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Abstract: The results of the development of novel manu-
facturing techniques for microstructured reactors in the
framework of the European project CoPIRIDE are reported.
The work was aimed at promoting the application of micro-
structured chemical reactors in the chemical industry. This
can be achieved by completely new ways of production
of microstructured plates, as manufactured by the roll
embossing technique. This opens the door to mass manu-
facturing capability, which is a common enabler for cost
reduction and resource efficiency. Roll embossing is espe-
cially suited for automated mass production, particularly
on the larger scale. A modular reactor concept and a novel
microreactor design for such microstructured plates were
developed. The stacked plate reactors are joined either
by laser welding or vacuum brazing. In this way, micro-
structured reactors can be manufactured for a wide range
of throughputs, pressures, temperatures, for single and
multi-phase reactions as well as for non-catalytic, homo-
geneously or heterogeneously catalyzed reactions. Within
the project, the suitability of the novel techniques for the
manufacture of microreactors with a reaction volume of up
to 2 1, which is already the lower production scale of the
fine chemical industry, was demonstrated. Three different
reactor types could be successfully applied in pilot plants.
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1 Introduction

For some years, microstructured reactors have success-
fully been applied on the lab scale and in several cases

even up to pilot and production scale, for the intensifi-
cation of chemical processes [1, 2]. Currently available
techniques are well established to enable the commercial
manufacture of laboratory reactors in small series and
pilot reactors. However, there is still a lack of appropri-
ate and cost-efficient manufacturing techniques applica-
ble for microstructured devices, which are suited for the
high throughputs of the production scale. The develop-
ment and improvement of such manufacturing tech-
niques is a major goal within the European large-scale
collaborative project CoPIRIDE, coordinated by IMM and
involving 16 partners with strong industry participation
(www.copiride.eu).

A typical design of micro- and millistructured reac-
tors is a stack of reaction plates and heat transfer plates.
Depending on the application, the channels can be coated
with a catalyst. Due to the high ratio of surface to volume,
such reactors are capable of transferring heat up to some
kilowatts. This allows for better process control, for the
use of highly active catalysts and for operating in Novel
Process Windows [3, 4], such as elevated temperature and
pressure [5]. Thus, the reaction time can be reduced from
hours to minutes, or even seconds. Currently, metal and
especially stainless steel plates are structured using wet
chemical etching [6] or mechanical machining processes,
such as milling [7]. Both techniques are comparably
expensive, limited in size and less suited for an economic
mass production.

In the framework of the CoPIRIDE project, IMM and
its industrial partners, the companies Wetzel and Laser-
zentrum Schorcht, jointly developed novel manufactur-
ing techniques for microstructured reactors, based on
promising results that IMM had achieved in preliminary
trials. These novel manufacturing techniques are based
on roll embossing and laser cutting for the fabrication of
structured plates. Furthermore, the joining technologies,
vacuum brazing and laser welding, had to be improved
in order for these to be applicable for larger dimensions
of the reactors and adapted to plates structured by roll
embossing. A corresponding modular reactor concept
for the application of these techniques has been devel-
oped at IMM. Therefore, vacuum brazing enables the
manufacture of large microstructured devices capable
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of withstanding higher pressures, whereas laser welding
enables the joining of plates which are already coated
with a catalyst. As an additional variant type, foam reac-
tors were developed. These can be joined both by laser
welding and vacuum brazing and used with or without
catalyst coating.

Yet, the potential of these novel manufacturing tech-
niques for cost reduction and resource efficiency holds
for mass products produced at a very large scale. The
article also critically comments on how such transfer is
valid for a highly advanced product, such as microreac-
tors, and on the risk of failure and other factors influ-
encing the consumer acceptance of microreactors. The
article cannot — for reasons of confidentiality, complex-
ity of calculation, uncertainty in other cost contribu-
tions, and preliminary technology exploration — give
precise cost analysis and comparison. This remains the
topic of a future paper here, giving holistic costs analy-
sis, including the interconnection and assembly costs at
several production quantity scenarios. The latter cannot
be isolated from considerations on how modularity on
the reactor level may simplify or unify the microreactor
manufacturing.

