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Palladium (Pd) and manganese(III) oxide (Mn,0;) cooperated
in the oxidation of CO to exhibit high catalytic activity; vapor-
phase oxygen was incorporated mainly through Mn,0;, and Pd
withdrew the oxygen from Mn,0;. IR analysis showed that CO
was predominantly adsorbed on Pd and that the CO adsorbed on
the oxidized state of Pd (Pd"*-CQ) was an important intermediate.
The CO, formed by the oxidation of CO was found to be present
on Mn,Q; in the form of CO;. The rate of CO oxidation showed
about first-order dependence on CO partial pressure and was inde-
pendent of the oxygen concentration. Incorporation and activation
of vapor-phase oxygen were not rate limiting due to the high
affinity of Mn toward oxygen. A reaction path was proposed in
which CO was first adsorbed on the oxidized state of Pd, followed
by oxidation to form CO,. The CO, migrated to the surface of
Mn,0, and was desorbed into the vapor phase. Thus the combina-
tion of the oxygen-providing ability of Mn,0, and the inherent
high activity of Pd resulted in the improved performance of this
composite catalyst. © 1995 Academic Press, Inc.

INTRODUCTION

Oxidation of carbon monoxide has been carried out
on various catalysts. These catalysts are precious metals
(1-3), perovskite-type catalysts (4-6), transition metal
oxide catalysts (7-9), and so on. The activity of the cata-
lysts is sometimes improved remarkably by combining
more than two elements (synergism). A famous example
of synergism is shown by a gold—iron oxides composite
catalyst developed by Haruta ef al. (10). This catalyst can
oxidize carbon monoxide completely at a temperature as
low as —70°C. Gold supported on other oxides is also
active (11). The synergism in these catalysts is thought
to be caused by the interaction of gold and metal oxides
at their interface. We also reported previously that manga-
nese—silver composite oxide has high activity in the oxida-
tion of carbon monoxide (12). Its high activity is caused
by the difference in their affinities toward oxygen. Manga-
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nese adsorbs vapor-phase oxygen easily, while it releases
the oxygen rather slowly. On the other hand, oxygen
desorption proceeds more easily than its adsorption on
silver. Thus manganese adsorbs and activates vapor-
phase oxygen and transfers it to silver, which, in turn,
donates it to carbon monoxide. In this way, the defects
of each element in each rate-limiting step are eliminated.
Therefore the combination of different catalyst elements
is interesting in oxidation reactions concerning the modi-
fication of oxygen mobility on them.

Precious metals are highly active in combustion reac-
tions. Unlike silver, they have moderate oxygen affinity,
and, therefore, both activation of vapor-phase oxygen and
its release proceed smoothly (13). However, the activity
of precious metals may be further increased by combining
with other elements which modify the mobility of oxygen.
In this work we investigated the synergism of palladium
and manganese oxide in the oxidation of carbon mon-
oxide.

EXPERIMENTAL

Catalyst Preparation

1 N NaOH was added to an aqueous solution of the
nitrate of manganese, cobalt, or iron until the pH of the
solution was about 10. The resultant precipitate was
washed with deionized water three times, followed by
drying at 80°C for 48 h. This dried precipitate (partially
dehydroxylated hydroxide) was dispersed in deionized
water containing PdCl, (8 mM) and was stirred for 2 h,
followed by evaporation with an evaporator. The amount
of PdCl, used was 0.5 wt% (as metal Pd) of the dried
precipitate. This Pd-containing solid was dried at 80°C
overnight. Then it was dispersed in deionized water with
stirring for 30 min and was filtered; this washing procedure
was repeated three times. After the solid was dried at
80°C overnight, it was reduced with hydrogen at 300°C
for 2 h, followed by calcination at 300°C in air for 2 h.
Pd supported on commercial y-Al,O; (Nakarai Chemical
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Co., BET surface area of 138.5 m?/g) was prepared by
the same procedure as above. Although the valence of
Mn in Pd-supported manganese oxide was 2.38, its con-
figuration was determined by X-ray diffraction analysis
to be Mn,0s; thus this catalyst was denoted as Pd/Mn,0;.
Pd supported on cobalt oxide, iron oxide, and y-alumina
were also denoted as Pd/Co,0,, Pd/Fe,0;, and Pd/y-
Al,O;, respectively. Manganese(11I) oxide without Pd was
prepared according to the same procedure except that Pd
was not supported. The valence of Mn in it was 2.92 and
it was denoted as Mn,0;. The BET surface area and the
amount of Pd loading were 18.0 m*/g and 0.19 wt% for
Pd/Mn,0,, 20.6 m?*/g and 0.36 wt% for Pd/Fe,0,, 33.9
m®/g and 0.41 wt% for Pd/Co,0,, and 126.3 m*/g and 0.27
wt% for Pd/y-Al,O;. The surface area of Mn,0O, was 29.2
m?*/g. The catalysts were cut into about 8—14 mesh size
before use.

