a very low signal

On-line H,0, sensing by reduction in membrane reactor
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Figure 5. Online calibration of hydrogen peroxide in the presence of
oxygen inside the microreactor by electrochemical reduction of
hydrogen peroxide in acidic process media. (A) Time transient signal
of the measured current response showing the dynamics inside the
reactor. (B) Highly linear calibration curve for hydrogen peroxide in
the presence of oxygen over a wide range of concentrations with high
sensitivity.

with a slight offset from 0. The remaining reduction current is
attributed to the nonspecific background from the presence of
bromide. After 15 min, the outside of the membrane was
flushed with 450 mL min™" of a gas mixture consisting of 75%
N, and 25% O, resulting in 306 uM dissolved O, in the
process medium. In equal steps of 15 min each, the O, volume
fraction of the gas mixture was increased to 50, 75, and 100%
leading to dissolved concentrations of 612, 917, and 1223 M.
The dynamics of the dissolved gas concentrations can be
observed in situ and in real time (Figure 6A), providing
valuable information about the O, concentration inside the
reaction channel, which is not accessible with traditional
measurement methods. The resulting calibration curve for the
used setup displayed in Figure 6 shows a high linearity with a
R?* of 0.999 and a high sensitivity of 103 nA cm™> uM ™" across
the entire concentration range from 0 to 1 bar of the O, partial
pressure.

The dissolved O, measurements demonstrated that the
integrated sensors allow the quantification of gases entering the
microreactor through the tubular membrane and dissolving in
the liquid phase. Consequently, they enable the monitoring of
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Calibration of dissolved O,in membrane reactor
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Figure 6. Online calibration of dissolved oxygen in the reactor’s liquid
phase by gas dosing through the membrane. (A) O, reduction
current. (B) Calibration curve for dissolved O, with high linearity and
high sensitivity.

the saturation after each reaction body module, which is
required for controlling the process.

4.5. In Situ Monitoring of Sensor Performance and
Stability. An important factor for continuous online measure-
ments in process engineering is the long-term stability and
lifetime of the sensors, especially for harsh environments, such
as acidic media and the presence of halide ions. To investigate
different aspects of sensor stability, two types of measurements
were conducted. First, we performed long-term continuous
measurements in process medium under ambient conditions
with a sensor protocol in the time scale of the measurement
protocol for a total duration of up to 1 week. Second, we
investigated intensified aging of the electrodes in the process
medium with and without bromide in order to mimic even
longer durations. In addition to the standard measurements
protocol (Figure 1C), a first potential step at 1 V for S s was
added to better track the influence of the presence of bromide.
Furthermore, we explored the investigation of this background
to process the measurement signal in order to further increase
signal stability by correcting the analyte unspecific fluctuations.

4.5.1. Long-Term Continuous Measurements. To demon-
strate the continuous use in process monitoring, we performed
long-term measurements, using the extended measurement
protocol over up to 1 week. After conditioning the electrode’s

surface, the entire chronoamperometric protocol was applied
continuously over 7 days and more than 19,000 measurement
cycles. After each block of 1,000 measurement cycles, one cycle
was evaluated, regarding the currents for Pt oxide formation
and electrochemical reduction of O,. All of the analyzed data
points were normalized to the initial value to highlight changes
in the measured signals.

Cyclic voltammetry was conducted in diluted sulfuric acid
and in diluted sulfuric acid with added sodium bromide in
order to correlate the surface chemistry of the platinum
electrode inside the process medium with the current response
of the chronoamperometric protocol (Figure 7A). The cyclic
voltammogram conducted in the presence of sodium bromide
shows a prominent, additional oxidation peak for potentials
higher than 850 mV vs Ag/AgCl. The location of the bromide
oxidation is superimposed with the oxidation of the electrode’s
platinum surface and the oxidation of H,0,.*" The resulting
signals are shown in Figure 7B along the measurement time in
days. The O, reduction current (black curve), which is less
affected by the background signal of bromide, showed a very
small variation over the entire 7 day measurement period. The
dashed lines in the graph indicate the marks of +5% with
respect to the initial value. For all times, the measured O,
reduction signal was within that margin.

The current at the H,O, detection potential (0.95 V, red
curve) was more affected than the O, reduction current by the
fluctuations of the background signal because it is affected by
Pt oxide formation and measured at a potential at which the
bromide oxidation already sets in. Therefore, the directly
measured current at this potential exceeded the tolerance of
+5% (Figure 7B). The 1 V potential step added prior to 0.95 V
was then used to correct the effect of the background.
Therefore, we recalculated the current at 0.95 V based on the
fluctuations of the current at 1 V by weighted correction to
account for electrode status during analyte detection. The
resulting signal for the Pt oxide formation at 0.95 V (blue
curve) was within the $% margin for the entire measurement
period (Figure 7B).

These results demonstrated that the electrochemical sensors
are capable of quantifying O, over a full week continuously
without any drift or major fluctuations in the acidic process
medium (pH 3.5). Since the Pt oxide formation current is a
good marker for the state of the electrode,”®*” we conclude
that the electrode does not degrade over this time. In addition,
the multistep chronoamperometric protocol was used to
correct unspecific background from the presence of bromide
and improve the signal stability, toward more robust and self-
calibrating sensors in harsh environments.

4.5.2. Intensified Aging and Electrode Lifetime. An
investigation of intensified aging with a shorter measurement
protocol was conducted. The intensified aging was achieved by
switching rapidly between 1 V (Pt oxide formation) and —0.3
V (O, reduction) for 100 ms each.”” Since Pt electrodes
inevitably under§0 dissolution under cyclic load, especially in
acidic media,””>® this method artificially accelerated electrode
degradation and allows estimations about total sensor lifetime.