2 Modular microstructured reactors
in industrial scale

Microstructured reactors show benefits if their applica-
tion intensifies processes by using highly active catalysts
or by operating in Novel Process Windows [3-5]. This
reduces the required reaction time and the correlated
reaction volume. Thus, modular microreactors are in line
with the concept of modular compact plants for decen-
tralized production, like the container-based Evotrainer
developed by Evonik Industries (Hanau-Wolfgang,
Germany) and applied for processes developed within
CoPIRIDE [8, 9] or the similar future plant concept devel-
oped in the European project F? Factory [10]. The original
concept was developed by IMM [11-13]. Subsequently,
it was applied by other suppliers of microstructured
devices, such as Ehrfeld Mikrotechnik BTS.

2.1 Modular multi-scale approach for
continuous reactors

IMM’s concept for continuous reactors is a multi-scale
approach, as demonstrated here with the example of a
pilot reactor for the synthesis of ionic liquids (Figure 1).
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Figure1 Modular multi-scale reactor (IMM) for the continuously
operated synthesis of ionic liquids.

The micromixer is followed by a microstructured
modular reactor for the first part of the reaction, where
most of the heat is released in an exothermic reaction.
The reaction is then completed, or at least continued on
a larger scale, for example a multi-tube reactor with tubes
with millimeter dimensions.

The complete microreactor consists of a mixing unit,
which can be a separate device or integrated into the reac-
tion plates, and the microstructured modular reactor. The
latter offers the necessary residence time for the intended
part of the reaction, and releases or brings in the heat of
reaction, respectively. The modular microreactor shown in
Figure 1is an outcome of the former European FP6 project
“IMPULSE” [13, 14]. It consists of a distributor module,
three reaction modules and a collector module.

For the manufacturing of modular microreactors in
industrial dimensions, in CoPIRIDE the following manu-
facturing techniques were newly or further developed:
roll embossing as a novel technique for microstructuring
of thin metal plates, vacuum brazing and laser welding as
techniques for joining the stacked plates.

2.2 Reasons for applying modular
microreactors

2.2.1 Flexibility to process needs

The main reason for the development of modular micro-
reactors is that they facilitate flexibility to process needs.
This means they can be adapted to varying throughputs
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and/or residence times, and to the reaction process itself,
for example, by tempering each reaction module at an
individual temperature level according to the desired
reaction rate. Furthermore, modular microreactors can be
adapted to the reaction conditions, i.e., to different pres-
sure and temperature levels, to heat and mass transfer
requirements, and to the number and nature of phases,
including a single liquid phase, two immiscible liquid
phases, or with an additional solid phase, e.g., if a hetero-
geneous catalyst is used.

2.2.2 Modularity in the design

The flexibility to process needs can be achieved due to the
modularity in the design of the stacked plate reactors. On
the one hand, the size and the composition of the reac-
tion modules can be varied, e.g., by adjusting the struc-
tured width, the length and the number of plates and the
size and shape of the channel cross section to the present
process. On the other hand, the joining technology of
the plates can be chosen, here, laser welding or vacuum
brazing. In CoPIRIDE, the also applicable joining technol-
ogy, diffusion welding, was not adopted since vacuum
brazing offers more degrees of freedom in the design of
the plate structure. Also, the application of different cata-
lysts and supports is feasible, depending on the applied
reactor design and chosen joining technology. Further-
more, the regular microstructured reaction plates can be
exchanged for foam plates.

Possibilities also exist for modifications on-site, e.g.,
in the number of reaction modules, or the type of mixers.

3 Novel manufacturing techniques

The development of novel manufacturing techniques
for microstructured reactors refers to those made of
metals like stainless steel, or metals with a higher corro-
sion resistance, which cannot be microstructured by wet
chemical etching, but which are sufficiently ductile for
(roll) embossing. The developed novel reactor design and
the novel manufacturing technique used to make such
reactors are protected by a German patent [15]; an interna-
tional patent application is pending.

