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Methods for Microreaction Devices
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Abstract: Microreaction technology is a powerful tool for the evaluation of new reaction pathways, process
intensification in chemical engineering and combinatorial material development. Because of the small char-
acteristic dimensions of microreaction devices, mass and heat transfer processes are enhanced and, in ad-
dition, initial and boundary conditions can be precisely adjusted for optimizing yield and selectivity. A num-
ber of microfabrication methods exist to cover prototyping and manufacturing of a few items as well as cost-
effective mass production of modular and integrated microdevices for unit operations, reactions and control.
Detailed analyses of methods like LIGA technology, wet and dry micro-etching, mechanical micromachining
and laser processing show that a wide variety of materials is applicable to meet most requirements of chem-
ical processes.

Keywords: Microfabrication - Microreactors - Process intensification - Unit operation modules

1. Miniaturization of Chemical Pro-  These technologies have created a novesponse time of a miniaturized system
cessing Units basis is usually much smaller than that of a
— to realize extremely powerful tools for macrosystem so that chemical processes
During the past fifty years, general techno- evaluation of new reaction pathways, become easily controllable. Evidently,
logical progress has been dominated essen- to implement comprehensively the conmicroreaction devices are powerful tools
tially by a unique strategy of success which cept of process intensification, and  for process development and in particular,
constantly aims at comprehensive miniatur to accelerate screening in combinatori&br the evaluation of new reaction pathways
ization and integration of functional ele- material development. usually not accessible by standard laborato-
ments in technical systems. The most Asa matter of fact, the development stay equipment.
outstanding development took place in mitus of microreaction technology is still very  Process intensification aims at a dra-
croelectronics where, in the meantime, irmuch in its infancy. There are many resematic reduction in plant size without de-
tegrated circuits with hundreds of millionsvations about technical feasibility, life timecreasing the production capacity [9—11]. By
or even billions of transistors have becomef process units, fouling problems and, ithis means much longer investment, oper-
products of our daily lives. More recentlyparticular, productivity and investmentating and maintenance costs should be
micromechanical, microoptical, microflu-costs. The acceptance problems of micrachievable. A straightforward approach to
idic, and many other microdevices have ba&eaction technology correspond essentiallpeet these requirements is to replace batch
come the basis for a further multibillionto those of nearly all novel developments iprocessing by continuous operation. Prob-
dollar business, the market of microtechmodern technologies [8]. lems in terms of safety and process control
nology [1-3]. Nevertheless, there are also convincingften connected with continuous processes
Researchers in chemical engineeringrguments for utilizing miniaturization andcan be solved by microreaction devices and
and the life sciences are also intensively amtegration in modern chemistry and lifealso dangerous run-away effects play no es-
alyzing the possibilities which are potensciences. Microdevices for chemical prosential role in miniaturized systems. The ef-
tially offered by modern technologies forcessing are evidently characterized by facts of more intensive heat and mass trans-
miniaturization and integration [4—7].small holdup. When using proper materialder, more precise process control or access
they withstand high pressures and tempert novel process routes contribute addition-
tures and, consequently, they can be safdily to higher yield and selectivity of chem-
operated within a wide range of operatingal reactions and, correspondingly, to the

Ei?frgf;/mﬂ%etgzﬁn ;’(r%féDr--lng- W. Ehrfeld conditions and a nearly inherent safety farost reduction target of the process intensi-
Mikroforum Ring 1 chemical plants seems to be achievablfication strategy. Furthermore microreac-
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process intensification leads to microreaaesign or treatment of interdependent e2.3. Transport of Bulk Material

tion technology [12]. fects. Consequently, a profound knowledge As a matter of fact, problems also arise
Combinatorial material development if the basic properties and phenomena oégarding the design of microreaction sys-

based on highly effective synthesizing anthicroreaction technology is absolutely esems. For instance, gravitational forces can-

screening of a huge number of chemicaential for a successful design of microraiot be efficiently utilized to transport fluids

compounds. By means of microreaction dexction devices. Some of the major effectat small characteristic dimensions since the

vices not only the amount of reactants, aware summarized in the following. effects of surface forces exceed by far those
iliary substances, waste, energy and space of mass or bulk forces. This is immediately
can be minimized but also all the othe2.2. Molecular Transport evident when regarding the reflux in a dis-
advantages of microreaction devices mei*henomena tillation column or the settler in a mixer set-

