WO 2007/112945PCT/EP2007/002831 Description MICRO-REACTOR
SYSTEM 5  The present invention refers to a micro-reactor system
assembly comprising at least n process modules and at least n-1-1 heat

exgmoge madules wherein each process module is sandwigitagebyotnen2s31
adjacent heat exchange 10 modules.! Micro-reactors are reaction
devices provided for reacting of one or more reactants (typically including
- mixing of two or more reactants) and to some extent for 15 controlling
the reation of said reactants via heating or cooling or thermal buffering
said reactants before, during and/or after mixing. Such micro-reactors for
performing chemical reactions witiDespmgtibareas are known for example
from EP-A-0688242, EP-A-1031375, WO-A- 20 2004/045761 and
US-A-2004/0109798.  ChBRRAIFRHEBNSRFBE performed in

5 micro-reactors can basically be distinguished between so-called type A
reactiongmangiyzei8 réactiand 3b reflame Acsforiexarpleasryanic
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10 typsoAuastions require fast and effective mixing of the process fluids as
well as effective thermal control. Such type A reactions generally require

none orgharbafie Faeadion UDeANLNf.6aR0E ReduRRd RN
micro-réactors with small residence volume or fter-,reafyon .Wq .
Ftyplca y including

208¢AAD RS SETARS2 657 T s FF3ctants

mixing of two or more reactants) and to some extent for
15 controlling the reation of said reactants via heating or
cooling or thermal buffering said reactants before,
during and/or after mixing. Such micro-reactors for
performing chemical reactions within small areas are
" known for example from EP-A-0688242, EP-A-1031375, WO-A-
20 2004/045761 and US-A-2004/0109798.

Chemical reactions to be performed in micro-reactors
can basically be distinguished between so-called type A
reacticns and type B reactions.
25
Type A as for example organic metal reactions are
very fast chemical reactions and take place directly at
mixing reactants within the mixing chamber, typically in
the range of 1 sec. They may be called reactions
30 controlled by the mixing process. In order to let all
reactants react completely and to avoid by-products, such
type A reactions require fast and effective mixing of the
process fluids as well as effective thermal control. Such
type A reactions generally reguire none or short after-
35 reaction time and thus can be performed well in micro-
reactors with small residence volume or after-reaction



volume. The residence time for such reactions typically is in the range less
than 20 sec. Type B reactions as for example Wittig reactions or 5
acetoacylation of an aromatic amine with diktene, on the contrary, are fast
tovelowywereions with typical reaction times in the range of lpeemrmdido2831
min. They run concentration or kinetiéally controlled. In order to let the
reactants react completely and to avoid by-products, 10 such type B
reactions do not require a very fast mixing of the reactants but rather
controllable reaction conditions during the complete reaction time. Thus
reskfeieyollinge badisisnaeation itlameushsrbeatihensicnadisadily

thai thd precesHuiga enais wyidin 46 ecmicro-reactor for a long time
under conditions which can be controlled easily and precisely. However,
until noyiégﬁalisation of such Ionageg residence_times is difficult with
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dimensioned such that the process fluid remains within
15 the micro-reactor for a long time under conditions which
can be controlled easily and precisely. However, until
now realisation of such longer residence times is
difficult with conventional micro-reactors due to the
small sizes and the expensive micro-structuring. Thus
20 conventional micro-reactors mostly are used for type A

reactions.

It is therefore an object of the present invention to
provide an improved micro-reactor system assembly
25 suitable to assure desired residence times during which

temperature control is possible.

This object is solved by a micro-reactor system
assembly according to claim 1, comprising a stack of:

30 at least n process modules (1-6), wherein n is an
integer equal to or greater than 1, each process module
(1-6) being made from a rigid first material and
comprising at least one reactive fluid passage (1A, 1B,
22, 3A, 6A) which penetrates the interior of said process

35 module (1-6) between at least one reactive fluid inlet
port (1C, 1D, 2C, 2D, 3C, 6C) and at least one reactive



WO 2007/112945PCT/EP2007/002831 3 fluid outlet port (1E, 1F, 2E, 3D,
6D), for accommodating and guiding a reactive fluid, wherein in case of at
least two process modules (1-6) said at least two process modules (1-6)

ax® fwortionadly connected in series; and 5at least n+1 heat egchange/002831
modules (7, 8) being made from a deformable or ductile second material
other than said first material and comprising at least one heat exchange
fluid passage (7A, 8A) which penetrates the interior of said heat exchange
module (7, 8) between at 10 least one heat exchange fluid inlet port (7B,
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functionally commected in series,
15 wherein each process module (1-6) is sandwiched
between two adjacent heat exchange modules (7, 8).

The at least n process modules and the at least n+l
heat exchange modules form each an independent module
20 which defines at least one fluid passage, i.e. reactive
fluid passage or heat exchange fluid passage, extending
completely within the interior of the module between the
at least one inlet port and the at least one outlet port.

25 By providing process modules and heat exchange
modules made from different materials, it is possible to
select the following first and second materials for the
process modules and heat exchange modules, respectively:

30 For the process modules, a first material can be
selected which is optimal for the reactions of the
reactants, in particular resistant to corrosion and/or
pressure and preferably selected from the group including
stainless steel, hastelloy, tungsten, tantalum, titanium,

35 ceramics, silicon, graphite and/or a suitable combination
of one or more of said first materials.



35 ceramics, silicon, graphite and/or a suitable combination of one or

more of said first materials. WO 20071112945PCT1EP20071002831 4

For the heat exchange modules, a ductile second material can be
seleeterhudoish is optimal for heat transfer and/or sealing, in pertrziarbeas1
conducting, 5 and preferably is selected from the group from the group
including aluminum, aluminum alloys, copper, copper alloys, silver and
silver alloys and/or a suitable combination of one or more of said second
materials. 10Thus by providing a micro-reactor system assembly with
separate process and heat exchange modules, it becomes possible to
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elastically, orremainingly, I.e. plastically, defoarms_under pressure.
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15 slightly deforms the contacting surface

Advantageously, providing separate modules for the
chemical reaction process and the temperature control,
respectively allows to standardise the components of the
micro-reactor system assembly. Thus, it becomes possible

20 to provide different micro-reactor system assemblies for
different reactions with different residence times,
different fluid volumes, different amounts of heat to be
transferred and the like. For example, providing heat
exchange modules with larger passages for accommodating

25 heat exchange fluid allows to supply or remove larger
amounts of heat to the same process module.

While the first material is a more rigid one, the

second material is a more ductile one. Preferably the

30 ductile second material for the heat exchange modules
reversibly, i.e. elastically, or remainingly, i.e.
plastically, deforms under pressure. Pressing heat
exchange modules onto an adjacent process module made
from the more rigid first material like stainless steel

35 or the like then slightly deforms the contacting surface
of the heat exchange module such that no additional



of the heat exchange module such that no additional WO
2007/112945PCT/EP2007/002831 5 sealing between process module and
heat exchange module is required. In contrast to conventional

e Sobeacisoys where wall 5 thickness between process fluids@nebbeabo2s31
exchange fluids has been reduced asfar as possible in order to provide
good heat transfer, according to the present invention independent
process modules and heat exchange modules are provided. Although this
increases the distance between 10 the reactive fluids and the heat
excheaperluidés)warhichitassbeenadiitedagidisadvartagentsdy module
hergfofpre duedg optimising the separate modules with respect to their
specific duty surprisingly better process and temperature control can be
reached. 15 Each process module is sandwiched between two heat
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their specific duty surprisingly better process and
temperature control can be reached.

15
Each process module is sandwiched between two heat
exchange modules and each heat exchange module, which is
not placed at an end of the micro-reactor, is sandwiched
between two process modules. The heat exchange modules at
20 the ends of the micro-reactor system assembly may be
placed between a first and second frame means,
respectively, and a process module.

According to a preferred embodiment of the micro-

25 reactor system assembly, said at least n process modules
comprise:

a mixing module the at least one reactive fluid
passage of which comprising a mixing portion for
receiving and mixing at least two reactive fluids; and

30 optionally

at least one thermal adjusting module disposed
upstream of said mixing module for adjusting a
temperature of said reactive fluids prior to entering

said mixing module; and



temperature of said reactive fluids prior to entering said mixing module;

and WO 2007/112945PCT/EP2007/002831 6 at least one retention
modules disposed downstream of the mixing module for accommodating
teorapetiyediuid mixture. 5Using more than one mixing modpia-/aowsderss1
sequentially introduce more reactive fluids for sequential reaction steps.

