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Abstract
PEM fuel cells utilizing hydrogen and oxygen have shown great promise as future sources of clean, efficient power. Due to difficulties

encountered in hydrogen storage and transport, investigation of on-board generation of hydrogen via fuel processing of liquid hydrocarbons

has gained prominence. To achieve these goals, the need for compact reactor systems with effective component and heat integration as well as

quick start-up times has been observed.

This paper underlines the suitability of microreaction technology for the development of compact fuel processing systems as compared to

packed-bed reactor technology which does not scale down in a feasible manner. A microchannel reactor was fabricated in silicon using

standard microfabrication tools. A 2% Pt/Al2O3 catalyst was washcoated on the channel walls. Preferential CO oxidation in H2 was chosen as

a model reaction and the results were compared with those obtained from a conventional packed-bed microreactor. The silicon microreactor

performs very well, while offering distinct advantages such as flexibility of reactor design, integration of structural and functional features and

low pressure drop. Use of a wall-coated catalyst as compared to a packed-bed catalyst does not introduce any loss of performance efficiency

due to external diffusive limitations. Issues of scale-up and efficient heat integration have also been addressed.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Alternative power sources

The use of proton exchange membrane (PEM) fuel cell

systems to obtain clean and efficient power for stationary as

well as mobile applications has gained prominence over the

last few years [1]. PEM fuel cells operate at around 70–

80 8C and combine hydrogen gas at the anode with oxygen at

the cathode to generate useful electric power at a high

efficiency. Since they are electrochemical systems, they

avoid the thermodynamic mechanical cycle losses encoun-

tered in conventional power generation, while emitting only
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water as the exhaust. This technology thus helps to conserve

oil and provides a more environmentally friendly exhaust

emission than the current internal combustion engine sys-

tem.

One of the main challenges in the development of

hydrogen-based power systems is the storage of a highly

flammable gas with a large specific volume. Due to current

infrastructure and safety concerns, storage of hydrogen on-

board is not a feasible proposition. To overcome this diffi-

culty, it is proposed that hydrogen fuel be produced on-board

as needed from liquid hydrocarbons. This is accomplished

by a series of catalytic reactions including fuel desulfuriza-

tion, steam/autothermal reforming, water–gas shift and resi-

dual CO clean-up. CO clean-up is an important step to

protect the PEM fuel cell membrane. This can be performed

in a number of ways including pressure swing adsorption
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(PSA), methanation and preferential CO oxidation (PrOx).

However, PSA is energy intensive and expensive, while

methanation involves hydrogenation of the CO which con-

sumes 3 moles of hydrogen for every mole of CO that is

cleaned up. Hence PrOx is the primary technology of

preference [2]. Typically, PrOx catalysts contain an active

metal such as Pt, Au, Cu, etc. on an oxide support such as

alumina [2–4].

1.2. Microreaction technology

Microreaction technology is a relatively new concept

which has offered the possibility of miniaturization of

conventional macroscopic reactors while providing the same

throughput [5]. By using the tools of microfabrication,

several novel reactor configurations can be fabricated allow-

ing different designs that would not have been possible with

conventional packed beds. Such systems, referred to as

microchannel reactors or microreactors, typically have

dimensions in the sub-millimeter range, the effect being a

reduction in diffusive transport limitations. This translates

into rapid heat and mass transfer rates and short response

times [5,6]. The walls of the microchannels can be coated

with catalytic material by a number of methods including

sputtering, evaporation, slurry washcoating and sol–gel

coatings. For a given catalyst loading, the pressure drop

in wall-coated microchannels is substantially lower than that

in packed-bed reactors; the losses in wall-coated micro-

channels would be primarily skin frictional losses, while in

packed beds the form frictional losses around the packed

particulates would be dominant in addition to skin friction

[7,8]. For example, considering the Ergun equation for a

packed-bed and the equation for pressure drop in a wall-

coated microchannel of identical cross-section and catalyst

loading, the pressure drop in the packed-bed is found to be

approximately 400 times greater than that in the wall-coated

channel. Note, however, that the wall-coated channel needs

to be longer than the packed-bed to obtain the same catalyst

loading, such that a careful system design and integration is

necessary.

Microreactors also facilitate integration of different

structural features (manifolds, static mixers, etc.) as well

as functional elements (flow and temperature sensors, etc.).

