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Fabrication of micro-reactors using tape-casting
methods
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We have developed a simple, rapid, and inexpensive method for the fabrication of micro-channel reactors using tape-casting methods.
Rectangular channels, with self-contained heaters, were fabricated with cross-sectional dimensions of 500 um x 800 xm and 1000 xm x
800 um. The conduits were loaded with Pd and Pd/alumina catalysts using a syringe. To demonstrate the capabilities of this methodol ogy,
n-butane oxidation rates were measured between 300 and 700 K. Because free-radical reactions are suppressed by the small channel size,
it was possible to measure catalytic rates within the flammability limits. Based on the results, it appears that micro-reactors formed using

tape-casting methods may be useful for initial catalyst screening.
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1. Introduction

Combinatorial approaches have been responsible for sig-
nificant advances in the pharmaceutical industry in the last
decade[1], and it is hoped that these methodol ogies can pro-
vide similar contributionsfor heterogeneous catalysis [1-4].
Because combinatorial approaches require the screening of
large numbers of catalysts, one needs a large number of rel-
atively inexpensive micro-reactors. There are obvious ad-
vantages if these micro-reactors can be incorporated into a
system that can be easily automated, allowing catalysts to
be added and reactions monitored without complicated pip-
ing arrangements. Indeed, several reactor systems have been
described for performing these kinds of tests [1,3,5-8], in-
cluding onethat is commercialy available[9].

In this paper, we describe a method for making micro-
channel reactors with tape-casting technology. Because tape
casting is inexpensive and highly flexible, the method could
allow alarge number of reactors, with channel sizesranging
from less than 100 «m to 10 mm, to be formed on asingle,
disposable plate. In principle, the reactors can be made of
any oxide material. We have used alumina-based tapes that
were developed for the electronics industry because of the
available knowledge base for co-firing of multi-layer lami-
nates and the availability of various inks for the formation
and co-firing of resistors and conductors [10,11]. Further-
more, aluminais inert for many reactions and can be used
at relatively high temperatures. In previous work, one of us
has shown that heating el ements and temperature sensors can
be easily incorporated into the fabrication procedure [12].
Progress has al so been made to include miniature pumps and
valves[13].
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In the present study, we will demonstrate the measure-
ment of oxidation rates for n-butane on Pd catalysts in
500 um x 800 pwm and 1000 um x 800 wm rectangular
channels over temperatures ranging from 300 to 700 K. Pro-
cedures for loading the catalyst and monitoring the reaction
rates will also be described.

2. Experimental

The micro-reactor was fabricated with low temperature,
co-fired ceramic tapes (LTCC, DuPont 951 AX). Ceramic
tapes provide an easy, inexpensive, and rapid platform for
the integration of passive electronics and fluidics. One can
go from a design to a device in a matter of days. The
tapesare commercially availablein thicknesses starting from
~111 um. It is possible to cast thinner tapes. In their pre-
fired state, the ceramic tapes consist of oxide particles, glass
frit, and organic binder (that can be made from photoresist).
The pre-fired tapes can be machined by laser, milling, chem-
ical means, and photolithography [11]. Metallic paths can
be either printed or processed photolithographically to form
electrodes, resistors, conductors, and thermistors. Conduit
sizes may range from ~10 um to a few millimeters. Upon
firing, the organic binder burns out, the oxide particlessinter,
and the tapes solidify. Many tapes (>80) can be stacked to-
gether, laminated, and co-fired to form monoalithic structures
with complex, three-dimensional mazes of fluidic conduits,
electronic circuits, and electrodes. Glass windows and other
meaterials can be readily attached to the tapes.

To demonstrate the usefulness of the tape technology
for the fabrication of micro-reactors, arelatively smple de-
sign was implemented here. Figures 1 and 2 depict, respec-
tively, an explosive view and a cross-section of the micro-
reactor. The reactor consisted of four parts that were ma-
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Figure 1. An explosive view of the micro-reactor.
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Figure 2. A cross-section of the micro-reactor.

