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Abstract

Microreactors have gained great interest in a large variety of chemical reactions due to two major advantages: excellent heat transfer in
the case of highly exothermic or endothermic reactions and enhanced mass transfer. Considering an enhancement of mass transfer one he
to distinguish between homogeneous liquid-phase reactions and heterogeneous reactions. Microreactors for homogeneous reactions ar
based on entwined microchannels in the range of 10430Qvithin special micromixers. Heterogeneous applications cover the field of
heterogeneous catalysis and solid-phase supported organic syntheses.

Since polymer supports have seen an increasing interest in the field of solid-phase supported organic syntheses and ion exchange
applications in the last years, in this study the use of a novel polymer/carrier microreactor for these applications is presented. The
microreactor consists of a megaporous inorganic carrier material with irregular shaped channels and an immersed polymer phase which is
used as a solid support for organic reactions. Investigations on dynamic ion exchange were conducted for different exchanging ions and
different reactor systems. Furthermore the solid-phase supported selective reduction of cinnamaldehyde is studied, a model reaction for
the important class of reductions of aldeyhdes in organic chemistry.

All results show an enhanced mass transfer to the active sites of the polymer and higher effective rates using the novel microreactor in
comparison to commercially available ion exchange resins.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of space and material and the possibility of a modular in-
tegration of microreactors in complete systems favour the
The development of microreactor systems for chemical application of microreactors. Up to now microreactors have
processes has become a major aspect in chemical engineebeen mainly applied in the fields of fine chemistry, pharma-
ing research throughout the last decddi?]. Due to the ceuticals and chemical engineering, here as a tool in process
improvements of manufacturing processes it became pos-development to obtain kinetic data using only small amounts
sible to generate a great variety of miniaturised devices in of chemicalg3].
micrometer dimensions, e.g. micromixers, microreactors or  During the development process of new pharmaceuti-
heat exchangef8]. Microreactor systems, due to their small cals in small scale syntheses the use of polymer supports
characteristic channel dimensions of several tenth to hun-has become an interesting alternative to the classic organic
dreds micrometers, show several advantages over convenchemistry in solution throughout the last yed6s7]. The
tional laboratory-scale reactor systems. The most consider-use of functionalised polymers, which serve as supports for
able advantages of microreactor systems are enhanced magg€agents or catalysts, in combination with reactants in a fluid
transfer and excellent heat excharigk The first is based  phase yields the advantages of an easy purification of the
on the small channel diameters, which results in a reduc- desired product and the ability to drive reactions to com-
tion of mixing times even at a laminar flow regime due to pletion [8]. Presently polymer beads with diameters up to
short diffusion path lengtf4], the latter is due to the large 500um are used to immobilise reagents or cataly6iZ].
surface-to-volume ratio, which results in heat transfer rates These large dimensions are due to the polymerisation pro-
of up to 25000 W/(rAh) [5]. Besides these striking advan- cess and are required to facilitate the separation of the resin
tages, benefits such as small reaction volumes, less consumé&om the reaction products. But a large number of chemi-
cal transformations and ion exchange applications are lim-
" Corresponding author. Tek+49-5323-72-2181; ?ted by mass tran_sport within these_ Iarge_ particles, reSL_JIting