Apparatus and Procedure

Reactions were carried out with an ordinary flow reac-
tor made of quartz (inner diameter of 6 mm) under atmo-
spheric pressure. One ml of the catalysts was used, and
the reaction gas (CO, 1%:; He, 9%; air, 90%) was passed
over the catalysts at a space velocity of 10,000 h™'. The
reactions were not affected by any mass transfer limitation
because the conversion of CO was independent of the
catalyst particle size.

The weight change of the catalysts in the oxidation-
reduction experiment was monitored with a Rigaku Denki
CN8068 Al thermobalance under a flow of oxygen or hy-
drogen.

Temperature programmed desorption (TPD) of oxygen
from the catalysts was carried out with a quartz vessel
connected to an ordinary vacuum line and a Ulvac MSQ-
150 quadrupole mass spectrometer. The temperature of
the vessel was increased at a rate of 10°C/min under
vacuum.

Analyses

The reacted gas was introduced into the column (acti-
vated charcoal 1 m plus molecular sieve SA 1 m) of a
Shimadzu GC-8A gas chromatograph at 120°C to separate
CO and CO,. Then they were converted into methane by
using a Shimadzu MNT-1 methanizer attached inside the
gas chromatograph and were analyzed by a FID detector.

The average valence of Mn in the catalyst was deter-
mined colorimetrically by dissolving the catalystina 1 N
sulfuric acid solution of Mohr’s salt. The details of this
procedure are described elsewhere (12).

IR spectra were obtained with a Nihon Denshi JIR-
6500W FTIR spectrophotometer with a diffuse re-
flectance attachment.
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FIG. 1. Oxidation of CO. [CO] = 1%, catalyst = 1 ml, space
velocity = 10,000 h~'. The temperature of the catalyst bed was increased
at a rate of 3.75°C/min.

RESULTS AND DISCUSSION

Effect of the Kind of Metal Oxides
on the Activity of Pd

Figure 1 shows the change in CO conversion with in-
creasing reaction temperature; the temperature of the cat-
alyst bed was increased at a rate of 3.75°C/min. Pd/Mn,0,
exhibited the highest activity. As the activities of Mn,0,
and Pd/y-Al,O, were much lower than that of Pd/Mn,0,,
synergism of Pd and manganese appeared. The activities
of Pd/Fe,0, and Pd/Co,0, were low. From the data shown
in Fig. I, specific rate of the reaction (moles of CO con-
verted per unit surface area of the catalyst per unit reac-
tion time) was plotted against reaction temperature (Fig.
2). Figure 2 also shows that Pd/Mn,0; is remarkably ac-
tive compared with other catalysts. As the true active
sites of the catalysts are not known, however, this analysis
may not reflect the true activity order of these catalysts;
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FIG. 2. Specific rate of CO conversion (r.,) vs reaction temperature.
The reaction condition is shown in Fig. 1.
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for example, alumina surfaces which are not covered with
Pd do not seem to act as active sites. However, when the
rate of the oxidation of CO per unit amount of Pd was
plotted against reaction temperature, the same result as
shown in Figs. 1 and 2 was obtained; that is, Pd/Mn,0,
was the most active.

In a separate experiment, Pd-supported catalysts (Pd/
Mn,0,, Pd/Co;0,, and Pd/Fe,0;) were prepared by a
different method as follows. After impregnation of PdCl,
on dried hydroxides of Co, Mn, and Fe (0.5 wt% as metal
Pd) by using an evaporator, the catalysts were again dis-
persed in deionized water and pH was adjusted to 11. An
excess amount of HCHO over Pd (fivefold moles) was
added, and the solution was heated at 80°C for 30 min
with stirring. Then the catalysts were filtered, washed
three times with deionized water, dried at 80°C overnight,
and finally calcined at 300°C for 2 h in air. The tempera-
tures at which complete oxidation of CO occurred on
these catalysts were 100°C for Pd/Co,0, and Pd/Mn,0;,
and 125°C for Pd/Fe,0;. Thus the activity of the catalysts
depends on the method of preparation. Although we also
examined other methods; the most active catalyst was
found to be Pd/Mn,0, prepared by the procedure de-
scribed under Experimental. Therefore we used this type
of Pd-supported Mn,O, catalyst thereafter.