The scale-up is much simpler since it does not involve a

conventional ‘‘pilot plant’’ based scale-up. Instead, the

microreactors are numbered up to operate in parallel and

achieve the desired throughput [5]. Large scale packed-bed

reactors incorporating powder or pellet type catalysts pose

problems such as external diffusive limitations, large ther-

mal gradients across the catalyst bed and flow distribution

problems. These issues are much easier to handle in micro-

reactors because of the flexibility in reactor engineering,

their small size and ease of scale-up. Microreaction tech-

nology thus seems ideally suited for fuel processing reactor

design as it provides quick starting, compact reactors cap-

able of being taken on-board.
Recent efforts in the area of microreaction technology

have shown promising results. A microreactor fabricated in

silicon with integrated sensors and Pt catalyst deposited by

electron beam evaporation was demonstrated for ammonia

oxidation, where conversion–selectivity data and ignition-

extinction behavior were explored [9]. A microfabricated

differential packed-bed reactor was developed and demon-

strated for CO oxidation and was successful in providing

kinetic and mechanistic information, and for use in catalyst

screening [10]. However, scale-up issues of such a system

pose difficulties—the main one being high pressure drop.

Membrane-based microreactors incorporating zeolites and

palladium have also been fabricated and demonstrated

[11,12]. Pioneering efforts in developing microfabricated

reaction systems are being carried out by various groups

including Institüt für Mikrotechnik Mainz (IMM) [13],

Forschungszentrum Karlsruhe GmbH (FK) [14], Massachu-

setts Institute of Technology (MIT) [9,10], The University of

Michigan [15] and Pacific Northwest National Laboratory

(PNNL) [16].

In this study, PrOx was chosen as a model reaction and

was carried out in a wall-coated microreactor fabricated in

silicon, as well as in a conventional packed-bed microreactor

for the purpose of performance comparison. The model test

gas consisted of a 1:1 CO:O2 mixture in a large excess of H2

with argon as the carrier gas. The catalyst used was a 2% Pt

on Al2O3 washcoat

CO þ 1
2O2 !CO2; DH ¼ �280 kJ=mol (1)

H2 þ 1
2O2 !H2O; DH ¼ �240 kJ=mol (2)
CO þ H2O$CO2 þ H2; DH ¼ �41 kJ=mol (3)
CO þ 3H2 !CH4 þ H2O; DH ¼ �210 kJ=mol (4)
In the above set of reactions, the oxidation reactions (1) and

(2) are the primary reactions that take place in the PrOx

reactor. The water–gas shift equilibrium reaction (3) would

occur to an extent governed by the amount of H2O present in

the system. The methanation reaction (4) typically occurs at

very high temperatures. Reaction (1) and the forward reac-

tion in (3) are desired as they consume CO. Reactions (2), (4)

and the reverse reaction in (3) are undesired as they consume

H2. CO levels must be reduced to well below 100 ppm to

avoid poisoning of the PEM fuel cell Pt electrodes.
2. Microchannel reactor fabrication

Microreactors were fabricated in silicon using well-

known microfabrication techniques such as photolithogra-

phy and deep reactive ion etching. An illustration of the

processing steps is show in Fig. 1. Silicon was chosen as the

substrate material because of its well-established processing

techniques, excellent thermal properties, and suitability for

catalyst coating. The microreactors were 6 cm � 6 cm and

had anodically bonded pyrex covers with inlet and outlet
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Fig. 1. Steps involved in the fabrication of the silicon microreactor.
holes. Flow manifolds were provided in the microreactor

itself. The active region of the microreactor also had stag-

gered rows of ‘‘pillars’’ for efficient mixing. The etch depth

was approximately 200 mm and the characteristic dimension

(hydraulic diameter) was approximately 400 mm. Pictures of

the fabricated microreactor are shown in Fig. 2.