In said mixing module the reactive fluids are mixed in a mixing portion
which forms part of the at least one reactive fluid passage and, 10 after
leaving said mixing portion, are accommodated in a first retention volume
also forming pagtofdhe atéaasttoimreantivecfuid passagd. Saichatxiagm of
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while said first retention volume may comprise one or 15 more
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retention volume is provided such that a laminar flow yields. The
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Preferably the first retention volume is provided such

that a laminar flow yields.

The temperature of the reactive fluids in the mixing
modules can be controlled by the two heat exchange
modules adjacent to said mixing module. Thereto a warm or
cold heat exchange fluid is supplied to the at least one
heat exhange fluid passage within each of the two heat
exchange modules, which supplies or removes heat from the

process module by heat transfer.

As indicated above before mixing of two or more
reactive fluids, said reactive fluids may be heated or
cooled. Thereto one or more thermal adjusting modules may
be provided upstream of said mixing module. Said thermal
adjusting module comprises at least one reactive fluid
passage for each reactive fluid to be heated or cooled.
While flowing through said reactive fluid passage(s) each
reactive fluid is heated or cooled by the two heat
exchange modules adjacent to said thermal adjusting
module as it has been described before for the mixing



WO 2007/112945PCT/EP2007/002831 7 module. By providing different
passage volumes it becomes possible to heat or cool the different
reactants differently. 5After having left the mixing module the mixed
reacie fidids may be accommodated in one or more retenti@Fr/BeRHR62831
Thereto the reactive fluid mixture lea?ing the mixing module enters at

least one reactive fluid passage within the retention module, flows through
10 said at least one reactive fluid passage and leaves the retention

module afterwards. During flowing through said at least one reactive fluid
pasgRRa.saigdyepebie Huishmade e can b eheaiegle coolamhesthiarmadyomes
bufieied; By the iwpdigat exchagge nedyies-adiagentio,eagh gtention 15
mocgﬁ% In the same way as described for the mixing and thermal changing
mo %5?8@%3/ providing different retention modules with differently
formed reactive fluid passages it becomes possible to obtain different
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20£7é%%% 4%§ggé§géogg§£ e before. By providing different

retention modules with differently formed reactive fluid
passages it becomes possible to obtain different
retention conditions. It also is possible to provide two
or more retention modules éommunicating with one another,
each retention module being sandwiched between heat
exchange modules, so that a large retention volume and
thereby (depending on velocity of flow) retention time
(residence time) can be obtained while the conditions, in
particular the temperature of the reactive fluid mixture
during residence time can be controlled easily and

precisely.

Preferably the process module’s reactive fluid
passage for accommodating and guiding a reactive fluid
comprises a flat channel. Ideally, the flow path of a
micro-reactor is a narrow pipe whose diameter usually is
less than 1 mm. If a laminar non-turbulent flow is
required, however, the flow rate is restricted by said
small section. To increase the flow rate; a plurality of
such narrow pipes may be provided. But thereto the



8 stoichiometry in all pipes. must be controllable and the residence time
must be held equal for all pipes, which cannot be secured sufficiently in
real systems. 5The flat channel suggested as a preferred embodiment,
osuespaigiaio a combination of parallel pipes. Thus the flowg st s desst
increased significantly while a laming non-turbulent flow is maintained.
10It has turned out that a ratio width:height in the range of 1:4 to 1:50 is
suitable to yield good results. Preferably said width/height ratio is set in

the range of 1:4 to 1:30. Even more preferably said width/height ratio is
setdndhetaogeahl: 5o 125 pihpexempkryid emodihatsle width ohe

2.0pm R heloht ol Qe and adangth QlB4bmm wagsglested.fordhe
flat chanr\l:ell\)/vhlch é/leld(? a wkd%h/chEé%k%tlratlonofrle:S InS og]:eermembodlments
thewidth alreeeloilete%fee Was chosen as X.éf'mm, 8]9 mm and 0.5 mm

respectively, yielding a width/height ratio of 20 1:7.14, 1:11.11 and 1:20
5respectivaly. f1Buetmtreedmsliggddtofitraschaprelfe nusstlyemhadament,
flowsttag pyaaass duidsamby aingieRines gaiid Drmabisdrd whils athe
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increased. Also orﬁyt e stoichiometry of one single volume must be
coMPRSIHPIHERerEARY SfibBaFRERE B¢t a flow rate of 200 ml/min

residence times of 30 5.7, 10.2, 15.9 and 22.6 sec respectively have been
10 measured fapthe-chardelsudettfiad betese ibe wadbhwintisyat2 domuhe
1.4.mm.08:mm and 0-p.18g tesnaClively) £s.620 PereeBam-isste s .
measurements the residenc ef rasgeclgclmlcg% reacr;lth: can bI(le e of
chg§§r?ﬁ5%ﬁ§7}§§aﬁtﬁtrgﬁ§7%ﬁ%ﬁnﬁ thiftSrerit moctlul%as erlfh differant
restdénée titted in BeencHIar e AEHEE BRTS §B18 Wigth/height ratio
2008/1d040P ChER2MGH0028315 to 1:25. In exemplary
15 embodiments a width of 2.0 mm, a height of 10 mm and a
length of 1844 mm was selected for the flat channel which
yields a width/height ratio of 1:5. In other embodiments
the width already tested was chosen as 1.4 mm, 0.9 mm and
0.5 mm respectively, yielding a width/height ratio of
20 1:7.14, 1:11.11 and 1:20 respectively.

Due to the small width of the channel a mostly
laminar flow of the process fluids as in single pipes
could be maintained while at the same time the flow rate

25 (volume of process fluid per time) has been increased.
Also only the stoichiometry of one single volume must be
controlled in the preferred embodiment.

With a flow rate of 100 ml/min residence times of

30 5.7, 10.2, 15.9 and 22.6 sec respectively have been
measured for the channels identified before, i.e. with
widths of 2.0 mm, 1.4 mm, 0.9 mm and 0.5 mm respectively.
As can be seen from these measurements the residence time
for a specific micro reaction can be chosen nearly

35 arbitrarily by combining different modules with different
residence times. In particular residence times up to



9 30 min, or preferably up to 20 min and most preferably up to 10 min can
be obtained. In a preferred embodiment the micro-reactor system 5
assembly comprises at least two process modules connected in series,
anohdeingsssandwiched by two adjacent heat exchange modiges:pemr /002831
example, one or more mixing modulés may be combined with at least one
preceding thermal adjusting module for bringing the reactive fluids to an

10 optimal temperature before mixing, and/or at least one retention

module for providing required residence times for the reactive fluid
mixidretdn Dwringomefiagarid/retention 20e ném pandtune of theefastalely up

fluid gixrats) cebesoseleddy the heat exchange modules 15 being
disposed adjacent to each mixing and retention module. An additional

mixing module, optionally accompanierd with a preceding thermal
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15 being disposed adjacent to each mixing and retention
module. An additional mixing module, optionally
accompanierd with a preceding thermal adjusting module
may be integrated between two retention modules to allow
the implementation of a subsequent reaction by feeding

20 further reactive fluids.

The reactive fluid passages of two subsequent process
modules may be externally connected. Thereto external
detachable or fixed couplings such as pipes, fittings,

25 etc. may be used. In particular tube pipes may be
soldered or welded to the modules or Swagelok quick
fitting couplings may be used. While detachable external
couplings allow easy re-use of the single modules and
thereby increases flexibility, fixed tube pipes

30 advantageously avoid dead volume and can additionally
increase stability of the complete micro-reactor system

assembly.

Preferably the at least one heat exchange fluid
35 passage within a heat exchange module comprises at least
one heat exchange fluid inlet port communicating with a



WO 2007/112945PCT/EP2007/002831 10 first heat exchange fluid
reservoir or at least one heat exchange fluid connection passage provided
in an adjacent process module and at least one heat exchange fluid outlet
peG smMTIggEcating with a second heat exchange 5 fluid respeupip s @002831
heat exchange fluid connection passtge provided in an adjacent process
module. Thus two heat exchange modules sandwiching one process
module can communicate via the at least one heat exchange fluid
connection passage provided in the process module with 10 one another.
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sealing pre y may be an annular sealing. In particular it may be a
hfGBFEESf T Tade from Teflon or the like. Due to the ductile material of
the heat exchange modules it is possible to use hard sealings, thus

avoidingfelaatic shakitg el st mayasilieen aichatry Emdiitie Rirbide
15 atjgaghang hephexchange duidipassagaof aliealLXChanIRdaedYe no
A dat PO R Neal eXCNANge i ved at the interfaces of the

at least one heat exchange fluid conmnection passages
through the process module, connecting two neighbouring
heat exchange modules due to slight plastic or elastic

20 deformation of the contacting surfaces of the heat
exchange modules. In another preferred embodiment,
however, additional sealings may be provided at the
interfaces of heat exchange fluid inlet ports and/or heat
exchange fluid outlet ports, additionally sealing heat

25 exchange fluid connection interfaces between two
subsequent heat exchange modules via the at least one
heat exchange fluid commection passage through the
sandwiched process module. Such sealing preferably may be
an annular sealing. In particular it may be a hard

30 sealing made from Teflon or the like. Due to the ductile
material of the heat exchange modules it is possible to
use hard sealings, thus avoiding glastic sealings like
rubber or silicon which may embrittle.