chined together (each part consisted of afew laminated lay-
ers). A joule heater (resistor, DuPont 1421) and conductors
(DuPont 6145) were printed on layer 1 (the number of each
layer is indicated in figure 1). Layer 2 separated the resis-
tor from the reaction conduit and provided vertical metal-
filled vias for electrical connections. The vias consisted of
silver paste (DuPont 6141) filled wells. Layer 3 contained
the reaction conduit, which had a rectangular cross-section.
Two different conduit sizes were fabricated with post-fired
dimensions of 500 xm x 800 pm and 1000 pm x 800 pem.
The lengths of the conduits and the heated sections were, re-
spectively, 47 and 17 mm. Layer 4 contained inlet and exit
ports and soldering pads (Ag—Pd paste, DuPont 6134). After
machining, the layers were aligned, stacked, and co-fired to
form amonolithic device. A cross-section of the completed
device is depicted in figure 2. Our prototype was equipped
with a single reaction conduit; however, it would be an easy
meatter to fabricate devices with multiple conduits for mas-
sive parallel and serial processing. Moreover, the device can
be equipped with integrated thermistors[12] for in situ tem-
perature measurement and with sensors for flow rate meas-
urement [11].

The Pd or Pd/alumina catalysts were added to the micro-
channels using a syringe. In the first set of experiments,
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a 4.0 wt%, aqueous solution of (NH3)4Pd(NO3)> (AlfaAe-
sar) was used to deposit a known amount of Pd on the
channel walls. In the second set of experiments, a 1 wt%
Pd/alumina catalyst [14] was loaded into the micro-reactors
by first making an aqueous slurry (50 mg catalyst in 1.0 ml
distilled water), then adding the slurry using asyringe. After
the addition of the catalysts, the micro-reactorswere dried at
383 K overnight, and subsequently calcined in air at 873 K
for about 8 h.

Finally, 1/8" fittings were soldered to the soldering pads
to accommodate connections with external tubing. The en-
trance and exit ports (figures 1 and 2) were located suffi-
ciently far from the heated section so that the temperature at
their locations was well below the solder’s melting tempera-
ture. A stainless-steel tube was connected to the exit fitting
to collect the reaction products. If more than one micro-
conduits were to be incorporated into the ceramic plate and
one wished to automate the system, one could use compres-
sion seals. The premixed reactantswere supplied with aflex-
ible tube.

The flow rates of n-butane and O, were controlled with
mass flow controllers (MK S, RS-485) and the productswere
monitored with an on-line GC (model SRI8610C, Hayesep
Q column) equipped with a TCD detector. The temperature
was monitored with a T type thermocouple and Omega (se-
ries 920) digital reader (resolution of 1 K). The thermocou-
plejunction wasinserted into awell machined on the surface
of the tape next to the heated section. Although one can eas-
ily print thermistorson the ceramic layers, we have not done
so in order to avoid the necessity of calibrating these ther-
mistors. The pressure at the exit of the reactor was 760 Torr.
The flow rates were always below 10 cm?/min resulting in
very small Reynolds numbers (Re < 1) and insignificant
pressure drops. The estimated pressure drop in the smaller
conduit was less than 0.3 Torr. Therefore, we assumed that
the pressure throughout the micro-conduit was nearly uni-
form. In al the reported rate measurements, the conversion
of thelimiting reagent was kept bel ow 10%, so that differen-
tial conditions could be assumed. Before collecting the reac-
tion data, the micro-reactorswere runin the reaction feed at
573 K for about 4 h until the Pd catalyst was fully activated
and the reaction rates reached a steady state. To ensure that
the results were reproducibl e, each data point was measured
at least threetimes.

3. Resultsand discussion

The conversion of n-butane as a function of temperature
in the reactor with 1000 um x 800 pm wide conduit is de-
picted in figure 3. The inlet concentrations were 675 Torr
O, and 85 Torr C4H1g. Data are shown for both the reactor
without Pd and with 0.34 mg of Pd added by decomposition
of (NH3)4Pd(NO3)2. Notice that no reaction occurred in the
absence of Pd, even though the operating conditions were
well within the flammability limits. In an earlier version
of this reactor, a sparking element was added in an attempt
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to ignite the homogeneous, free-radical reaction; however,
any homogeneousreactionswere quickly extinguishedin the
small-volume reactor. Upon the addition of Pd, a signifi-
cant fraction of the n-butane reacted at temperatures above
575 K. The rates remained constant with time and the only
detectable products were CO» and water.

