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Abstract-The purpose of this article is to demonstrate the applicability of microreactors for use in catalytic reac- 
tions at elevated temperatares. Microclialmels were fabricated on both sides of a silicon wafer by wet chemical etch- 
ing after pattern tt-ansfer using a negative photoresist. The walls of the reactor channel were coated with a platinum 
layer, for use as a sample catalyst, by sputtering. A heating element was installed in the channel on the opposite surface 
of the reactor channel. The reactor channel was sealed gas-tight with a glass plate by using an anodic bonding tech- 
nique. A small-scale palladium ntemblarte was also prepared Oll rite surface of a 50-gm thick copper flhn. In the ment- 
biane prepm-ation, a negative pliotoresist was spin-coated and solidified to serve as a protective film. A palladiuln layer 
was then electrodeposited on the other uncovered surface. After the protective film was removed, the resist was again 
spin-mated on the copper surface, and a pattern of microslits was transferred by photolithography After development, 
the microslits were electrolitically etched away, resulting in the fonnation of a palladium membiane as an assemblage 
of thin layers formed in the microslits. The Jzttegration of the microreactor and the menthlarte is currently under way. 

Key words: Microchannel Reactor, Microreactor, Catalytic Reactor, Photolithography, Palladium Membrane, Hydrogen 
Separation 

I N T R O D U C T I O N  

Microreactors are composed of channels, the dimensions of which 
are 1-1,000 Nn in width and 1-100 ~ t  m length [Lerou and Ng, 
1996; FreemaiNe, 1999; Martin et al., 1999; Haswell mtd Skelton, 
2000; Ehrfeld 2000; Ehrfeld et al., 2000; Jensen, 2001; W6rz et al., 
2001]. The tenn "microreactors" is often used to describe Ellff~-en- 
tial reactors designed for tesmtg catalytic reactions or small-scale 
reactors used at an early stage of scaleup. In this article, however, 
microreactors indicate reactors tt~at are constructed as the final stage 
of process development Although a number of studies on microre- 
actors have been reported, many have focused on bio-related reac- 

Procise temperature control J 
using heat exchangers J 

Combination of axo~ermic and I 
dolharmic reactions [ 

Rapid heat transfer /lo.t- -.tet.o.ra,,oo l 
' ~ ~ (heat and mass transfer, cyctic I 

~ ' ~ . ~  I reactant feed) 

Mass transfer operations for 

-- J ~ E~cient contact between ' 
Small volume ofof J \ ' 1  ~ "7 heterogeneous phases ,., J 
reactants ~ Safe treatment of explosive I 

~ ~ compounds l 

Min'i'mization of hazardous [ 
materials and wastes J 

Fig. 1. Characterislics of microreactors. 
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tops and analytical instarnents, which are operated at tempemhlres 
below 400 K. Here, the discussion is limited to microreactors that 
can potentially be used at elevated temperatures. 

The small scale of microreactors naturally leads to certain unique 
chaz-acteiistics, which are shown in Fig. 1. The heat b-msfer rate 
between the reactor strface and reactants is substa~al, compared 
to tt~at of conventioi~al lazge-scale chemical reactolS. Titus, miciore- 
actors are suitable for reactions, the temperatures of which must be 
precisely and rapidly controlled [L6we et al., 1999; Srinivasan et 
al., 1997; Quiram et al., 2000; Hsing et al., 2000; Lee et al., 2000]. 
Microreactors are also useful for producing small amounts of toxic or 
explosive chemicals [Hessel et al., 2000; Kestenbaum et al., 2000]. 
The point-of-use production of these compounds may minimize 
associated risks during transportation and storage. 

The quamty of production can be increased by assembling a num- 
ber of microreactors into a module, as shown in Fig. 2. Microreac- 
tol-s cat  also be utilized for rite screening of catalysts, in conjunc- 
tion with combinat_Olial chemistry. In such systems, different cat- 
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Fig. 2. Scaleup of microreactors. 
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Fig. 3. A microreactor system. 

alysts are impregnated on porous supports in microchannds. In con- 
ventional large-scale reactors, on the other hand, temperature and 
reaction time of  the intermediate steps in a consecutive reaction can 
be varied only ~4th great difi~cuhy. Those pammaers m w  be easily 
changed in microreactor systems, resulting in m increase in the yidds 
of  the intermediate products [St@finek et al., 1999; Liauw et al., 
2000]. As shown in Fig. 3, micax~actors are interfaced vc~h aher 
elements, such as pumps, flow control valves, pressure regulating 
valves heaters, coolers, ternpemlure controllers, separation units 

(membrane separ~ors, extractors, etc.), and chemical analyzers. 
Fu~her investigations o f  these components are also needed. 