tioned above can be favorably utilized Diffusion, thermal conductivity, and tler system. If characteristic dimensions in
[13][14]. Consequently, the concept ofiscosity are physically similar phenomenghe millimeter range would be applied the
microreaction technology has been implewxhich involve the transport of a physicabperating conditions and performance of
mented extremely successfully since a faiguantity through a gas or liquid. The drivsuch systems should be changed consider-
ly long time in combinatorial materialing forces for the corresponding transpowbly and alternative design concepts would
development comprising.g. research on fluxes of mass, energy and momentum atee required.
new drugs or more efficient catalysts. the gradients in concentration, temperature Consequently, the design of miniatur-
However, microfabrication methods,and velocity, respectively, where in all threé&zed systems must aim at alternative meth-
which are usually not familiar to chemicalkases the fluxes are in the same direction ads for phase separation like microfiltration
engineers, have to be introduced to enaltiee gradients. For given differences in thede break emulsions, utilization of hydro-
them to profit comprehensively from mi-properties, a decrease in the characterispbobic and hydrophilic surfaces, appli-
croreaction technology. This transitiordimensions results in an increase of thesation of high centrifugal forcestc If
from standard manufacturing methods dajradients and, correspondingly, in mass ait@rge amounts of materials have to be
plant components to development and préteat transfer rates as well as in viscousansported, a favorable design should con-
duction of microdevices is also inevitablylosses. sider large pumps rather than arrangements
connected with the application of special Proper design rules must take into aaith many micropumps which, in most cas-
materials which are not yet proven in chencount that mixing and heat exchange syss, are commercially not attractive for cost
ical engineering. In addition, novel designems with extremely high transfer rates paeasons and technically less suitable be-
rules which do not exist up to now shouldinit volume can be realized by miniaturizacause of their comparatively low efficiency.
be implemented for the long term to speetibn but an increase in losses due to viscos-
up the development of novel devices. In thiky may counterbalance the positive effect®.4. Adjustment of Reaction
following, these aspects will be discusseAccordingly, suitable figures of merit mustConditions
in more detail. be defined for micromixers and micro heat The extreme enhancement in mass and
exchangers which consider, for instancdieat transfer rates and the reduction of
the ratio of mass or heat fluxes to pressutmld-up results in fundamentally novel de-

2. From Basic Properties to losses. However, the value of such a figuign possibilities in view of selecting alter-

Technical Design Rules of merit should be always considered imative reaction routes. In contrast to macro
context with further boundary conditions ofdevices like large stirring tanks, the starting

2.1. Status of Development the process. Decreasing the characteristonditions for a chemical reaction can be

In contrast to microelectronics wheraedlimensions of a system resuktsg. in a set precisely in respect of time and concen-
extremely powerful software and detailededuction of the material hold-up and aration because of much faster mixing of
design rules exist for the development dfimultaneous enlargement of the surfagucts in a micromixer. The reaction starts
ultra-large-scale integrated circuits, therarea to volume ratio of the system. Thesa a precisely defined position with a spa-
are no corresponding comprehensive tooéspects determine additionally the speed tiélly uniform composition. Consequently,
in microreaction technology available tamixing and heat transfer and, consequentlynfavorable reaction conditions due to in-
date. Such design tools should comprigbe degree of miniaturization required in @omplete mixing, which eventually result
mathematical modeling of flow and chemispecific case which has to be considered in undesired side and secondary reactions
cal reactions in miniaturized systems agew of a favorable design for a microreacand, consequently, losses in yield and se-
well as specifications for suitable material§on system. lectivity, are minimized.
and simulation of manufacturing processes It was meanwhile demonstrated in The high heat transfer rates achievable
applicable for the respective microreactiomany cases that highly exothermal reada micro heat exchangers and reactors allow
devices. tions can be performed under isothermainfavorable reaction conditions resulting

