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Abstract

Heterogeneous gas phase catalyst screening with catalysts applied on titer-plates is presented. It will be shown that titer-plates
can as well be used for the sample preparation outside the reaxtéor the catalyst testing in the reactor. For the catalyst
preparation, the known wash-coating-impregnation procedure is applied. An alumina coated precursor is introduced into a
manifold which utilizes the flow features of the separated wells for the impregnation of the precursor with solutions of the
salts of a collection of transition metals. The impregnation liquid is flowing through the wells thus impregnating the surface
of the porousy-alumina layers within the microchannels. Less porous coatings are realized by the simultaneous gradient
sputtering process developed on the basis of the standard sputtering process.

Some details about the reactor development and characterization as well as problems which arose are reported. For the
description of the reactor performance, a number of coated titer-plates were tested and these results are presented. After
this so-called primary screening, a second evaluation phase normally follows. In this second phase, the kinetic properties
of a single catalyst shall be studied. For this purpose, a model which describes the fluidic behavior of the reacting gas in
microchannels was developed. Applying the model will give further insights into the underlying reaction kinetic of a single
selected catalyst in the so-called secondary screening phase.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction impregnatedy-alumina pellets. The gas samples were

delivered by a sample robot to a mass spectrometer. A
Various reactors are recommended for fast parallel 15-fold glass tube parallel reactor was introduced by

catalyst screening. Some authors recommend the useRodemerck and coworkefg] close to conventional

of pellets. Senkan et 1] developed a parallel reac- catalyst testing equipment. The same authors also re-

tor with 80 parallel channels which are equipped with ported a 64-fold ceramic block reactor and a ceramic
monolithic reactor for the screening of up to 250 cat-
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robot. The group of Schiith and coworkers developeda Not only the screening of catalysts was reported. In
number of reactors close to conventional testing meth- the area of synthesis of new materials, the group of
ods with different degrees of sample integration. For Weinberg et al. shall be mentioned which used sputter
multiphase reactions a 25-fold stirrer vessel reactor technologies to synthesize and screen new materials
was developed4] and for heterogeneous gas phase with luminescent featurg44]. The same procedure is
reactions a 16-fold fixed bed reactor was presefipd  applied to produce transition metal catalyfgtS]. The
which was later followed by a 49-fold parallel reactor samples were heated locally by a &@ser and the
[6]. High pressure applications have not been reported product gas was sent to a mass spectrometer for analy-
very often due to their high apparatus costs. A 14-fold sis. The same author also presented an overview article
stirrer autoclave was recently presented by Rampf and covering the state of screening 1999]. In situ mea-
Herrmann[7] for liquid/gas reactions. Sample inte- surements offer the advantage to getinformation about
grations close to pharmaceutical approaches were al-the catalysts behavior (and possible surface changes)
ready examined 199J8]. A chip-like microsystem during the reaction. Such in situ-NMR-measurements
was integrated into a laboratory automaton which was were, e.g. reported by Haw et §.7].
equipped with a miniaturized micro-titer plate. Mi- Screening was originally developed in the phar-
crostructures were introduced later by the group of maceutical industry to examine samples positioned
Zech and Honickd9] for gas phase reactions. The on so-called titer-plates with up to several thousand
principle of microprocess engineering is not widely species nowadays. Due to thermal cross-talk, this huge
used in combinatorial catalysis. One draw back is cer- number can not be expected in the field of heteroge-
tainly the increasing distance to industrial applica- neous catalyst screening. Nevertheless an increase of
tions with decreasing dimensions. On the other hand efficiency and flexibility is desired. To some extent
small structures exhibit laminar flow and the latter is this difference is due to slow preparation methods for
without any doubt fully transparent to analytical and the samples. Some preparation methods in the litera-
not only numerical macroscopic descriptions. This of- ture[3,18,19]already apply sample robots to reduce
fers the chance to describe thoroughly the fluidic, dif- the preparation time. In this work, new approaches
fusive and reactive phenomena in catalysis for the for the preparation of samples on titer-plates are pre-
finding of true kinetics with, e.g. sputtered catalysts. sented. The build up of a library of catalysts with a
That fast screening must not necessarily mean parallelvery dense format for later reference is facilitated by
screening is convincingly demonstrated by the group the standardized format of these plates. The standard
of Bellefon et al.[10]. They combined a microma- format of the titer plate is the 48-well format with a
chined mixer tube reactor with a pulsed injection of respective number of individual catalysts. Plates with
the respective catalysts for liquid/liquid and gas/liquid other configurations and a different number of wells
phase reactions. The throughput testing frequency wasare possible.
said to exceed 500 per day. Such a dynamic sequen- The preparation method should follow essentially
tial method is a possible mode of operation for study- the same procedure used in the pharmaceutical screen-
ing dynamic behavior also in heterogeneous gas phaseing. This affords also the development of a technol-
catalysis, a method which will be regarded in the ogy to coat the catalysts in laboratory sample robots.
outlook. The center part of the parallel screening reactor is the
In the literature, a number of measuring methods titer-plate which carries up to 48 single microstruc-
were reported which were considered as appropri- tured wells. Each of these wells consists of a hum-
ate for the fast online screening of catalysts. IR- ber of parallel microchannels and carries an individual
thermography measurements have been reported bycatalyst. The catalyst is immobilized as a layer on the
the group of Maier and coworkef41] who applied walls of the channels. Highly porous or less porous
this method to heterogeneous catalysis and Reetzlayers were investigated. For preparing highly porous
et al. who examined homogeneous catalysis in enan-layers, the known wash-coating-impregnation process
tioselective reactiongl2]. Maier also combined a [20-22]was applied and adapted in such a way that
laboratory sample robot with a heated catalyst library the most time consuming impregnation step can be
for spectrometric analysid.3]. automated. Less porous layers were manufactured by
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applying a modified sputtering process in such a way
that individual catalyst mixtures on one titer-plate are
produced in an one-step procedure.