35 The at least one heat exchange fluid passage of a
heat exchange module accommodating the heat exchange



WO 2007/112945PCT/EP2007/002831 11 fluid may be such that a (high)
turbulent flow of said heat exchange fluid yields which advantageously
increases heat transfer from an heat exchange module to the adjacent
pkasaRs/ipdslles. Preferably a Reynold's number 5 equal orpgypfiseib@mozssi
2600 is realised.  In a preferred embodiment a process module is made
by joining a first plate and a second plate with one another. Within the
contacting surface of said first 10 and/second plate the at least one
reactive fluid passage for accommodating at least one reactive fluid can

be providedRy wullisgcatching os thelike) P@Iﬁfﬁﬁ&ﬁ@ic‘f%{@a& 08&id
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flurRids peroépriopdes at adt bre. rezitifethivd inlst Besraptithe auwber

5 ongdaactiva-fluiskeutiel=por seampletel-ancased within the process 20
module. A heat exchange module may be manufactured similarly by

providing at least gne heat exchange fluid passage for accommodatin
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sSec BIReS i Shé& Bnothe s S8 Tutotts and the corresponclE ing
su%@@é@ﬁ%dﬁ’ﬂ&’c]&@gecdﬁfbﬁ%é Jetinehe 1ddkEonEFRER @R aRRid
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2007 EEWR HHORE R L ER2097£30233 % 4d se&raﬁd:cgmaif@tiwm esgernally
conneg}le process.modules and |q:tgrnal |£%/Lconrleét% h Iat%ghilggg the

m%ﬂes prov?éle t%l ethnrﬁédleor sepa tion Of e at least one reactive

flu?tfcf‘réﬁ?ﬁnar’cﬁe’%ﬁar&%t"&éi‘w\éé?e?éﬁéﬁ@& for accommodating the

reactive fluid is, except for the at least one reactive
fluid inlet port and the at least one reactive fluid
outlet port, completely encased within the process

20 module.

A heat exchange module may be manufactured similarly
by providing at least one heat exchange fluid passage for
accommodating at least one heat exchange fluid within one

25 or both contacting surfaces of a first and second plate
to be joined together afterwards by soldering, welding or
the like. Alternmatively, an intermediate plate may be
sandwiched between said first and second plate, said
intermediate plate comprising one or more cut-outs. After

30 joining said first, intermediate and second plate with
one another said cut-outs and the corresponding surfaces
of said first and second plate define at least one heat
exchange fluid passage for accommodating at least one
heat exchange fluid.

35



5 fluid circuit and avoiding of cross contamination. In a preferred
embodiment the stack of process modules and heat exchange modules

are pressed against each other by at least a first and second frame
neRnR7Agdigereto said first and second frame means may perpsietoo2ss1
towards one another, thereby pressit the process modules and heat
exchange modules in between them against each other, by one or more
tension anchors or tie-rods. 15In a preferred embodiment each of said
frame means optionally comprises an inner and an outer frame. In a

further preéersecsrnbediBiend AcsRedipgdoTigedhmna kameroeass
consigts o ag&twﬁ%g%' %fine@o?ﬂhde&%aeﬁgg@ frame Mmeanssansists
of an outer and an mner% rame, wherein the first frame mea:}as is
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and/or the periphery of the micro-reactor sytem assembly. Thus said
modular micro-reactor system assembl n be assemhled easily with
differenFﬁuﬁ1l?é??afg??ﬁgguIgﬁgékﬁsgr%a%%%uss?ﬁc} cg\%tf Fs,opcr%%{ﬁjed
withRfiHe eeARal BRAtoPAeIREranBRt R OTREASSIRAAMEE bt
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adyantageously increases sealing characteristics of the micrq-reac
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assembly, there are provided heat exchange modules and process

modules 'E?rg%' lv,-A5Vaniagearsiu this sfpcke slars apd adswih &
heat exchange module, If two subsequent heat exchange module

) s
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paSeugber preferred embodiment according to Fig. 17 one
frame means consists of one structural element and the
second frame means consists of an outer and an inner
frame, wherein the first frame means is directly ancored
to the outer frame via tie-rods and said outer frame
pushes said inner frame against the first frame means and
the stack of modules lying inbetween.

Said tie-rods may be provided in the centre and/ox
the periphery of the micro-reactor sytem assembly. Thus
said modular micro-reactor system assembly can be
assembled easily with different numbers of modules.

Advantageously, a cavity is provided within the
central area of the first and second frame means such
that at pushing said first and second frame means towards
each other a higher pressure is obtained at a
circumferential portion of the modules. This
advantageously increases sealing characteristics of the

‘micro-reactor.



10 provided in a process module sandwiched in between, identically
structured heat exchange modules may be used, wherein each second
module is rotated around 1800 (180 rotation around a vertical axis if it is
aseuned thas the heat exchange fluid flows from right to lefteditecgbn)odiss1
so that the at least one outlet port oftthe first heat exchange module, the

at least one heat exchange fluid connection passage provided in the
adjacent process module and the at least one heat exchange fluid inlet
port of the subsequent second heat exchange module align 20 with one
another. The at least one heat exchange fluid inlet port of a very first

heat ex“f}?‘%g‘?ngé)éj%%QEQJPS@QEBEE‘}%Q@%%CREQQG dyid,ouget port

of a ver)étlast heat exchange module of th co lete micro-reactor
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exchange modules sandW|c in
exchgnge module, th g least one heat exchange fluid

connection passage provided in the adjacent process
module and the at least one heat exchange fluid inlet
port of the subsequent second heat exchange module align

20 with one another.

The at least one heat exchange fluid inlet port of a
very first heat exchange module and the at least one heat
exchange fluid outlet port of a very last heat exchange

25 module of the complete micro-reactor system assembly can
communicate with a first and second heat exchange fluid
reservoir, respectively, such that the heat exchange
fluid flows from the first to the second reservoir or
vice versa, thereby heating, cooling or thermal buffering

30 the process modules of the micro-reactor system assembly.
Thereto an inlet port and an outlet port respectively may
be provided in the first and second frame means abutting
the first and last heat exchange modules.

35 Additional heat exchange fluid inlet ports and heat
exchange fluid outlet ports may be provided at heat



10 retention modules into the second reservoir, thereby cooling the

process fluids during residence time.  As described above, in a preferred

embodiment subsequent heat exchange modules are substantially 15

iganbieals wherein each second module is rotated around 1880Tswptfvatothes1

at least one heat exchange fluid outl& port of the first heat exchange

module, the at least one heat exchange fluid connection passage provided

in the adjacent process module and the at least one heat 20 exchange

fluid inlet port of the adjacent second heat exchange module communicate
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20Q 1220 R G T IHER2QA HO0PPE 34 - fHY AL ARIEATS. alyaatages and

T
features may be aieric\)/ed from the depending claims and the described
embodiments of the present invention. Thereto: 5  Fig. 1 shows a

spatial #iewdeseird pedrahed&or sPsenpasiermhavrrramaRiigs on
ongside acentdingde anechebpdimedtbbtheapre seubsmearttivad 1PFig. 2
15 Shows# spgdal yigw.rofated 180Q of My micsfRACiar isErasssdbha
Sh%‘évc?o'“ iy %1'?5{9-ﬁ‘:fq%hgvgslaeggntaéégcﬂ‘ég%' ‘é%ﬁb{%fnaféheﬁﬂ% qutlet
adjusting modtile 6f the micro-reactor system assembly 5 shown'in Fig.
1;port of the first heat exchange module, the at least one
heat exchange fluid connection passage provided in the
adjacent process module and the at least one heat
20 exchange fluid inlet port of the adjacent second heat
exchange module communicate with one another. Thus the
heat exchange fluid flows in a zigzag line through the
micro-reactor. Depending on the number of process and
heat exchange modules it may become necessary to provide
25 two heat exchange modules adjacent to one another in
order to fit to the inlet and outlet ports of the
complete micro-reactor. To avoid said two adjacent heat
exchange modules they may be separated by installation of
one blind module. Alternatively, for example, the second
30 frame means, in which the outlet port of the micro-
reactor can be provided, may be rotated around 180°
(180° rotation around a horizontal axis assumed the
thermal heat exchange fluid flows from right to left
direction) to match the last heat exchange module’s
35 outlet port. Alternmatively, for example, a second frame

means with a shifted inlet port may be used.



