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Catalytic combustion of high concentrations of methane over Pd-loaded v-Al,05 catalysts coated in
microchannels was investigated. Three types of y-Al,03 coating structures were prepared in microchan-
nels: a well defined ordered macroporous structure (inverse opal structure), a random macroporous
structure and a structure without macropores (dense structure). Pd-based catalysts were loaded on
the prepared coatings using the incipient wetness impregnation method. Test results for the catalytic
combustion of methane indicated that the catalysts supported on coatings with an ordered or random
macroporous structure showed better reactive activity than those on coatings with a dense structure.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Natural gas, which is composed mainly of methane, has recently
attracted attention because it combusts with less byproducts
compared to other fuels. Flame combustion [1,2] and catalytic com-
bustion [3,4] have been performed to produce thermal energy.
Catalytic combustion has very attractive characteristics compared
with flame combustion. The combustion temperature is lower
and combustion is performed at a concentration range outside of
flammability limits, due to the complete oxidation property. As a
result, almost no NOy, CO or particulate matter can be observed.

Integrated microchemical systems for fuel processing appli-
cations have been widely studied in recent years [5,6]. Catalytic
combustion of methane in a conventional fixed-bed reactor has
been widely studied [7-16]. However, methane concentration in
the feed gas is usually as low as 1.0 vol.% due to the explosive limit
of methane, in the range of 5-15vol.% in air. In a microchannel
combustion system used as a heat source for other microdevices,
catalytic combustion at relatively high concentration is needed.
In this particular case, a reactor could minimize the possibility of
explosion, due to its small reactor volume [5].

The catalysts for methane combustion can be divided into two
groups, noble metals such as Pt, Pd, Rh, and Ru, and transition
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metal oxides such as Co304, CuO, Cr;03 and MnO,. Transition
metal oxides show catalytic activity at relatively high tempera-
tures (>700°C), and thus are not suitable for use in stainless steel
microreactors due to low operating temperature limits. Among the
noble metal-based catalysts, the activities of Pd and Pt are con-
sidered to be significantly higher than the others, and Pd-based
catalysts always show the best activity in methane combustion
[17]. The effects of porous ceramic supports, such as Al,03, SiO5,
Si0,-Al,03, ZrO,, SnO, and TiO,, on catalytic activity have also
been extensively studied. The most common catalyst for methane
combustion at low temperatures is Pd loaded y-Al,03 catalyst. It
has been reported that PdO was active in methane combustion,
whereas Pd was less active, and the interaction between PdO and
alumina considerably improved thermal stability in the oxidizing
atmosphere [18-20].

In a microchannel reactor, the catalyst support should be coated
on the surface of the microchannel. To date, wash-coating and
dip-coating have been the most common methods. Using these
methods, a dense catalyst-coating layer could be successfully
formed on the wall of a microchannel [21,22]. In order to increase
the area of contact between the catalysts and reactants in the
small space, some improved methods have also been proposed. For
instance, Kenis and co-workers [23-25] developed a method for the
preparation of SiCN and/or SiC catalyst supports with inverse opal
structure in microchannels, and used the catalysts for ammonia
decomposition and propane steam reforming to produce hydro-
gen for a fuel cell. Mo-promoted Pt catalyst supported on the Al;03
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inverse opal structure showed excellent reactivity for propane com-
bustion in the microchannel reactor [26]. The Al,03 inverse opal
structure was formed by a process in which Al,03 in the voidage
around a hexagonal polymer sphere packing with the spheres after-
wards burnt out. However, it was found that the inverse opal
structures prepared in the microchannel did not strongly adhere
to the wall of the channel. The inverse opal structure had to be
reinforced by the addition of ceramic glue to enhance the adhesive
properties. In the present study, we coated a macroporous y-Al;03
support layer in the microchannel using two methods: infiltration
of y-Al, 03 sol into the opal structures formed in the microchannel,
which is the same process reported in the literature [26], and direct
coating of a suspension composed of uniform template polymer
particles, y-Al, O3 ceramic nanoparticles and binding materials. Pd-
based catalysts were loaded on the support layer using the incipient
wetness impregnation method. Catalytic reaction tests for methane
combustion using the Pd-based catalysts with the two kinds of
macroporous structures were then performed, and the results were
compared with a catalyst system without a macroporous structure,
prepared by a wash coating method.

