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Abstract−Catalytic oxidation of formaldehyde, carbon monoxide, and methanol over cordierite-supported manga-
nese-cerium-aluminum mixed oxides was investigated in a laboratory reactor. The activities of base metal oxides (BMO)
comprising 27% MnO2, 21% CeO2, and 52% Al2O3 supported on cordierite monoliths calcined at 1,000 oC for 3 h in air
dropped very rapidly due to the migration of mobile silicon dioxide (SiO2) from the cordierite to the base metal oxides
to react with or physically block the active catalysts. To immobilize migrating SiO2, barrier coats composed of alkali
metal (Ba, Sr, Ca, Mg) oxides and alumina were applied to the cordierite prior to coating with active base metal oxides.
The base metal oxides supported on cordierite monoliths pretreated with BaO-Al2O3 barrier coats and calcined at
1,000 oC for 3 h in air, initiated the oxidation of HCHO, CO, and CH3OH at 150, 220, and 170 oC, respectively. These
catalysts turned out to be more effective for the formaldehyde oxidation than 0.5% Pt/Al2O3 precious metal catalysts.
Carbon monoxide and methanol oxidation conversions were comparable. The incorporation of small amount of palla-
dium (0.147 wt%) to base metal oxides supported on cordierite monoliths pretreated with BaO-Al2O3 barrier coats,
showed the superiority for HCHO, CO, and CH3OH oxidation to 0.5% Pt/Al2O3 precious metal catalysts. The tempera-
tures of 50% conversion of formaldehyde, carbon monoxide and methanol were 70 oC lower over base metal oxides
catalysts than over precious metal catalysts.
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INTRODUCTION

Catalytic oxidation can effectively remove formaldehyde, car-
bon monoxide, and methanol from the exhaust of methanol-fueled
vehicles. The exhaust of methanol-fueled vehicles differs from that
of gasoline-fueled vehicles principally by the composition of the
organic constituents. Formaldehyde, carbon monoxide, and meth-
anol concentrations emitted from methanol-fueled vehicles are much
higher than those emitted from gasoline-fueled vehicles [1]. The
negligible emission of sulfur compounds from methanol-fueled
vehicles represents another significant difference between metha-
nol and gasoline exhaust.

These differences in composition of methanol- and gasoline-
vehicle exhaust raise the possibility that the optimum catalyst for
methanol-vehicle exhaust may differ from that for gasoline-vehi-
cle exhaust. To explore this possibility, laboratory oxidation experi-
ments were conducted with a series of catalysts containing group 7
(Mn), 8 (Ru), 9 (Rh), 10 (Ni, Pd, Pt), and 11 (Cu, Ag, Au) metals
as the active components [2-12]. Most of metals were dispersed on
γ-Al2O3 beads. Partial oxidation and dehydrogenation of metha-
nol to formaldehyde were anticipated to be a problem with some
catalysts as suggested in the literature [13,14]. The activities and
selectivities of the catalysts were examined primarily as a function
of temperature. Particular attention was given to the relative activi-

ties and formaldehyde selectivities during low-temperature oxida-
tion since methanol-fueled vehicles generate high emission rates of
formaldehyde during cold-start and warm-up.

Early in 1984, McCabe and McCready [15] studied formalde-
hyde oxidation on a Pt wire and found that the kinetics of the Pt-
catalyzed oxidation of formaldehyde is similar to carbon monox-
ide oxidation kinetics. McCabe and Mitchell [16-18] employed a
prereactor to produce formaldehyde by the partial oxidation of meth-
anol to simulate vehicle exhaust in which methanol and carbon
monoxide were also present. They found that the catalysts contain-
ing Pt and Pd supported on γ-Al2O3 beads oxidized methanol very
rapidly in the absence of CO, but in the presence of CO the meth-
anol oxidation activity was strongly deactivated. In contrast to the
Pt and Pd catalysts, methanol oxidation over the Ag and Cu-Cr
catalysts supported on γ-Al2O3 beads, is virtually unaffected by the
presence of CO. Consequently, although the Ag and Cu-Cr cata-
lysts are much less active than the Pt and Pd catalysts in the absence
of CO, their low-temperature activities are comparable to or better
than those of the Pt and Pd catalysts in the presence of CO. They
also reported that the most unusual behavior was observed with
the Pd catalysts, which showed local minima in the HCHO con-
version versus temperature profiles.