Fig. 4 shows the thermal adjusting module of Fig. 3, seen from the left;
20Fig. 5 shows a frontal sectional view of a mixing module of the
micro-reactor system assembly shown in Fig. 1; Fig. 6 shows an
an@ged ey of an upper left corner 25 indicated "X" in Fig.reiig2067/002831
shows a frontal sectional view of a retention module of the micro-reactor
system assembly in Fig. 1; 30.Fig. 8 shows a top sectional view of the
mixing module of Fig. 7 seen from above; Fig. 9 shows an enlarged

view of a reactive fluid inlet port of the mixing module shown in Fig. 8;

WO 2007/112945PCT/EP2007/002831 16  Fig. 10 shows a frontal
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50f a first heat exchange module;  Fig. 14 shows a side sectional view of
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the heapgxchange mpdule opEiG 218/ view of of a micro-reactor
system assembly having all fittings on one side according
to one embodiment of the present invention;

Fig. 2 shows a spatial view rotated 180° of the
micro-reactor system assembly shown in Fig. 1;

Fig. 3 shows a frontal sectional view of a thermal
adjusting module of the micro-reactor system assembly

shown in Fig. 1;

Fig. 4 shows the thermal adjusting module of Fig. 3,

seen from the left;

Fig. 5 shows a frontal sectional view of a mixing
module of the micro-reactor system assembly shown in Fig.

1;

Fig. 6 shows an enlarged view of an upper left corner

indicated "X" in Fig. 5;

Fig. 7 shows a frontal sectional view of a retention
module of the micro-reactor system assembly in Fig. 1;

Fig. 8 shows a top sectional view of the mixing

module of Fig. 7 seen from above;

Fig. 9 shows an enlarged view of a reactive fluid
inlet port of the mixing module shown in Fig. 8;



15 Fig. 15 shows a frontal sectional view of a second heat exchange
module; Fig. 16 shows a side sectional view of the heat 20

exchange module of Fig. 15; and  Fig. 17 shows a longitudinal section
Gl FasFarRactor system assembly according to one embogighernéebtloess1
present invention; 25  The micro-reactor system assembly according to
one embodiment of the present invention as shown in Figs. 1, 2 comprises
a first frame means 10, a first heat exchange module 7, a thermal

adjusting module 1 as a process 30 module, a second heat exchange

module 8; 8 MG RALIG Zrasadiithes proeass madiie c3NQhsE HEst

he%?é‘%i@ mosivle 7?1% r@ﬁ%”ﬁ%@&%“é%&%g aifH”P?%P“lC-‘?SS
module, another second heat exchange module 8, further Tetention
modules 4, 5 and 6 respectively, each 35 sandwiched between two heat

exchandd sodulestio@sard barecoreitiiamelnicter $h e sadguande.

5 Thusdoatwesn saigl, WO 2QRH12845R6c#EP2007/002831 17 first and
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second frame means 10, 9 alternating a first or second heat exchange
module 7, 8 and asprocess moduyle 1-6 are provided. 5As can be seen,
best frofi-Bigst 14°88Y8 a2 HFA 2%ERENYE TR0 T8 3T s ds Biffst
plat@iar, g tnofhtshaecuind pateomdiizo afidBigecdd plate 7N, 8N
respectively, joined together by soldering. The intermediate plate

comprisgsa cyoutif thefopmah 19 parrilel SEaigRtiRassages, whekein

hNggggsgggggkge module;

Fig. 14 shows a side sgectional view of the heat

exchange module of Fig. 13;

Fig. 15 shows a frontal sectional view of a second

heat exchange module;

Fig. 16 shows a side sectional view of the heat

exchange module of Fig. 15; and

Fig. 17 shows a longitudinal section of a micro-
reactor system assembly according to one embodiment of

the present invention;

The micro-reactor system assembly according to one
embodiment of the present invention as shown in Figs. 1,
2 comprises a first frame means 10, a first heat exchange
module 7, a thermal adjusting module 1 as a proceés
module, a second heat exchange module 8, a mixing module
2 as a further process module, another first heat
exchange module 7, a retention module 3 as a further
process module, another second heat exchange module 8,
further retention modules 4, 5 and 6 respectively, each
sandwiched between two heat exchange modules 7, 8 and a
second frame means 9 in this sequence. Thus, between said



passages are connected by a half circle such that one continuous
sinusoidal cut-out is formed. Said cut-out of the intermediate plate 70, 80
and the inner surfaces of the first and second plate 7M, 7N and 8M, 8N

rRaperetiMebs 5 thus define a heat exchange fluid passage 71 i007/002831
accommodating a heat exchange fluid in the heat exchange module 7, 8.
At one end of the cut-out a through hole is formed in the first plate 7M,

8M, and another through hole is formed at the opposite end of the cut-out
in the 20 second plate 7N, 8N to define a heat exchange fluid inlet port 73,

88 angsx henteyecbonge fritheutiebpert 1€, BCaespeativalyg a first or
Co@ggél}lﬁa‘i&%%v'@k@}?a?ﬁ%t s we,luid NaRsage, Lo BRs 268 EAR e 6

seen from Figs, 13-16, the first and second heat exchange modules 7, 8
ar S RERNAMF Hentical, wherein the second heat exchange module 8 is
rotated around 1800. Thus, when assembled, the outlet port 7C of a first

5heat exglanrgs mas e dnane e Beainerdihanga 80 fldd ielethon<B® of a

* secoprhigabercige Modledan W sash plieinel s e 1ok,
exchange flyid outlet_por 0 second heat exchgnge u Wi
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froRPERRC Bl B2 Yvand 26PedchFEERSS bt e 18T RI mPTkes two
throngkinded 4t 3pl a0 o0 HIERS 5P ClERR007200283 EaB6idfone

10 Of W%%%%e%, %§§§§}Nﬁ§é§]§é@§i¥h3ﬁ%\élﬂéi&x@ﬁbi&@ﬂﬁ'&ﬁ;ﬂﬂf inlet
port while the ather of . which_cor t e
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connection passage formed b%é%{%g‘[g%??eh%e&% a cogﬁspggdknge(;)cré%‘_g)}‘1 -
proGETT Y - & s8R én-8am i3t eSt ékéhange o
maRdelRaid skeohll IRRR SeRan§eiBdaRE8 OHReR dREMIBINGLRahS
befkeawetioimFigse 1f 2rand #7ats 7M, 8M, and another through

hole is formed at the opposite end of the cut-out in the
20 second plate 7N, 8N to define a heat exchange fluid inlet
port 7B, 8B and a heat exchange fluid outlet port 7C, 8C
respectively, communicating with the heat exchange fluid

passage 7A, 8A.

25 As can be seen from Figs. 13-16, the first and second
heat exchange modules 7, 8 are substantially identical,
'wherein the second heat exchange module 8 is rotated
around 180°. Thus, when assembled, the cutlet port 7C of
a first heat exchange module 7 and the heat exchange

30 fluid inlet port 8B of a second heat exchange module 8
align with each other as well as the heat exchange fluid
outlet port 8C of the second heat exchange module 8 with
the inlet port 7B of a next first heat exchange module 7.