Although we tried to estimate the particle size of Pd in
this catalyst by a TEM technique, no image of Pd was
observed; the Pd species seemed to be finely dispersed
on the surface of Mn,O;. An ESCA analysis did not give
enough information on Pd. Therefore, the state of the Pd
was left unknown.

Behavior of Pd/Mn,05 in Desorption and Incorporation
of Oxygen

Figure 3 shows the oxygen-TPD spectra of Pd/Mn,0,
and Mn,0;. In this case the catalysts were not reduced
by hydrogen previously because reduction in the presence
of Pd resulted in the excess reduction of Mn,0; as shown
below. Thus the dried hydroxides were pretreated with
oxygen at 200°C for 1 h in the vessel of TPD apparatus
in order to adjust the valence of Mn in both catalysts
(2.82). After evacuation at 0°C for about 5 h, the tempera-
ture of the catalyst vessel was increased at a rate of 10°C/
min. Pd/Mn,0; desorbed larger amounts of oxygen than
Mn,0,. Especially oxygen was desorbed from Pd/Mn,0;
even in the low temperature region below 200°C where
Mn,0, released scarce oxygen. It was found in a separate
experiment that PdO released its lattice oxygen at 380°C.
However, Pd/Mn,0; desorbed little oxygen in this tem-
perature region. Thus the desorption of the oxygen be-
longing to the Pd is negligible even if we assume that all
the Pd was in the form of PdO; the amount of Pd loaded
on Pd/Mn,0, was only 0.19 wt%. These results indicated
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FIG. 3. TPD of oxygen from Mn,0; (—) and Pd/Mn,0, (---). The
sensitivity of the detector was magnified by 20 times in the temperature
range below 400°C.

that Pd withdrew oxygen belonging to Mn and promoted
its desorption. The same phenomenon was observed for
manganese-silver composite oxide, in which silver with-
drew oxygen from Mn and released it into the vapor
phase (12).

In order to further see the effect of Pd on the desorption
or incorporation of oxygen from or into Mn,0,, the Pd/
Mn,0; and Mn,0O; prepared in the same manner as in
the above experiment were reduced with hydrogen and
oxidized with oxygen repeatedly in the chamber of a ther-
mobalance. The extent of oxidation and of reduction was
expressed by the change in x of MnO, calculated from
the weight change of the catalysts (Table 1). The starting
value of x was 1.41 as shown above. Oxidation and reduc-
tion were carried out until no further weight change oc-
curred (usually within 5 min); nitrogen was introduced
between the oxidation and reduction procedures. Much
more oxygen was removed by hydrogen from Pd/Mn,0,
(x = 1.00) than from Mn,0, (x = 1.38) at 200°C. This may
again show the effect of Pd to withdraw oxygen, although
the reduction may have occurred on the surface of Mn,0,
by the hydrogen spilled over from Pd to Mn,0,. When
oxygen was introduced instead, reoxidation of Mn in Pd/
Mn,0; did not occur at 200°C. After further reduction at
300°C, Pd/Mn, O, began to absorb oxygen. In the case
of Mn,0, reoxidation took place after the reduction at
300°C. The reduction—oxidation behavior of both cata-
lysts suggests that Mn,0, absorbs oxygen more easily
than Pd/Mn,0;. Even at a deeply reduced state (x = 1.0,
reduction at 200°C) Pd/Mn,0, did not absorb oxygen at
200°C, whereas Mn,0, absorbed oxygen at a less reduced
state (x = 1.26, reduction and oxidation at 300°C). More-
over, Mn,0, absorbed much more oxygen than Pd/Mn,0,
at the same oxidation temperature of 300°C despite its
less reduced state compared with that of Pd/Mn,0; (x =
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TABLE 1
Oxidation and Reduction of Pd/Mn,0; and Mn,0;

Treatment®

Catalyst Gas  Temp (°C) x in MnO,?