In order to determine the effect of reactor size and cat-
ayst type, differential reaction rates were measured for n-
butane consumption in 85 Torr n-butane and 675 Torr O,
mixture. Figure 4 depicts the n-butane consumption rate
in the (a) 1000 um x 800 um and (b) 500 xm x 800 um
wide conduits. In both cases, Pd was added by decompo-
sition of (NH3)4Pd(NO3)2. Additionally, the figure shows
the conversion rate for n-butane on the Pd/alumina cata-
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Figure 3. The light-off curves for n-butane oxidation in the micro-reactor
(2000 m x 800 pm) with () or without Pd ((J). Data were collected with
afeed consisting of 1 ml/min r-butane and 8 ml/min O, and atotal pressure
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lyst in the (c) 1000 wm x 800 xm wide conduit. All of the
rates have been normalized to the mass of Pd in the reac-
tor. The rates for the Pd film in the 1000 xm x 800 m (@)
and 500 um x 800 um (b) reactors are similar, with the
same activation energy of 90 + 5 kJmol. Rates in the
500 um x 800 um reactor are slightly higher, probably due
to the increased surface-to-volume ratio. The rates for the
Pd/alumina catalyst in the 1000 m x 800 um reactor are
approximately five times higher, probably due to the better
dispersion of the Pd/alumina catalyst [15,16]; but the activa-
tion energy is amost identical, showing that diffusion limi-
tations cannot be important.

The partial-pressure dependences of the oxidation rates
were examined at 573 K in the 1000 um x 800 pum reac-
tor using Pd formed by decomposition of (NH3)4Pd(NO3)2,
with the data shown in figure 5. In these measurements, the
flow rates for He, O2 and n-butane were used to control the
partial pressures. The Oy dependence, shown in figure 5(a)
for a fixed n-butane pressure of 60 Torr, is zeroth-order, in-
dicating that Pd surface oxidation cannot be rate limiting
under these conditions [17,18]. The n-butane dependence,
shown in figure 5(b) for a fixed O pressure of 700 Torr,
suggests that there are two kinetic regimes. For n-butane
pressures below 60 Torr, the reaction order is approximately
0.7, suggesting that thereaction is limited by the dissociative
adsorption of n-butane on the surface [17-19]. For higher
pressures, the rate becomes zeroth-order, suggesting that the
reaction becomeslimited by the rate of oxidation of carbona-
CEe0US Species.

For purposes of the present study, the reader should no-
tice that the rates we have observed agree well with the
available data in the literature [20]. The temperature at
which there is significant conversion in figure 3 is in ex-
cellent agreement with the light-off temperatures usually re-
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Figure 4.

Arrhenius plots of n-butane oxidation in (&) 500 xm x 800 um or (b) 1000 um x 800 um micro-reactors containing Pd and in

(c) 1000 wm x 800 m micro-reactor containing Pd/alumina. Data were collected with a feed consisting of 1 ml/min n-butane and 8 ml/min O, and
atotal pressure of 760 Torr.
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activation energies calculated from the data in figure 4 are
somewhat higher than are normally reported for oxidation
of simple alkanes other than methane, a wide range of val-
ues, from ~50 to 90 kJ/mol, have been reported for this
reaction [25,26], possibly due to variations in the kinetic
regime where the measurements are performed. Finaly,
the mechanistic conclusions that we have reached based on
the reaction orders are reasonable. More important than
the rate data itself is the fact that rates were easily meas-
ured in the micro-channel reactors using small amounts
of catalyst. Obvioudly, the tendency for n-butane to re-
act homogeneously makes this a difficult reaction to con-
trol. However, the high surface-to-volume ratios in the
micro-reactors inhibit free-radical reaction pathways, mak-
ing it much easier to measure the heterogeneous reaction
rates.

Finaly, it is easy to imagine a single plate with many
micro-channels. The addition and testing of catalyststhrough
automated proceduresis clearly possible with this method.
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4. Summary

We have demonstrated that catalytic rate measurements
can be performed in micro-channel reactors fabricated
through simple tape-casting methods. It was shown that
catalysts can be introduced to the channels and reaction
rates monitored using procedures that are easily adaptable
to high-throughput methods. These highly flexible, inexpen-
sive methodsfor making micro-channel reactors could prove
to be very useful for catalyst screening.
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Figure 5. Partial-pressure dependence for n-butane oxidation at 573 K: (a) differentia rates as a function of O, partial pressure with an n-butane partial
pressure of 60 Torr; (b) differential rates as a function of n-butane partial pressure with an O, partial pressure of 700 Torr. Data were collected in the
1000 um x 800 wm micro-reactor containing Pd with atotal pressure of 760 Torr.
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