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Abstract

Capillaries of quartz and fused silica were coated with a commercial BASF CuO/Zs@yéatalyst. The objective was to create micro
channels with reactive coatings for steam reforming of methanol to produf Hroton exchange membrane (PEM) fuel cells. A slurry
of catalyst with a boehmite binder was filled in the capillary and then displaced by a stream of inert gas. This gas displacement method
allowed us to generate coatings ranging from 1 t@bin thickness by varying the slurry viscosity. The|28 coating thickness was
deposited on a range of tube diameters, for example 4.1 mm, 2 mm, apchb8@meter. The coating was adherent and did not peel off
during catalytic reaction tests which lasted up to 10 days. The activity of the coated catalyst was superior to that of the same catalyst in a
packed bed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction heat. That is one of their great strengths as a tool for pro-
cess intensification, where the catalyst, products, or process
Methanol is being considered as a primary liquid fuel for may be sensitive to temperature. The isothermal operation of
generating hydrogen for proton exchange membrane (PEM)microreactors and micro-heat-exchangers has been reported
fuel cells to be used in small portable devices. The low tem- by numerous researchers. The earliest demonstration of the
peratures required for steam-reforming of methanol make it isothermal operability of a micro-heat-exchanger was in the
possible (with elevated temperature PEM fuel cells) to uti- computer industry. A silicon micro-heat-exchanger built by
lize reformate without subsequent processing to remove CO,conventional VLSI manufacturing techniques was shown by

which is a poison for the PEM anode electrocataljigt Tuckerman and Pea$&] to achieve high heat transfer rates
The group of catalysts that shows the highest activity at low for cooling a central processing unit in a computer.
temperature has composition of CuO/ZnQ/@%, which is Researchers at BASF also used the heat transfer benefits

also the catalyst used for methanol synth¢&js Steam re- of microreactors for scale-up of a oxidative dehydrogena-
forming of methanol is a highly endothermic process. Con- tion reaction: RCHOH + (1/2)02 — RCHO+ H20. This
ventional reactor configurations, such as a packed bed reac¥eaction is exothermic and operates at about “&@ver

tor, operate in a heat transfer limited mode for this reaction. an elemental silver catalyst. Production was carried out in
Using the catalyst in packed bed form for portable devices 5cm diameter pan-like reactors where a 2cm thick layer
is also not convenient due to high pressure drop and pos-of powder catalyst was placed over a gas-permeable plate,
sible channeling of gases in addition to poor heat transfer. with a selectivity of 90% being achieved at a conversion of
A wall-coated catalyst represents a superior geometry since50%. A solid silver micro-heat-exchanger was built to op-
it provides lower pressure drop, ease of manufacturing anderate isothermally and the selectivity and conversion were
eliminates pressure drop due to form drag. improved to 96 and 55%, respectivdi).

Due to their small size, microreactors are especially suited ~Due to their origins from the semiconductor industry, most
for endothermic reactions whose reactivity depends on the microreactor fabrication techniques involve silicon wafer
rate of heat input. The isothermal behavior of microreac- processing methods such as wet/dry etch, lithography, thin
tors is specifically due to their ability to efficiently transfer film deposition and integration procedures. These techniques