3.1 Novel reactor design

Stacked plate devices as heat exchangers and reactors
have been used for a while as an internal numbering-up
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concept for microchannels [16]. Here, several microchan-
nels are arranged on one plate, in many cases in parallel.
In the case of the reactor, reaction and heat transfer plates
are alternately stacked. The single plates are then joined
using different technologies, depending on the material
and the application.

Normally, one plate, which was structured by conven-
tional methods like milling, wet chemical etching, photo-
structuring, grit blasting, etc., is a single component. In
the novel reactor design for metal stacked plate reactors,
one structured plate is composed of the (micro) structured
part, which can efficiently be manufactured by using roll
embossing, and additional frames and flat intermediate
plates. This concept allows for the realization of a wide
range of stacked plate reactors, requiring only a small
number of manufacturing tools, like embossing rolls. If
the inlet and outlet of the reaction channels remain open,
several modules can be arranged in series to adjust the
reactor to residence time and/or to throughput, respec-
tively (Figure 2). In addition, inspection and cleaning of
the microchannels is also possible. In this concept, the
mixing of the reactants is realized by using a micromixer
which is directly connected upstream. Thanks to the inter-
action of the connectors at the inlet and outlet side, the
reaction mixture is as uniformly as possible distributed
between the individual plates of the stack and between
the channels of a plate. For example, from residence time
distribution experiments, a Bodenstein number (Bo) of 50
was determined for the reactor shown in Figure 2 within
the intended range of volume flow. This value represents
good equal distribution and is near to plug flow behav-
ior which is theoretically the case at Bo—oo, but in reality
already achieved for Bo>100. Sometimes in the literature,
Bodenstein numbers >7 for real reactors are considered

Figure 2 Modular microreactor (vacuum brazed) with integrated
heat exchange function and a micromixer connected upstream.
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as a good approximation to plug flow behavior [17]. To
further improve equal distribution and to get the best
design of the connectors, simulation calculations using
COMSOL were carried out.

3.1.1 Reactors comprising plates with regularly arranged
microchannels

Two types of reactors comprising plates were developed
and realized. These were comprised of microstructured
plates, both at the reaction and the heat transfer side
made by roll embossing. Vacuum brazed reactors are
suited for applications with higher pressure but without
wall coated catalysts. Currently, they are designed and
successfully tested to withstand pressures up to 10 MPa
which enables an operating pressure of up to 7 MPa. Laser
welded reactors can only be operated at lower pressures,
but comprise plates which can be coated with a catalyst,
if needed. In the latter case, it is very beneficial that the
microstructured plates which are coated with the catalyst
can be removed and also reinserted after joining the stack
by laser welding. This is impossible for the conventional
design (e.g., using wet chemical etched plates). Within
the CoPIRIDE project, several methods of the removal of
deactivated catalytic coatings and the recycle of the micro-
structured substrate were investigated and compared to
fresh plates, with respect to their economic efficiency and
environmental impact [18]. Figure 3 exemplarily shows the
basic design of a stack comprising, on both sides, plates
which were microstructured by using roll embossing.

If a higher pressure is required, as is possible for laser
welded reactors, vacuum brazed reactors comprising
metal foams with a catalyst coating provide a solution.