2. Experimental
2.1. Design of the microchannel reactor

The microreactor design was composed of two stainless steel
plates with microchannels, which were jacketed in a stainless steel
cell as shown in Fig. 1. Each plate had 14 microchannels of 25 mm
long, with a semicircular cross-section (500 wm wide, 250 wm
deep). Accordingly, the cross-sectional shape of the microchannel
was circular. Before preparation of the coatings in the microchan-
nels, the plates were cleaned and thermally treated at 800°C for
2 h, followed by clean treatment with distilled water and acetone.

2.2. Preparation of Al,03 supports in the microchannel

2.2.1. Preparation of Al,03 support with random macropores

As shown in Fig. 2(a), 0.5 g of PMMA particles (Soken Chemi-
cal and Engineering Co., Japan) 310 nm in size were dispersed in
4 ml of distilled water containing 6 wt.% of polyvinyl alcohol (PVA,
Fluka). Then 0.5g of y-Al,03 nanoparticles (Alfar Aesar, particle
size=8-14nm) were dispersed into the mixture under stirring.
After 24 h stirring at room temperature, the resulting suspension
was introduced into the microchannels. It was found that the sus-
pension could be moved along the microchannel automatically by
capillary force from one side to the other. The coated plates were
dried at 90°C for 12 h and then heated to 300°C in air and kept at
this temperature for 2 h to burn out the PMMA particles. In order
to remove all the organic components, the plates were further cal-
cinated at 600°C for 3 h.

2.2.2. Preparation of Al,03 support with inverse opal structure

The inverse opal structure of y-Al,03 was prepared accord-
ing to the method used in a previous paper [26]. As shown
in Fig. 2(b), 10wt.% of PMMA colloidal suspension was intro-
duced into the microchannel. When water in the suspension
was evaporated at room temperature, PMMA opals with well-
defined structures were formed in the microchannels. PMMA
particle-packed microchannels were heated at 90°C for 24h in
order to improve connectivity between the neighboring parti-
cles.

Aluminum sol was prepared by dilution of 2 ml of aluminum-tri-
sec-butylate (Aldrich) in 4 ml of absolute ethanol and then stirred in
a capped bottle for 15 min, followed by addition of 1 ml of a mixture
of acetylacetone (Aldrich) and ethylacetoacetate (Aldrich) with a
molar ratio of 1:4 as stabilizer. After stirring for 2 h, a concentrated
nitric acid solution (69%, Wako) was added drop by drop to adjust

Fig. 1. Microchannel and its jackets. (a) Microchannel; (b) cross-section of microchannel; (c) microchannel in the jacket; (d) jackets.
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Fig. 2. Coating methods for the preparation of supports in the microchannels. (a) Coatings with random macropores; (b) coatings with well-defined macropores; (c) coatings

without macropores.

the pH value to 4.5. A stable clear sol was obtained. The prepared
Al,03 sol was then infiltrated into the void in the PMMA opals in
a nitrogen-purged glove box. The infiltration process was repeated
several times due to the low concentration of the Al,03 sol. The
heat treatment procedures were the same as those described above.
Due to the shrinkage effect, the cracks that formed were restored by
carefully filling of a small amount of Al,03 suspension composed
of Al;03 nanoparticles, polyvinyl alcohol and water [26].

2.2.3. Preparation of Al,03 support without macropores

As shown in Fig. 2(c), y-Al, 03 nanoparticles were dispersed in a
solution containing 6 wt.% PVA and 2 wt.% acetic acid under stirring.
The obtained suspension was wash-coated in the microchannels
using a method reported in the literature [21]. The calcination
methods for the wash-coated plates were the same as those
described above.