35 As can be seen from Figs. 3, 5, 7 and 10, each
process module 1-3, 6 comprises two through holes 1H-3H,



The heat exchange fluid inlet port 73 of the very first heat exchange
module 7 communicates with a first heat exchange fluid reservoir (not
shown) through a passage provided in the first frame means 10 and a first
AP enplingppart 12A connected thereto. The heat exchangepfiuigtiustedo2s31
port 8C of the last heat exchange md8lule 8 communicates with a second
heat exchange fluid reservoir (not shown) via a passage provided in the
second frame means 9 and a second coupling part 123 connected
thereto. 25 Thus for example a warm heat exchange fluid can flow from
the Bis] reservol tindagh thedifstaosptipydart d3fr e drsidranenlQ heat
arouagesliisl apdaerone bealgyshage giodes &com@wmcatmﬂa
es

heat exchan eawd ¢onnecton passages provi rocess modu
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10pOrtdfinaind edif sheaaelive thedhuilatPorhlbuand ﬁo'i_%:aorﬂlf%actlve fluid
paﬁgv_gg ti i secaond.reactiv |d inlet port 1D and
congj%g}glgﬂg dl%%t{gg o%%? .\ ﬂs?r;ee:gtc |v% uid |s%upp 8Pt
the Hrette SRk ﬁﬂlfﬁsﬁa%“sec?db ATRAGE BRAHAS rdadfive AERCRRtheat
poreiehangeconduiachie Whrhisazpptibliad thesecandheastea flfiicbm
pagsage. isithreugihdha second reactive fluid inlet port 1D. 15Said
15 temperature adjusting module 1 comprises a first and second plate 1M,

1IN (Fig. hich are joined with one another by soldering or the Ilke Into
the contazltcg%r\ll\tél1 surfaceés%g'frfﬁg firdPatd AP L8 EoRITattPL AL 1/ here

sinfik bt Reakiveatrnsss SriisLeA 71 Barawt ¢y t2E etdrﬂhg amﬂhprg or
thenkieet, WidbdioydngIhicliglesaithfostreasiveshttn) through a

bassage provided in the first frame means 10 and a first
20 coupling part 12A connected thereto. The heat exchange
fluid outlet port 8C of the last heat exchange module 8
communicates with a second heat exchange fluid reservoir
(not shown) via a passage provided in the second frame
means 9 and a second coupling part 12B connected thereto.
25 Thus for example a warm heat exchange fluid can flow from
the first reservoir through the first coupling part 12A,
the first frame 10, groups of first and second heat
exchange modules 7, 8 communicating via heat exchange
fluid connection passages provided in process modules 1-6
30 sandwiched by said first and second heat exchange module
7, 8, second frame 9 and second coupling part 12B into a
second reservoir in a zigzag line, thereby subsequently
heating all process modules 1-6 via heat exchange through
the module plates.
35



passage 1A toward said first reactive fluid outlet port 1F, said first reactive
fluid's temperature is adjusted 25 by the two heat exchange modules 7, 8
sandwiching said temperature adjusting module 1. Thereto the heat
axoanga2i4sid flowing through said heat exchange moduley@r@8oppirss1
or removes heat to said first reactiveifluid by heat conduction through the
plates 7N, 8M of the heat 30 exchange modules contacting the plates 1M,
1N of said temperature adjusting module. A mixing module 2 as a
second process module is shown in Figs. 5, 6. Although not shown in

detail, Sﬁi%@mf[iegéél?@dylﬁ 2 S0Mmpriseeally st andisesand Plateosiilas

to the temperature.gdjusting module 1 described above, In WO,
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reteptipar seetion 281 betfinstasadtive ffuidiidlgaesa@€ dadmmunicating

s Withsaidheasivefuidinassagei2A is sennected withihe fisstseastve flue
oulet part AL of Ihelempsratreadiusiing Moduled by angellecona
connection 6no showrﬁ. Second reaciive fluid Inlet port 2D al

SO
COMPRGHLEENG KoM HitR TS FEE R AOTFPRESHI IR, Kikdhie R85 Tith
thersecurid-ee fdtiviecluid betleppott [EDokid eensesenderafigstng fluid
maslute desighlaely1 Ehus, therfist aeseascandenaandived|uitprsspattivelythe
10 2ftet Paying nasseel thegughy spick tempenraluts, AdiingHBOgylest, flow

into the mixing_15 section 20 of the passage 2A within the mixin%g\ggglgs
h

2, WRRTEHELG Bt réBdRfe RIHS gr‘é mikeRT R OHE ahather,
gesnrRAistiheombliag seensd Ze2atdve A bR RBESRFEY IR Frgrsugh
canie choserappiaiiaielyidhuni thelwagbivetfluids in an optimal way.
After being 20 mixed, the resulting process fluid flows into the first

15 Said temperature adjusting module 1 comprises a first
‘ and second plate 1M, 1N (Fig. 4), which are joined with
one another by soldering or the like. Into the contacting
surfaces of the first and/or second plate 1M, 1N the
sinusoidal reactive fluid passages 1A, 1B are cut by

20 etching, milling or the like.

While flowing through said first reactive fluid
passage 1A toward said first reactive fluid outlet port
1F, said first reactive fluid's temperature is adjusted

25 Dby the two heat exchange modules 7, 8 sandwiching said
temperature adjusting module 1. Thereto the heat exchange
fluid flowing through said heat exchange modules 7, 8
supplies or removes heat to said first reactive fluid by
heat conduction through the plates 7N, 8M of the heat

30 exchange modules contacting the plates 1M, 1N of said
temperature adjusting module.

A mixing module 2 as a second process module is shown

in Figs. 5, 6. Although not shown in detail, said mixing
35 module 2 comprises a first and second plate similar to
the temperature adjusting module 1 described above. In



retention section 21 of the reactive fluid passage 2A which basically is
formed as a flat channel, thus providing an substantially laminar flow of

the process fluids. 25 It shall be emphasised that the geometry of the
paesages afighe process and heat exchange modules 1-6, 7p8rae20@t002831
limited to the ones shown in the figur®s and described with respect to
preferred embodiments, but may 30 be chosen in any appropriate design.
During mixing and residence within the mixing section 20 and first

retention section 21, the chemical reaction  can be temperature

CQ@&@L@%@M%; twodienad exchange 3xmeoduies 8. dssandviighing said

mixing madule 2, WO 2007/112045ECTIER2007/002831, 21 The process
fluﬁff e"é%m?g tiie 'Pé)adtlvenﬂua passag% ngcfhrough a reactive fluid outlet
poESendriers g9ehéf¥e fAtid inlet port 3C of a first retention module 3
shown in Figs. 7-9. Thereto the reactive fluid out/et 5 port 2E and reactive

5 ﬂﬁid inlq&;Tr;]pﬂéQ a{@a%aﬁg@lb%w@ﬁ%eha/i@aﬂa bQCpiEGrﬂ%ﬁdhﬂiuse {net
shown). The retention.mo . As the gther yetentio -6, -
P e R e R Y Dot i e
by SbFEimPAFSRINR) 6 tHeied tP B eRIEEN LR P T E rabE P pacsAE
3Aa84 us pimgdedduil ecdoinyncduatirttrngdbcessriridd duritgatsideps) -
time. ddwsatd adasiGally sinuseidahfiai-chanelis caived tdad@icating

10 COQ@?&H“@@;%@%%@& L 2Rd{y Secondplate by £icing: Bylling f thge

like.15 W lowing through Said reactive fluid pas ag%BA the
OrSRE,HGE SrhpRr Are SoRHEAEST RARE thid Réatteha Rt HiTss
7, 8&ifjasdmaonad ketchtivimhbatly3 sBysscritial HiRé t8Rpefatrad
adpsdiegive fluids respectively, after having passed through
said temperature adjusting module 1, flow into the mixing
15 section 2G of the passage 2A within the mixing module 2,
wherein said both reactive fluids are mixed with one
another. The geometry of the mixing section 2G, as shown
in enlarged view in Fig. 6, can be chosen appropriately
to mix the reactive fluide in an optimal way. After being
20 mixed, the resulting process fluid flows into the first
retention section 2I of the reactive fluid passage 2A
which basically is formed as a flat channel, thus
providing an substantially laminar flow of the process
fluids.

25
It shall be emphasised that the geometry of the
passages of the process and heat exchange modules 1-6, 7,
8 are not limited to the ones shown in the figures and
described with respect to preferred embodiments, but may

30 Dbe chosen in any appropriate design.

During mixing and residence within the mixing section
2@ and first retention section 2I, the chemical reaction
can be temperature controlled by the two heat exchange

35 modules 8, 7 sandwiching said mixing module 2.