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using the resin in classical batch operations mark the majorbeen developedl10]. This technique enables the genera-
drawbacks of this technique. tion of either crosslinked poly(styrene-co-divinylbenzene) or
In our study a novel polymer/carrier microreactor is pre- crosslinked poly(vinylchlorobenzene-co-divinylbenzene).
sented, which consists of a megaporous inorganic carrier ma- Considering the necessary requirements of the carrier ma-
terial with pore diameters in the range of 50-200, which terial, which are high porosity, large pore diameters and
is comparable to the dimensions of micromachined reactor chemical resistance, porous glass carriers with a porosity of
systems. These megapores contain a polymeric phase cone =~ 0.4 and pore diameters of 50—2(h are the best choice
sisting of small interconnected particles with diameters of [10]. Two different carrier materials differing in their fabri-
1-5um. These particles can be chemically functionalised cation process have been used and evaluated in this study.
to obtain acidic or basic ion exchange resins. The acquired The first is characterised by a fractal glass structure, whereas
ion exchange resins serve as polymer supports for ionicthe second is made up of sintered glass partidtés Q).
bonded reagents ensuring a high accessibility of the ac- The fractal glass structure contains pores with dead ends,
tive sites[9]. The polymerised carrier material, shaped as a whereas the sintered glass particles are free of dead end
monolithic rod, is encapsulated in a pressure resistant caspores, resulting in different flow behaviour which can influ-
ing and operated in a flow-through mode. In this study dy- ence mass transport. To create flow-through microreactors
namic ion exchange experiments are conducted using thethe carrier material is preferably shaped as a monolithic rod
novel polymer/carrier microreactor and conventional ion ex- that can be encapsulated in an appropriate way.
change resins. Furthermore the reduction of cinnamaldehyde For the precipitation polymerisation the two monomers
with immobilised borohydride ions as a model reaction for vinylbenzylchloride (VBC) and divinylbenzene (DVB; 65%
solid-phase supported organic syntheses is studied under @thylbenzene) were dissolved in C14—-Giparaffin. After
variation of temperature and reactant ratio to acquire kinetic dissolution of azoisobutyronitrile the porous glass rods (with
data. a fractal structure as well as with a matrix of sintered glass
The results show that the novel polymer/carrier microre- particles) with a diameter of 5.3 mm and a length of 110 mm
actor exhibits enhanced mass transfer properties comparedvere immersed in this solution. Air was removed from inside
to commercial ion exchange resins for different ion exchange the pore volume by applying a vacuum for a short time. After
applications as well as for solid-phase supported organic heating at 70C overnight, the rods were cleaned of any ad-
syntheses. These results, combined with the easy handlinghering polymer and rinsed with trichlorometh&id]. The
of the novel microreactor, make this system a versatile tool result of this process are agglomerations of small polymeric
for laboratory use in solid-phase supported applications.  particles with diameters of 146m, which are mechanically
fixed in the void pore space of the carrier material and in-
terconnected by polymeric bridges. The degree of crosslink-
2. Fabrication of the microreactor ing of the polymer is 5%Fig. 2 depicts the structure of the
different polymerised carrier materials.
At the Institute for Chemical Process Engineering a new In a following step, a pressure resistant casing for the
process for a precipitation polymerisation inside the void rods is created. Therefore, the rods, as the key compo-
pore space of a megaporous inorganic carrier material hasnents of the novel microreactor, are placed in between two