have also been extended to glass wafers to create complex
* Corresponding author. Tek:1-505-277-0477; fax4-1-505-277-1024.  three-dimensional designs. Steel alloys and aluminum plates
E-mail address: datye@unm.edu (A. Datye). have been widely employed for manufacture of microreac-
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tors. Plates are micromachined or patterned with lithogra- coat non-porous microchannels with alumina wash coats in
phy techniques and attached by diffusion bonding to form a controlled and economic fashion, post reactor assembly.
monolithic structures. Extruded alumina parts have also been In this paper, we report our initial study of coating
used in the assembly of microreact¢s§. The least cited  methods for pre-assembled microreactor configurations.
method is fabrication by tape-casting. Tape-casting involves The specific problem we have addressed is the application
the layering of unsintered alumina-based green tape. Priorof a thick catalyst coat to a non-porous surface such as
to layering, the sheets are patterned and etched in one steguartz, fused silica or ceramic tape. We have utilized a
by a laser. The patterned layers can be stacked >80 layerdully formulated commercial catalyst such as BASF F13456
high and co-fired at elevated pressures and temperatures t€uO/ZnO/AbO3. The catalyst wall coats were applied to a
form three-dimensional structures. Tape-casting can createtubular reactor where the reactor diameter was varied from
features down to 1Am [6]. 4.1mm all the way down to 250m. Catalyst adhesion
All of the microreactor types described here require a solid to the glass surface was a significant challenge. Our work
catalyst to catalyze the gas phase reactions being carried outshows that the development of methods to coat catalyst
To eliminate the problems of catalyst coating and deposition, powders without affecting their activity remains a key chal-
BASF researchers simply built their micro-heat-exchanger lenge in developing microreactors for mobile applications.
reactor out of solid silver which was the catalyst for their
reaction. Combustion of hydrocarbons is done over a pal-
ladium metal catalyst. Manufacturing a solid palladium mi- 2. Experimental
croreactor is not feasible from an economic perspective.
Current methods for loading microreactors with catalystsin-  Our approach was to select a geometry that was easy
clude packing the catalyst in a bg&-10]. Packed bed reac-  to characterize for repeated experiments. Quartz capillaries
tors are not the most efficient design as size is scaled downwith inner diameters of 4.1 and 2mm were used, as well
due to large pressure drop, as predicted by the Ergun equaas fused silica capillaries used in gas chromatography with
tion [11]. Also, channeling at the wall-particle interface be- inner diameters of 530 and 2p@n. The capillaries were
comes increasingly likely for creeping flow in microreactors. coated using the gas displacement method. Boehmite was
If the packed bed catalyst sinters, there will be an increasedused as a binder. Controlled gelation of the boehmite gels
pressure drop due to the reduction in the void fraction. One allowed us to vary the viscosity of the slurry and to inves-
benefit of packed bed reactors is that commercial catalyststigate the effect of viscosity on the coating thickness. The
formulations that have already been optimized may be used.capillaries were characterized for wall coat thickness with
In contrast VLSI manufacturing methods (PVD, CVD) pro- a SEM and their activity for steam reforming of methanol
vide alternative approaches for deposition of thin catalyst was also investigated.
films, however these thin film deposition techniques may not
provide the high surface area required for catalytic reactions 2.1. Surry preparation
and are restricted to elemental catalysts. Other methods to
generate high surface areas in thin films include anodic oxi- The gels were prepared by adding boehmite (Catapal from
dation of silicon[12] or aluminum[13—15]surfaces through  Sasol Chemie GmbH), deionized (DI) water, and nitric or
electrolysis or thermal oxidation of aluminum rich stgié]. hydrochloric acid, to a 300 ml ball mill jar with 6 mm zir-
These methods of creating porous structure are limited to conia griding media. The boehmite powder was dispersed
sub micron layers. None of these methods are suitable for(deflocculated) with either nitric or hydrochloric acid prior
the methanol steam reforming reaction. to the gelation step: with proportion 10-20 wt.% Boehmite,
Deposition of thin porous silica films through sol gel pro- 1wt.% conc. HCI and balance DI water. Further acid was
cessing[17-19] has been done on flat or corrugatd] added in the subsequent gelation step, 0.75 to 3ml 1N HCI.
substrates with the use of dip and spin coating methods. AThe amount of acid added was determined by the desired
major limitation is that dip and spin coating processes are viscosity and gelation time. For the catalytic slurries, a com-
limited to deposition of wash coats on carrier plates followed mercially available BASF F13456 CuO/ZnOM); cata-
by reactor assembly. Although, this method is acceptable for lyst was used in this study. The catalyst is available in the
laboratory studies it proves to be too costly for a commer- form of 3 mm extruded pellets. The pellets were ground by
cial devices used for portable power generation. Processedand into coarse powder in a mortar and pestle. The cat-
such as wall coating channels of millimeter dimension for alyst was then added to the ball mill jar in the dispersing
monoliths used as catalytic converter in automobiles have step. The dispersing step was done overnight. Initially the
been done for decades. However, the adhesion of the wasfCuO/ZnO/AbOs catalyst and boehmite were loaded into the
coat is known to be a function of substrate porof2ty,22]. milling jar with DI H,O in the mass ratios of 44:11:100.
Methods of creating porosity on silicon, aluminum, and The ratio was varied to change the viscosity of the slurry.
stainless steel surfaces have been used to prepare surfacé&oehmite serves as the binder and dispersant for the catalyst
for wash coating of micro channels. However, these meth- particles in the film. Boehmite has been proven successful as
ods are manufacturing intensive. A new challenge is to wall a binder in extruded ceramic processjih§,23—-25] The vis-
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cosities of the slurries were measured with a plate and coneing a digital mass flow meter which allowed for total prod-