Foster and Masel [19] investigated the kinetics of formaldehyde
oxidation and found that the oxidation rate showed a complicated
dependence on the feed composition. The rate was enhanced by
adding the CO2 in the feed. Imamura et al. [20,21] studied the form-
aldehyde oxidation over CeO2-supported Ru and Ag precious metal
catalysts using aqueous formaldehyde containing methanol as a
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stabilizer in the feed. Silver-cerium composite oxide was active for
low temperature oxidative decomposition of formaldehyde. The
surface oxygen of this composite catalyst was removed more easily
than that on single component Ag2O or CeO2, which also seemed
to contribute to the high activity of this catalyst. IR analysis revealed
that the formaldehyde decomposed both on silver-cerium com-
posite catalyst and CeO2 in the presence of oxygen.

Mao and Vannice [22] investigated formaldehyde oxidation over
Ag catalysts dispersed on α-Al2O3 and SiO2. They found that at
200 oC the reaction orders were near 0.3 for both HCHO and O2.
Arias’ group [23,24] studied the formaldehyde and methanol oxi-
dation over Mn and Pd-Mn catalysts supported on γ-Al2O3. They
showed that alumina-supported manganese catalysts with manga-
nese loadings ranging from 3.9 to 18.2 wt% achieved total com-
bustion at 230 oC. The activities for HCHO and CH3OH oxidation
increased with increasing manganese loadings.

Torres et al. [25] prepared mesoporous MnOx catalysts using the
template-assisted method followed by an acidic treatment for the
oxidation of formaldehyde. The structural, textural, and redox prop-
erties of MnOx catalysts were deeply modified when an acidic treat-
ment was carried out after the calcination step. The specific surface
area was increased by 75% and redox properties were promoted at
low temperatures due to the oxidation of Mn+3 to Mn+4. As a result,
the catalytic oxidation of formaldehyde took place at low tempera-
tures.

The main objective of present work was to study the catalytic
oxidation of formaldehyde, carbon monoxide, and methanol over
the base metal oxides supported on cordierite monoliths calcined
at high temperatures. The deactivation of base metal oxides by mi-
grating SiO2 from the cordierite to the active catalyst was presented
and the effect of barrier coats composed of alkali-earth metal (Ba,
Sr, Ca, Mg) oxides and alumina on the activities of base metal oxides
for HCHO, CO, and CH3OH oxidation was investigated to develop
the base metal oxides free of expensive platinum and rhodium pre-
cious metals supported on cordierite monoliths for methanol-fueled
vehicles.

EXPERIMENTAL

1. Catalyst Preparation
The base metal oxides (BMO) comprising 27% MnO2, 21% CeO2,

and 52% Al2O3 were prepared by coprecipitation method. Saturated
ammonium bicarbonate (Aldrich Co., 99.0%) was slowly added to an
aqueous solution containing Mn(NO3)2·4H2O (Aldrich Co., 99.0%),
Ce(NO3)3·6H2O (Aldrich Co., 99.0%), and Al(NO3)3·9H2O (Aldrich
Co., 98.0%) at 50 oC until the pH value of the mixture reached 6.9
with stirring and CO2 sparging. The precipitate was further aged
at 50 oC for 1 h in the mother liquid. After filtration and washing
with distilled water several times, the obtained cake was dried at
120 oC for 24 h. A dried precipitate was calcined at 1,000 oC for 3 h
in air to test the activities of base metal oxides in the condition of
methanol-fueled vehicle operation. After calcination the base metal
oxides were either screened to 8-14 mesh for granular catalysts, or
milled for subsequent impregnation on a monolith. In the latter
case, the material is milled wet in a ball mill with the 20% (or 14%)
colloidal ceria for 24 h to improve the adherence of catalytic mate-

rial to the support. The monolith support was coated by dipping
the support into a slurry of the milled base metal oxides. The coated
support was dried at 120 oC for 24 h and calcined at 1,000 oC for
3 h in air.
2. Activity Measurement

The reactions were carried out under an atmospheric pressure
with a tubular flow reactor made of quartz tube (inner diameter
20 mm). Monolith sample was 35 mm by 14 mm OD and wrapped
in a ceramic fiber paper to fit tight in the reactor. Granules were
packed in small quartz cups with perforated bottoms. Ten millili-
ters of the catalysts was charged in the reactor and the reactor was
heated with an electric furnace. N2, O2, CO, and CO2 were sup-
plied from individual gas cylinders. The flow rate of each gas was
controlled by mass flow controller. Molecular sieve (10X) traps were
installed in the N2, O2, and CO2 supply lines. A carbonyl trap, packed
with potassium carbonate impregnated on alumina (K2CO3/Al2O3)
spheres, was installed to remove iron carbonyl.