“4mm

Fig. 1. SEM images of two different glass carrier materials: (a) fractal structure and (b) sintered glass particles.
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(a) (b)

Fig. 2. SEM images of polymerised glass carrier materials: (a) fractal structure and (b) sintered glass particles.
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Fig. 3. Cross sectional drawing of the novel polymer/carrier microreactor system.

constructed stainless steel connecting pipes with an outer3. Experimental
diameter of 6.35mm. This system is sealed with a chem-
ically resistant PTFE/FEP dual shrinking hose to avoid 3.1. Preparation and characterisation of the reactor
wall effects. Those semi-finished products are encapsulatedsystems
with a fibre-reinforced epoxy-resin to create a pressure
resistant reactor system. This is accomplished by winding Novel polymer/carrier microreactors with differently
glass or carbon fibre impregnated with epoxy resin un- structured carrier materials (fractal structure and matrix of
der high traction around the semi-finished products. After sintered glass particles) as well as reactor systems packed
curing, a fibre reinforced epoxy resin encases the mono-with commercial ion exchange resins were prepared for
lithic rod. In the last construction step two conventional this study. These reactor systems were fabricated from a
column end fittings are attached to the connecting pipes stainless steel tube with an inner diameter of 5.3mm and a
to create an inlet and outlet for the fluid phase reactantslength of 110 mm corresponding to the size and geometry of
(Fig. 3. the novel microreactors. The tubes are packed with an ade-
After the formation of the mechanical reactor struc- quate amount of commercial ion exchange resins (a gel-type
ture, the chemical modification of the interior polymeric AmBERLITE® IRA 400 and a macroporous MBERLITE®
phase is accomplished to obtain strongly basic ion ex- IRA 900) to attain the same capacity as the novel microre-
change resins. A solution of dry toluene saturated with actor with fractal structure. As the polymer phase in the
trimethylamine is continuously passed through the microre- microreactors the commercial resins are strongly basic ion
actor for at least 6h. In the following step, the reactors exchange resins with quarternary ammonium groups. IRA
are washed with ethanol for another 3h and then dried 400 is a gel-type resin without any macropores and typical
in vacuum. The polymerised rods, now functionalised particle diameters of 400-5@0n, whereas the IRA 900
with quarternary ammonium cations, are treated with hy- contains macropores in the range of several 10nm and an
drochloric acid (5%) to obtain the stable chloride form of effective particle size of about 4¢0m.
the corresponding ion exchange resin which can be used All four reactor systems are characterised with respect
for ion exchange applications and solid-phase supportedto their polymer content and their capacities, which means
syntheses. the number of ion exchange sites. The polymer content has



458 H. Schoénfeld et al./Chemical Engineering Journal 101 (2004) 455463

—— @
—— Microreactor (fractal structure)
— O - Microreactor (sintered glass) - 4

- -A - Tube reactor packed with IRA 900 7

w
o

N
o
T

n
o
—

=
L —— Tube reactor packed with IRA 400 l l
E - | —— |
2 15 I ; [ |
27 i by 7 5
3 L
o 10F E 6
£ 1 8
® VN
2 05r ] 1 Reservoir \"j [
s r 2 HPLC pump 3 |
2 0.0 ks | 3 Safety valve 2
2 . . . . . . 4 Electric heating-jacket 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 5 Polymer/carrier microreactor
. . . 6 Stirrer
dimensionless time 1t/ - 7 Heat exchanger
8 Heat exchanger
Fig. 4. Measured residence time distributions of the investigated reactor
systems. Fig. 5. Experimental set-up for investigations in batch-recycle mode.

been determined by weighing the glass carriers before and

after polymerisation to calculate the mass of the immersed carried out in a batch recycle-mode to determine kinetic data
polymer. The mass of the polymer is related to the absolute and differences in mass transféig. 5 depicts the experi-
mass of the polymerised carriers resulting in the polymer mental set-up for all investigations.

content of the microreactors. The capacities of the different  The different reactor systems were positioned in the heat-
reactor systems have been determined by passing 250 ml ofng oven and heated to the set temperatures. The incoming
a 4wt.% NaSOy solution through the reactors ensuring a fluid was also heated to the set temperature by an additional
complete exchange of the chloride ions. The effluent solution heat exchanging device to avoid temperature gradients at
is collected and titrated with a 0.1 M AgNGolution using  the inlet of the reactors. The flow rate was set to high val-
potassium chromate as an indicator to calculate the amouniyes to Operate the reactor Systems near|y free of tempera-
of chloride ions in solution which marks the capacity of ture and concentration gradients, which results in isothermal
the reactor system. Knowing the capacity and the polymer conditions over the entire length of the reactor and in differ-
content of each reactor the specific capacity of the polymer ential small conversions per pass through the reactor. This
can be calculated. batch-recycle mode simulates a batch behaviour and can be