viscometer. uct gas flow to be monitored. The effluent of the reactor
was analyzed using a Varian CP-3800 gas chromatograph
2.2. Coating procedure (GC) equipped with a Porapak Q column and a TCD detec-

tor, using helium as the carrier gas. The analysis of the gas

The coating procedure consists of first washing the Phase species GOCO and CHOH along with a carbon
surface with hot sulfuric acid/solid-oxidizer mixture for balance allowed the methanol conversion and CO selectiv-
30 min at 100-126C. The solid oxidizer used in this paper ity to be calculated. The GC was programmed to sample
is NOCHROMIX® from GODAX Laboratories, Inc., Cat  reactor product gases at 30 min intervals around the clock.
Number 19-010. The sulfuric acid/solid mixture is called The entire system was automated by Labview software and

piranha etch in this paper. The surfaces were rinsed with @PPropriate data acquisition hardware.

DI H-0 followed by ethanol and dried in an oven at°&n The CuO/ZnO/A}O3 catalyst was used in its received,
This step was performed to remove organic material from calcined state. The reactor was heated to the reaction.temper—
the surface as well as to increase the extent of hydroxylationature of 230C under helium flow of 4 sccm at T&/min.

of the glass surface. The coating process was performed byThe helium was left to flow for an hour after the temper-
gas assisted fluid displacement, a method used for coatingdture reached 23@ before the water methanol mixture
walls of capillaries. The process is done in two steps: (1) Was introduced to the reactor. A mixture of 1:1.1 molar
filling the capillary with a viscous fluid, and (2) clearing the Methanol/water was pumped using an injection pump (Cole
capillary by forcing gas through iEig. 1 shows a diagram Par_mer 7490Q) at 0.2ml/h to a custom in-house .bu_ilt va-
of the process. When air is forced into one end of a capil- POrizer operating at 13@C. The vaporizer was optimized
lary, containing a viscous fluid, a bubble forms at the front 0 get a stable flow rate and minimize fluctuations in the
end. The bubble travels down the capillary forcing some of Water-methanol molar ratio. The kinetic data were collected

the liquid, leaving behind a fraction in the form of a film during the first 3 h of starting the methanol/water flow, no
covering the wall of the capillary. catalyst deactivation was observed. In some cases reaction

tests were carried out for 10 days to test for catalyst coat
adhesion. The data collection procedure was the same for

2.3. Catalytic activity tests
n y both the wall coated and packed-bed reactor configurations.

The reactor consists of a 4.1 mm quartz tube positioned
in an aluminum block heated by two cartridge-heaters. The
temperature of the aluminum block was controlled by a tem-
perature controller. The inlet and outlet temperatures of the
reactor were also monitored. The reactor effluent stream
passed through a gas-sampling valve, then through a con
denser to trap unreacted water and methanol before reach

2.4. Film thickness measurements

Scanning electron microscopy was used to measure the
thickness of the catalyst coat in the capillaries. A Hi-
tachi S-800 microscope was used for these measurements.
The quartz capillaries were scribed and cleaved to obtain
cross-section samples.

The liquid film thickness after gas displacement was also
[~ measured for the pure boehmite gel samples as described
next. A micro molar amount of fluorescein was mixed into
the boehmite gel sample for coating. A laser with wave-
length of 488 nm was used to excite fluorescein in the gel. A
filter was used to cut off all wavelengths below 500 nm prior
to detection. The fluorescence of the completely filled cap-
illaries was compared to the fluorescence of the wall coated
capillary at a wavelength of 515 nm. From the ratio of inten-
sity, the amount of liquid remaining in the capillary could
= be derived. Knowing the capillary dimension, the intensity
measurement could be used to derive liquid film thickness.