Table 1 shov~ some reactions that have been carded out in micro- 
reactors. Most are exothermic reactions over supported catalysts, 
and the formation of  hot spots in the catalyst bed can be prevented 
because ofsuflqcient heat removal. MicroreaOo~ are also suitable 
for two-phase reactions for gas-liquid and liquid-liquid systems, 
such as fluorination [Bums and Ramshaw, 1999; J~lnisch et al., 
2000], so long as the pressure ~ops in the microehaunels is within 
apermitted limit. 

A vcide variety of  materials can be used for the fabrication ofmi- 
aznn~acCors, as gho~n in Table 2. Plastics are suitable for use at room 
temperature. Metals are machinable; ceramics are highly stable 
against corrosion at high t~nperatures; and diamonds have the high- 
est thermal conductivity. The preparation of  catalysts is also akey 
factor for m icroreactors. Wires or particles can be packed in micro- 
channels [Wilson and MeCreedy, 2000; Martin et at, 1999; Tsobota 
et al., 2000; Losey et at, 2000]. A catalyst layer can be coated by 
physical vapor deposition [Cui et at, 2000; Franz et al., 2000; Ku- 
sakabe et al., 2001a] and chemical vapor deposition [Janicke et at, 
2000]. These ~ y  processes are appropriate for forming a thin film 
but not for producing a catalyst support layer with a wide internal 

Table 1. Reactions in microreactors 

Reaction Phases Catalyst Properties of reaction and reactor Reference 

Fluorination of organic Gas-liquid No 
compounds 

Nitration of  benzene Liquid-Liquid No 

Suzuki reaction Liquid Solid, Pd/Si O~ 
(coupling) 

D ehyckogenati on of Gas Solid 
cydohexane 

Detlyc~ation of alcohols Gas Solid 
Oxidation of H2 with O2 Gas Solid, PUA12Os 
Catalytic combn, of Gas Solid, NiO 

methane 
Production of HC~ Gas Solid, Pt 
Oxidu. of NHs Gas Solid, Pt 
Partial oxi du. of CH4 Gas Solid, Rh 

Partial oxi du. of C~H, Gas Solid, Ag foils 
Partial oxidu, of CYas Solid 

metlTylfonnamide 

Falling liquid film reactor with rapid heat 
transfer, highly exothermic reaction, 
hazardous compounds 

Two-phase flow in a capillary tube 
reactor, production of 6 ton per year 

Flow inj ection-type reactor 

Sputtered Pt catalyst 

Cyclic feeds 
Reactor with rapid heat transfer 

CH,+NH3+0n)O2 
P, api d heat transfer 
Honeycomb reactor, high temperature 

(1463 K) 
Prevention of hot spots, explosive 
Production ofisocyanate, poisonous, high 

conversion (higher than 95%) 

Chambers and Spink [1999] 
Chambers et al. [1999] 
Jahnisch et al. [2000] 
Burns and Ramshaw [1999] 

Fletcher et al. [1999] 
Greenway et al. [2000] 
Cui et al. [2000] 

Wilson and MeCreedy [2000] 
Janicke et al. [2000] 
Martin et al. [1999] 

Hessd et al. [2000] 
Sfinivasan et al. [1997] 
Mayer et al. [2000] 

Kesterbaum et al. [2000] 
Citedin Lerou andNg [1996] 

Table 2. Materials used for the fabrication of microreaetors 

Material Heat conductivity Temperature stability Transparency Workability Cost 

Plastic x >', • O, I].~ 
Glass /, O (~) O, O 
Ceramic & 9 '  x & O 
Silicon C O, x 0 0 
Metal C 0, • O, ~].~ 
Diamond '~  ~, (v ~, X X 
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surface area. Kulsawe et al. [2000] stacked alunlina plates tilat were 
produced by anodic oxidation of aluminum wafers, and impreg- 
nated catalytic species in tile micropores of tile plates. Sadykov et 
el. [2000] used a monolith with tilin wails as tile catalyst support. 
Greenway et el. [2000] formed a Pd-supported silica layer by de- 
position of precursor sluny in microchaimels. 