Liquid components including formaldehyde, methanol, and water
were fed into the evaporator by use of an automatically driven syringe
under a flow of nitrogen. The vaporized mixture was then supplied
to the reactor through a line electrically heated at 120 oC to avoid
the condensation of the reagents. The feed gases passed downward
through the reactor and sequentially contacted stacked layers of
quartz bead, the catalyst, and quartz wool. Temperatures were meas-
ured with a chromel-alumel thermocouple positioned along the
centerline with its tip located in the catalyst bed a few millimeters
below the top of bed.

The composition of the reacting gas mixture was HCHO: 0.07%,
CH3OH: 0.5%, CO: 1.1%, H2O: 17.6%, CO2: 15.6%, O2: 1.7%, and
N2: 63.2%. The space velocity of this reaction gas was 50,000 h−1

unless otherwise noted. The reaction was carried out from room
temperature to 500 oC with steps of 50 oC. N2, O2, and CO were
analyzed by using a Hewlett Packard 5890 gas chromatograph using
a molecular sieve 13X column and a thermal conductivity detec-
tor. HCHO, CH3OH, and CO2 were analyzed by using a Porapak-
T column, a methanation column, and a flame ionization detector.

The BET surface areas were measured by the physical adsorp-
tion of nitrogen on the samples. N2 adsorption isotherms of the
samples were obtained at −196 oC using a Micromeritics ASAP 2010
instrument. The specific surface area was determined by using the
linear portion of the Brunauer-Emmett-Teller (BET) model, and
the average pore size was calculated by using the Barrett-Johner-
Halenda (BJH) formula from the desorption branch of the N2 ad-
sorption isotherm. Before these measurements, the samples were
degassed under vacuum at 350 oC for 24 h. X-ray powder diffrac-
tion (XRD) patterns were recorded with an Expert PRO MRD dif-
fractometer (Phillips, U.S.A.) operated at 40 kV and 250 mA using
nickel-filtered CuK

α
 (λ=1.5406 Å) radiation.

RESULTS AND DISCUSSION

Fig. 1 shows steady-state conversions for HCHO (solid curve),
CO (dash curve), and CH3OH (dash-dot curve) oxidation as a func-
tion of catalyst temperature over base metal oxides (BMO) com-
prising 27% MnO2, 21% CeO2, and 52% Al2O3 in a granular form
calcined at 1,000 oC for 3 h in air. The BMO catalyst initiated the
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oxidation of HCHO, CO, and CH3OH at 40, 75, and 100 oC and
reached the complete conversion of HCHO, CO, and CH3OH at
320, 370, and 280 oC, respectively.

Formaldehyde oxidized more readily over the BMO catalyst in
a granular form calcined at 1,000 oC for 3 h in air. Carbon monox-
ide oxidized more difficultly over the BMO catalyst. The activity of
the BMO catalyst for methanol oxidation was placed between the
formaldehyde and carbon monoxide oxidation. The activities of
the BMO catalyst in the granular form calcined at 1,000 oC for 3 h
in air for the oxidation of formaldehyde were higher than those for
the oxidation of methanol at the temperature below 240 oC. Above
240 oC the activities of the BMO catalyst for the oxidation of metha-
nol were higher than those for the oxidation of formaldehyde. The
conversion versus temperature profile for HCHO oxidation is sim-
ilar to that for CO oxidation. CO2 and H2O were the only prod-
ucts of HCHO oxidation observed in this study. Steady-state con-

versions for HCHO, CO, and CH3OH oxidation over the commer-
cial precious metal catalyst (0.5% Pt/Al2O3) calcined at 1,000 oC for
3 h in air are shown in Fig. 2. The precious metal catalyst initiated
the oxidation of HCHO, CO, and CH3OH equally at 235 oC and
approached the complete conversion of HCHO, CO, and CH3OH
equally at 240 oC, respectively.

McCabe and McCready [15] studied the formaldehyde oxida-
tion on a Pt wire. They found that the kinetics of the Pt-catalyzed
oxidation of formaldehyde was similar to carbon monoxide oxida-
tion kinetics. The dissociative adsorption as CO(a) and H(a) was
followed by surface reaction with O(a) to produce CO2(g) and H2O
(g). The low-temperature regime is characterized by high concen-
tration of CO(a) which inhibits O2 adsorption, thereby resulting in
negative-order CO and positive-order O2 kinetics. As the tempera-
ture is increased, the CO desorption rate increases sharply due to
the high activation energy for CO desorption. Thus, the concen-
tration of CO(a) decreases at high temperatures allowing rapid ad-
sorption and reaction of oxygen.