2. Coating catalysts

2.1. Wet-chemical procedure (wash-coating/flow
impregnation)

The preparation of the catalysts applying a

wet-chemical method was executed in a two-step pro-

cedure. First, a poroug-alumina layer applying the
wash-coating method is deposited in the microstruc-

tured channels of the titer-plate. Therefore, aqueous

suspensions, consisting gfalumina, binder (PVA)
and other additives are applied. After drying, the
wash-coats are calcined at 60D. Scanning electro-

Fig. 1. SEM micrograph of a porougalumina washcoat.

serted into the manifold, the cover is closed. The exits

microscopical studies showed the porous surface of of the wells are connected via capillary tubes and sy-

these wash-coat$ig. 1).
In a second step, thg-alumina precursors were
impregnated with the salt of transition metals using

ringes and a rubber vacuum hose to the water jet suc-
tion pump. The flow is adjustable by a manual valve.
The cover of the manifold has feeding funnels which

an automated high-throughput method. For this step are filled with the individual impregnation liquids. In

aqueous solutions of metal salts (e.gPtCls, RhCh,
Ni(NO3)2) were used. The procedure and further de-
tails are summarized ifiable 1 A titer-plate coated
with y-alumina is shown irFig. 2

The whole set-up consists of several plates which
are used for the feed of the impregnation liquid, the
sealing of the wells and the removal of the excess
liquid (Fig. 3. The contact time for the impregna-
tion is adjustable by closing the exit channel for a de-
fined time. The flow manifold was designed to fit into
a typical laboratory sample robot and is operated in
a semi-continuous mode. When the titer-plate is in-

order to fill the wells with the liquids, the valve is
slightly open for less than a second and then closed
again for the duration of the impregnation. Excess
impregnation liquid is removed by opening the valve
again.

The time for the preparation of the 48 single
mixtures can thus be reduced from several days to
about 24 h from which 20h can be fully automated.
Thus, the time for the sample preparation is in the
same range as the estimated time for the forthcoming
sample testing and analysis with the parallel reactor
(Table 1.