Inlet sampling

2.3. Impregnation of catalysts

Incipient wetness impregnation of Pd catalyst on the porous
Al, 03 support layer in the microchannels was performed as fol-
lows: a calculated amount of aqueous solution of Pd(NO3), based
on the weight of the Al,03 layer was dropped into the layer, fol-
lowed by drying at 120 °C for 12 h, and was then calcinated at 500 °C
for 3 h. The Pd catalyst loaded on the Al,03 layer in the microchan-
nels was obtained in this manner. In this study, 1.0, 2.5, and 5.0 wt.%
Pd-loaded catalysts were prepared.

2.4. Characterization

The morphologies of the prepared coatings were observed with
a scanning electron microscope (SEM, Hitachi, S-5200). Powder
X-ray diffraction (XRD) patterns of the catalysts were recorded
on a Rigaku RINT-2500 diffractometer using Cu Ko radiation

Outlet sampling

controller

Soap film
Microreactor flow meter
Temperature Cold trap

Fig. 3. Schematic diagram of the methane combustion set-up.
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(A=0.15418 nm) generated at 40kV and 30 mA. Nitrogen absorp-
tion/desorption isotherm measurements were done at 77K on a
Micrometritics ASAP 2010 gas sorptometer. Prior to the measure-
ments, the samples were degassed at 120°C for 12 h.

2.5. Catalytic reaction

Two plates with catalyst coatings were jacketed tightly using
two jackets, as shown in Fig. 1(d). A schematic diagram of the
methane combustion set-up is shown in Fig. 3. The reaction was
performed at isothermal conditions, and the reactor temperature
was controlled by a thermocouple attached to the microreactor.
The gas flow rates of methane and air were controlled by mass flow
controllers. CH4 concentrations in the feed gas stream were 9.5, 6.0,
5.0 and 4.0%. The feed gas was introduced into the microreactor at
the total flow rates of 30, 60 and 90 ml (STP) min~!. After conden-
sation of the produced water by an ice trap, CO, CO, and CHy4 in
the effluent dry gases were analyzed by a gas chromatograph (GC-
8A, Shimadzu) equipped with a flame ionization detector. In order
to detect low levels of CO and CO,, a methanizer (MT221, GL Sci-
ences) packed with a nickel catalyst powder was installed on the
gas line before the FID detector. H, was analyzed simultaneously by
a gas chromatograph (GC-8A, Shimadzu) equipped with a thermal
conductivity detector.

3. Results and discussion

Fig.4(a)and (c) shows SEM images of prepared y-Al, 03 supports
with random and ordered macroporous structures, respectively.
Fig.4(d) shows the y-Al, 03 supports without macropores, prepared
by the wash-coating method. Fig. 4(b) shows the self-arranged
PMMA particles with close-packed opal structure in the microchan-
nel before the support with the inverse opal structure was prepared.
The macroporous y-Al,03 support with a regular hexagonal struc-
ture was formed (Fig. 4(c)), indicating that the well defined ordered

PMMA template was well replicated. The pores connected to the
deep layer can be also clearly seen. Theoretically, the total poros-
ity of the ordered macroporous structure is as high as 74%, and it
can have advantages when used as a catalyst support. However,
it was found that this structure had low mechanical strength, and
cracks were very easily formed due to the shrinkage (ca. 19%) of the
infiltrated sol, as well as shrinkage of the polymer particles used
during calcination. Therefore, a post-treatment must be performed,
as described in the experimental section.