Capillary to be coated

amssaxd Iy ——p

Air pressure 0.14-1.03 MPa Wetting flaid

3mm Teflon tube
3. Results

The seminal work on the coating of capillaries with thin

) ) . . ) liquid films was done by Tayld26]. In his work, he showed
Fig. 1. Experimental setup for wall coating of capillaries. Air pressure that a thin fil f liquid Id be left behind wh filled
forces the wetting fluid through the capillary leaving behind a thin film. at a thin fim ot liquid wou € leit behind when a ifle

The magnified view of the capillary shows a schematic of the coating Capillary was purged with a stream of gdSg. 1 shows
achieved by gas-assisted displacement of a slurry. a schematic diagram of our experimental setup for coating
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of capillary tubes, which is similar to that used by Taylor.
Taylor's work correlated the film thickness of the coating
fluid as a function of the capillary numbe&®a = uu /o, for

a circular capillary. In this equatiom, is the fluid viscosity,

u is the displacing gas velocity ardis the surface tension

of the coating liquid. The maximum wall coat achieved was
56% of the capillary cross-section as t@a number ap-
proached a value of 2 in Taylor's work. Other researchers
have obtained 67% with the aid of improved appar§27$.

The diameters of capillaries coated in Taylor's experiments
ranged from 1.5 to 4 mm.

In our experiments, the primary variable was the viscosity
of the coating fluid. We prepared catalyst wash coat slurries
and pure boehmite gels, each with different solid loadings
and acid content. This was done to achieve different vis-
cosities. In this way the catalytic wash coat slurry viscosity
was varied between 150 and 250 cP, as showfign2 The
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Fig. 3. Fluorescence intensity measurements of ap580wall coated
non-Newtonian behavior of the boehmite gel solutions was and completely filled capillary. The incident laser had a wavelength of

488 nm. A fi

Iter was used to remove all emissions below 500 nm. The

very similar to that ofFig. 2 It was easier to tune the vis- : . i o
- . . . exterior polymer coating on the fused capillary capillaries was removed
cosities of the boehmite gels due to the interaction among yy tacilitate fluorescence intensity measurements at selected locations.

the boehmite crystallites. Thus, to understand the coating
behavior we started with gel samples.

The coating experiments were performed with boehmite
gel solutions (without catalyst) using 250 and %30 cap-
illaries. The extent of gelation of boehmite slurries was

more easily controlled. The boehmite gels were used to find q bl ith th ilari
the limit of the capillary coat thickness for a given capil- ever, we encountered a problem with the 250 capillaries,

lary diameter. The viscosities were varied in the range of since they formed discrete plugs as opposed to a uniform

100-1000cP by simply changing the boehmite and acid wall coat, as ShOW_” IfFig. 5 Fig. 6_shows a schematic di'.
content. The thickness of the gel coats was measured withdgram of the coating process which may lead to formation

fluorescence intensity measurements. The capillaries WereOf th_g plugs shown_ IfFig. S . .
Initially, the coating experiments for the catalytic slurry

of CuO/ZnO/AbO3 were done without the addition of acid.
A minimal coat of less than one micron was observed. Cov-

stripped of their exterior polymeric coating with a hot pi-
ranha etch. The coat thickness was derived through a linear
interpolation of the fully filled capillary fluorescence inten-
sity to that of the coated capillary, s€é&s. 3 and 4How-

erage was not uniform and only random patches were ob-
served. The necessity of the acid is two-fold: it activates
10000 4 the boehmite to go through condensation reactions with
?.CL 25 -
>
g 1000y High
e ] acid
& 20
S 2
2
- Q T
100_5 Low E 154 . ///
-~
acid E //,/ .
%] s BT
e 10- .
10 T T T T T f_’ ,///
0 50 100 150 200 < Bl
Shear Rate (1/sec) E 51
L
Fig. 2. The viscosity of the catalyst slurries as function of shear rate.
The slurry consisted of 7 wt.% boehmite, 28 wt.% catalyst, 1 wt.% of HCI 0 T ‘ T T
400 600 800 1000 1200