Formed sheet
reaction side Frame

reaction side

=

Separation
foil @ —— Formed sheet
cooling side
Frame ~——

-_—

[l

cooling side

Figure 3 Basic design of a stacked plate microreactor (exploded
view) comprising plates microstructured by using roll embossing.
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3.1.2 Reactors comprising open-cell foam plates at
the reaction side

As mentioned, the reaction plates which are microstruc-
tured by roll embossing and exhibiting parallel micro-
channels can be exchanged for foam plates. Such metal
(or ceramic) open-cell foams are commercially available,
e.g., sheets of nickel foam with different pore sizes and
thicknesses. These foam plates offer benefits for multi-
phase reactions, e.g., if one liquid reactant is dispersed in
another one and the dispersion tends to coalesce during
the reaction time. In this case, the foam can act as a re-
dispersion unit for a pre-dispersed reaction mixture or, at
higher velocities, even as disperser. This behavior could
be verified by experiments with a test system carried out at
IMM (see Figure 4). After passing the micromixer and the
subsequent foam reactor, the mean droplet diameter was,
both for the smaller caterpillar micromixer CPMM-R600
and for the bigger CPMM-R1200 one [19, 20], almost the
same as after the respective micromixers alone. However,
with the foam reactor alone, significant higher through-
puts were necessary to achieve the same mean droplet
diameters.

Another advantage of foam plates is that they can
be coated with high loads of a catalyst. Both for laser
welded reactors and vacuum brazed reactors, these
catalyst coated foam plates can be inserted after joining
and removed when the catalyst has to be renewed. This
enables the use of vacuum brazed reactors also for hetero-
geneously catalyst reactions, since catalysts are normally
not able to withstand the high temperatures applied for
joining (above 1000°C).

A special variant of the foam reactor, however, with
comparatively thick plates made by wet chemical etching,
was manufactured especially for a reaction under super-
critical conditions. It is applicable at a pressure of 20 MPa
and at temperatures up to 400°C (Figure 5).

3.2 Microstructuring by using roll
embossing

An important step forward was the technology develop-
ment for microstructuring by using the roll embossing
technique (principle shown in Figure 6). To realize this
concept, especially for larger dimensioning and cost-
effective mass production, IMM initiated a co-operation
with the Wetzel firm, a company with an established
record in roll embossing.

This technique is suited both for mass production
and for larger dimensions than were previously possible.
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Figure 4 Comparison of the mean droplet diameter as function of
rate ratio of 5:1.

Figure 5 Vacuum brazed foam reactor for high pressure and
temperature applications.

Figure 6 Basic principle of microstructuring metal strips by using
roll embossing [15].
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It overcomes technological limits of the currently most
frequently used mechanical and chemical structuring
methods. Roll embossing is automatable and enables cost
savings with increasing lot size. In preliminary tests, IMM
and Wetzel could verify the suitability of the roll emboss-
ing technique for microstructuring thin metal sheets [21].

As opposed to embossing, where the necessary power
increases with the area of the workpart, the power needed
for roll emhossing depends only on one dimension, i.e., at
a fixed thickness only on the width of the workpart. Fur-
thermore, for every different part, an embossing tool (or
combination of tools) is required, but in the case of roll
embossing, different component parts can be manufac-
tured with one mating roll. Thus, embossing is more ben-
eficial if large numbers of the same component are to be
manufactured. Roll embossing, however, provides more
flexibility if a wide variety of similar components in large
numbers are to be efficiently produced. Reactors for the
(fine) chemical industry need relatively big plates in high
numbers, but have to be adapted to the respective process.
Thus, on the one hand flexibility is needed, while on the
other hand, the intended commercial manufacture profits
from high lot sizes. In summary, microstructuring by using
roll embossing allows a combination of the intended cost-
effective manufacture of microstructured plates with the
necessary flexibility.

An aim was to produce a microstructured strip from
coil to coil, i.e., from a coil of a precision stainless steel
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strip to a coil of the microstructured strip. Separation of
the microstructured plates, in the required shape and
length, can be performed, e.g., by laser cutting. Figure 7
shows the last part of the assembly used for roll emboss-
ing with the rewinder for the structured strip.