The comparison shows that the polymer loading of the ysed to compare the different reactor syst¢h3.
fractal carrier material is about twice as high as for the sin-

tered glass material. This has a major effect on the achiev-3.2.1. Dynamic ion exchange experiments
able capacities per microreactor. Considering the specific The set-up for the experiments on dynamic ion exchange
capacities of the immersed polymer phase for both carrier was modified by a bypass around the reactor connected to
materials, it can be seen that these values are comparable othe main lines with two turnable valves. This modification
even hlgher than those for commercial ion exchange resins.Was necessary to bypass the reactor with the solution of ex-
The obtained packed tube reactors as well as the novelchanging ions before the start of each experiment. The reac-
microreactors have the same size, capacity and comparators were initially loaded with chloride ions to be exchanged
ble measured residence time distributions keg. 4), which with different anions. The lines and the reservoir were filled
indicates comparable flow behaviour. Considering the bed with 50 ml of a 0.1 M solution of different sodium salts at
porosity e, of the packed reactors (which can be estimated the beginning of each experiment and passed through the
to ep ~ 0.25 for swollen spherical particles in an ionic aque- pypass. The starting point of each experiment is marked by
ous solution) and the total porosity of the microreactors  turning the valves and passing the solution of exchanging
(which is calculated from the porosity of the carrier mate- jons through the reactor. The degree of ion exchange is mon-
rial and the volume of the internal swollen polymer phase jtored by measuring the increase of the chloride concentra-
to be about 0.2), comparable mean residence times of 3 stion in the solution. This is accomplished by using a chloride
for the microreactors and 3.5s for the packed reactors areselective electrode with a corresponding reference electrode

determined. by METTLER-TOLEDO Which are placed in the reservoir. The
change of the electric potential between these two electrodes
3.2. Experimental set-up is related to the change of the chloride concentration in solu-

tion. Experiments were conducted for different exchanging
All experiments on the dynamic ion exchange and the anions, such as hydroxide, toluenesulphonate and borohy-
solid-phase supported reduction of cinnamaldehyde weredride ions and for different reactor systems.
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3.2.2. Solid-phase supported reduction of cinnamaldehyde
The experiments on the solid-phase supported reduction
of cinnamaldehyde imply three different steps: activation of
the reactor with the reducing agent borohydride; reduction
of cinnamaldehyde with the ionic bonded borohydride; and
regeneration of the reactor. For the activation of the reactors,
100 ml of a 0.5M sodium borohydride solution are passed
through the reactor to ensure a complete exchange of the
chloride ions. This is followed by a washing sequence of
100 ml distilled water and 50 ml methanol. The reactions are
carried out for different concentrations of cinnamaldeyhde
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ranging from 0.025 to 0.1 mol/l at various temperatures. Dur- . 648/0 ]
ing the regeneration sequence after the end of each reaction 0,0 0I1 : 0'2 : 0'3 : 0'4 : 0'5

the reactors are successively washed with 50 ml methanol,
50 ml distilled water, 200 ml 1 m NaOH solution, 50 ml dis-
tilled water, 100ml 2m HCI solution and 200 ml distilled Fig. 6. Pressure drop of different columns filled with polymer particles
water. of comparable diameterd.

To monitor the progress of reaction samples from the
solution are taken and analysed by gas chromatography.

pressure drop Ap per column length / 10° Pa/cm

flow velocity / cm/s

calculated by:

CC|7V
Y=—— 1
- ®

with ¢ - being the measured concentration of chloride ions

The performed experiments were aimed to exhibit en- in solution (moal/l),V being the volume of the entire circular
hanced mass transfer properties using the novel poly- flow (ml) andC giving the measured capacity of each reactor
mer/carrier microreactor compared to reactors packed with (mmol). . o
commercial ion exchange resins under same conditions. lon All €xperiments on dynamic ion exchange revealed that
exchange processes are well suited applications to demonih€ novel polymer/carrier microreactor is a very advanta-
strate differences in mass transfer because they solelyd€0us tool for ion exchange applications. Due to the mor-
depend on diffusion inside the polymeric particlgs]. phology of the_compgsne matfanal it is possible to use very
To demonstrate the advanced mass transfer properties ofMall polymeric particles, which ensure good mass trans-
the novel microreactors in the field of solid-phase sup- POrtProperties, in a very convenient way. The large channel
ported syntheses a model reaction has been chosen which igiameters of the megaporous carrier result in a much lower
mainly limited by mass transfer to the active sites. Accord- Pressure drop compared to columns filled with polymeric
ing to [14], the reduction of aldehydes by polymer bonded Particles with the size of 145m [15], which is shown in

borohydride presents this type of reaction. Fig. 6 . _
On the other hand, the small particles in the porous car-

rier material ensure a very good mass transfer to the active
4.1. Dynamic ion exchange sites compared to commercial resins as the conducted ex-

periments documenEig. 7 depicts the ion exchange of all

As stated inTable 1there are differences in the capac- investigated ions in the prepared microreactors.