in concentrated form with the balance being DI water. Four milliliters
of 1IN HCI was added to drive the condensation reaction (the light line)
and an additional 5.25ml of 1IN HCI was added (the heavy line). It is
seen that the viscosity at high shear rates increased from 150 to 250 cPFig. 4. A plot of liquid film thickness (from measurements such as those
with increased acid addition. Each of the two curves shows the hysteresisin Fig. 3) as a function of viscosity. All capillaries were 58fn in
between the viscosity at decreasing and increasing shear rates. diameter and the only parameter varied was viscosity.

Viscosity (cP)
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Fig. 5. SEM image of a cross section of a failed attempt to coat a.850
capillary with an alumina gel. The alumina formed a discrete plug that
blocked the flow through the capillary.
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W/ Fchzon (kg catalyst)/(mol/s of methanol) for both re-
actors. A kinetic model first order in methanol was fit to
the data and is shown in solid lindsig. 10 shows the CO
selectivity versus methanol conversion. The CO selectivity
was calculated from the partial pressureBed/(Pco, +
Pco)] x 100. Both reactor configurations showed low cat-
alyst selectivity towards CO, which is very desirable. The
wall coated catalyst had a lower CO selectivity than the
packed bed configuration, as shownHig. 10 The high-
est mole %CO in the effluent stream from the wall coated
reactor was 0.57% at a methanol conversion of 96.5%.

4, Discussion

Extensive research has been done on wash coating meth-
ods for catalyst deposition in honeycomb monoliths used as
catalytic converters for automobiles. The procedure is simi-
lar to that outlined in this paper. Typically, the monoliths are
acid washed, rinsed and dried to clean the porous surface of
the monoliths. Then, a slurry wash-coat is applied to deposit
catalyst on the surface. The wash coats are then sintered to
yield an adherent catalyst coating. The adhesion strength of

other boehmite particles, as well as bonding them to the the wash coat to the monolith surface is a function of poros-

hydroxylated surface of the microchannefsg. 7 shows
a CuO/ZnO/AYO3 coat in a 53@m capillary. The slurry
consisted of 7wt.% boehmite, 28 wt.% catalyst, 1 wt.% of
HCl in concentrated form, balance DI water, for dispersion.
An additional 4 ml of 1N HCI was added to drive the con-
densation reaction for 6 h. The viscosity of the slurry was

ity of the surface, and also the temperature history of calci-
nation. The porosity of the ceramic monolith surface is typi-
cally 30-50% with mean pore size in the range of 320

The larger pore sizes yield higher adhesion stren@h28]
Similar wash coat techniques have been used for the man-
ufacturing of wall coated microreactors. Researchers have

about 150 cP. The parallel grooves seen in the image showused thermal oxidation of aluminum rich steel to create a

the effect of large particles (CuO/ZnOMK&D3) in the slurry.

porous AbOs layer to enhance the wash coat adhesion on

Fig. 8was a controlled experiment where the viscosity was microchannelq16,29] Anodic oxidation of aluming13]
increased through the addition of boehmite, where a thicker and silicon[12] has also been used to create porosity on the
coating could be generated. These figures demonstrate thesurface of microchannels. In these systems, the adhesion of

ability of this process to coat the inside of capillaries with
a catalytic film of CuO/ZnO/AIOs.

The activity of the wall coated catalysts was tested
with 4.1 mm i.d. quartz tubes that were wall coated or al-
ternatively were packed with 75 and 100 mg of catalyst.

the wash coat is determined by the ability of the wash coat
to branch into the pore space through capillary forces and
adhere mechanically after the films have been calcined.
Since our work is devoted to coating of non-porous sur-
faces, a critical factor is achieving enough adhesion to the

Fig. 9 shows the methanol conversion versus space timereactor wall. To test the adhesion, our initial measurements

J

Capillary forces can drive
the wall coat to form plugs

|

)7/ .