Since it will take several years to realizeonditions using the channels of micro heditom hot spots or thermal runaway effects
such an integral software tool box, individexchangers as reaction volumes [15]. Mio be avoided. An optimum temperature or
ual approaches with separate steps havedmmixers allow mixing times in the sub-temperature profile for the reaction can be
be applied to meet gradually the requiramillisecond range to be achieved. In addihosen in respect of spatial distribution and
ments of microreactor design. Standartion, gas-liquid suspensions and liquid#ime. Thus, a fast flowing fluid element can
software for computational fluid dynamicdiquid emulsions with extremely small bub-be cooled down or heated up very rapidly in
is directly applicable in this context andble and droplet sizes, respectively, and highactions of a second and, because of the
there are also powerful software tools founiformity can be generated by means afmall thermal mass of microdevices, a peri-
the simulation of special steps of microfabsuch devices [16]. Accordingly, micromix-odic change of temperature of the reactor
rication processes while rather poor experers are promising tools to improve the percan be realized with a typical time constant
ence exists in view of materials for miformance of phase transfer and other exf some seconds. All these examples offer
croreactors, optimization of microreactochange processes. possibilities to design microreaction sys-
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tems with high yield and selectivity. of chemical microdevices can be split forapid prototyping have changed essentially.
An inherent problem, however, is theproduction at several sites. Evidently, adn the meantime modern commercial
adjustment of residence time when narropects of cost effective series productioequipment for production of microdevices
channels or capillaries are used as del@ave to be strictly regarded in the framehas become available which allows the re-
loops. Because of the low Reynolds numbevork of microreactor design. placement of unreliable and uneconomic
a viscous laminar flow exists which, due to There are a number of further advariaboratory-scale manufacturing devices.
its velocity profile, results in a correspondtages of the numbering-up concept. Re- Mathematical modeling of the device
ingly broad distribution of residence time. search results can be more quickly tranfinction may also help essentially to save
ferred into production, plants can be corcosts since it allows more realistic specifi-
2.5. Process Control and Safety structed in a shorter time and the productiarations to be established with regard to
The inherent advantage of preciseapacity can be adjusted more flexibly téunctional requirements. In addition, math-
adjustment of starting and boundary condisariations in demand. Since mass produematical modeling of the process sequence
tions for chemical reactions and unit operdion of microdevices may result in relativefor microfabrication and assembly will be
tions in microdevices provides a novel bay low costs per piece, novel design condseful for cost saving. Such hard and soft
sis for process control. Taking into accourgepts for cost saving maintenance arabspects will be considered in some more de-
in addition the small hold-up, it is evidentepair based on disposable elements migtaiil in the following analysis of microfabri-

that an extremely short response time iskse introduced. cation methods for reaction devices.
further inherent advantage of microreaction

devices in view of process control. There is 3.2. LIGA Technology

a unigue chance to design microreactiod. Microfabrication of Reaction and The LIGA technology allows the pro-
systems for novel reaction routes whicknit Operation Devices duction of ultra precise microstructures
were not applied so far commercially for with extreme aspect ratio from a wide vari-
reasons of safety, difficulties in proces8.1. General Requirements ety of materials [12][18]. It is based on a

control or because it is fundamentally im- Since the production of chemicals in @ombination of deep lithography, electro-
possible to apply such routes in macroscopentinuous process is inevitably connectefdrming and molding processes. In the first
ic devices. with a transport of material, three-dimenstep of the manufacturing sequence, a pat-
This is the case in particular for consional microfabrication processes are rg¢ern from a mask or by means of a serial
trolled reactions in the explosive regimejuired in order to realize sufficiently largebeam writing process is transferred into a
[17]. This becomes accessible by means ofoss-sections for channels and ducts #sck resist layer on an electrically conduc-
microreaction devices since they can be derell as reaction volumes. Meanwhile, dive substrate. Ultra precise microstructures
signed to act like flame retention baffleswide variety of such processes as well agith extreme aspect ratio can be generated
Moreover, these prerequisites allow readesign and test methods exist which all eby deep X-ray lithography. Using special
tions to be performed at an extremely highentially originated either from semiconepoxy resists like SU 8, which utilize in-
pressure level which is of importance foductor technology or precision engineeringrinsic optical wave guide properties of ir-
chemical processes using supercritical sorhin film methods applied to a large extentadiated cross-linked regions, favorable
vents. As aresult, a nearly inherent safetyiis semiconductor technology are less suitesults are also achievable by means of UV
achievable by means of microreaction teclable for the generation of three-dimensiorithography. In the second step, the three-
nology if proper design and operation coral microreaction devices but are wideldimensional relief-like structure of the re-

cepts are applied. used for surface processing and protectiaist polymer generated by deep lithography
as well as for manufacturing of sensor elds transferred into a complementary metal-
2.6. The Numbering-up Concept ments. lic structure by means of electroforming