Table 1

Procedure of semi-automated sample preparation on a titer plate

Process steps Pretreatment of titer plate Wash-coating Calcination Flow impregnation Calcination
Expended time (h) 0.5 3 10 VariaBle 10

Temperature (K) 298 298 873 298 Varigble
Amount of substance (ml) - 48 0.5 - 48x 0.5 -

Remark Only the time for the penetration of the liquid into the pores is considered. The time for the preparation of the impregnants is

not included because this can be done by a laboratory sample robot.
2Depends on the desired amount of catalyst in the alumina layer. One hour is often sufficient.

b Depends on the catalytic reaction. In order to hold the layer stable during the reaction, the calcination temperature should be higher

than the reaction temperature.
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Fig. 2. A 48-fold titer plate coated witg-alumina after calcination (left) and after impregnation (right).

2.2. Simultaneous gradient sputtering process the catalyst and the porosity of the catalyst is not im-
portant Eig. 4). For this purpose, a conventional thin

If catalysts for a fast reaction have to be screened, film technology, the sputter process, was modified
the gas components will mainly react at the surface of to allow the manufacturing of layers with thickness

Titer plate

Suction pump

Cover plate
with feeding
funnels

Fig. 3. Flow manifold for wet-chemical online coating.
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Fig. 4. SEM image of a sputtered catalyst.

gradients. These thickness gradients are combined The catalysts to be deposited are inserted into the
in such a way that catalysts with individual com- sputter plant as the so-called targets. The shuttle car-
positions consisting of up to three components are ries the titer-plate and revolves below the metal targets
manufactured. (Fig. 5. In every rotation up to three sublayers are

Existing thin film technologies for catalyst coating deposited. For a binary system, the sublayer thickness
could not be applied. Instead, a new method—the is 10 nm in every revolution. The thickness gradients
simultaneous-gradient-sputtering-process (SGSP)—are realized by aperture orifices which shape the par-
was developed. During this process, the layer thick- ticle beam. Every orifice has an individual geometry.
ness of three catalyst components on a titer-plate is The rotation frequency of the revolving shuttle influ-
simultaneously varied in such a way that 48 single ences the homogeneity of the layer. A faster rotational
catalyst mixtures are obtained in a one-step process.speed will result in thinner sublayers and thus in an
Thus, the amount of each catalyst component in the increased layer homogeneity. The rotational speed is
mixture can either be decreased or increased, resultingrestricted by mechanical properties of the turning table
in a homogeneous multi-component layer. (Table 2.

Targets

Aperture

orifices
Shuttle Turning table with
with titer plate shuttles

Fig. 5. Principle of the simultaneous-gradient-sputtering-process with three targets.
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Table 2 100 T T T T T T T T T T
Typical process parameters of the SGS-process

Process properties

Pressure (mbar) % 1073

Gas Argon =
Power (W) 1000 -
Targets (@hax, mMm) 200 é
Rotational speed (rpm) 10 =
Deposit rate (nm/min) 2 2
Substrates (@ax, mm) 125 §

For the single component zirconium the gradient : e : ,
of the layer thickness was measured on a silicon ] 100 200 300 400 500 600
monocrystalline wafer. The resulting thickness gra- Sputtering time [s]
dient is shown inFig. 6 as a function of the wafer
diameter and can well be approximated by a linear fit.

For binary catalysts two of these profiles have been
combined, with the second profile being mirrored to of the components depending on the sputtering time.
the first one. Platinum was chosen for the second com- One second of sputtering time here corresponds to a
ponent. By adjusting the target powers (150-2500 W), layer removal of approximately 1 nm. Thus, the sput-
individual gradients can be defined. tering time is also a measure of the layer thickness.

The homogeneity of this binary layer composition The maximum layer thickness was 500 nm.
was examined using the secondary neutral particles Layers consisting of two components are realized
mass spectrometry (SNMS) at the IFOS. This proce- by employing two targets. This is demonstrated in
dure removes the layer stepwise and gives the amountFig. 7 with the components zirconium and platinum

Fig. 7. SNMS analysis of a binary catalyst.