20 module 1 and mixing module 2 before. After leaving the first retention
module 3 via a reactive fluid outlet port 3D, the reactive fluid enters the
subsequent retention modules 4-6 via a respective 25 reactive fluid inlet

PR sePResigd with the reactive fluid outlet port of a precedipgF&0bH§h2831
module as described before for the reactive fluid inlet port 3C and the
reactive fluid outlet port 2E. In this manner the reactive fluid can flow
through all subsequent retention 30 modules 4-6 before leaving the
micro-reactor system assembly through the last process module's outlet

30][_t 6D-Thethi!bstcrsétgiefwﬁelfavel}@mf@%@t%@g@%m@dgﬂmﬁal%gsﬁa?e
efine e retention valume, j.e. the section (w ei tho
e R i S B o o
acE ROk RESS PRAF, WivideQtbyrtre sl Ak SRfdhyrodule
providihgwifférerf igdihs] 1engtiseart/or tegmeastthessifdleishssagbet
5 diffigeart residancerdaesicas be@hininade Bygwmrabming défesgbernally
fet%gmg&%%'swah Q{Eséegaggswecﬂsoqaqzae%n@er%fﬂa%ﬂgq The
residence time can nearly arbftrarily be chosen. As can be seen from
comphfiebaYt Iﬂ@g"é%n%’ 1281 G BfoRit the Feaiva il ?r%e%rtlﬁg 3,
6ChsfaheFksvaserpuisestentibhmAbinieats at-G M eipbBfelyifHe &
wicﬂbdlf_ﬁheﬁteé@basmelsﬁew ngdlnae{eaﬂgve flaidipagsagesBA, bAke.
10 "esRecluely. sande ads sualler (s hqubilarialsegidardamaor

thaapc@oemvrxlodégtoifrtxget 5ere§xgg¥gsﬂsl,ﬂ ﬂll?.tdps)or grvz\{lgéh'residence time.

Thereto a basically sinusoidal flat channel is carved
into the contacting surface of the first and/or second
plate by etching, milling or the like.

15

While flowing through said reactive fluid passage 33,

the process fluid is temperature controlled by the two
heat exchange modules 7, 8 adjacent to said retention
module 3 as described for the temperature adjusting

20 wmodule 1 and mixing module 2 before.

After leaving the first retention module 3 via a
reactive fluid outlet port 3D, the reactive fluid enters
the'subsequent retention modules 4-6 via a respective

25 reactive fluid inlet port connected with the reactive
fluid outlet port of a preceding retention module as
described before for the reactive fluid inlet port 3C and
the reactive fluid outlet port 2E. In this manner the
reactive fluid can flow through all subsequent retention

30 modules 4-6 before leaving the micro-reactor system
assembly through the last process module's outlet port

6D.

The residence time within each retention module 3-6
35 is defined by the retention volume, i.e. the section
(width x height) x length of the passage 3A-6A



As shown in Figs. 1, 2, two tie-rods 13 push first and second frame means
10, 9 towards each other, thereby pressing the stacked heat exchange
modules 7, 8 and 20 process modules 1-6 against one another. Placing

tig e Adakthe circumference of the micro-reactor system@sgsemby @1
providing a cavity (see Fig. 17) withinzhe centre of the surfaces of the
frame means 10, 9 contacting the heat exchange modules 7, 8, a high 25
pressure can be obtained at the circumference of the micro-reactor

system assembly. Thus the heat exchange fluid inlet ports 78, 8B and
heal-exmirnos g eullethate <6, Bluobthaheabrechangemeoiies 7,

5 whi alsp e blp et 3l B ghee Sl Iy i et
sysﬁem assem%ly, el presse a ainst the heat exchange flui connectlon

5?:9@{(5?1?@6@%%8&6@@5?Hlﬂi'tﬁe?isﬁ‘%ﬁﬁfhlg‘ﬁ BEHRE I1f the
hea‘E@X@iﬁIﬂI\}E triotk se 70 Sterecipbdriesin Bructmhraicraldikeferent

5 alupainéHe i eeppOEAN aB alloyihaiafrpdat examigehgsdmetries,

CirGYDIRIE ﬂi‘é‘ %ﬂge104é@%@l@gae@wt@w%gyﬁgﬁfgpmmﬂ ungsr
pressure, thereby providing good WO 2007/112945PCT/EP2007/002831

23°§é%ﬁﬁﬁ ;against the surface of the process module 1-6 sandwiched in
between. Thus the heat exchange fluid outlet port 7C, 8C and heat
exchangs floichirntet pedr 3f BEnotwpanthsequert Rigsexchamge 12,
10 m%ﬁﬂ&%&ﬂ 8cneomunuRicale Fydithightia the:heat sxchaage fluithe
nectlon pasgage Q}'ﬂ 6|—L%roe/|d(§1d in Qellntegnedlgtes pr%ceﬁsg%@@%ely

Add]’[lonalla eré may be provided a'T rng sealln 39 aroln
exEﬁ&nQ’éﬂE*ﬂ ﬁ’lfett&?r@ 37Bt S@W%a‘?ﬁbﬂéﬁge'f% BEREEISRs FAuLd
8QpddmagtssiofexafApeesprctitvelyovaarapberdeidenadien thBiffst

angyseconsdvaifs v NaqSM;L 8blrerpeglivelyhancemsodalilg afinge
15 sealln%%herelr]finotdshg_lvir%T Cinflé rp ling may be made from

rubbar, silicon oF - prefera lon or'the like.  As can be understood
from the foregoing description, a micro- reactqr system assembly
accordifg tellemprépe Mz inientRn previdekedueds it mosiar StRture

high8exibilisyangalipwmeambiniog diffesn rdixing ehasndlgeomptriasoy
with different refention madigs-thessy prddingRrhliadly chosea
2ore§QSQQEQQ$§§JQeS 1-6 against one another. Placing tie-rods
13 at the circumference of the micro-reactor system
assembly and providing a cavity (see Fig. 17) within the
centre of the surfaces of the frame means 10, 9
contacting the heat exchange modules 7, 8, a high

25 pressure can be obtained at the circumference of the
micro-reactor system assembly. Thus the heat exchange
fluid inlet ports 7B, 8B and heat exchange fluid outlet
ports 7C, 8C of the heat exchange modules 7, 8, which
also are provided at the circumference of the micro-

30 reactor system assembly, are pressed against the heat
exchange fluid connection passages 1H-6H in the process
modules 1-6 with high pressure. If the heat exchange
modules 7, 8 are made from a ductile material like
aluminium, copper or an alloy therefrom for example, the

35 circumferential edge of the inlet and outlet port will

deform slightly under pressure, thereby providing good



particular for type B reactions. Each of said process 25 modules 1-6 is
temperature controlled by two adjacent heat exchange modules 7, 8.
Since heat transfer only is realised by heat conduction through the plates

Kb 8bd7/1NeN of the heat exchange modules 7, 8 and process/aioaie6s31
1-6 no sealing or the like is necessanp. Furthermore, 30 advantageously
the process modules 1-6 may be optimised with respect to the reactants
accommodated therein, for example being resistant to corrosion and/or
pressure, while at the same time the heat exchange modules 7,8 not

00@@91'{53% CcoDIAGWith e 5‘%&@9@@ 89”%%98&%%@ 3Rauith segpest

to heat tra
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altespabiguwith saesarptbat ahdzhe dicchaxghangéuled 57flows from a
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heat exchange modules 7 secon V 0 nd
comfpﬂmbeﬁarjt%ﬁg’aﬁ'nsar%%y aI hea EXC ange L%llo?& %ﬂ%%%%%@%ﬁffﬁg %eat

ex@RIRRSMRAEL?: 8 are internally provided 10 without any additional
connections. Advantageously, standardised process and heat exchange

modules, e Re ket thusiaking i essiyedo@ssem iiermdiffereal ing
o micro- reagtocrﬁfvghh d|ﬁ%r§n£g§1?§e@§elgglelg@gghﬁ&ggénﬁp €a%.and

10 o odrman way he em ment described ab one temperature

adfi&htig FHGHARIE S A RRThEHLRSS Shd four ré’ien'];lon Sodules 3-6
haescbephecambieckibahigaerreHoMNE ?, BFAYBReRy ChRiRal&S of

Summ&ealeaemswatléer eMAME NE0te BN persperethddieding
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are heated up or cooled down. mlxm r’g)odules may, ble ;ggwded for

154 n’f&l’ﬁgstﬁaﬁlréﬂgtl&?yDﬁFergﬁ etentlon Moduies may be provided to
regigeferably - Teflon or the like.

As can be understood from the foregoing description,
a micro-reactor system assembly according to the present

20 invention provides due to its modular structure high
flexibility and allows combining different mixing channel
geometries with different retention modules, thereby
providing arbitrarily chosen residence times, in
particular for type B reactions. Each of said process

25 modules 1-6 is temperature controlled by two adjacent
heat exchange modules 7, 8. Since heat transfer only is
realised by heat conduction through the plates 1M-8M, 1N-
8N of the heat exchange modules 7, 8 and process modules
1-6 no sealing or the like is necessary. Furthermore,

30 advantageously the process modules 1-6 may be optimised
with respect to the reactants accommodated therein, for
example being resistant to corrosion and/or pressure,
while at the same time the heat exchange modules 7,8 not
coming into contact with the reactants, can be optimised

35 with respect to heat transfer and/or sealing

characteristics.