Consider the diffusion of the gaseous reactants to the

microreactor walls. The one-dimensional species conserva-

tion equation can then be written as

dC

dt
¼ �D

d2C

dx2
(5)

where C is the species concentration, D the gas diffusivity,

and x the dimensional co-ordinate for diffusion [17]. Using

this equation, we can obtain an order-of-magnitude estimate
Fig. 2. Pictures of the fabricat
of the characteristic time needed for the gas to diffuse to the

catalyst surface at the microreactor walls to be L2/D, where L

is the characteristic length for diffusion and D the gas

diffusivity. Considering a representative value of the diffu-

sion length L = 400 mm in the microchannel and D =

0.1 cm2/s, the characteristic diffusion time is estimated to

be approximately 16 ms. Under the operating conditions

used, the typical residence time in the microreactor is

approximately 1.8 s. Therefore, it is clear that the time

for diffusion is much smaller than the residence time, such

that external mass transfer effects should not play a sig-

nificant role in the reaction.

A computational fluid dynamics (CFD) simulation to

obtain the flow pattern for a gas (argon) in the microreactor

was performed using FLUENT (Fig. 3). The Reynolds
ed silicon microreactor.
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Fig. 3. CFD simulation of the flow profile in the silicon microreactor in the (a) entrance region, and (b) interior region.
number under the range of operating conditions was calcu-

lated to be between 5 and 10. Therefore, a 2D laminar flow

assumption was used in the model. Due to the symmetric

nature of the microreactor design, the flow was modeled for

a single inlet of the manifold with periodic boundary con-

ditions. Pressure at the outlet was assumed to be atmo-

spheric. The flow pattern near the inlet is seen to spread out

rapidly, giving a mixing length within 2% of the total reactor

length. Therefore, the flow is considered well mixed

throughout the microreactor.
3. Catalyst preparation

The catalyst was prepared in the form of a slurry-sol

hybrid suspension which is well suited to catalyst wash-

coats [18,19]. Commercial gamma alumina powder from

Alfa Aesar was ball-milled with water and a home-made

alumina sol, all taken in a specific ratio [18–20]. The

alumina sol was prepared by the hydrolysis of aluminum

isopropoxide [3]. An amount of 2 wt.% polyvinyl alcohol

was introduced as an organic binder before the acid pepti-
Fig. 4. SEM pictures of the catalyst co
zation step of the sol preparation. The particle size deter-

mined by dynamic light scattering after ball-milling was

found to be approximately 0.5 mm which is suitable for

washcoating. Nitric acid was added to the suspension at an

appropriate pH level to create a stable alumina suspension

[20]. The suspension was kept well mixed at all times. A

solution of dihydrogen hexachloroplatinate was added to

the suspension in the appropriate amount to give a 2 wt.%

Pt on Al2O3 loading.

The walls of the microreactor were primed with the

home-made alumina sol which was dried and calcined to

form an adherent layer [3,20]. The catalyst suspension was

then introduced into the silicon microreactor using a syringe.

Excess suspension was blown off using compressed argon

gas. The coated microreactor was then dried for approxi-

mately 30 min at 100 8C to form a porous washcoat layer on

the walls. The coating and drying steps were repeated in

order to build the catalyst washcoat layer until a desired

catalyst loading of approximately 150 mg/cm3 was

obtained. The coated microreactor was then calcined over-

night at 500 8C for densification of the washcoat and to burn

out the binder and other organics. Fig. 4 shows SEM pictures
ating on the microchannel walls
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of the washcoat layer on the silicon walls. The thickness of

the washcoat was approximately 10 mm.

In another experiment, the catalyst suspension prepared

in the manner described earlier was dried and calcined in a

ceramic dish and then ground to 230 mesh size (62 mm)

particles. The powder catalyst was used in a conventional

tubular packed-bed microreactor (4 mm ID � 8 mm bed

height) for the purpose of comparing the results with those

obtained using the wall-coated silicon microreactor. It

should be noted that the properties of the catalyst in the

wall-coated microreactor as well as the packed-bed micro-

reactor would be identical because the method of prepara-

tion in both cases is the same. The only difference is that in

the case of the wall-coated microreactor, the slurry is

allowed to dry and calcine inside the channels, while for

the packed-bed case, this is done in a crucible after which the

catalyst is ground into powder for use in the packed-bed. The

BET surface area shown by N2 physisorption is approxi-

mately 150 m2/g and the assumption is that the physical

process of grinding the catalyst into powder (in the case of

the packed-bed) does not produce any significant increase in

the surface area or the other catalytic properties.
4. Experimental

The silicon microreactor experimental set-up consisted of

a custom built aluminum housing (8 cm � 8 cm � 1 cm

upper and lower blocks) with inlet and outlet Swagelok

connections. High temperature silicone rubber was used as a

hermetic gasket material. External heating was provided

using cartridge heaters placed in the lower aluminum block.