The comparison of the sensor performance under intensified
aging in 0.15 M H,SO, (pH 3.5) with and without bromide
can be seen in Figure 7C. The measured currents of Pt oxide
formation and O, reduction were normalized to the initial
value in each electrolyte in order to compare the changes in the
electrodes surface, catalytic activity, and O, detection of the
sensor.
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Figure 7. Sensor performance monitoring for continuous measurement and intensified aging in acidic (pH = 3.5) media. (A) Comparison of cyclic
voltammograms conducted in 0.15 mM H,SO, (red curve) and 0.15 mM H,SO, + 4 mM NaBr (black curve); measured current of the
chronoamperometric protocol with a description of the electrochemical processes as inlay. (B) Sensor performance monitoring via quantification of
Pt oxide formation and O, sensing along 7 day continuous measurement, including processed signal for improved stability. (C) Investigation of the
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bromide, Pt oxide formation and the O, sensor signal are stable.

The Pt oxide formation current increases by nearly a factor
of 4 over the first 280,000 potential cycles in diluted sulfuric
acid without bromide before it fluctuates around an average
value of nearly 3 times the initial current. The increase of Pt
oxide formation current is known to happen when potential-
controlled degradation is performed on Pt in acidic media.””
The effect can be attributed to roughening of the surface due
to Pt dissolution and the subsequent increase in the accessible
surface. While a roughening typically is not expected to
influence the O, signal, an increase was also observed for the
O, signal but to a lesser degree (Figure 7C).

Interestingly, with added sodium bromide, no current
increase at all can be seen in diluted sulfuric acid, even though
the pH remains at 3.5. Both the Pt oxide formation current and
the O, reduction current stay at their initial values (Figure
7C). Knowing that bromide inhibits the formation of Pt oxide,
which can be seen in studies applying cyclic voltammograms,®"
we conclude that the inhibited formation of Pt oxide prevents
the known degradation mechanism of Pt. Evaluating our
measurements, we conclude that the added bromide has a
protective nature with regard to the Pt degradation in acidic
media.

Opverall, cyclic load, such as in chronoamperometry, leads to
Pt dissolution and roughening of the surface in acidic media
over hundreds of thousands of cycles, generally limiting sensor
stability. However, in relation to the standard protocol shown
in Figure 7B, 100,000 cycles represent a continuous measure-
ment over several weeks. In the case of the presence of
bromide, even prolonged cycling does not lead to a
performance decrease over up to 800,000 cycles, which
corresponds to an estimated use of almost a year. In addition,
we have shown that by tracking Pt oxide formation as an
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indicator for the electrode state, changes in sensor stability can
be detected online and even corrected.

5. CONCLUSIONS

We developed a microsensor equipped concept of an additively
manufacturable, tubular stainless steel microreactor for the
direct synthesis of H,O, on a noble metal catalyst. Under
consideration of the given requirements by the fabrication
method, the desired chemical reaction, and the necessary
process conditions, the microreactor was fabricated in a
modular approach using metal 3D printing by PBF-LB/M. The
fabricated parts of feed, reaction body, and drain were
assembled in combination with a tubular, ceramic membrane
coated with PDMS and the structured catalyst. The assembled
setup, together with integrated microsensors, was successfully
tested for water- and gas-tightness.

Miniaturized, electrochemical sensors featuring Pt electrodes
were successfully integrated in the additively manufactured
reactor and allowed continuous, online measurement inside
the microreactor’s reaction chamber. H,O, concentration was
measured continuously directly within the process medium
with high linearity and sensitivity. Access to time transient
concentrations in the tube-in-tube design delivers important
insights into the dynamics of the process, highlighting the
power of electrochemical sensors applied in process engineer-
ing. Such in situ real-time detection is hard to achieve by other
methods.

The concept of the membrane microreactor, with a tubular
membrane separating the liquid process media from the outer
gas-phase, was confirmed by measurements of dissolved O,
after its membrane passage in the process media. The
uninterrupted measurement of dissolved gas concentrations
shows the bubble free dosage of gases into the process medium
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and enables optimization of processes by resaturating reactants
while the process is running.

As sensor stability under harsh conditions is essential for
successful process monitoring, we investigated the electrode
degradation by the application of the actual measurement
protocol. In addition to continuous, stable measurement for a
full week, we demonstrated that information gained during the
early steps of the advanced chronoamperometric protocol can
be used to correct the concentration measurements from
background fluctuations to increase the stability. This signal
processing within the electrochemical sensor protocol is a
crucial step toward more robust and self-calibrating sensors for
industrial applications. On top of that, we investigated sensor
lifetime using an intensified aging protocol, together with
sensor performance characterization, to address electrode
stability in acidic and halide ion containing media. In the
presence of bromide in the process medium, we estimated a
sensor lifetime of nearly one year. This shows that electro-
chemical methods allow an uninterrupted combination of
analyte concentration measurements and electrode degrada-
tion monitoring.

In summary, our results emphasize the power of additively
manufactured stainless steel microreactors in combination with
electrochemical sensors for monitoring and controlling
reactions in flow-chemistry. Combining the advantages of
stainless steel as a robust material with the possibility to fulfill
complex geometric requirements of microreactors by additive
manufacturing together with the capability of in situ
monitoring inside the reaction channel by electrochemical
sensors, we contribute to the next generation of microreactors.
Enabling safer, more sustainable, and adjustable processes in a
decentralized production, sensor-equipped, 3D-printed micro-
reactors can be a supporting pillar of the paradigm change in
the chemical industry toward green chemistry.
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