800

750 20 min
700 4"-range

650 —=— Measured valﬂ
600 \ Linear fit

550
500
450
400
350
300
250
200
150 _
100 \'\
50 \'\.
0 Y T T T ¥ T ? T ’ T X T

0 20 40 60 80 100 120

Wafer position [mm)]

Layer thickness [nm]

Fig. 6. Distribution of the layer thickness for a single component (zirconium).
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Platinum

Zirconium

Molybdenum
Titer-plate

Well

Fig. 8. Expected qualitative ternary layer composition represented by the three wedge-shaped profiles.

on a stainless steel substrate. Zirconium and platinum depth. The unit of the layer depth is again given in
are evenly distributed within the layer. The surface seconds and 1s corresponds to approximately 1-2 nm.
roughness of the steel substrate is responsible for theThis is a result of the consecutive removal of the layer
steady incline of the iron concentration curve. by the SNMS process which uses the sample as a target
To increase the number of catalysts, the binary cat- and removes the layer by (de-)sputtering with a rate
alyst system zirconium/platinum was extended to a of 1-2 nm/s. Comparing the untreated catalysts on the
ternary system by adding a third component such as left side with the sintered catalysts on the right side,
molybdenum. The expected quality of such a compo- proves that heat induced molecular diffusion reduces
sition is given inFig. 8 First results of such a ternary the inhomogeneity visible as oscillating concentration
layer are presented irig. 9 (left). The layer was de-  distributions. During the sintering process the plates
posited on a silicon monocrystalline wafer and the were lying on a heated plate on the uncoated side of
layer composition again examined with SNMS. the wafer. Thus, the coated upper surface of the sam-
By oscillating the titer-plate, a third gradient can ples was not as well heated as the internal sublayers.
be sputtered by moving the substrate half way under- This is the reason why the composition of the internal
neath the target. The effective speed of this oscillating sublayers are already balanced while the sublayers
table is lower than the rotating speed of the table as in close to the surface are still inhomogeneoki) (9,
the case of only two targets. This leads to a deposition right).
of less homogeneous films. Nevertheless, the average Up to 48 ternary catalyst mixtures are prepared
composition in the layer is constant and widely stable. simultaneously in less than 1 h. Thus, the sputtering
This is not the case at the catalyst surface. The compo-procedure is much faster than the wet-chemical route.
sition here is not well defined and a method to stabi- This advantage is bought at the price of a low layer
lize it was searched. Because the vertical depth of the porosity. Thus, sputtered catalysts are new artificial
sputtered sublayers was only 2 A, to reach a homoge- catalysts and not directly comparable to catalysts pre-
nization by solid-state diffusion seemed to be possible. pared by wet-chemical procedures. These catalysts
A number of sputtered ternary catalysts was sintered offer the advantage of being fast manufactured and
at a temperature of 85@ under vacuum conditions  characterized compared to alumina-based catalysts.
for 4 h. The result is given ifig. 9(right) as the con-  They also might be used for obtaining so-called true
centration of the components depending on the layer kinetics because there is no influence of diffusion.
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Fig. 9. Layer composition of two ternary catalyst mixtures examined with SNMS before tempering (left) and after temperingCat 850
for 4h (right).

3. Reactor development multiport valve which delivers the product gas to the
gas-chromatographrig. 10.

The parallel reactor for the screening of the The complexity of the reactor produced a number of
titer-plates consists of several modules. Each of them problems, first of all leakage and cross-talk problems.
is responsible for just a single operation. The gas Thermal and fluidic cross-talk was expected in the sec-
flow, for example is preheated and evenly distributed tion of the titer-plate but had not been observed. The
within the distribution module and delivered to the thermal cross-talk was in advance already checked by
wells on the titer-plate which is clamped between the simulations of the thermal influence between wells
distribution module and the insulation module and is with a different conversion and could be excluded for
itself also a separate reaction module. The insulation the small gas flow range applied here. Instead prob-
module separates the heated section of the parallel redlems were encountered when the product gas flow
actor from the unheated section and is further cooled had already left the wells and entered the multiport
by the heat exchanger module on top of it. The last valve. At this position the individual gas flow of every
module just above the heat exchanger module is thewell had to be diverted to the circumference of the
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Valve
module

Heat
exchanger

Insulation
module

Titer-plate

Distribution
module

Fig. 10. Modular concept of the 48-fold parallel screening real@8t.

rotary multiport valve. In this region an etched stain- pected and an additional counter bearing inside of the
less steel plate diverts the individual product gas flow distribution module was added to support the upper
from the chequered arrangement on the titer-plate to plate.