Pd/Mn,0, 0, 200 1.41
H, 200 1.00
0, 200 1.00
H, 300 0.82
0, 300 1.00

Mn203 02 200 1.41
H, 200 1.38
0, 200 1.38
H, 300 1.26
0, 300 1.35
H, 400 0.92
0, 300 1.22

2 Oxidation by O, and reduction by H, (both with a
flow rate of 40 ml/min) were carried out until no weight
change of the catalysts was observed.

® Manganese was supposed to be in the form of MnO,
for convenience. As the valence of Mn in the starting
catalysts was 2.84, the initial value of x was assigned as
1.41. The change of x was calculated from weight gain
or loss of the catalysts, assuming that the weight change
was solely due to the change in the content of oxygen.

0.92 for the former and 0.82 for the latter). These facts
indicate that Pd does not promote the incorporation of
oxygen into Mn,0,. Thus it can be concluded that the
Mn, and not the Pd, in this composite catalyst plays the
role to incorporate oxygen from the vapor phase.

The kinetics for the oxidation of CO on both catalysts
were investigated under the condition of a differential
reactor (in the CO conversion range less than 15%). The
reactions were carried out at 25°C, and the catalysts were
diluted with quartz sand to 2.0 wt% in order to maintain
the conversion of CO below 15%. The ranges of the partial
pressure of CO and of oxygen examined were 3-38 Torr
and 15-190 Torr (1 Torr = 133.3 Pa), respectively. The
rate expressions were obtained as follows:

r., = k[CO]'-[0,]°! for Pd/Mn,0,
ro = k'[COI'-[0,]°  for Mn,0s.

The order with respect to oxygen was almost zero for
both catalysts, suggesting that the incorporation of oxy-
gen from the vapor phase is not rate limiting.

IR Analyses and the Reaction Path for CO Oxidation
over Pd/Mn,0,

IR analyses were carried out in order to obtain informa-
tion on the reaction path. The catalysts were evacuated
at 300°C for 1 h before introduction of CO. As shown in
Fig. 4A, an introduction of CO over Pd/Mn,0; formed
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an adsorbed species with an absorption band at 2020cm™!,
which was due to CO linearly bonded to Pd® (Pd°-CO)
(14). When CO was introduced on Pd/Mn,0, pre-evacu-
ated at 150°C, absorption bands were observed at 2090
cm™! due also to Pd°-CO and at 1980 cm™! due to CO
species bridged over two Pd atoms (Pd, > CO) (15); how-
ever, they are not shown in the figure. Although the
change in the pretreatment condition resulted in the differ-
ent catalyst states and, hence, in the differently adsorbed
CO species, these results show that CO readily interacts
with Pd. A very weak absorption band also appeared at
2175 cm™! (Fig. 4A), which was assumed to be due to CO
adsorbed on an oxidized state of Mn (Mn**-COQ) (16).
When 80 Torr of oxygen was introduced, the band due
to Pd°~CO disappeared while that of Mn"*—CO remained
unchanged (Fig. 4B), and new bands appeared at 2145
cm~! and in the range from 1800 to 1100 cm™'. The band
at 2145 cm™! was due to CO adsorbed on oxidized state
of Pd (Pd"*-CO) (17). The bands in the region from 1800
to 1100 cm™! were assumed to be due mainly to bidentate
carbonate (CO,) adsorbed on oxidized state of Mn (18, 19),
although other carbonate species may have been present.
The intensity of the bands of bidentate carbonate tended
to increase with time (Figs. 4C and 4D). Evacuation at
room temperature for 10 min decreased the intensity of
all absorption bands (Fig. 4E).

The result of CO adsorption on Mn,0, is shown in Fig.
5. On an introduction of CO (20 Torr), absorption bands
due to Mn"*—=CO (2175 cm™!) and bidentate carbonate
(1800-1100 cm™") appeared (Fig. 5A). Although 80 Torr
of oxygen was introduced successively, intensity of these
band scarcely increased (Figs. 5B and 5C). Moreover the
intensity of the bidentate carbonate species was much
weaker than that on Pd/Mn,0; (Figs. 4B—4D). This im-
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FIG. 4. IR spectra of adsorbed species on Pd/Mn,0;. (A) 1 h after
an introduction of 20 Torr of CO, (B) 5 min after successive introduction
of 80 Torr of O,, (C) after 30 min, (D) after 1 h, and (E) 10 min after
evacuation (from the state of (D)) at room temperature. Pd/Mn,0; was
pretreated at 300°C for 1 h under vacuum.
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FIG. 5. IR spectra of adsorbed species on Mn,0;. (A) | h after an
introduction of 20 Torr of CO, (B) 5 min after successive introduction
of 80 Torr of O, (C) after 1 h, and (D) 10 min after evacuation (from
the state of C) at room temperature. Mn,0; was pretreated at 300°C for
1 h under vacuum.