A macroporous v-Al,03 support with a random structure
(Fig. 4(a)) was formed in the microchannels when the method sug-
gested in Fig. 2 (a) was used. The pores were uniform and spherical
in shape, with a pore diameter of ca. 300 nm, which is smaller than
the raw PMMA spheres (310 nm) due to shrinkage of the polymer
and sintering of the nanoparticles. Few cracks were formed along
the whole microchannel, due to the utilization of nanoparticles as
infiltration materials, which was expected to lead to less shrink-
age than the sol. The total porosity of the coating layer was ca.
70% in the present study, which could be advantageous for use
as a catalyst support. In addition, the wall thickness of the pores
was greater than that of the inverse opal structure, and as a result,
the mechanical strength and adhesion force to the surface of the
microchannel were enhanced. The procedure to prepare an alumina
support with a random macroporous structure is cost-effective and
timesaving. A similar procedure has recently been used to pre-
pare random macroporous yttria stabilized zirconia (YSZ)-based
composites for solid oxide fuel cell (SOFC) applications [27]. This
method improved the performance of SOFC electrode materials.
Tang et al. [28-30] used a similar process for the fabrication of
macroporous a-Al,03, TiO, and ZrO, materials, but no applica-
tion results were reported. Obviously, a catalyst support with a
macroporous structure could provide a wide surface area for the
catalytic reaction in a microchannel reactor. As shown in Fig. 4(d),
a dense layer with random micropores was formed when using
wash-coating method.

Fig. 4. SEM images of prepared y-Al,03 coatings in the microchannels. (a) Coating with random macropores; (b) PMMA opals in the microchannel; (c) coating with

well-defined ordered macropores; (d) coating without uniform macropores.
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Fig.5. Methane conversion over 5 wt.% Pd/Al, O3 catalysts with ordered and random
macroporous structures and without macroporous structure as a function of the
reaction temperature. WHSV =15,200dm3 h~1 g 1.

The steady-state methane conversions over 5wt.% Pd/Al,03
catalysts with ordered and random macroporous structures and
without macroporous structure, as a function of the reaction tem-
perature, are shown in Fig. 5. Elapsed time of 30 min was enough
to attain a steady state, judging from the data on product composi-
tion. No carbon monoxide was detected in any of the experimental
conditions. Methane conversions for the catalysts with ordered and
random macroporous structures were almost the same, regardless
of porosity differences. Judging from the results obtained by the
three catalysts, the introduction of macropores in the catalyst struc-
ture highly enhanced the reactivity of methane combustion. The
microchannel reactor itself can be designed to provide rapid mass
transfer due to a short diffusion length. Furthermore, the introduc-
tion of macropores on the microchannel wall surface increased the
contact area for the reaction gas and coated catalysts. This could be
especially beneficial for fast gas-solid reactions such as methane
oxidation.

The methane concentrations for the combustion systems in the
literature [7-16] were always kept below 3 vol.% in order to avoid
possible explosive problems. In the present study, the methane con-
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Fig.6. Methane conversion over 5 wt.% Pd/Al,O5 catalyst with random macroporous
structure as a function of reaction temperature at various space velocities.
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Fig. 7. Methane conversion over Pd/Al,0; catalyst with random macroporous
structure as a function of reaction temperature with different Pd contents.
WHSV =15,200dm> h~! g, .

centration in the inlet gas mixture was as high as 9.5 vol.%, which
is in the range of methane explosive limits (5-10vol.%), but the
appearing reaction process was just the controlled oxidation of
methane. This suggests that the mixtures of methane and air were
safely handled due to the high heat transfer rates and the explosion
inhibiting dimensions of the microchannels. Thus, the methane
could be completely converted without explosions by maintaining
a heterogeneous catalytic reaction using the designed microchan-
nel reactor.

Fig. 6 shows methane conversion over 5wt.% Pd/Al,03 cata-
lyst with a random macroporous structure under conditions with
different space velocities. When the weight hourly space velocity
(WHSV) of the gas phase was below 7600 dm3 h~! g¢,¢~!, methane
could be completely converted to CO, and H,0 at 500°C with a
residence time above 69 ms in the microreactor. When the WHSV
increased to 15,200dm3h~1g.,~! with a residence time below
46 ms, the temperature of complete methane conversion increased
to above 550°C. This phenomenon is similar to that of propane
combustion in the microchannel reactor [26]. When the methane
concentration was decreased to 4.0% at 550 °C and the WHSV was
15,200dm?3 h~1 gc¢ 1, methane conversion was decreased to 91%.
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Fig. 8. XRD patterns of (a) Al,Os; (b) 1.0wt.% Pd/Al,0s5; (c) 2.5wt.% Pd/Al, 03 and
(d) 5.0 wt.% Pd/Al, 03 with random macroporous structure.
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Fig. 9. Long-term stability test for methane combustion over 2.5 wt.% Pd/Al, 05 with random macroporous structure.