the ring shaped arrangement inside of the valve. The In a first attempt to distribute the gas flow evenly,
cross-talk was mainly due to the bending of the plates stainless steel wire mesh sieves with very small pore
when the hydraulic press was closed in order to seal diameters up to 1Am were used as a kind of pres-
the reactor. The bent plates allowed a cross-talk in the sure resistor which supports the gas distribution. The
developing gap between the plates. A similar prob- first tested titer-plates had all been proven not to be
lem was encountered within the distribution module. active. When these plates were examined right after
The upper plate of the housing was slightly bent the test with EDX, a closed layer of iron oxide inside
downwards and the individual gas streams leaving the of the wells was detected. The reason for the inactiv-
exit channels out of the module were interconnected ity of the catalysts thus became obvious. The small
in the developing gap between the module and the wire diameters of the sieves exhibit a huge metal
titer-plate. This did not lead to cross-talk because the surface. This metal surface was oxidized during the
reaction only happens in the titer-plate after the gas heating of the distribution module up to 600 and
passed that gap. Nevertheless, uneven heating was exparticles were emitted. The iron oxide particles then
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Fig. 11. Velocity distribution of the single channels of the parallel reactor measured with a mass flow sensor at the reactor exit. (Three
positions have been closed in order to check the fluidic cross-talk. Position 32 was partially blocked. Sensor offset was 0.016 ml/min.)

were coated onto the titer-plate upstream. In order 250p.m. The velocity distribution with these particles
to prevent further unwanted coating, the metal sieves was as even as with the sieves and is showFign11
were exchanged against a fixed bed consisting of in- The reactor set-up in the laboratory is shown in
ert glass beads with a diameter ranging from 177 to Fig. 12

Fig. 12. Reactor set-up in the laboratory. Left: the hydraulic table press which seals the reactor; right: the reactor with heating bends; on
top: the stepping motor and in front: the online-connection to the GC.
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4. Experimental and discussion

After coating the titer-plates were inserted into the
reactor to test the activity of the catalysts. The reaction
conditions were held constant in all of the following
experiments. The reactor was heated up to°47&nd

387

of them are given here and during the tests mostly car-
bon dioxide was obtained according to the following
formula:

CHg + 20, & CO, + 2H0
CHy + 302 ¢ CO+ 2H,.

held under a pressure of 0.2 bar(g). The heat exchanger The methane conversion of each of these compo-

was operated at 5@, the throughput for a single well
was adjusted to 1 ml/min which gives a total space
velocity of 9000 . The residence time in the wells
was 0.4s.

For the binary compositions the components zirco-
nium and platinum were sputtered onto a microstruc-

sitions is given inFig. 13 The layer content of the
respective component is indicated by the triangles.

The degree of the methane conversion follows di-
rectly the content of platinum in the mixture which
proves that the catalysts are active and selective for
the methane oxidation.

tured stainless steel substrate. Zirconium was used Catalysts prepared by the wash-coating method
as the inactive component which serves as a kind were first used in order to check the reproduction

of dilutor for the known good activity of platinum.
According to the chosen orifices the two components
were deposited in a number of mixed compositions.
Six of these compositions—evenly distributed on a
titer-plate along the platinum gradient—were tested of
their activity to the catalytic combustion of methane.
An understoichiometric mixture of methane and oxy-
gen (2:1) was diluted with 70% nitrogen, preheated
and distributed within the distribution module and
continuously delivered to the single wells. For the
combustion of methane, a number of parallel and con-
secutive reactions are known to hapgp24]. Only two

of the measured values. For this reason six elemen-
tary metal salts (platinum, zirconium, molybdenum,
nickel, silver, rhodium) were solved and impregnated
onto a titer-plate. The catalysts were prereduced in-
side the reactor with 5% hydrogen in 95% nitrogen
at 250°C. The results were recorded first before the
prereduction and then after the prereductibig(14).

The repeated measurements indicated a good repro-
duction in both cases. The conversion of methane with
the rhodium catalyst is better after the prereduction.
The diagram on the right side also proves that the
methane conversion after 18 h runtime is still stable.

100 nm Pt

20,0

18,0
16,0

14,0

12,0

10,0

8,0
6,0

methane conversion [%

250 nm Zr
(inactive)

2,0 1
0,0 - T T T
1 2 3 4 5 6

Fig. 13. Conversion rates of sputtered binary catalyst mixtures.
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methane
conversion [%]

18 hours

2nd measurement
1 hour

1st measurement

Zr

Pt

Ad gy

Fig. 14. Repeated measurements of not prereduced (left) and prereduced catalysts (right) for six transition metal catalysts.