plies that Mn does not play the main role to oxidize CO
and that the active site oxidizing CO is Pd. Evacuation
at room temperature resulted in the disappearance of all
absorption bands, showing that CO and carbonate species
on Mn,0; desorbs quite easily (Fig. 5D).

Pd, not Mn,0,, seems to be the site for CO adsorption
because only a trace amount of adsorbed CO was present
on Mn (the band at 2175 cm™' shown in Figs. 4 and 5)
whereas Pd formed various adsorbed CO species. Kinet-
ics indicated that the oxidation of CO on Pd/Mn,0,
showed about first-order dependence on CO partial
presssure. This probably implies that the adsorption of
CO is rather slow and rate determining. It is known that
the rate of oxidation of CO on various precious metals is
inversely proportional to CO partial pressure (20, 21); CO
rapidly covers the surface of precious metals and prevents
oxygen from approaching the metal surface. If the present
reaction proceeds via the adsorption of CO on the oxi-
dized state of Pd (Pd""-CO: the absorption band at 2145
cm™! shown in Fig. 4), this step would not be so rapid
because palladium oxides cannot have back-donating in-
teraction with CO unlike Pd metal (22, 23). Therefore the
first-order dependence of the reaction rate on CO pressure
would result. However, the possibility of the role of CO
adsorbed on metallic Pd cannot be excluded completely.
For example, adsorption of CO on metallic Pd (2020 cm™)
did not proceed so rapidly in the present case; under 0.8
Torr of CO the intensity of this band increased with time
rather slowly (Fig. 6). This result may also explain the
reaction order of unity with respect to CO pressure. How-
ever, as enough oxygen is present under the reaction
condition and Pd also withdraws oxygen from Mn,0,, it
is reasonable to assume that the surface of Pd is covered
with oxygen in its working state and CO is adsorbed on
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FIG. 6. IR spectra of CO absorbed on Pd/Mn,0; pretreated at 300°C
for 1 h under vacuum. (A) 1 min after an introduction of 0.8 Torr of
CO, (B) after 3 min, (C) after 10 min, (D) after 30 min, (E) after 1 h.

the oxidized Pd in the first step of the reaction; that is,
Pd"*—CO (2145 cm™) is the intermediate.

From the results obtained so far, the reaction path was
deduced for the oxidation of CO on Pd/Mn,0, (Fig. 7).
Pd easily withdraws oxygen from Mn,0, (Fig. 7A) and,
thus, the surface of Pd is covered with a thin layer of Pd
oxides. The CO is adsorbed on this oxidized Pd (Fig. 7B).
The first-order dependence of the rate on CO concentra-
tion seems to show that this step proceeds rather slowly.
Mn, not Pd, incorporates oxygen from vapor phase (Fig.
7C) and transfers it to Pd (Fig. 7A). This will occur quite
easily as a non rate-limiting step because the reaction was
not affected by oxygen partial pressure. As Mn has scarce
oxidizing ability at room temperature as verified by IR
analyses, Pd should oxidize CO. However, the oxidation
ability of Pd seems to be enhanced by the combination
with Mn,0;, considering the low activity of Pd/y-Al,0,.
The active site may be the interface between Mn,0; and
Pd where much active oxygen is provided from Mn as-
sisted by the oxygen-withdrawing ability of Pd. The CO,
formed at this active site (Fig. 7D) will migrate to the
surface of Mn,0; (Fig. 7E) in the form of CO, (IR result:
Figs. 4B—4D) and is desorbed into the vapor phase (Fig.
7F). This step (Fig. 7F) seems not to be rate limiting

G,
C
20 —T—} Pa0y
MnO,
FIG. 7. Supposed reaction path.
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because the bidentate carbonate on Mn"* desorbed rather
easily on evacuation (Fig. 4E and Fig. 5D).
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