The activity of the BMO catalyst for HCHO oxidation was much
higher than that of the precious metal catalyst at the temperatures
below 200 oC as shown in Figs. 1-2. The conversion versus tem-
perature profile for CH3OH oxidation over the BMO catalyst shifted
to a little higher temperature for the precious metal catalyst. Con-
versely, the activity of the precious metal catalyst for CO oxidation
was higher than that of the BMO catalyst. It is noted that the con-
version for HCHO, CO, and CH3OH oxidation over the precious
metal catalyst calcined at 1,000 oC for 3 h in air increased very rap-
idly near 235 oC as depicted in Fig. 2. The light-off temperature
(T50%) of the precious metal catalyst calcined at 1,000 oC for 3 h in
air for HCHO oxidation was marginally 50 oC higher than that of
the BMO catalysts as shown in Table 1.

Cordierite (2MgO·3Al2O3·5SiO2) is widely used as a support in
the present three-way catalyst to remove CO, HC, and NOX emit-
ted from gasoline-fueled vehicles. Cordierite has the property of
high resistance to thermal shock, which is attributable to its high
silica content. Therefore, cordierite may not be suitable without
major modification as a support for the BMO catalyst to remove
the HCHO, CO, and CH3OH emitted from methanol-fueled vehi-
cles. The activities of the BMO catalyst supported on cordierite mono-
liths (64 cells/cm2) calcined at 1,000 oC for 3 h in air dropped off
drastically, that was different from the BMO catalyst in granular
form calcined at 1,000 oC for 3 h in air.

To determine why the activity of the cordierite-supported BMO
catalyst lost after calcination at 1,000 oC for 3 h in air, we conducted
two kinds of experiment using the cordierite monoliths (EX-20) as
the supports for methanol-fueled vehicles. First, a cordierite support

Fig. 1. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over the gran-
ular BMO catalyst calcined at 1,000 oC for 3 h in air.

Fig. 2. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over 0.5 wt%
Pt supported on 0.32 cm alumina sphere calcined at 1,000 oC
for 3 h in air.

Table 1. Light-off temperatures of the granular BMO and precious
metal catalysts calcined at 1,000 oC for 3 h in air

Catalyst Shape
Calcination
temperature

(oC)

Light-off temperature (oC)
for HCHO oxidation 

T10% T50% T90%

BMO Granular 1,000 110 190 240
PM Granular 1,000 235 240 245



HCHO, CO and CH3 oxidation over Mn-Ce-Al mixed oxides 233

Korean J. Chem. Eng.(Vol. 32, No. 2)

was coated with the 49% BMO catalyst, which was thick enough
to form a thickness as great as the webs of the cordierite. Despite
the high loading of base metal oxides, the activity of cordierite-sup-
ported catalyst turned out to be very poor, as shown in Fig. 3. The
activity of the BMO catalyst supported on cordierite monolith cal-
cined at 1,000 oC for 3 h in air initiated the oxidation of HCHO at
440 oC and CO at 400 oC much higher than that of the BMO cata-
lyst in a granular form calcined at 1,000 oC for 3 h in air (see Fig.
1). Therefore, the loss in activity was not due to the catalyst migra-
tion into and being blocked from contact with the gas by the sup-
port.

Second, one sample was loaded with the 27.6% BMO catalyst
on the γ-Al2O3 monolith obtained from Corning. The other sam-
ple was coated first with colloidal silica and then with the 26.2%
BMO catalyst on the γ-Al2O3 monolith. The activity of γ-Al2O3-
supported BMO catalysts with and without the silica for the oxi-

dation of HCHO, CO, and CH3OH was compared for identifying
the SiO2 migration from the cordierite to the BMO catalyst. The
better activity of γ-Al2O3-supported BMO catalyst for HCHO, CO,
and CH3OH oxidation was obtained in the absence of silica as shown
in Fig. 4. A mobile silica from the cordierite to the base metal oxides
was deactivating the supported catalyst. The loss of catalytic activ-
ity during the high temperature calcination at 1,000 oC is the pres-
ence of loosely bound silica in the monolith support that migrates
to the surface during calcination and reacts with or physically block
the active catalyst.

To find the cause of activity loss on the BMO catalyst supported
on the cordierite monolith calcined at 1,000 oC for 3 h in air, the
light-off temperatures (T50%) for HCHO and CO oxidation over
the cordierite-supported BMO catalysts calcined at the tempera-
tures between 350 and 1,000 oC for 3 h in air were plotted in Fig.
5. The light-off temperatures of cordierite-supported BMO catalysts
for both HCHO and CO oxidation increased with the increasing
calcination temperature. The rate of the change in the light-off tem-
peratures was lower below 700 oC while its change rate was higher
above 700 oC. The change rate below 700 oC turned out to be 0.03%/
oC while its change rate above 700 oC was equal to 0.3%/oC.