ities of the polymer/carrier microreactors. To be able to  As can be seen ifFig. 7, the ion exchange of toluene-
compare the results of the dynamic ion exchange experi- sulphonate ions and borohydride ions is comparable with
ments the measured concentration of chloride ions has torespect to ion exchange kinetics and conversion. The ob-
be related to the maximum exchangeable amount of chlo-tained equilibrium conversions are in the range of about
ride ions, which means to the determined capacity of each0.8-0.85 and are reached for both microreactors and ex-
reactor. Thus, the degree of ion exchange (conversida) changing ions after about 500 s. A different behaviour is ob-

4. Results and discussion

Table 1

Characteristic data of the prepared microreactors and tube reactors packed with commercial ion exchange resins

Reactor Polymer content (mass%) Total reactor capacity (mmol) Specific polymer capacity (spgarbg
Microreactor (fractal structure) 7.51 1.05 5.81

Microreactor (sintered glass) 3.70 0.55 4.54

Tube reactor packed with IRA 400 100 (no carrier material) 1.0 3.86

Tube reactor packed with IRA 900 100 (no carrier material) 1.0 4.52
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Fig. 9. Progress of ion exchange for a 0.1 molar sodium hydroxide solution
Fig. 7. Progress of ion exchange for 0.1 molar solutions in the novel in different reactor systems at 2G.
polymer/carrier microreactors at 2G.

_ _ o _ tance. Considering the macroporous structure of the IRA
served for the ion exchange with hydroxide ions. Final con- 900, which allows mass transport to the active sites via dif-

versions of about 0.3 are obtained for these ions, indicating fysion in the fluid phase inside the macropores, the higher
a hlgh aﬁlnlty of the chloride ions to the ion eXChangerS. rate of exchange Compared to the ge|-|ike IRA 400 can be
For all exchanging ions no distinct difference between the explained for both investigated ions.
two applied carrier materials has been observed. The ion exchange equilibrium is about 0.85 for toluene-

Considering the exchange of toluenesulphonate and boro-sy|phonate ions and 0.8 for borohydride ions applying the
hydride ions, significant differences in the ion exchange ki- novel polymer/carrier microreactors. These values are ob-
netics have been observed for the applied reactor systemstained after about 500s for both investigated ions. Consid-
Fig. 8 shows the experimental results for the ion exchange ering the exchange of toluenesulphonate ions in the packed
of toluenesulphonate and borohydride ions at@dn the  tybe reactors, similar equilibrium values compared to the
different reactor systems. microreactors have been measured, but it takes more than

Toluenesulphonate ions, which are comparable in size 3000 s for the commercial resins to reach equilibrium. Con-
to many organic molecules, as well as borohydride ions, sidering the exchange rate of borohydride ions the differ-
which act as immobilised reagents for redUCtionS, are ex- ences between the microreactors and the packed tube re-
changed faster applying the novel polymer/carrier microre- actors systems are less significant. Comparable equilibrium
actors, indicating an enhanced mass transfer in the smallyajues of about 0.8 are obtained for all considered reactor
polymeric particles due to shorter diffusion paths. Both, systems, whereas these values are reached after about 500 s
AmeerLITE® IRA 400 and 900, have diameters in the range for the microreactors and after about 700's for the packed
of 400-50Q.m which marks a major mass transport resis- tybe reactors.