The safety problems associated with the According to the extremely wide vari-starting from the electrically conductive
material hold-up within the operating unitety of reactions, educts, products, ansubstrate. This metal structure may be the
of a chemical plant may be reduced esseprocess conditions, a sufficiently broadinal product in some special cases.
tially by applying microreaction devices.spectrum of materials is required to realize In general, however, the metal structure
The problems resulting from storage o$uitable microdevices for chemical prois used in a third step as a master tool for a
large quantities of educts and productsesses. Metals and metal alloys, plasticgplication process like injection molding,
remain, of course, unchanged when a coglass, ceramic materials, semiconductaasting or embossing for mass fabrication
ventional plant is replaced by a microreaanaterials like silicon and various auxiliaryof microstructures. A wide variety of mold
tion plant with the same production capamaterials for sealing, surface treatmeit, materials can be applied for micromolding,
city. Nevertheless, this problem may be rézave been in the meantime successfully ap-g. organic polymers, pre-ceramic poly-
duced by replacing a large plant by severglied for the realization of microreactionmers, ceramic and metallic powders with
small plants for distributed production ordevices. organic binders for subsequent sintering
site and on demand. In contrast to conven- Besides such basic aspects concerniegc.so that most material requirements for
tional plants with macroscopic processhape and materials of microreaction dehemical microdevices can be favorably
devices where scale-up usually results invaces, costs play a major role in the selecnet.
considerable reduction of specific investion of a microfabrication process. In this Today, there are a number of LIGA
ment costs, microreaction plants may ratheespect, the number of pieces and the prepiroducts which evidently have promising
profit from mass production of micro-sion which is really required as well as agnarkets in the fields of microoptics and in-
devices in order to reduce specific invespects like availability, manufacturing expetegrated optics, molecular biotechnology,
ment costs. Scale-up to achieve the desiréénceetc must be taken into account. Irand microactuators. More recently, LIGA
production capacity can be done only at orntrast to the situation some years ago tkemponents and systems have been suc-
site while, according to the numbering-uprerequisites for cost-effective mass fabrisessfully applied to chemical engineering
concept, a plant comprising a large numbeation as well as small-scale production and microreaction technology, respectively.
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A number of chemical companies and, ¢ . =
course, research institutes now utilize suc __’Ei-

devices like micromixers, micro heat ex F
changers, and micro bubble columns & '
well as modular systems with integrate: ¥
functional elements for reaction, heat tran: '
fer, mixing, separation and fluid distribu-
tion for process development (Fig. 1)
LIGA devices are also seriously considere
for the production of fine chemicals by
chemical industry.

3.3. Wet and Dry Etching Processes |~

Wet etching processes are widely use
to produce microstructures by means .
transferring resist patterns into various me
terials. However, for most materials only
isotropic etching processes exist so that, b
cause of lateral under-etching of the resi
pattern, only shallow micro channels oFig. 1. Double deflecting micro nozzle for aerodynamic separation of uranium isotopes manu-
other shallow structures can be generatedfmtured by LIGA technology from nickel. The smallest characteristic dimensions achieved in
the surface of a bulk material. Threesuch devices is below 10 pm. (Source: Institute of Nuclear Process Engineering at the former
dimensional structures can be manufag_arlsruhe Nuclear Research Center - now Forschungszentrum Karlsruhe, Siemens)

tured when the pattern is etched complete-
ly through thin foils which have then to be
stacked in order to realize deep micro chan-
nels with high aspect ratio.

Isotropic etching has been applied se
eral times for manufacturing microreactio
devices. The technological expenditure
relatively low but there are some restri
tions concerning accuracy, surface roug
ness and geometrical design. The prod
spectrum comprises various types of he
exchangers, micromixers, separators, re
tion units and even integrated devices wi
several functional elements (Fig. 2).