The BET surface areas of the cordierite-supported BMO cata-
lysts calcined at different temperatures between 350 and 1,000 oC
were also measured by nitrogen adsorption. The BET surface area
increased with the increasing calcination temperature below 800 oC.
But the BET surface area decreased very rapidly from 16.3 m2/g at
800 oC to 5.7 m2/g at 1,000 oC with the rate of 0.05 m2/g·oC above
800 oC. The deactivation of the cordierite-supported BMO catalyst
started with the calcination temperature between 700 and 800 oC.
Its effect was quite significant for the BMO catalyst supported on a
cordierite monolith after calcination at 1,000 oC for 3 h in air. The
increase of BET surface areas with the increasing calcination tem-
peratures below 800 oC might occur due to the creation of a net-
work of submicroscopic cracks and crevices resulting from the den-
sity change together with the dehydroxylation of the alumina.

To understand the decrease of surface area above the tempera-
ture between 700 and 800 oC, the pore size distribution of the cord-

Fig. 3. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over the 49.0%
BMO catalyst supported on the cordierite monolith (EX-20)
calcined at 1,000 oC for 3 h in air.

Fig. 5. Effect of calcination temperature on the light-off tempera-
tures for HCHO (—●—) and CO (--■--) oxidation and sur-
face area over the BMO catalysts supported on cordierite
monolith (EX-20) calcined at 1,000 oC for 3 h in air.

Fig. 4. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over the 27.6%
BMO catalyst supported on the γ-Al2O3 monolith obtained
from Corning and calcined at 1,000 oC for 3 h in air.
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ierite-supported BMO catalysts calcined at 350, 700, and 1,000 oC
for 3 h in air was measured by using nitrogen desorption as shown
in Fig. 6. As can be seen, the pore volume of the cordierite-sup-
ported BMO catalysts calcined at 700 and 1,000 oC for 3 h in air
decreased by 42% and 90% compared with that of the cordierite-
supported BMO catalyst calcined at 350 oC for 3 h in air, respec-
tively, suggesting that the sintering of base metal oxides supported
on the cordierite or the SiO2 migrated from the cordierite to the
BMO catalyst plugs the pores of the BMO catalyst. The surface
area of the cordierite-supported BMO catalysts calcined at 700 and
1,000 oC for 3 h in air decreased by 63% and 94% compared with
that of the cordierite-supported BMO catalyst calcined at 350 oC
for 3h in air similar to the decrease of the pore volume of the cord-
ierite-supported BMO catalysts calcined at higher temperatures.

XRD patterns of the base metal oxides supported on the cord-
ierite and calcined at 350 and 1,000 oC are shown in Fig. 7. All of
the BMO catalysts were crystallized as indicated by the sharp peaks
for CeO2, MnO2, and SiO2. All the major peaks were found to match
the standard peaks of CeO2 (JCPDS card number 34-0394), MnO2

(JCPDS card number 24-0735), and SiO2 (JCPDS card number

33-1161). Most of peaks for MnO2 overlapped with those of CeO2.
The strongest peak of SiO2 at 2θ=26.6o indicates the existence of
SiO2 migrated from the cordierite to base metal oxides.

Fig. 6. Pore size distribution of the cordierite-supported BMO cat-
alysts calcined at 350 oC (———), 700 oC (—.—), and 1,000 oC
(——) for 3 h in air in terms of pore volume (a) and surface
area (b).

Fig. 7. XRD patterns of the cordierite (a) and the cordierite-sup-
ported BMO catalysts calcined at 350 oC (b) and 1,000 oC (c)
for 3 h in air.

Fig. 8. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over the 14.4%
BMO catalyst supported on cordierite monolith (EX-20) cal-
cined at 700 oC for 3 h in air.
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Fig. 8 shows steady-state conversions for HCHO, CO, and CH3OH
oxidation as a function of catalyst temperature over the cordierite-
supported BMO catalyst calcined at 700 oC for 3 h in air. This cat-
alyst initiated the oxidation of HCHO, CO, and CH3OH at 210,
290, and 230 oC, respectively. An unusual conversion versus tem-
perature profile was obtained for HCHO oxidation differently from
those for CO and CH3OH oxidation. The HCHO conversion in-
creased with temperature to a level near 38% at 260 oC, then de-
creased precipitously to a level near 32% at 310 oC. At higher tem-
peratures the conversion again increased to high level. The decrease
of the conversion for HCHO oxidation may arise from the partial
oxidation or dehydrogenation of CH3OH as shown in Eqs. (1) and
(2). It is noted that the conversion for HCHO oxidation decreased
shortly after the conversion for CH3OH oxidation started to rise as
shown in Fig. 8. After the oxidation of CH3OH took place at an
inflection point, the conversion for HCHO oxidation again increased
with the increasing temperature.