Fig. 5 shows details of the microreactor housing assembly.

For the packed-bed U-tube microreactor studies, the powder

catalyst was packed in a quartz U-tube using glass wool and

heated using a ceramic box heater.

The PrOx reaction was carried out under dry conditions

and without any CO2 in the inlet stream, which had a

composition of 60% H2, 1% CO and 1% O2 (stoichiometric

coefficient, l = 2) in argon. The following parameters were

used to evaluate the performance of the two types of
Fig. 5. Microreactor ho
microreactors used to carry out the PrOx reaction:

%CO conversion ¼ moles of CO consumed

moles of CO fed
� 100

total moles of O2 consumed

%O2 conversion ¼

moles of O2 fed
� 100

% PrOx selectivity
¼ moles of O2 consumed for CO oxidation

total moles of O2 consumed
� 100

¼ 1=2½moles of CO converted to CO2�
total moles of O2 consumed

� 100

Weight hourly space velocity (WHSV) was calculated by

dividing the volumetric flow rate under normal conditions by

the weight of the catalyst used. The WHSV was maintained

at 120,000 cm3 h�1 g-cat�1 for both types of microreactors.

Thus, the reactant flow rate, normalized with respect to the

weight of the catalyst used, was used as the fixed parameter

to evaluate and compare the performance of the two micro-

reactors.

Reactant and product compositions were obtained using a

dual channel (Porapak and Molsieve columns) Varian CP-

4900 micro-gas chromatograph employing a thermal con-

ductivity detector. Temperature measurements were made

using K-type thermocouples. Reactant flow rates and pres-

sure were controlled via PORTER1 mass flow controllers. A

schematic of the experimental set-up is shown in Fig. 6.
5. Results and discussion

The catalyst was pre-treated by reduction in H2 at 250 8C
for 4 h. The reaction mixture was then passed through the

wall-coated silicon microreactor and the temperature was

varied between 150 and 250 8C in steps of 20 8C. It should

be noted, however, that the thermocouple used with the

temperature controller was placed in the aluminum housing

just below the bottom surface of the silicon microreactor.

This is not an actual representation of the temperature of the

catalyst coating inside the microchannel. Therefore, an
using assembly.
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Fig. 6. Schematic of experimental set-up.

Fig. 7. Temperature profile in the microreactor and housing assembly.
attempt was made to correlate the catalyst temperature with

the thermocouple reading.

A simulation of the silicon microreactor and the alumi-

num housing under steady state heating was undertaken

using FLUENT. Standard ambient heat loss was assumed

from the outside surfaces of the heating block. Note that,

although PrOx is an exothermic reaction, the heat generated

by the PrOx reaction (1) at the flow rates under consideration

(100 cm3/min with 1% CO) is approximately 0.2 W, which

is negligible compared to the ambient heat loss which is

estimated at 35–40 W. The silicon base of the microreactor

with its excellent thermal conductivity, coupled with the

aluminum block, behaves like a heat sink and washes out

this small amount of heat generated. Therefore, for simpli-

city, the system was modeled assuming flow of an inert gas

such as argon. In addition, the modeling was performed

assuming a flat horizontal enclosed channel, while in reality

the silicon base has vertical pillars which behave as fins,

further contributing to the heat sink.

The simulation results are shown in Fig. 7. The lower

aluminum block and the silicon base are approximately at

the same temperature, and there is hardly any gradient in the

vertical or the horizontal direction. This is reasonable since

both these materials have excellent thermal conductivity.

However, there is a sharp temperature drop within the

microchannel of approximately 20 8C. The interface
between the channel and the glass cover also sees a drop

of approximately 10 8C, beyond which there is not much

decrease in temperature throughout the upper aluminum

block. Note that the catalyst has been coated not only on

the silicon surface of the microreactor; it also covers the

entire inner surface of the microchannel reaching the glass

surface. For the particular model results shown here, the

temperature within the microreactor varies from 170 to

150 8C. Therefore, a reasonable approximation of the cat-

alyst temperature would be the average temperature inside

the channel which is approximately 10 8C lower than the

temperature read out by the thermocouple placed in the

lower aluminum block. This correction was applied in

reporting the catalyst temperature for the wall-coated micro-

reactor, the results for which are discussed below.