The experimental results for the exchange of chloride ions
with hydroxide ions are different to some degree compared

1.0 ' ' ' ' ' to the exchange with toluenesulphonate and borohydride
ions.
0.8 1 As depicted inFig. 9, the application of the poly-

: mer/carrier microreactor results in a slightly higher rate

;' 0,6 4 of ion exchange than in the tube reactor packed with IRA
s ] 900. The difference between the microreactor and the re-
g 0.4 UNURTSRIEE -0 actor packed with IRA 900 is in the same range as for the
§ .- ’ | exchange with borohydride ions. In contrast to all results
°© 02 o enesutonate (M) - eney || obtained from the previous experiments, the use of the tube
' e eronpeoay o il 1R 400) reactor packed with the gel-like IRA 400 enables a faster

70~ borohydride ube reacto i IRA 400) 1 exchange of hydroxide ions compared to the polymer/carrier

0,0 200 600 800 1000 microreactors. This is likely due to the fact of having a

basic solution with a pH-value of 13 which swells the large
gel-type resin to higher degree than the macroporous IRA
Fig. 8. Progress of ion exchange for 0.1 molar sodium toluenesulphonate 900 and the small polymer particles in the microreactors.
and sodium borohydride solutions in different reactor systems &€20 The higher swelling caused by the drastic shift of the pH

time t/ sec
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value may allow better gel-diffusion in the large particles 1,0 : : : : :
which can exceed the properties of mass transport in small
particles, that do not swell so dramatically, or in liquid 08l g/g———% |

filed macropores. As can be seen hig. 9, the ion ex-
change equilibrium for hydroxide ions is in the range of 0.3 . | A

for the polymer/carrier microreactor and the tube reactor > 06| < 7
packed with IRA 900 and reaches a value of about 0.5 for §

the reactor packed IRA 400. This also indicates the fact of C 041 - v
a higher swelling of the large gel-type particles by sodium 5 g o Microreactor (ractal swacture)
hydroxide solution resulting in a higher accessibility of the O Microreactor (sintered glass)

. . 0,2 I A Tube reactor packed with IRA 900 7
on EXChange sites. v Tube reactor packed with IRA 400

Model prediction

Even though ion exchange is not a chemical process it-

. . . . . O‘O I 1 I 1 I 1 1 1 1 1
self, a kinetic r_nodel derived from c;hemmal reactions can be 0 200 200 600 800 1000
used to describe the progress of ion exchange. The amount
of exchanging ions in solution exceeds the capacities, which
means the amount of chloride ions, by a factor of at least 10. Fig. 10. Measured and calculated conversiofigor the exchange of
Thus, the concentration change of the exchanging ions in so-toluenesulphonate ions applying different reactor systems.
lution is negligible so that their concentration can be consid-
ered constant and does not influence the kinetic in this case o the experimental values is given by the model. Compa-

A simple model for a first order reversible reaction consid- (gpje fittings have been obtained for the other exchanging
ering only the concentration of the chloride ions is sufficient jjns.

enough to describe the process of ion exchange. The appli-  Taple 2gives a summary of all determined rate constants,

cation of this simple model to determine rate constants for \ynich in fact reflect a mixture of mass transfer and reac-

the ion exchange process is necessary to estimate optimisegon kinetics. Due to the fact that the ion exchange itself can

loading times of the resin with different ions which serve pe considered a spontaneous reacfit8], the determined

as immobilised reagents in solid-phase supported reactiongate constants mainly quantify the mass transfer to the active
(e.g. borohydride ions). An optimisation of the loading times  sjtes, The obtained constants for the novel polymer/carrier
saves material resources as well as laboratory time. Further{yicroreactors are higher by a factor of about 2 for the ex-

more, a quantitative description of the efficiency of the novel change with borohydride ions and even higher by the factor
microreactors in comparison to traditionally packed tube re- ¢ 4 for the exchange with toluenesulphonate, indicating the

actors can.be given: ) enhanced mass transfer applying this new microreactor for
Eqg. (2)gives the time depend progress of ion exchange jifrerent ion exchange applications.

dCCr
dr

with ky being the rate constant for the forward reactian, . . .