Wet chemical anisotropic etching o
monocrystalline silicon has been widel
applied in microtechnology [19]. This
method is based on the dependence of et
ing velocity on crystal orientation so tha
only a few basic geometries can be realiz
Besides silicon, only very limited manufac
turing experience exists with other mon

crystalline, inevitably very expensive, maT:ig. 2. Microetched foil of stainless steel for manufacturing micro heat exchangers by stacking

terials' C0n§equ_ent!y’ wet chemical anisQa'nd diffusion welding (Source: Ehrfeld Mikrotechnik, Atztechnik Herz)
tropic etching is in general not very

attractive for manufacturing chemical mi-
crodevices because of strong restrictions in
respect of shape and material. Neverthguently heated to a temperature betweenmask pattern is transferred into a thin lay-
less, the technological expenditure is 1000 and 900K. This results in crystallizaer consisting of a material resistant against
and material problems can also be solveibn of the irradiated regions which can theplasma etching on a silicon wafer. Subse-
by deposition of protection layers. A numbe dissolved much faster in hydrofluoriqquently silicon is etched by means of a flu-
ber of microfluidic devices have been manacid than the non-irradiated parts. Mearerine-containing low pressure plasma which
ufactured by means of this method such aghile, this method has been successfullyenerates gaseous silicon compounds.
micropumps, microvalves and flow distri-applied to produce microreaction devices Inorder to generate microstructures with
bution systems. like mixers, heat exchangers and micro titaxxtremely high aspect ratio the directed
Besides anisotropic etching of monoplates from glass. etching process is connected with a subse-
crystalline materials a further wet chemical Precise microstructures with nearly anguent deposition process from the plasma
etching process exists which uses a spec@bss-sectional shape can be generated wkere the walls oriented in parallel to the
type of photo-sensitive glass [20]. A wafemeans of anisotropic plasma etching metletching direction are covered with plasma
consisting of such glass is irradiatedds where again silicon is the most impopolymer resistant against the reactive plas-
through a mask with UV light and subsetant and proven material [19][21]. Usuallyma [22]. By means of multiple repetition of
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native to LIGA in manufacturing devices
for microreaction technology.

3.4. Mechanical Micromachining

In the past few years, impressive
progress was achieved in so-called me-
chanical micromachining utilizing tech-
nologies based on ultra-precision machin-
ing. Complex three-dimensional micro-
structures have been generated with shape
accuracies in the sub-micrometer range by
means of milling, turning and grinding
[5][23]. Three- and five-axis ultra-preci-
sion micromilling machines are meanwhile
available as commercial products. Using
diamond tools, an extremely low surface
roughness of a few nanometers is achiev-
able for nonferrous materials. Progress has
also been made in machining stainless steel
by using ultra fine grain hard metal tools
and novel technologies like vibration cut-
ting. In addition, mechanical micromachin-
ing has been successfully applied with brit-
tle materials. Micromixers, micro heat ex-
changers and reaction systems have been

i . successfully produced by means of this
Fig. 3. View on the channel structure of a phase separator generated by technology (Fig. 4).

ASE deep etching of silicon (Source: IMM)

Itis evident that there are nearly no lim-
itations concerning the generation of mi-
crostructures for chemical microdevices
with complex geometries, extremely high
aspect ratio and high precision from a wide
variety of materials by means of mechani-
cal micromachining. Restrictions may exist
in manufacturing closely packed channels
or other structures because of the finite size
of the tools. Also manufacturing costs may
become a problem in mass fabrication but
in such a case mechanical micromachining
may be helpful for manufacturing mold
inserts for mass fabrication by means of
micromolding. Moreover, there are further
mechanical methods for high volume pro-
duction like punching and embossing
which have in the meantime been success-
fully applied in fabricatinge.g.micro heat
exchangers.

An interesting alternative to standard
mechanical micromilling, turning, drilling
and grinding methods is micro electro dis-
charge machining (EDM) which is virtual-
Fig. 4. Micro heat exchangers manufactured by mechanical micromachining (Source: |y unlimited in view of the geometrical
Forschungszentrum Karlsruhe) shape of the work piece [24]. Material is re-

moved in a discharge between the electri-

cally conductive work piece and an elec-
directed etching and side wall passivationourse, limitations concernirggg.material trode by small sparks in a dielectric fluid
channels and other structures with nearlelection and surface smoothness or tlige oil or deionized water. An important
vertical walls can be realized and, accordrittleness of silicon which makes it nearlyadvantage in micromachining is that the
ingly, extremely high aspect ratios arémpossible to use it directly as a mold inseforces acting on the work piece in EDM are
achievable for nearly any cross-sectionah micromolding processes. Nevertheless, @xtremely low. Disadvantages of micro
shape (Fig. 3). This so-called advanced sis possible to transfer ASE silicon strucEDM are a relatively large surface rough-
icon etching (ASE) process achieves etcltdres into complementary metal structuresess, limitations in miniaturization because
ing velocities in the order of 0.2 mm peby electroforming. For a number of appli-of the finite size of the electrodes and the
hour. The ASE dry-etching method has, afations, ASE is evidently a favorable alterspark gap in the electrical discharge and
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very long machining times so that this
method is essentially used to manufactu
mold inserts or prototypes.