CH3OH+1/2 O2→HCHO+H2O ΔHo=−149.7 kJ/mol (1)

CH3OH→HCHO+H2 ΔHo=92.0 kJ/mol (2)

The conversion versus temperature profiles of saddle type for
HCHO oxidation over the cordierite-supported BMO catalysts
were also detected in Figs. 3-4. McCabe and Mitchell [14] reported
that unusual behavior was observed with the Pd catalyst, which
showed local minima in the HCHO conversion versus tempera-
ture profiles. These saddles were similar to, but more pronounced
than, those in CH3OH oxidation. The depths of saddles in the HCHO
and CH3OH conversion profiles correlated with the feed equiva-
lence ratio, with the deepest saddles occurring in feeds containing
a large excess of O2. But they didn’t observe the HCHO conver-
sion versus temperature profile of saddle type over the 4% Cu-2%
Cr base metal oxides. Their calcination temperature at 500 oC was
different from our calcination temperature at 1,000 oC.

The effect of silica on precious metal catalyst activities had been
examined in several studies. Gentry and Jones [26] studied the deac-
tivation of adding hexamethyldisiloxane (HMDS) on the oxidation
of CH4, C3H6, CO, and H2 over the Pt/γ-Al2O3 catalyst in detail.
The oxidation rate of H2 at 600 oC was negligibly affected by the
presence of HMDS. In contrast the rates of CH4 and C3H6 oxidation
at 600 oC were significantly reduced. With the removal of HMDS
from the inlet gas, the rate of C3H6 oxidation recovered nearly com-
pletely. In contrast CH4 oxidation did not recover, leading these
investigators to propose that each of the reactions occurred over

different active sites. They also found that silicon atoms from the
organosilicon compounds physically block active surface sites.

The deactivation of precious metal ozone decomposition cata-
lyst had been attributed to the presence of silica, phosphorus, and
sulfur in the aged catalyst [27,28]. The cyclohexane dehydrogena-
tion reaction was studied over palladium black on which triethyl-
silane was decomposed at 250 oC [29]. Using XPS characterization
of the catalyst, they proposed that silica coats the surface and dif-
fuses into bulk palladium, thereby detrimentally impacting hydro-
genation activity. Oxidation restores hydrogenation activity by con-
verting surface silicon to silica, which is either permeable to hydro-
gen or exists as islands on the palladium.

The deactivation of Pt and Pd catalysts supported on γ-Al2O3

beads by silica was studied in a flexographic printing application
[30]. Organosilicon compounds contained in the printing ink dif-
fuse into the catalyst and deposit as silica particles in the micropo-
res. Activity evaluation of aged catalysts suggests that silica deposition
is non-selective and that silica masks metal active site.

To immobilize migrating SiO2 from the cordierite to the base
metal oxides to react or physically block the active catalyst, alkali-
earth metal oxides coprecipitated with alumina were used as the
barrier coats. Coated materials with one to one atomic ratios of
alkali-earth metal to aluminum have been prepared from barium,
strontium, calcium, and magnesium. Each material has been impreg-
nated onto the cordierite monolith and subsequently coated with
the base metal oxides. The light-off temperatures (T50%) of the cord-
ierite-supported BMO catalysts pretreated with barrier coats and
calcined at 1,000 oC for 3 h in air are summarized in Table 2. The
light-off temperatures (T50%) of the cordierite-supported BMO cat-
alysts pretreated with the BaO-Al2O3, CaO-Al2O3, SrO-Al2O3, and
MgO-Al2O3 barrier coats and calcined at 1,000 oC for 3 h in air were
observed at 235, 250, 335, and 375 oC for the oxidation of formal-
dehyde as shown in Table 2. The presence of a barrier coat con-
taining either barium or calcium reduced the deactivation otherwise
observed when the cordierite-supported BMO catalyst was calcined
at 1,000 oC for 3 h in air. The best activity was obtained with the
BaO-Al2O3 barrier coat as shown in Table 2. Fig. 9 shows the activities
of the 24.3% BMO catalyst supported on the cordierite pretreated
with the 15.0% MgO-Al2O3 barrier coat and calcined at 1,000 oC
for 3 h in air. Clearly, the activities of the cordierite-supported BMO
catalyst pretreated with the MgO-Al2O3 barrier coat were much
improved compared with those of the cordierite-supported BMO
catalyst (see Fig. 4).