Table 1
Surface areas of as-prepared Pd/Al, O3 catalysts with random macroporous structure

Catalyst Surface area (m2g1)
Al;03 277.5
1.0 wt.% Pd/Al, 03 2733
2.5wt.% Pd/Al, 03 268.4
5.0 wt.% Pd/Al, 05 261.8

Fig. 7 shows methane conversion over Pd/Al,03 catalyst with
a random macroporous structure at different loading levels of Pd.
It was found that the activity of Pd/Al,O3 rose with an increase
in Pd content in the range of 1.0-2.5wt.%. The catalytic activity
improved very little when the Pd content increased further from
2.5 to 5.0 wt.%. Fig. 8 shows XRD patterns of the catalysts prepared
with Pd contents of 1, 2.5, and 5.0 wt.%. When the concentration
of Pd loading on the Al,03 support was below 2.5 wt.%, the reflec-
tions of PdO were unclear because of the small particle size with
low crystallinity. When the loading amount increased to 5 wt.%, PdO
reflection peaks became clear and sharp because of the aggregation
of small PdO particles. Comparing the catalytic activities of 2.5 wt.%
Pd/Al, 05 with 5.0 wt.% Pd/Al,03, we can consider that small PdO
particles, dispersed on the support for 2.5 wt.% Pd/Al,03 catalyst,
could provide enough active sites and enhance catalytic activity for
methane oxidation. Although the particle size of PdO was larger
in 5.0 wt.% Pd/Al,03 catalyst, it could also provide enough active
sites for the reaction because the total amount of Pd was higher. As
a result, both conditions showed almost the same catalytic activ-
ity. Table 1 indicates that Al,O3 powder prepared with a random
macroporous structure had a BET surface area of 277.5m2 g1, It
should be noted that this kind of Al, O3 powder also contained large
numbers of micropores, besides the macropores obtained from the
PMMA particle template. Loading of Pd on this support could block
some of the micropores on the framework, and reduce the total
BET surface area. However, only about 5.7% of the surface area was
reduced with 5.0 wt.% Pd/Al, O3 catalyst.

Long-term stability testing for methane combustion over
2.5wt.% Pd/Al;03 with a random macroporous structure was
performed. As shown in Fig. 9, it was found that the catalyst
showed stable behavior at 550 °C for 95 h, but the reactivity sharply
decreased with the reaction time at 450°C. When the reaction
temperature increased to 550 °C after 180 h, the catalytic reactiv-
ity recovered to the initial state. It is possible that the incomplete
combustion of methane at 450°C in the microchannel for a long
period could lead to the deposition of carbon on the catalyst surface,
especially in the case of high concentration methane feed.

4. Conclusions

v-Al;03 catalyst supports with ordered and random macro-
porous structures and without macroporous structure were

fabricated in microchannels. Pd catalysts with different concen-
trations were loaded using the incipient wetness impregnation
method. Complete catalytic oxidation of high-concentration
methane over the prepared catalysts in the microchannel reac-
tor was investigated. The catalyst support with ordered macropore
structure (inverse opal structure) had high porosity and highly uni-
form morphology in the microchannel, and showed the highest
reactivity. However, the catalyst with random macroporous struc-
ture showed reactivity comparable to the catalyst with ordered
macropore structure, and its fabrication process was very simple
and easy. This indicated that introduction of macropores into the
support by different methods can enhance catalytic reactivity in
the microchannel reactor.
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