For comparison, similar experiments were conducted

using a U-tube packed-bed microreactor. As in the case of

the wall-coated silicon microreactor, the catalyst was pre-

treated in the same manner, and the reaction mixture was

passed through the packed-bed microreactor. The temperature

control used was the same as the earlier case. In this case,

however, the thermocouple used to monitor the temperature

was placed inside the catalyst bed touching the powder

catalyst. Hence, no temperature correction was needed.

Figs. 8 and 9 show a comparison of the O2 and CO

conversion obtained from actual experimental runs per-

formed on the wall-coated silicon microreactor and the

packed-bed reactor. The results obtained from both types

of microreactors show good agreement with each other. This

validates the fact that there are no external mass transfer
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Fig. 8. O2 conversion with temperature.
limitations that arise in using the wall-coated microreactor

as compared to the packed-bed microreactor. The only

limitations would be the internal diffusive limitations of

the catalyst itself (which is a function of its microstructure),

which would be the same in both cases. For both reactors, the

O2 conversion showed an increasing trend with temperature

and reached 100% conversion at approximately 210 8C. The

CO conversion increased with temperature until about

210 8C and then began to fall.

Fig. 10 shows the measured selectivity of the PrOx

reactions, where consistent behavior is observed for both

microreactors over a wide range of temperatures. The
Fig. 9. CO conversion
selectivity to CO oxidation was fairly stable near 45% until

about 210 8C, beyond which it began falling as well. Selec-

tivity implies the competition between CO and H2 oxidation

in the PrOx reaction process. In the absence of CO, the

oxidation of H2 over Pt is instantaneous, even at room

temperature. However, when CO is present in the mixture,

CO predominantly covers the Pt catalyst surface and inhibits

the oxidation of H2. As the temperature is increased, the rate

of CO oxidation increases and hence we see an increase in

both CO and O2 conversion. However, at the higher end of

temperatures (beyond 200 8C), CO begins to desorb from the

catalyst surface resulting in partial coverage of the surface
with temperature.
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Fig. 10. PrOx selectivity with temperature.
by CO, thus allowing the oxidation of H2 to proceed at a

faster rate. Hence, oxidation of H2 now becomes dominant

and we see a sharp fall in the CO conversion as well as the

selectivity to CO oxidation [21]. No methane formation was

observed in either case.
Fig. 11. Scale-up methodology for silicon microreactors using glass frit

bonding.
6. Scale-up

Based on the results obtained from the single microreac-

tor system, a prototype scale-up method for the microreac-

tors has been developed. The method involves stacking the

microreactors and bonding them using glass frit bonding.

Commercially available VITTA1 glass transfer tapes have

been used for the bonding technique. The glass transfer tape

(G-1017) is applied to both surfaces that need to be bonded.

A pre-bake is carried out at 400 8C to burn out the binder

present in the tape. The pieces are then brought in contact

and a small pressure is applied by placing a weight on them.

Finally, the temperature is ramped to 550 8C (working

temperature of the glass frit) where bonding occurs. Initial

results using this method have been successful and a double

layer stack of microreactors has been fabricated. The bonded

stack passed tests for bond strength and leaktightness. This

‘‘stacking-and-bonding’’ method is also being investigated

for the fabrication of a crossflow heat exchanger stack

utilizing the same design as the microreactor stack, but

arranged to give a crossflow configuration. A prototype of

this configuration has also been fabricated and is being

investigated for thermal coupling of endothermic and

exothermic reactions to achieve heat integration. Fig. 11
shows a diagrammatic representation of the scale-up pro-

cess.
7. Conclusions

With PEM fuel cells showing great promise as a future

power source, the emphasis on H2 production by fuel
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processing has increased. The need for miniaturization of

current reactor scales is also evident by the nature of

applications served by the fuel processor/fuel cell systems.