To find the optimum composition of the BaO-Al2O3 barrier coat,

Table 2. Effect of barrier coats on the light-off temperatures for the oxidation of HCHO, CO, and CH3OH over the cordierite-supported
BMO catalysts

Catalyst Support Barrier coat Calcination
temperature (oC)

Light-off temperature, T50% (oC)
HCHO CO CH3OH

BMO Cordierite None 1,000 320 390 290
BMO Cordierite BaO-Al2O3 1,000 235 270 260
BMO Cordierite CaO-Al2O3 1,000 250 345 260
BMO Cordierite SrO-Al2O3 1,000 335 400 290
BMO Cordierite MgO-Al2O3 1,000 375 510 318
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the light-off temperatures (T50%) of the cordierite-supported BMO
catalyst pretreated with the 22.1% BaO-Al2O3 barrier coats, with
the BaO content ranging from 35 to 75% are shown in Fig. 10. The
light-off temperatures (T50%) for HCHO and CH3OH oxidation
changed smoothly when 45 to 66% BaO content was used in the
BaO-Al2O3 barrier coats. The light-off temperature for CO oxida-
tion changed more rapidly. Methanol oxidation did not appear to
be sensitive to the content of BaO below 66% in the BaO-Al2O3

barrier coats. The minimum light-off temperatures for the HCHO
and CH3OH oxidation occurred at the BaO content of 66%. This
corresponds to a one-to-one atomic ratio of barium to aluminum.

To investigate the optimum concentration of manganese diox-
ide in the BMO catalysts MnO2 concentration was varied from 5.0
to 80.0% while holding the atomic ratio of aluminum to cerium

constant. The light-off temperatures of the BMO catalysts in a gran-
ular form calcined at 1,000 oC for 3 h in air are depicted in Fig. 11.
The activity of the BMO catalysts for the oxidation of CO was very
sensitive to the MnO2 concentration. HCHO and CH3OH oxida-
tion was comparatively insensitive to the MnO2 concentration. The
best performance of the BMO catalysts for the oxidation of HCHO
was obtained with the composition containing 30.0% MnO2. There-
fore, the MnO2 concentration in the BMO catalysts studied in this
work was very close to the optimum MnO2 concentration.

Fig. 12 shows steady-state conversions for HCHO, CO, and
CH3OH oxidation as a function of catalyst temperature over the
22.1% BMO catalyst supported on the cordierite monolith pretreated
with the 66% BaO-Al2O3 barrier coat and calcined at 1,000 oC for

Fig. 9. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over the 24.3%
BMO catalyst pretreated with the 15.0% MgO-Al2O3 bar-
rier coat and calcined at 1,000 oC for 3 h in air.

Fig. 11. Effect of the MnO2 content in the granular BMO catalyst
on the light-off temperatures (T50%) for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) calcined at 1,000 oC for
3 h in air.

Fig. 12. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over the cord-
ierite-supported BMO catalyst pretreated with the BaO-Al2O3
barrier coat and calcined at 1,000 oC for 3 h in air. Dotted
line represents the conversion for HCHO, CH3OH, and CO
oxidation over the 0.5% Pt supported on 0.32 cm alumina
sphere.

Fig. 10. Effect of the BaO content in the BaO-Al2O3 barrier coat over
the BMO catalyst supported on cordierite monolith (EX-
20) calcined at 1,000 oC for 3 h in air on the light-off tem-
peratures for HCHO (—●—), CO (--■--), and CH3OH
(-·-▲-·-) oxidation.
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3 h in air. Also shown are the corresponding oxidation curves over
the 0.5% Pt supported on Al2O3 beads calcined at 1,000 oC for 3 h
in air. The cordierite-supported BMO catalyst pretreated with the
66% BaO-Al2O3 barrier coat initiated the oxidation of HCHO, CO,
and CH3OH at 150, 220, and 170 oC, respectively. The cordierite-
supported BMO catalyst showed better activity than the 0.5% Pt/
Al2O3 precious metal catalyst at temperatures below 280 oC. Form-
aldehyde oxidized more readily over the cordierite-supported BMO
catalyst below 300 oC. But above 300 oC methanol oxidized more
readily over the cordierite-supported BMO catalyst. Carbon mon-
oxide oxidized more difficultly over the cordierite-supported BMO
catalyst.