Section in
Figure 5

Fig. 6. Cross-section view of a circular capillary after gas displacement,

leading to a uniform thin film coating (top). The schematic below shows how

the capillary pressure could cause the wall coat to collapse into discrete plugs. An SEM image of the cross section of such a plug is-ighdvn in



118 J. Bravo et al./Chemical Engineering Journal 101 (2004) 113-121

Grooves
in coat caused by
larger particles in slurry X150 X170

80.00 pm 70.00 pm

Fig. 7. CuO/ZnO/AO3 catalyst coating on 530m fused silica capillaries. Nitric acid was used to gel the slurry. The film thickness varied from O to
10pm. The gas pressure used was 0.28 MPa for a 30 cm segment. Both SEM images are of the same sample at different locations.

were made with flat pieces of glass, fired ceramic green work of adhesionV, can be correlated to the contact angle
tape and silicon wafers. A jet of high pressure air (0.4 MPa) 6 through the Dupré—Young equati¢80]:

through a 6 mm i.d. tube was directed perpendicular to the ,,

surface. The coatings were evaluated in a pass or fail mode, ' olg(1 + cost) @)

fail if the coatings peeled or flaked off. The films were de- whereog is the surface tension of the coating fluid in air.
posited by dip coating. Glass and silicon coupons achieved FromEq. (1) it is evident that the work of adhesion is max-
adequate adhesion after the surface was cleaned by sonicamized when the contact angleis zero or we have near
tion with ethanol. However, the ceramic green tape could complete wetting of the fluid. XPS results of the sonicated
not be dip coated after the same ethanol pretreatment. Con-coupon revealed a significant amount of carbon on the sur-
tact angle measurements of water on the green tape surface. We found that a hot piranha etch was able to clean
face showed a value of 57The thermodynamic reversible the ceramic surfaces. The etched green tape coupons now

10.00 pm
X1110

Fig. 8. CuO/ZnO/A}O3 catalyst coating on 530m fused silica capillaries. The film thickness varied from 3 top®h The gas pressure used was
0.4 MPa for a 30cm segment and the viscosity of this sample was increased over figit Tn The image on the right is a higher magnification view
of the sample on the left.
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1.0- was applied. In an effort to increase the work of adhesion,
0.0 /j/ the capillaries were also treated with a piranha etch while
-] / using the same coating system showrFig. 1 After the
g 0.8 etch treatment of the 2mm capillary, a @B thick film
5 0_7-4?7%4_/ of CuO/ZnO/AbO3 catalyst was deposited. The piranha
) 06, etch proved to be an essential part of the coating procedure
E ] /‘ /ﬂ' and only the etched capillaries were able to be coated with
8 057 / adherent coatings of catalyst.
S 04 The next step was to be able to control the thickness of
C 53l / the deposited catalyst film. According to work of Taylor
f_—“ : // Packed bed [26], the deposited film thickness should increase with an
© 927 // = Fackedbe I increase in viscosityFig. 2 shows how the viscosity of a
= o1 s Wall coated | catalyst slurry solution could be changed from 150 to 250 cP
ol with the addition of nitric acid. The acid serves to catalyze
0 5 10 15 20 25 30 35 40 45 50 55 the condensation reaction between surface hydroxyls. Al-
WI/F (kg s/mol) though, the viscosity of the solution Fig. 2 may have in-

creased on its own without adding more acid, the time scales
Fig. 9. Reactivity for methanol steam reforming reaction for a packed bed Of gelation would be on the order of weeks to months. To
and wall coated reactors witR = 640 Torr andl’ = 230°C. The packed achieve gelation on the time scale of minutes to hours, in-
bed reactor consists of a 4.1mm i.d. quartz tube, the reaction zone is creasing amounts of acid were required. When boehmite gel
8.5 mm long packed with 100 mg (100-2f) particles. The wall coated slurries (Without CuO/ZnO/AI0; catalyst) were prepared

reactor was coated using the method described in this paper, the weight™ . | h d . | bl b
of the catalyst was 75mg on a length of 18cm of the quartz tube. Solid using HCl as the condensation catalyst, we were able to ob-

lines correspond to a first order kinetic model with respect to methanol. tain viscosities in the range of 100—1000 cP.
We wanted to study the effect of slurry viscosity on the

thickness of liquid films deposited using the setufFig. 1

showed a complete wetting behavior, where a small drop of \yeighing the tube was not sensitive enough to determine