being the rate constant for backward reaction &qd being _Ion exchange r_esms_loaded with borphydrlde have been
the concentration of chloride in the polymer phase. Know- W|dely used a(rj]d mves'iljgateg forlreductlons of azifl],

ing the initial concentration of chloride in solution, which nlltrocompogn $17] and carbony compoundd8]. Espe-

is zero, in the polymer phase, which corresponds to the ca-cially seleptlve reduct_|ons ef,3-unsaturated carbonyl com-
pacity, and the equilibrium concentration in solution, which pounds without effecting the carbon-carbon double bond are

is determined experimentalligg. (2)can be integrated eas-
ily. Introducing the conversioM, the equilibrium conversion  Table 2

time t/ sec

= kiCr- — k_Cr— 2
+ecl ‘cl @ 4.2. Solid-phase supported reduction of cinnamaldehyde

Yeq and an overall rate constakitwhich is described by: Determined effective reaction rate constahts 10° (s for ¢ = 20°C
Toluenesulphonate Borohydride Hydroxide
k=ky —k_ 3) P Y Y
Microreactor 10.9 9.3 4.0
the following equation is obtained for an equimolar ex-  (fractal
change of equivalently charged ions: structure)
Microreactor 14.7 9.9 4.7
Yeq— Y (sintered
In (q_) =kt (4) glass)
eq Tube reactor 25 5.6 2.8
. L acked with
The values fokk were optimised by minimising the root FRA 900
mean square values of the conversddnExemplarily the Tube reactor 25 4.9 45

experimental results and the modelling for the exchange of packed with
toluenesulphonate are shownFig. 10 A good description IRA 400
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Fig. 11. Concentration profiles of cinnamaldehyde as a function of time Fig- 12. Concentration profiles of cinnamaldehyde as a function of time
for different reactor systems & 0.5, ¥ = 25°C). for different reactor systems & 2, ¥ = 60°C).

frequent problems in organic chemisfi8]. The use of ba-  complish almost complete conversion after 90 min using the
sic ion exchange resins loaded with borohydride marks an polymer/carrier microreactor. Considering the curves for the
interesting solution of this problem. tube reactors packed with IRA 400 and IRA 900 it is obvi-

The obtained results of the reduction of cinnamalde- ous that a full conversion for a 2:1 excess of cinnamaldehyde
hyde with immobilised borohydride using the novel poly- can not be reached. This can be explained by the fact that
mer/carrier microreactor verify these results. No side prod- the commercial particles, due to their size, are not entirely
ucts are detected by gas chromatography and a full conver-penetrated with the cinnamaldehyde—methanol-solution and
sion of cinnamaldehyde to cinnamyl alcohol is observed. only a partial amount of the borohydride and the interme-
According to the observed reaction mechanid®] 1 mol diates can be used for reaction resulting in incomplete con-
of borohydride is able to reduce 4 mol of aldehyde. The versions for an excess of fluid phase reactant.
solvent is involved in the reaction mechanism acting as a Comparable results have been attained for all other reac-
hydrogen donator. The type of solvent influences the reac-tant ratios and temperatures pointing out the enhanced mass
tion greatly, resulting in high reaction rates using methanol transfer to the polymer bonded reagents by fluid phase re-
and very low reaction rates using ethafi8]. actants using the novel microreactor.

The performed experiments with the novel poly- Experiments with the microreactor at different tempera-
mer/carrier microreactors and the packed tube reactorstures and reactant ratios have been used to determine intrin-
show great differences in the rate of reaction depending onsic kinetic parameters of this solid-phase supported synthe-
the type of reactor. Only fractal structured carrier material sis in a very easy waf20] minimising mass transfer resis-
has been used for the preparation of the polymer/carriertances.
microreactor and compared to commercial resins in ex-
periments. Different reactant rati@s indicating the initial
concentration of cinnamaldehyde related to the initial con- 5. Conclusions
centration of immobilised borohydride, have been studied
at different temperature§ig. 11 depicts the concentration The preparation of a novel polymer/carrier microreac-
profiles of cinnamaldehyde as a function of time for a ratio tor and its applications for ion exchange processes and
of x = 0.5 at a temperature of 2& for the investigated  solid-phase supported syntheses have been presented.
reactor systems. Thanks to a precipitation polymerisation in an inorganic

It can clearly be seen that the use of the polymer/carrier carrier material very small polymeric particles can be gen-
microreactor leads to a faster conversion of cinnamaldehydeerated and handled in a very convenient way. A pressure
for low temperatures and an excess of polymer-bonded re-resistant casing of the rod shaped composite material al-
ducing agent. A complete conversion is attained after 60 min lows convective flow through the material, operating the
applying the microreactor, whereas a conversion of only microreactor in a batch-recycle mode.