To improve the activity of the cordierite-supported BMO cata-
lyst pretreated with the 66% BaO-Al2O3 barrier coat and calcined
at 1,000 oC for 3h in air, the palladium with no Pt or Rh was incor-
porated into the cordierite-supported BMO catalyst. The palladium
loading was varied from 0.00057 to 0.147% to the cordierite-sup-
ported BMO catalyst. Their activities for HCHO, CO, and CH3OH
oxidation are shown in Fig. 13. Their light-off temperatures (T50%)
for HCHO, CO, and CH3OH oxidation are summarized in Table
3. The light-off temperatures (T50%) for the commercial precious

Fig. 13. Conversion versus temperature profiles for HCHO (—●—),
CO (--■--), and CH3OH (-·-▲-·-) oxidation over the cord-
ierite-supported BMO catalyst with the incorporation of
0.147% Pd pretreated with the BaO-Al2O3 barrier coat and
calcined at 1,000 oC for 3 h in air. Dotted line represents
the conversion for HCHO, CH3OH, and CO oxidation over
the 0.5% Pt supported on 0.32 cm alumina sphere.

Table 3. Light-off temperatures of the Pd-incorporated BMO catalysts supported on cordierite monoliths pretreated with BaO-Al2O3 bar-
rier coats and calcined at 1,000 oC for 3 h in air

Catalyst Support Barrier coat Pd loading
(wt%)

Light-off temperature, T50% (oC)
HCHO CO CH3OH

BMO Cordierite BaO-Al2O3 0.147 220 228 222
BMO Cordierite BaO-Al2O3 0.0147 321 307 285
BMO Cordierite BaO-Al2O3 0.0028 243 310 260
BMO Cordierite BaO-Al2O3 0.000576 352 440 316
PM Alumina None 0.5% Pt 302 291 292

metal catalyst supported on the Al2O3 beads are also shown for com-
parison. At the higher loading (0.147% Pd) the palladium-incor-
porated BMO catalyst outperformed the precious metal catalyst as
shown in Fig. 13. The light-off temperature curves of the cordierite-
supported BMO catalyst pretreated with the 66% BaO-Al2O3 bar-
rier coat and calcined at 1,000 oC for 3 h in air for HCHO, CO, and
CH3OH oxidation were sharp and occurred at lower temperatures
between 220 and 230 oC. The temperatures of 50% conversion of
HCHO, CO, and CH3OH oxidation were 70 oC lower over base
metal oxides catalyst than over precious metal catalyst. The con-
version versus temperature profiles of saddle type for HCHO oxi-
dation resulting from the partial oxidation or dehydrogenation of
the methanol were not observed with the palladium-incorporated
BMO catalyst.

CONCLUSIONS

The base metal oxide (BMO) catalyst in a granular form cal-
cined at 1,000 oC for 3 h in air was active for the oxidation of
formaldehyde, carbon monoxide, and methanol. But the activity of
the BMO catalyst supported on the cordierite monolith calcined at
1,000 oC for 3 h in air was greatly suppressed due to the migration
of mobile silica from the cordierite to the base metal oxides to
react with or physically block the active catalyst. To immobilize
the migrating silica, barrier coats composed of alkali-earth metal
oxides and alumina were examined and the best activity was
obtained with the 66% BaO-Al2O3 barrier coat.

The cordierite-supported BMO catalyst pretreated with the 66%
BaO-Al2O3 barrier coat and calcined at 1,000 oC for 3 h in air initi-
ated the oxidation of formaldehyde, carbon monoxide, and metha-
nol at 150, 220, and 170 oC, respectively. This catalyst showed better
activity for the formaldehyde oxidation than the 0.5 Pt/Al2O3 precious
metal catalyst below 280 oC. The incorporation of a small amount
of palladium (0.147% Pd) to the cordierite-supported BMO cata-
lyst pretreated with the 66% BaO-Al2O3 barrier coat and calcined
at 1,000 oC for 3 h in air improved the activity for the oxidation of
formaldehyde, carbon monoxide, and methanol. The conversion
versus temperature profiles for formaldehyde, carbon monoxide,
and methanol turned out to be sharp and they occurred at lower
temperatures between 150 and 200 oC. The temperatures of 50%
conversion of formaldehyde, carbon monoxide, and methanol were
70 oC lower over base metal oxides catalyst than over precious metal
catalyst. The conversion versus temperature profiles of saddle type
for HCHO oxidation resulting from the partial oxidation or dehy-
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drogenation of the methanol were not observed with the palladium-
incorporated BMO catalyst. The long stability and poison resistance
of the palladium-incorporated BMO catalyst supported on the cord-
ierite monolith shall be investigated in the next study.
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