The degree of benefits gained from the novel manu-
facturing techniques depends on the number of micro-
structured plates and devices manufactured by using
them. For example, in the case of stainless steel, the
manufacturing costs are almost constant from a relatively
small number of plates, if they are microstructured by
wet chemical etching. The one-off costs for preparing the
mask are relatively low; the ongoing expenses for, e.g., the
acids however, are comparatively high. The opposite is the
case for microstructuring by roll embossing. The once-
only manufacture of the mating roll is more expensive,
but rolling from coil to coil and separating by laser cutting

Figure 7 Detail of the assembly for roll embossing (by courtesy of
Wetzel GmbH).
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is inexpensive and can be automated. Furthermore, this
microstructuring technique is also applicable for other
corrosion resistant metals, like Hastelloy or titanium. The
combination of a cheap technique for microstructuring
of a big number of plates with a flexible, modular reactor
concept requires only a small number of tools for emboss-
ing and joining. Thus, cost-effective manufacturing of a
wide variety of microstructured reactors, as needed for the
industrial application for different chemical processes,
can be enabled.

3.2.1 Development steps

At the beginning, it was challenging to find out the shape
and the dimensions of microchannels which had to meet
several demands, which in parts, contradict each other.
From the point of view of the reaction, the channels had
to be small for optimum heat transfer properties, but large
enough to minimize pressure drop and risk of blockage;
from the manufacturing point of view, the challenge was
to enable roll embossing and joining by vacuum brazing,
without filling the channels with the brazing alloy. The
channel width should be large enough according to the
achievable tolerances in the case of screen printing with
brazing paste. As a first compromise, manual embossing
tests with several channel shapes and dimensions were
made and exemplary simulation calculations for the heat
transfer properties for a real, highly exothermic reaction
were performed, as can be seen in Figure 8.

Since it was necessary to fix the brazing alloy in a
defined position to avoid an uncontrolled partial filling
of the channels, two different channel shapes for laser
welded and vacuum brazed reactors were developed,
the latter with a groove at the top, which is able to fix the
brazing alloy (see Figure 9).

INNSYS

Figure 8 Temperature profile for oil (hot side) and water (cold side) as result of computational fluid dynamics simulation of the reactor’s

channel geometry.
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Intermediate plates

Figure 9 Cross section view of two microstructured layers comprising vacuum brazed plates microstructured by roll embossing.

With the manually embossed plates, first test reactors
with plates of 17 mm structured width were manufactured
to prove the principle of design.

After the respective channel shapes and dimensions
were found, different mating rolls for microstructuring of
precision stainless steel strips of 60 mm width were manu-
factured by Wetzel, which were applicable both for laser
welded and vacuum brazed reactors. Using the micro-
structured coils, Laserzentrum Schorcht (laser cutting,
laser welding) and IMM (screen printing, vacuum brazing
at a subcontractor, refinishing and connectors) manufac-
tured laser welded and vacuum brazed reactors compris-
ing roll embossed plates with 60 mm width and 200 mm
length.

With the experiences of the manufacture of these
first devices, a second generation of slightly redesigned
embossing rolls for brazed reactors was manufactured,
and used for an advanced version of these microreac-
tors. Furthermore, the dimensions were increased and a
mating roll for the microstructuring of strips with 150 mm
width was made (Figure 10).

With plates of this width, reactors for the pilot scale
or lower production scale with respect to fine and spe-
cialty chemistry can be manufactured. The manufacturing

| mmE" 'TEREER
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P

N

Figure 10 Downstream side of mating roll 150 mm with microstruc-
tured strip.

process is executed by means of rollers in a special
embossing calender, which was redeveloped as part of
the CoPIRIDE project. This in-house developed embossing
calender was incorporated in the test line in order to also
test the required complete manufacturing process from
coil to coil.

In addition, the Wetzel Company designed a large
scale embossing calender system which is suited for strips
with further increased width for microreactors on the
production scale. As an example, for ductile metals with
higher corrosion resistance, titanium sheets were micro-
structured by manual embossing and a first test reactor
with the same channel and outer dimensions as the stain-
less steel test reactor was manufactured by using vacuum
brazing.