DI water cpmpletely cpvered the coupons. After this pre- he amount of liquid film deposited. Hence, the approach
trerz?_tment(,jlr: was p055|_ble to coat t_he_green tape sdurf_ace dan e selected was to measure fluorescence emission intensity
achieve adherent coatings. To minimize stresses during dry-5,y correlate it with the liquid film thicknesig. 3 shows

ing, slow heating ramp rates ofC/min were used. the data collected from a 530n capillary coated with a

When. thésd.mtlethod (sonication I'md etf;anol . LOHOW?;? boehmite gel. The fluorescence approach is non-destructive
gas-assisted displacement) was applied to 4mm i.d. capi a"and may be extended to in situ coating experiments of thin

ie_s, suitable catalyst coatings could be d_e_posited_. quever,f”ms in glass capillaries. This technique can be used to mea-
with the_2 mm quartz and 530m fused silica cap_lllanes, sure the liquid films deposited in extremely small capillar-
the slurries were completely washed out when air PresSUr€ias. The amounts of fluorescein added are in the micromolar

range and are not expected to affect the properties of the
3.0 gel significantly.Fig. 4 is a plot that shows our initial ex-
periments on liquid film thickness as a function of viscos-
ity, with all other factors maintained constant. The limited
data available so far shows increasing liquid film deposited
> Packed Bed A on the capillary walls as the fluid viscosity was increased,
» Wall Coated which is consistent with Taylor's correlatid@6]. It is ex-
pected that the coat thickness should vary between zero and
a maximum value.

Identical experiments done on 2pén capillaries showed
atendency to form discrete plugs in the entire viscosity range
of 100-1000 cP, although, the number and size of plugs var-
o A ied with viscosity. This suggests that the size of the capillary

A may be an important factor. Unlike previous work which has
always assumed that the fraction of liquid film left behind
55 60 65 70 75 80 85 90 95 100 was dependent only on the capillary number. There was no
explicit lower limit to the size of the capillary or channel
being coated. However, it is apparent that in microchannels,

Fig. 10. CO selectivity (CO/CGr COy)versus methanol conversion for the curvature of the microchannel could play an important

packed bed and wall coated reactors. The reaction conditions are the samdOl€ in determining the coating behavior. For the coat to be
as those irFig. 9. stable, the fluid needs to withstand the capillary pressure
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N
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]
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S
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given by the Young-Laplace equation: action. We have taken 3 mm extruded pellets of a fully for-
1 1 mulated, commercial BASF CuO/ZnO/D3 catalyst and

AP=o <r— + r—) (2) developed coatings of 3bm thickness in channels as small
1

as 53Qum in diameter. The catalytic activity of the wall
were AP is the capillary pressure amg andr; are the two coated catalyst was compared to a packed catalyst bed using
radii that determine curvature. Herg, is infinity andr, a4.1mmi.d. tube. We found that the apparent catalyst activ-
is the radius of inner diameter after coating. The capillary ity of the wall coated catalyst showed improvement over the
pressure will clearly increase with a lowering of channel di- same catalyst in packed bed form. Methods to control the
ameter. At some point, a fluid instability may lead the fluid thickness of a liquid film coating using controlled gelation of
to fill the entire cross-section, rather than form a thin film boehmite slurry were developed. It was found that in the 250
as shown in the schematic diagranFig. 6. By modifying wm channel, the deposited thin films became metastable and
the coating fluid properties, such as surface tension and vis-capillary forces caused the film to form discrete plugs that
cosity, we may be able to achieve thicker coatings in narrow blocked fluid flow in the capillary. The work shows the fea-
capillaries. Future work will be directed at understanding sibility of wall coating 25.m thick coats of Cu/ZnO/AlO3
these effects in micro capillaries. catalyst on non-porous surfaces such as quartz, fused silica.
Figs. 7 and 8how SEM images of catalyst coatings in With this approach, we can us pre-assembled microreactors
the 530um fused silica. With the increase of viscosity the and achieve wall coatings in a cost effective manner.
coat thickness doubled. The adhesion strengths of the coat
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