25 the required residence time.  With a given flow rate of for example

100 ml/min, a process module's passage length of about 1844 mm, a
passage height of 10 mm and a passage width of 0.5-2 mm 30 residence
ties00fa29¢ssec per module have been realised in an exanpgtetessin®o2s31
Thus overall residence times of up t@80 min can be realised.

Surprisingly it has turned out that the external 35 connection of
subsequent process modules 1-6 does not effect significantly the
temperature control of the WO 2007/112945PCT/EP2007/002831 25
micro-reactor. Since each process module 1-6, in particular each retention

module 3-6, can be very efficiently temperature controlled (heated, cooled
or thermdt b%r@ﬂ)bﬁmsfﬁ%iﬁégﬁgon%ggﬁ bielerﬁ% iﬁé}%c?haenge
microdrebetorvitifinanBr b raapenatid ffnde. ASHEIRF8LHRPle of the
desgrinachembeslimenh psaterahlthee heat exbbahgamedelang®e fluid
stransfers heagfrom aadde spbseaysnlPIaRRsEROg a1 So(gxcenk fgart

the very first and last heat exchange module), 10, Ther v i
paés?ange‘s“inathéﬁﬁf)%gs&H}?dﬁhgg%qﬁqa?egﬁig%%tr&é%é%a% é%cc;r%l{l!%?s 7

milBng Bk ehe likecordcnpaaivaiax FRIRSTRAURS Fegapd coupling
mapafactupar sepatesbly, thay meytbexedeutget Féd Wittaarninetirs- of
15 sfrucfuing, dhus seducing fostss Furthermare: steasaithheatovided

exchange modules 7,.8 do not come int ctw&%@g reasiant ,,they
1040 FbEHRBY 3He ?eésﬂis]féﬁ 6 %oﬁ%rs%%c%rg %H%'process cE);gssurest§ thus

all FRBARBEURES RIERSHAS GPtmiReaYoPHEaERERsRT I 25 p“éarlgcu ar

thevfedawinthmateszttngay theased dethech esEemhbm gdlhberRat
micro-reactors with different residence time and the like
in an easy, modular way.

15
In the embodiment described above, one temperature

adjusting module 1, one mixing module 2 and four
retention modules 3-6 have been combined in this order.
However, an arbitrary combination of such modules is

20 possible. For example more temperature adjusting modules
may be provided to increase the passage in which the
reactants are heated up or cooled down. More mixing
modules may be provided for a multi-stage reaction.
Different retention modules may be provided to realise

25 the required residence time.

With a given flow rate of for example 100 ml/min, a
process module's passage length of about 1844 mm, &
passage height of 10 mm and a passage width of 0.5-2 mm

30 residence times of 6-22 sec per module have been realised
in an example testing. Thus overall residence times of up

to 30 min can be realised.

Surprisingly it has turned out that the external
35 connection of subsequent process modules 1-6 does not
effect significantly the temperature control of the



Aluminum alloy AIMgSil (=EN AW-6082 or EN6082): EN AN-6082 EN
AW-AISiIIMgMn AlMgSil DIN 3.2315 EN AW-6061 EN AW-A1Mg1SiCu
AlMg1SiCu DIN 3.3211 EN AW-6005A EN AW-AISiMg(A) AIMgSi0,7 DIN
FAAENAYV-6012 EN AW-A1IMgSIiPb AIMgSiPb DIN 3.06:4&r Ebboo7/002831
AW-6060 EN AW-A1MgSi 25

micro-reactor. Since each process module 1-6, in
particular each retention module 3-6, can be very
efficiently temperature controlled (heated, cooled or
thermal buffered) from two sides, reactions can be run in

5 the micro-reactor within a broad temperature range. As in
the example of the described embodiment, preferably one
heat exchange module 7, 8 transfers heat from and to
subsequent process modules 1-6 (except for the very first
and last heat exchange module) .

10
The reactive fluid passages in the process modules 1-

6 are micro-structured by etching, milling or the like.
Since the heat exchange modules 7, 8 are manufactured
separately, they may be manufactured without the micro-

15 structuring, thus reducing costs. Furthermore, since said
heat exchange modules 7, 8 do not come into contact with
the reactants, they do not need to be resistant to
corrosion or high process pressures, thus allowing the
use of materials optimised for heat transfer. In

20 particular the following materials may be used for the

heat exchange modules.

Aluminum alloy AlMgSil (=EN AW-6082 or EN6082):
EN AW-6082 EN AW-AlSilMgMn AlMgSil DIN 3.2315

25
EN AW-6061 EN AW-AlMglSiCu AlMglSiCu DIN 3.3211
EN AW-6005A EN AW-AlSiMg(A) AlMgSio,7 DIN 3.3210
EN AW-6012 EN AW-A1MgSiPb AlMgSiPb DIN 3.0615
EN AW-6060 EN AW-AlMgSi AlMgSio,5 DIN 3.3206
30
On the contrary the process modules 1-6 may be made
from the following materials for example
DIN 1.4571 Als]l 316 Ti X 10 CrNiMoTi 18 10
35

DIN 2.4602 NiCr21Mol4W Hastelloy C-22



AIMgSi0,5 DIN 3.3206  On the contrary the process modules 1-6 may

be made from the following materials for example DIN 1.4571 A1S1 316

Ti X 10 CrNiMoTi 18 10 DIN 2.4602 NiCr21Mol4W Hastelloy C-22
WZR874144945 DIN 2.4610 26 N1IM0o16Cr16Ti PCT/EP20G998% /002831
Hastelloy C-4 DIN 2.4617 NiM028 Hastelloy B-2 DIN 2.4819
N1Mo16Cri5wW

DIN 2.4610 NiMol6Crlé6Ti Hastelloy C-4 -

DIN 2.4617 NiMo28 Hastelloy B-2
DIN 2.4819 NiMoléCr15wW Hastelloy C-276
5 DIN 2.4816 NiCrl5SFe Inconel 600
DIN 2.4856 NiCr2iMo9SNDb Inconel 625
DIN 2.4858 NiCr21Mo Inconel 825



Hastelloy C-276 5DIN 2.4816 NiCrl5Fe Inconel 600 DIN 2.4856
NiCr21Mo9Nb Inconel 625 DIN 2.4858 NiCr21Mo Inconel 825 WO
2007/112945PCT/EP20071002831 27 Claims 1. A micro-reactor

Syesstmassambly, comprising a stack 5 of: PCT/EP2007/002831
27
Claims
1. A micro-reactor system assembly, comprising a stack
5 of:

10

15

20

25

30

35

at least n process modules (1-6), wherein n is an .
integer equal to or greater than 1, each process module
(1-6) being made from a rigid first material and
comprising at least one reactive fluid passage (1A, 1B,
2A, 3A, 6A) which penetrates said process module (1-6)
between at least one reactive fluid inlet port (1C, 1D,
2C, 2D, 3C, 6C) and at least one reactive fluid outlet
port (1E, 1F, 2E, 3D, 6D), for accommodating and guiding
a reactive fluid, wherein in case of at least two process
modules (1-6) said at least two process modules (1-6) are
connected in series;

and at least n+l heat exchange modules (7, 8) each
of said heat exchange modules (7, 8) being made from a
ductile second material other than said first material
and comprising at least one heat exchange fluid passage
(77, 8A) which penetrates said heat exchange module (7,
8) between at least one heat exchange fluid inlet port
(7B, 8B) and at least one heat exchange fluid outlet port
(7C, 8C), for accommodating and guiding a heat exchange
fluid, wherein said at least n+l1 heat exchange modules
(7, 8) are connected in series,

wherein each process module (1-6) is sandwiched
between two adjacent heat exchange modules (7, 8).