3.3 Joining by using vacuum brazing

Another new manufacturing techniqueisjoining the plates
of a stack by vacuum brazing. Vacuum brazing results in
high pressure stability, which is widely independent of
the size and thus, also suited for larger dimensions. For
stainless steel, a chemically stable nickel-based brazing
solder is used, which is coated on the flat plates between
the microstructured ones by screen printing. A disadvan-
tage is the high temperature necessary for brazing, which
does not allow the insertion of a catalyst prior to joining.

3.3.1 Manufacture of the components

In a first step, the structured plates for the reaction and
the heat transfer side have to be separated from the micro-
structured strip coil in the desired length and shape. Next,
the additional frames and intermediate plates have to be
prepared. In our case, both were done by Laserzentrum
Schorcht, by using laser cutting. Finally, the stack has
to be completed by the top plate, temperature sensing
plates and the bottom plate, the latter also functioning as
a stacking device. Prior to stacking, the separated plates
microstructured by roll embossing have to be flattened by
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using a sheet metal straightening machine; this was done
at IMM.

3.3.2 Screen printing of the brazing paste

The nickel-based brazing paste was coated on both sides
of the flat intermediate plates between the microstruc-
tured ones, by using a precision screen printing machine
at IMM (Figure 11). The brazing metal connects the single
parts of the stack along the outline and between each of
the microchannels. The challenge is to apply the paste
evenly, at the right position and in an optimal thickness to
achieve the best results with respect to pressure stability
and to avoid filling of the microchannels with the brazing
alloy. After several basic in-house tests and thanks to the
experiences gained during the development of the novel
manufacturing techniques within CoPIRIDE, IMM is
now able to achieve reproducible results in the required
quality. The now patent protected [15] special shape of the
channel, which exhibits a dent at the top for inclusion of
the brazing alloy, successfully prevents it from clogging
by the brazing alloy (see Figure 14).

After drying of the coated plates in a drying furnace,
all components are then ready for stacking.

3.3.3 Stacking of the components

Using pins for adjusting the parts, the stack is built from
alternating reaction and heat transfer layers, respectively,
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(Figure 12). Each layer consists of a microstructured plate
made by roll embossing, frames and a separation plate
coated with the brazing paste (see Figure 3). The latter
has the additional function of closing the micro dents
formed into the corrugated sheets (see Figure 9). Plates
with several openings for the potential insertion of tem-
perature sensors, like thermocouples, are provided in the
improved versions. This allows information to be obtained
about the temperature distribution along the length, the
width and the height of the reactor.

Stacking starts from the bottom plate in which the
adjusting pins are inserted. After a plate for temperature
sensing, the first layer is for heat transfer, the second for
reaction and so on. After a certain number of layers, addi-
tional plates for temperature sensing can be included.
After a last plate for temperature sensing, the stack is com-
pleted with the top plate.

Currently, during the development of the technology,
stacking is carried out manually at IMM, but in principle
also assembly robots can be applied for stacking if for
industrial applications, if a large number of stacks are
required.

3.3.4 Vacuum brazing of the stacks

Vacuum brazing requires high-vacuum furnaces and oper-
ates at high temperatures. Since such devices are expen-
sive and are not available on site of the project partners,
IMM co-operates with a subcontractor. However, due to
the novelty for the subcontractor with respect to vacuum

Figure 11 Precision screen printing machine at IMM for coating plates with brazing solder.
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Figure 12 Stacking of a reaction module (first version) at IMM. View
on the reaction side with still uncovered channels.

brazing of stacks with such a high content of brazing
paste, IMM was also involved in the development of the
brazing technology, i.e., finding out optimal sequences
and operating conditions (mounting, evacuation/pressur-
ization, temperature profiles, duration). The individual
steps are warm-up, debinding, fusing and cooling down.
For vacuum brazing, the stacks have to be burdened with
weights (see Figure 13).

After vacuum brazing, the reactor looks like a mono-
lith, but consists of layers of different materials, e.g., of
stainless steel and nickel. Figure 14 demonstrates the
achieved equability and high quality of the joinings.