70% is reached using tube reactors packed with commer- Experiments on diffusion limited ion exchange processes
cial resins. Even after 90 min no full conversion is observed with anions of different sizes exhibit an enhanced mass trans-

using these reactors. fer using the novel microreactor compared to tube reactors
Similar results are obtained for high temperatures and anpacked with commercial ion exchange resins. The advan-
excess of the fluid phase reactant cinnamaldehlyde 12). tages of the microreactor become more obvious using large

With a 2:1 excess of cinnamaldehyde it is possible to ac- exchanging ions (toluenesulphonate), which are comparable
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in size to organic molecules, resulting in a dramatic decrease [3] W. Ehrfeld, V. Hessel, H. Léwe, Microreactors, New Technology for
in time needed to reach equilibrium. Even for smaller ions, Modern Chemistry, 1st ed., Springer—Verlag, Weinheim, 2000.

like borohydride, exchanging times are shorter compared to [41 S- Taghavi-Moghadam, A. Kleemann, K.G. Golbing, Org. Process
commercial resins Res. Dev. 5 (2001) 652—-658.
) [5] W. Ehrfeld, J. Bahr, Handbuch Mikrotechnik, Hanser-Verlag,

The application of the novel polymer/carrier microreac- Miinchen, 2002.
tor for solid-phase supported reactions confirms the results [6] A. Kirschning, H. Monenschein, R. Wittenberg, Angew. Chem. Int.
obtained from ion exchange investigations. The studied re-  Ed. 40 (2001) 650-679.

duction of Cinnamaldehyde with polymer bonded borohy_ [7] S. Shuttleworth, S. Allin, P. Sharma, Synthesis (1997) 1217-

. ) " . 1239.
dride proceeded faster for all examined conditions using the (8] A. Kirschning, C. Altwicker, G. Dréger, J. Harders, N. Hoffmann,

microreactor. _ y ' U. Hoffmann, H. Schénfeld, W. Solodenko, U. Kunz, Angew. Chem.
These experimental results demonstrate the ability of this Int. Ed. 40 (2001) 3995-3998.
novel polymer/carrier microreactor in applications which are  [9] U. Kunz, C. Altwicker, U. Limbeck, U. Hoffmann, J. Mol. Catal.

mainly limited by mass transfer resistance. The microreac- ___ A Chem. 177 (2001) 21-32. )
tors combine the advantages of a meaaporous carrier mate[lO] U. Kunz, Entwicklung Neuartiger Polymer/Tréger-lonenaustauscher
g gap als Katalysatoren fiir Chemische Reaktionen in Fullkérperkolonnen.

rial, resulting in a low pressure drop and easy handling, and Habilitationsschrift, CUTEC-Schriftenreihe Nr. 34, 1998, Clausthal,

of small polymeric particles (1+4bm), enabling an enhanced ISBN 3-89720-225-5.
mass transfer to the active sites. It is well suited for labo- [11] H. Schénfeld, U. Kunz, W. Solodenko, A. Kirschning, Preparation
ratory applications generating small amounts of fine chem- and construction of paiew microreactors and their application for
. . . . . .. Suzuki cross-coupling reactions, Ind. Chem. Eng. Res., submitted
icals in shortened times, thus improving the productivity of for publication ping 9
a laboratory. [12] .M. Smith, Chemical Engineering Kinetics, McGraw-Hill, New
York, 1981.

[13] F. Helfferich, lon Exchange, McGraw-Hill, New York, 1962.
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