The methods of mechanical microma
chining and micro EDM have been exten
sively applied for the fabrication of compo-
nents like micro heat exchangers, mixel
and reaction channels as well as chemic
microsystems with integrated heat ex
change, reaction, mixing and distributior
elements (Fig. 5).

3.5. Micromachining by Means of
Laser Radiation

Micro fabrication by means of laser ra:
diation covers a wide range of differen
methods [25]. On the one hand, these a
processes where material is removed in i
intense electromagnetic field by melting
evaporation, decomposition, photo ablatio
or a combination of these phenomena. C
the other hand, generating processes ex
where structures are built up from quuiﬁ
resins, laminated layers, or powders usir.,
e'g'phOt_OChemlca"y 'n(_juced cro_ss—llnkmgFig_ 5. Micromixing element generated by micro electro discharge machining (Source: Ehrfeld
of organic compounds in stereo lithographiikrotechnik, Zumtobel)
or powder solidification by laser sintering.

In addition, welding by means of laser radi-
ation is of major importance for connectio
and assembly of microdevices.

There are no restrictions worth men
tioning concerning materials in microma
chining by laser radiation which is a real ac
vantage for chemical microdevices (Fig. 6
Limitations rather exist in achieving critical
dimensions below 1Am and low surface
roughness. Removal of material is also o
ten connected with the generation of deb
which reduces accuracy. Since laser-bas
microfabrication processes, except lithog
raphy, are essentially serial rather than p
allel machining methods, their productivit
is comparatively low. Nevertheless, the
offer a huge potential in rapid prototyping

Laser-based micromachining process
have been applied to date only on a rel
tively small scale for manufacturing chem-
ical microdevices [26]. This will probably
change relatively soon since rapid proto-
typing will become more and more impor{follow-up expenditures in connection withfunctional elements for reactions, unit op-
tant for developing novel microreaction destorage and transport by realizing a sustaiarations, transport, measurement and con-
vices. able distributed production. In particulartrol. The modules can be arranged and con-

microreaction technology allows researchected in a wide variety of configurations
results to be transferred much faster intand serve as a toolbox for realizing devel-
4. Conclusions commercial production and to react morepment platforms similar to microplants
quickly on changes in demand or markgFig. 7). By means of such platforms the op-

Nearly all major chemical, chemical entrends. Powerful three-dimensional micréimum operation conditions of chemical
gineering, and pharmaceutical companidabrication technologies will meet nearlyprocesses as well as favorable plant config-
are now interested or even active in analyzll requirements concerning geometries agations can be determined and novel reac-
ing the potential of microreaction technolowell as materials of microreaction devicetion routes can be tested. Since the mi-
gy. It offers fundamentally novel opportu4n prototyping and mass fabrication. croplants are usually set up for continuous
nities to save direct costs in the areas of Essential progress is to be expectemperation, they have a comparatively high
development, investment, operation anftom the introduction of so-called modulaproductivity and can be directly utilized for
maintenance as well as to reduce indirenticroreaction systems comprising singlemall-scale production of special chemi-

ig. 6. Part of a static micromixer manufactured by laser ablation from aluminium oxide (Source:
hrfeld Mikrotechnik, Heidelberg Instruments Microtechnologies)
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cals.

The implementation of a novel technol.
ogy is always a tedious task. It is necessa
to prove carefully the potential advantage
to develop a sufficiently broad scientific ba
sis, to implement reliable and cost-effectiv
fabrication of chemical microdevices on af*®
industrial scale, to gain experience in de
sign, construction and operation of mi="
croreaction plants, and to demonstrate f=
nally real commercial success. However, _j'
is only a question of time. The progres,
made in other areas of microtechnolog
like IT and automotive applications will
further extend the technological basis
microreaction systems and have a positiv
impact on decision makers since they b
come more and more familiar with the fa
that miniaturization and integration is &
strategy of success. |
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Received: September 11, 200Fig. 7. Modular microreaction system consisting of functional elements for reactions and unit
operations arranged on a base plate. The cube-shaped modules of stainless steel with built-in
microstructures have a side length of 25 mm and can be operated at pressures up to 100 bar.
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