3.3.5 Post-processing and completion with connecting
parts

After vacuum brazing, the sealing surface has to be
treated and the brazed stack has to be coupled with
other modules and the distribution and sampling con-
nectors at the reaction side. For this purpose, special
coupling components have to be manufactured. The
flanges have to ensure tightness under the intended
operating conditions and the distribution and sampling
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Figure 13 Stacks burdened with weights inside the vacuum oven.

Figure 14 Cross cut view after vacuum brazing of the stacked plate
reactor.

connectors shall enable the distribution of the reaction
media to the reaction channels as uniformly as possi-
ble. In addition to the picture of a complete assembled
reactor of the first design (Figure 2), Figure 15 shows the
last version, which requires further reduced treatment
of the brazed stack.

Before use, all single reaction modules, as well as the
assembled reactor, are tested with respect to tightness
and pressure stability, to ensure the suitability under the
intended operating conditions.
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Figure 15 Vacuum brazed reaction module (improved version)
assembled with distribution and sampling connectors.

3.4 Joining by using laser welding

If the required pressure stability is not as high, an alterna-
tive joining technique can be used i.e., laser welding. For
this purpose, a technologically advanced and cost-effec-
tive fiber laser can be applied. This laser type allows for
an increase of the penetration depth, which leads to an
enhanced strength of weld seam [22]. This method is also
well suited for larger dimensions of the devices. Commer-
cially important, is the high welding speed achievable.
In contrast to vacuum brazing, the controlled heat input,
which appears only at the edges of the plates, enables cat-
alyst insertion prior to welding.
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Figure 16 Comparison of the dimensions of laser welded stacked
reactor: top — plates 17x50 mm, mid — plates 60x200 mm, below —
first prototype with plates 150x400 mm.

With the exception that the joining technology of
the stack is laser welding, the manufacturing steps com-
ponent manufacture, stacking and joining are compa-
rable with the vacuum brazed reactors (see chapter 3.3)
and will not be described here again. All manufacturing
steps, except for the connecting parts, were carried out by
Laserzentrum Schorcht. For this purpose, Laserzentrum
Schorcht developed the existing technology for stacked
plate reactors with wet chemically etched plates, further
for the use with stacks comprising roll embossed plates
and thin metal sheets. Furthermore, the adaptation of the
technology to the significantly increased dimensions of
the reactors was necessary (see Figure 16).

As described in chapter 3.1.1, in the novel reactor
concept, exchangeable reaction plates are applied which
enable the renewal of a wall coated catalyst after joining
the stack (Figure 17).

IMM has a large experience in wall coating of micro-
channels with supported catalysts. The most applied
technology is wash coating [23]. Thanks to the further

Figure 17 Laser welded stack (structured width 150x400 mm), showing the exchangeability of the reaction plates.
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development of this technology and its adaptation to cor-
rugated plates made by roll embossing and comprising
open microchannels on both sides, it is now possible to
achieve uniform and durable catalyst coatings on both
sides of roll embossed plates, successfully tested up to
dimensions of 150x400 mm.

4 Conclusion

In the framework of the European research project CoPIR-
IDE, novel manufacturing techniques for microstructured
reactors were successfully developed. These techniques
are based on a modular reactor concept, which allows the
manufacture of different reactors according to the require-
ments of the chemical processes. The main progress
compared to existing technologies is microstructuring of
thin metal strips from coil to coil by using roll emboss-
ing. This technique enables cheap and resource-efficient
production of microstructured plates, especially in big
numbers and large dimensions, which shall promote the
application of microstructured chemical reactors, cur-
rently mainly in the fine chemical industry. Thanks to the
modular concept and the availability of different joining
technologies, and of different sizes and reactor types,
microstructured reactors can be manufactured: (1) for a
wide range of pressures, (2) for a wide range of temper-
atures, (3) for single and multi-phase reactions, (4) for
non-catalytic reactions, (5) for homogeneously catalyzed
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