FABRICATION OF A M I C R O R E A C T O R  

Figs. 4 and 5 show the procedure used for the microfabrication 
and tile prepared microreactol, respectively [Tsubota et al., 2000; 
Kusakabe et al., 2001a]. Tile microreactor was ~XalStructed on a (100) 
Si wafer of 10 lrml• Both surfaces of the wafer were oxi- 
dized in a flow of air at 1,273 K for 6 h, and one surface was spin- 
coated with a negative photoresist The resultarlt resist was pre-lmked 
at 413 K for 3 nlin, and a pattenl for a preheatel; a reactor, and a 
thennocouple well was trmlsfen-ed by using a microchamel photo- 

Negative 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ photoresist 

Si substrate I 'W~'" SiO2 

uv  

,*~" mask 
u V �9 u 

Development 

Etching of SiO 2 (HF + NH4F) 

" ~  Removal of resist 

t 
,.~ Etching of Si (KOH) 

Fig. 4. Fabrication procedure for a microreactor. 
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Fig. 5. A microlvactor prepared. 

litilography tectmique. A chmmel pattern for tile heamlg element 
was then transferred to the other surface of the wafer by the same 
procedure. Afi, er tile resist was post-baked at 413 K for 10 mm. tile 
unexposed part of tile resist was renlovec[ Tile SiO2 layer on tile 
unexposed area was then removed by immersing the wafer in an 
HF andNH4F buffer solution at room tenlperature for 10 nlitl After 
all the resist was removed, the microchaunel lmttem was formed 
by etctmlg tile wafer in a 30% KOH solutic~l at 303 K for 2.5 h. 
Tile reactor ctkalalel was 400 gin in upper width, 280 gill in lower 
width, 100 gm in depth and 78 mm in length. In the upstream por- 
tion of tile reactor dlannel, a preheater section, 200 ~in in width, 
100 gnl in depth and 95 into in lengti1, was inserted. 

Tile surface with tile reactor chaialel was again spin-coated with 
tile negative photoresist A mask with tile pattenl of the reactor Ctlan- 
nel (with no preheater section and no thermocouple well) was align- 
ed to tile wafer, and, by tile same pattenl trmlsfer procedure, all tile 
area except for tile reactor chalinel was covered with tile resist Tile 
wafer surface was coated with a platinum layer by sputtering, and 
tile resist was then lifted off Thus, tile walls of tile reactor channel 
were coated with a layer of platinum, which fim~oned as a cat- 
alyst. A platinum heamlg wire (100 gin in diameter and 20 Call in 
length) was placed in tile channel, whidl was follned on tile surface 
opposite to the reactor channel. 

Glass plates, 1-mln in tilickness, were used to cover tile reactor 
chaalel, and two 300-gln diameter holes were &illed at locations 
corresponding to the inlet and outlet of the reactor channel. A 300- 
gin dianleter stainless steel tube was inserted in each hole and was 
fixed in place with an inorganic adhesive. The wafer and the glass 
cover were tile~l bonded by an anodic bondklg tectalique at 673 K. 
The tightness of the gas seal was confmned, since no bubbles were 
observed when the channel was pressurized and placed in water. 
Tile surface of tile heating elenlent was also covered with a glass 
plate by anodic bc~lditg. A tilellnocouple, composed of 100-gin 
dianleter element wires, was installed in tile tilemlOcouple channel. 

Tile hydroge~lation of benzene was camed out in tile reactor chml- 
nel as a model reaction. The flow rotes of benzene and hydrogen 
were conb~lled with mass flow coim-ollers, and tile maximum total 
flow rate was 1 mL/lnin. Conceim-ations at tile outlet of tile reactor 
were analyzed by means of a micro gas chromatograph with a ther- 
lnal conductivity detector. Tile Pt catalyst was activated in hydro- 
gen at 773K for 3 h prior to the start of the reaction. No deactiva- 
tion was observed under tile reaction conditions used. Tile miti01 
reaction rate constants were detennined to be 0.7 and 1.4 s ~, re- 
spectively Details of this r e a s o n  will be reported elsewhere [Kusa- 
kabe et al., 2001a]. 