Awall-coated silicon microchannel reactor was successfully

fabricated by using standard semiconductor microfabri-

cation tools and slurry washcoating of the walls with a

Pt/Al2O3 catalyst. The microreactor was tested by employ-

ing a particular reaction from the different fuel processing

steps, viz. preferential oxidation of CO in excess H2, as a

model reaction. The results compared very well with the

same reaction carried out in a conventional U-tube packed-

bed microreactor. This validates the fact that the use of a

wall-coated microreactor system does not introduce any

reduction in performance due to external diffusive limita-

tions as compared to a packed-bed microreactor. Scale-up

issues have been addressed and initial results in developing a

prototype scale-up method have been successful. The scale-

up method, which utilizes glass frit bonding, is also being

used for fabricating a crossflow heat-exchanger configura-

tion using the same design. The use of such a wall-coated

microchannel reactor system provides advantages such as

customizable reactor designs, integration of structural and

functional features, low pressure drop and, possibly, efficient

heat management (due to flexibility in microreactor design

and engineering) which are very difficult, if not impossible,

in conventional packed-bed reactors.
Acknowledgements

The authors gratefully acknowledge financial support

provided by NSF (CTS 9985449) and the US Department

of Energy.
References

[1] G. Acres, J. Frost, G. Hards, R. Potter, T. Ralph, D. Thompsett, G.

Burstein, G. Hutchings, Catal. Today 38 (1997) 393–400.

[2] O. Korotkikh, R. Farrauto, Catal. Today 62 (2000) 249–254.

[3] A. Manasilp, E. Gulari, Appl. Catal. B: Environ. 37 (1) (2002) 17–25.

[4] G. Avgouropoulos, T. Ioannides, Ch. Papadopoulou, J. Batista, S.

Hocevar, H. Matralis, Catal. Today 75 (2002) 157–167.

[5] K. Jensen, Chem. Eng. Sci. 56 (2001) 293–303.

[6] X. Ouyang, R. Besser, Catal. Today 84 (2003) 33–41.

[7] C. Geankoplis, Transport Processes and Unit Operations, Prentice-

Hall, 1993, pp. 114.

[8] R. Bird, W. Stewart, E. Lightfoot, Transport Phenomena, Wiley, 1994,

pp. 190–194.

[9] R. Srinivasan, I. Ming Hsing, P. Berger, K. Jensen, S. Firebaugh, M.

Schmidt, M. Harold, J. Lerou, J. Ryley, AIChE J. 43 (1997) 3059–

3069.

[10] S. Ajmera, C. Delattre, M. Schmidt, K. Jensen, J. Catal. 209 (2002)

401–412.

[11] J. Chau, Y. Wan, A. Gavriilidis, K. Yeung, Chem. Eng. J. 88 (1–3)

(2002) 187–200.

[12] A. Franz, K. Jensen, M. Schmidt, in: W. Ehrfeld (Ed.), Microreaction

Technology: Industrial Prospects, Springer, 2000, pp. 267–276.

[13] V. Hessel, S. Hardt, H. Lowe, F. Schonfeld, AIChE J. 49 (3) (2003)

566–577.

[14] M. Janicke, H. Kestenbaum, U. Hagendorf, F. Schuth, M. Fichtner, K.

Schubert, J. Catal. 191 (2000) 282–293.

[15] K. Handique, D. Burke, C. Mastrangelo, M. Burns, Anal. Chem. 72

(2000) 4100–4109.

[16] J. Holladay, E. Jones, M. Phelps, J. Hu, J. Power Sources 108 (2002)

21–27.

[17] W. Deen, Analysis of Transport Phenomena, Oxford University Press,

Oxford, 1998.

[18] C. Agrafiotis, A. Tsetsekou, J. Eur. Ceram. Soc. 22 (2002) 423–434.

[19] C. Agrafiotis, A. Tsetsekou, C. Stournaras, A. Julbe, L. Dalmazio, C.

Guizard, J. Eur. Chem. Soc. 22 (2002) 15–25.

[20] M. Valentini, G. Groppi, C. Cristiani, M. Levi, E. Tronconi, P. Forzatti,

Catal. Today 69 (2001) 307–314.

[21] D. Kim, M. Lim, Appl. Catal. A: General 224 (2002) 27–38.


	A scalable silicon microreactor for preferential CO oxidation: �performance comparison with a tubular �packed-bed microreactor
	Introduction
	Alternative power sources
	Microreaction technology

	Microchannel reactor fabrication
	Catalyst preparation
	Experimental
	Results and discussion
	Scale-up
	Conclusions
	Acknowledgements
	References