2. A micro-reactor system assembly according to claim
1, wherein

said first material is resistant to corrosion and
pressure and preferably selected from the group
consisting of stainless steel, hastelloy, tungsten,
tantalum, titanium, ceramics, graphite and/or a suitable
combination of one or more of said first materials; and



at least n process modules (1-6), wherein n is an integer equal to or
greater than 1, each process module (1-6) being made from a rigid first
material and comprising at least one reactive fluid passage (1A, 1B, 10

200 36y7afbiyhich penetrates said process module (1-6) betpeerpasdoasiksi
one reactive fluid inlet port (1C, 10, 2€, 20, 3C, 6C) and at least one
reactive fluid outlet port (1E, 1F, 2E, 3D, 6D), for accommodating and
guiding a reactive fluid, wherein in case of at least two process 15

modules (1-6) said at least two process modules (1-6) are connected in

series; @i@dag'gé‘éhﬁ”’&&e&t e&‘fhPQQ%QE’dHE?r?dgcf)r?i - f said

heat exdl deuIes (7, Cﬁjg made from a ducti material
othétt tﬁan sa§ ¥irdEmatats WripFsifg Athe SFEHERERE ©f
excR&NHE M paégagéuwmwﬁ/mm@étra@@pma ebtexehafgad ver
moduid (ZiByeertwaanad least/ane heatiexalhdrge HmistindatiRoit (FBoB88) or
Andridlgagkors ieat sxshangs dluid gudet port  (7C, 8C), for
accommodating and guiding a heat exchange 25 fluid, wherein said at

least n+1 heat exchange modules (7, 8) are connected in series,

wheein AcRiSTEEaESATERHe (T8 FR/AEAYd %%6@&%0%]8&@1%“ 1

heatexzZhawheradodukssi@, 8). 3@2stA migwasastomdidrsadserably
accg&j{pgltgedaim 1, wherein  said first material is resistant to corrosion

192nd pres é"%%% gefg@bi)és?ge)ct Zrom the gIouR.CoNSIStng Qfe £1uig
stainless Steel. hastelloy, tungsfen, 35 tantalum, tianium, ceramics,

graBﬁﬁ&aéfﬁjlélzﬁ SURBLIRE G LHOTRI 61-Bfic Drivdiddl BREHeR (20)
mafeialsemed WKy 2864/ TH204EP 6 T/ER26G7 /00288428 i vesafd wédend

material ishepbaandictiag endmigicrabhuistselgcirsdinoe the) g@iPposed
CONgINAQhalyEnInyy UM Allays. C‘?EP%&P%P@{('PA‘P&/& silyer and

S|Iver allo¥s and/or suitable cori;blnatlon of one or 5 mor of ald second
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optionally, one or more retention modules (3-6)

disposed downstream of the mixing module(2) for
accommodating the reactive £luid mixture.

20
4. A micro-reactor system assembly according to any of
claims 1 to 3, wherein

said at least one reactive fluid passage (1A, 1B,

2A, 3A, 6A) is a flat passage comprising curved and/oxr

25 straight parts to enable a flow of the respective
reactive fluid along a tortuous path, said flat passage
preferably has a width/height ratio in the range of 1:4
to 1:50, more preferably in the range of 1:4 to 1:30,
even more preferably in the range of 1:5 to 1:25.

30
5. A micro-reactor according to any of claims 1 to 4,
wherein said at least n process modules (1-6) comprise at
least two process modules which are externally connected
in series.

35



10a mixing module (2) the at least one reactive fluid passage (2A) of
which comprising a mixing portion (2G) for receiving and mixing at least
two reactive fluids;  optionally, a thermal adjusting module (1) disposed
upstream of said mixing module (2) foradjusting a 15 temperature of said
at least two reactive fluids prior to entering said mixing module (2); and
optionally, one or more retention modules (3-6) disposed downstream of

the MRENGAYS(ELIPLAGEMIAN EQotg SIS UMK, S5 &

- A micro-reactor system assenibly according to any of claims 1 to 3,

wherein said aldeastanmraehive fidRassans: (tas LBnafe 3HaEAYS a

flat passage comprising curved and/or 25 straight parts to enable a flow of
tBERSIRC VR AR B Yieall eid IRIQRMIAi AaHMOpSE), whichlahpassades
preferably has a width/height ratio in the range of 1:4 to 1:50, more
préfeddipty licatleciange fbfid rstovbiBihdeatdranorchprgd dhab lyukietipert §7ge of
1:510 1:25. 30 5. A micro-reactor according to any of claims 1 to 4,
wiheslerersaivnitalenviith prucessdingduates dia@eqodplés (St eeeontihsat
process modules which are externally connected in series. 29 6. A
(FrEhanes apodrlsy Sicorsising pheasicunieat ex eipast Rnidaatistees (§herein
said at least n+1 heat excharré%e modules (7, 8) comprise: a first heat

AL AYRTHBIRIRS PATLB R ﬁé%?ﬁ%ﬂ%ﬁ@ﬁé&f%&%ﬁ&ﬂ%é?ﬁ?fﬂﬁ £¢

tt, (7B) whi ommunicates.with a first heat exchange fluid reseryoir,. .
R R R S SR RS Rk B
succeeding heat excha dule (8): a secpond.heat exchange
B PR S P A R
%95959%3&3&%}%%@5&&%@@&%@@%&19 iy aserinil-ard id {eRL with
exchange fluid infet port (8B) which communicates with a preceding heat
RChRNE&MAMNANGE Dodule (7) and second heat exchange module (8) , wherein the
series connection of two successive heat exchange modules (7, 8) is implemented
internally via at least one heat exchange fluid connection passage (IH, 2H, 3H, 6H)

passing through a respective one of the at least n process modules (1-6) sandwiched by

the two successive heat exchange modules (7, 8) .

7. A micro-reactor system assembly according to any of claims 1 to 6, wherein said at
least n process modules (1-6) and/or said at least n+1 heat exchange modules (7, 8)
comprise each a first plate (IM-8M) and a second plate (IN-8N) permanently joined with
one another, preferably by soldering, brazing, welding, gluing or the like, wherein each of
said reactive fluid passages, heat exchange fluid passages, reactive fluid inlet ports and
reactive fluid outlet ports, and/or heat exchange fluid inlet ports and heat exchange fluid

outlet ports (IA, IB,



and optionally at least one further heat exchange module disposed
between said first heat exchange module (7) and second heat exchange
module (8) and connected in series with the first heat exchange module
(WPnepEsRd heat exchange module (8) , wherein the serige£epRe&HR31
of two successive heat exchange magules (7, 8) is implemented internally
via at least one heat exchange fluid connection passage (TN, 211, 3H,

61l) passing through a respective one of the at least n process modules
(1-6) sandwiched by the two successive heat exchange modules (7, 8) .

7. icro-reactor. system assembly according tg any of claims_Ito 6 ,
whgg]fégoai&}fle%% %%roégss rMudulss (238) P Saic R 1o dbenbp) is
he P EXEhARGIAEHERS (72 8F chififilserdadie a At Pibte IN-SMRFaRE a
secphdgaatel MNBBIN) permanently joined with one another, preferably by
soldering, bra/mg, welding, gluing or the like, wherein each of said
reagtive flyid passages, heat exchange fluid sages, reactive fluid inlet
orts and e OO e ik S S ISF RELL Y HoS TR "
and%eé‘l%%@lﬁ’ng’@ﬂﬂiooéutfﬁ%rﬁeﬁﬁ?J_L'B‘? Wid passages, heat
2002£¢ 02946 P CIVE® 20807 3QRE31 36:dd-ilve 21 2iC-2i 16, Q136 3dd
6ARGc ﬁlegAﬁ BA)dS prevideddiatne erasrid diFshiakate éldulrﬁMganel;uid
secgnq -8M). ICHO- t Ste cording
claim 7 %v S)rgi:rllgl egg% o%ggi% %%%%%igl%éaggﬁﬁgggﬁ%ang% 1ui§5’
mpas]s%bje%’, ré&etive- G in kS potfsrand reaMive®uid it Port&> anbfdr 18
hesbasinad cfuidbikrt pegtssand hearesuiriage flokl agtldgsstts ppg of
1B s320d Gifs 2A PR E( 6,888, 36d3Be6dnd @ 16R{ANSAN)s. obtained
by ablating an inner surface of at least one of said first plate (1M-8M) and
secsond p%ate IN-8N). 9.tA micro-reactor sgts em assemb .accordiréqta
claim 157, WhereinS 8GRt 8y THEPAETS Xteafﬁf 9 SERaFAGHEY
15 petlved8aRifr 2 phite iz dngeereddafiairiatssNy s s&flatis
leastnddikeeide tohamgermsdiite St &) to roeid¢7aid Srent @xdhargend
fluidirassagns, (78)8Ar 20218 AdMidadeapior SIRMARIRRY modules

accarding to any of clajms 1 t further comprising. a first frame mea
;;’jm%ga%& Rl bR 0 A e dRe a,

(10 rame means ere ces
m es (1-6) and said at least n+1 heat exchange modules (7, 8) are
20 pressed against each other by said first and second frame means (9, 10).

10. A micro-reactor system assembly according to any of
claims 1 to 9, further comprising

a first frame means (10); and

a second frame means (9),

25 wherein said at least n process modules (1-6) and
said at least n+l heat exchange modules (7, 8) are
pressed against each other by said first and second frame
means (9, 10).