FABRICATION OF A MEMBRANE SEPARATOR 

As shown in Fig. 3, the microreactor system should be com- 
posed of sepm-atic~l steps. Purification of tile hydrogen can improve 
tile efficiency of small-scale fuel cells with polynler electrolytes 
[Mex and MOller, 2000]. A nurnber of studies have recently reported 
on the prelzaration of thin palladium-based membranes, which would 
be expected to setmrate hydrogen at high permeation rates. Fig. 6 
shows the mechanism of hydrogen selmration on a lmlladium mem- 
brmle. Hydrogen is dissociated to protons on tile feed side of  tile 
membrane, and the protons are then re-associated to molecular hy- 
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Fig. 6. Hydrogen separation through a palladium membrane. 
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Fig. 7. Fabrication procedure for a palladium membrane. 

drogen on the permeate side. Fig. 7 shows the procedure developed 
for the preparation of a tlml, small-scale palladium membrane [Ku- 
s0kabe et al., 2001b]. The substmte was a 50-gin thick polished cop- 
per sheet (10 irml• 10 irml). One side of tile substt-ate was spin-centred 
with a negative photoresist, exposed, and ttlen kaked at 413 K for 
3 min and (step 1). The other side of the subsn-ate was polished with 
a series of fine ahanina powder (particle size 1.0 and 0.3 Nn), after 
which tile plate was imsed with distilled water. A palladitan layer 
was formed by electrodeposition on the entire uncovered surface 
of the copper plate, which was used as the cathode, and a platinum 
plate was used as the anode. The deposition of palladium was car- 
fled out at a cathode current density of 5-15 mA/cm 2 for 10-30 rain 
at roonl temperature (step 2). The hart1 composition was &s fol- 
lows: PdC12=19.8g/L; citric acid=21.5g/L; and (NH4)2SQ=50.0 

g/L. The pH was adjusted to 7 with NH4OH. 
The resist on the copper surface was then removed (step 3), and 

the negative resist was again spin-coated on the copper surface and 
pre-baked at 413 K for 3 min (step 4). A mask with a pattern ofmi- 
croslits (100 grn in wi&h and 4 mm in length) drawn within a 5-mm 
diameter circle was aligned to tile substmte, and the pattern was 
transferred by photolithography via contact printing (step 5). The 
resist was exposed, postbaked at 413 K for 10 rain, and the unex- 
posed part of tile resist was removed in a developer. The uncov- 
ered copper surface was then electroetched in a 3 wt% H2SO4 so- 
lution at an anodic current density of 30 mA/cm 2 for 210 min (step 
6). The microslits, which were tiros produced, exposed tile palla- 
dium layer to the ottler side. The residual photoresist was com- 
pletely removed afterward (step 7). The ttfickness of  the deposited 
palladium layer was less than 10 pin. 

The membrmle was cut out in the shape of a disc, 5 mm in di- 
anletei; and was then sandwiched between copier gaskets with an 
opening 5 mm in diameter. The set of  three plates was fixed in a 
permeation test cell so as to be gas-tight. Single-compc~lent hydi-o- 
gen or nitrogen was fed to the feed side, and a sweep gas (argon) 
was fed to tile pemleate side. The pressures on tile feed and pemle- 
ate sides were both maintained at 101.3 kPa. The partial pressure 
of hydrogen and nitrogen on the permeate side was maintained at a 
low level. The tenll:erature of tile cell was maintained at 573-873 K. 
The hydrogen perlneation increased wittl increasing temperature, 
and a separation factor of 120 was observed at 873 K. The hydro- 
gen permeance is equivalent to the results reported for tim1 palla- 
dium membranes [Yan et al., 1994; Morcoka et al., 1995]. Detain 
of these exyelmlental results will be reported elsewhere [Kusakabe 
et al., 2001b]. Tt~  hydi-ogen-selective membrane can be applied 
to the purification of the reformed gas, which is fed to polymer elec- 
trolyte fuel cells. Fig. 8 shows an example of the polymer electro- 
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Fig. 8. Stacked frames of a small-scale fuel cell system. 
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lyre fuel cells combined with the hydrogen ptinfication using a Pt 
membrane. Heat exchangers can be inserted if necessary. 

CONCLUSIONS 

A self-heatitg microreactor was constructed on a (100) silicon 
wafer by means of photolithography, wet etching, and spu~ering 
tectmiques. The reactor was successfully used in a catalytic reac- 
tion at elevated temperatures. A txdladium membrane, approximately 
3 grn in thickness, was also fabricated by a combination of photo- 
lithography and electrolysis. The separation factor of hy&ogen to 
mtrogen was 120 at 873 K. These results suggest that the construc- 
tion of a microreactor combined with a small-sized membrane se- 
pm-ator is a disfnct possibility. 
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