In order to check, if fluidic or thermal cross-talk
exists, the same six metal catalysts were coated in
six rows on one titer-plate. Active catalysts have been
neighboured to less active catalysfsg; 15.

The result was that the two active rows (platinum
and rhodium) did not influence the neighboured less
active rows (zirconium and silver). Thus, cross-talk
was not observed.

In the next test elementary, binary and ternary mix-
tures of the same metal catalysts were examined. Ev-
ery mixture was deposited on four different wells to
check the reproductior~{g. 16).

Except for some of the ternary mixtures, the results
were well reproduced and were consistent with the

—
)
=)

60

methane
conversion [%]

Fig. 16. Elementary (rows 1-3), binary (rows 4-6) and ternary
(rows 7-9) catalysts, respectively, deposited on four different wells.

known well activity of rhodium (row 1) and the mix-
ture of rhodium and platinum (row 5) which had the

highest activity.
methane
conversion [%]

5. Outlook

Screening in stationary mode will only give in-
formation about the activity of a single catalyst or a
catalyst mixture. When a proper catalyst for a certain
Fig. 15. Six metallic catalysts each deposited on six different reac“‘?” is found th_e ne?(t "_nportan_t information to
wells onto a titer-plate (the conversion is correlated to the correct KNOW is the underlying kinetic reaction. To reach at
geometric position of the wells). this information, a number of methods and reactors
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are recommended in the recent literat2d—30] tribution in rectangular microchannels. Some of the
Most of them apply transient reactor operations for results shall also be given in this context because they
finding detailed kinetic information. Microreactors prepare the way to an extended type of secondary
are particularly suited for such an operation, since screening in which case screening could mean the
their low internal reaction volumes enables a fast evaluation of catalysts applying various reactor ge-
response to process parameter changes, e.g. conemetries and transient operations for the collection of
centration or temperature changes. This feature waskinetic information.Fig. 17 gives the concentration
already applied by some authors to increase the prod-in a channel as a response to a pulse test function.
uct yield in microreactor§31—-33] To accommodate The pulse was released at the entrance attimé.
such measurements with the existing reactor, the re- Measuring the response of such a test function gives
actor set is equipped with a second rotary valve which information about the kinetic rate const&rgccording
replaces the gas distribution module. Bellefon et al. to the following formula:
[10] reported a dynamic sequential method to screen 2
liquid/liquid and liquid/gas phase catalytic reactions c4(x, ) = c4 o(f) exp[—kt— M]
A A,
by the injection of samples followed by barrier liquid. At
While he applied the pulsed input to establish spa- The constantk, andk, are calculated numbers and
tially separated samples, this method might as well functions ofk, andx; is the axial coordinate.
be applied to study dynamic behavior in gas phase The often used limitation of such a model to
reactions. Typical process parameters which can befirst-order reaction rates is not that restricting as it
changed are the pressure, the temperature or the gasgnay seem. In fact many reactions might at least be
mixture composition. Fast mixture or pressure pulses considered being of “pseudo”-first order which means
will be realized by the injection of reaction gas into that they behave macroscopically like first-order
the system by a micro-dispense valve. The transition reactions. This is the case for diluted fluids, for non-
into the next stationary mode will be recorded by a catalytic gas/solid reactions like the so-called shrink-
mass flow sensor. Necessary for the fast evaluation of ing core or shrinking particle model. Another example
such response signals is a diffusion/dispersion model are electrochemical reactiof36]. For the above ap-
which must also consider the heterogeneous wall plied oxidation of methane to carbon dioxide on some
reaction. A simplified dispersion model assuming a metal oxide catalysts also a reaction order of one is
first-order reaction was recently present@d,35], assumed[R4], pp. 182 and 193). However, in combi-
which enables the prediction of the concentration dis- natorial catalysis it may be sufficient to have quickly

00.0001
-0.00005

X1 [mm]

Fig. 17. Concentration distribution in a rectangular microchannel calculated for a Dirac impulse test function.
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