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Effect of Samarium on the Thermal Stability and Activity of the 
Mn/Ag Catalyst in the Oxidation of CO 

There have been many reports on cata- 
lytic oxidation of carbon monoxide with re- 
spect to prevention of air pollution. Various 
kinds of catalysts are involved such as pre- 
cious metals (1, 2), base metal catalysts (3, 
4), and composite base metal catalysts (5, 
6). Some catalysts containing silver such as 
Mn/Cu/Co/Ag and Mn/Co/Ag composite 
oxides are also active (7, 8). However, de- 
tails of the action of silver or other constitu- 
ents are not known. We clarified that the 
high activity of manganese-silver compos- 
ite oxide catalysts was due to the coopera- 
tive action of Mn and Ag (9). When active 
oxygen on Ag was consumed in the oxida- 
tion of CO, lattice oxygen of Mn was imme- 
diately transferred to the reduced Ag, thus 
maintaining the active oxidized state of Ag. 
The Mn acted as an oxygen reservoir. 
Therefore, silver in the composite catalysts 
was protected from deactivation due to 
metallization and aggregation at tempera- 
tures about 400°C at which single compo- 
nent silver oxides readily aggregate to me- 
tallic state. 

Although the manganese-silver compos- 
ite catalysts have considerable thermal sta- 
bility as described above, they must endure 
more severe operating conditions in order 
to be used as practical combustion cata- 
lysts. Previously, we found that an addition 
of a small amount of samarium improved 
the thermal stability and activity of transi- 
tion metal oxides of the first series in the 
periodic table (10, II). In this work the 
manganese-silver composite catalyst was 
treated at high temperatures under a reduc- 
ing atmosphere, and the effect of samarium 
on the stability of this catalyst was investi- 
gated. 

The manganese-silver composite oxide 

(molar ratio: 80/20) and the manganese-sil- 
ver-samarium composite oxide (molar ra- 
tio: 80/20/5) were prepared as follows. The 
former was designated as MnfAg @O/20) 
and the latter as Mn/Ag/Sm (X0/20/5), re- 
spectively. A known amount of manga- 
nese(H) nitrate and silver(I) nitrate [and 
samarium(II1) nitrate] were dissolved in de- 
ionized water. Sodium hydroxide (3 N) was 
added to the solution with stirring until its 
pH was about 12. The resultant precipitate 
was washed several times until its pH was 
below 9. The precipitate was dried at 100°C 
overnight. The dry precipitate was molded 
into a disk and was calcined in air at 450°C 
for 3 h. The catalysts were cut into about 15 
mesh size before use. The manganese oxide 
catalyst (designated as the Mn catalyst) was 
prepared from manganese(H) nitrate by the 
same procedure described above. It was 
identified as MnlOj by X-ray diffraction 
analysis. 

Reaction was carried out using an ordi- 
nary flow reactor under atmospheric pres- 
sure. Heat treatment of the catalysts under 
reducing atmosphere was carried out as fol- 
lows. One milliliter of the catalysts was 
placed in the reactor under a flow of 98% Nl 
plus 2% CO (SV: 10000 hh’) and the tem- 
perature of the catalyst bed was increased 
from room temperature to prescribed val- 
ues (400. 600, 750. 850, and 950°C). at a rate 
of 3.75”C/min. Heat treatment at those tem- 
peratures was carried out for 3 h. The cata- 
lysts thus treated were provided for CO ox- 
idation using the same reactor. The 
composition of the reaction gas was CO: 
l%, 02: IF%, and N2: 81% (SV: 10,000 
h-l). The temperature of the catalyst bed 
was increased from room temperature at a 
rate of 3.75”C/min. The concentration of 
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CO at the exit of the reactor was moni- 
tored, and the activity of the catalysts was 
evaluated by the temperatures at which the 
conversion of CO reached 10% (Tro), 50% 
(Z’&, and 95% (T&. The reaction was not 
affected by any mass transfer limitation in 
the CO conversion range less than 50% be- 
cause the rate of the reaction was indepen- 
dent of the particle size of the catalyst used. 

The temperature-programmed desorp- 
tion (TPD) of oxygen from the catalysts 
was carried out using a quartz reactor con- 
nected to an ordinary vacuum line. The Mn 
catalyst, Mn/Ag (80/20), and Mn/Ag/Sm 
(80/20/j) were heated in oxygen at 400°C 
for 2 h. After cooling to room temperature 
in oxygen, the gas phase was evacuated for 
I h. Helium was introduced into the reactor 
(35 mlimin) and the catalyst bed was in- 
creased to 950°C at a rate of YCimin. The 
amount of desorbed oxygen was monitored 
by a thermal conductivity detector. Calibra- 
tion was made on the basis of the amount of 
desorbed oxygen from pure AgzO in the 
temperature range from 200 to 500°C. After 
the first cycle of the TPD procedure de- 
scribed above, the catalysts were again 
heated in oxygen at 400°C for 2 h. The cata- 
lysts thus treated were again tested for the 
second TPD of oxygen in order to deter- 
mine their ability to recover the lattice oxy- 
gen. 

Carbon monoxide was determined using 
a Shimadzu CC-3BT gas chromatograph 
equipped with a thermal conductivity de- 
tector. The column packing consisted of 
Celite 545 (1.7 m) plus molecular sieve of 5 
A (I .3 m), and the column temperature was 
90°C. The X-ray, SEM, and EDX analyses 
were carried out using a Rigaku Denki 
Geigerflex 2012 X-ray analyzer, a Hitachi 
S-2100 scanning electron microscope, and a 
Philips EDAX 9100 equipped with a Shi- 
madzu EMX-SM electron probe microana- 
lyzer, respectively. 

Figure 1 shows the effect of heat treat- 
ment under reducing atmosphere (CO 2% 
plus NZ 98%) on the catalytic activity of the 
Mn catalyst, MniAg (80/20), and MnlAgl 
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FIG. 1. Oxidation of CO over the Mn catalyst. Mni 
Ag (80/20), and MniAgiSm (8012015) treated in a re- 
ducing atmosphere at various temperatures. [CO] = 
1’3%; [Oz] = 18%: [Nz] = 81%; SV = 10,000 h I: (A) Mn 
catalyst: (0) MniAg (80120): (0) MniAgiSm (8012015); 
Temperatures of heat treatment in 2% CO plus 98% Nz 
for 3 h.; T,,, , T<,, and Klq are the temperatures at which 
CO conversions reached IO. 50, and 95%, respec- 
tively. 

Sm (8012015) in the oxidation of CO. Activ- 
ity of the catalysts was compared on the 
basis of Tlo, Tso, and Tg5, respectively. As 
the temperature of heat treatment in- 
creased, the activity of all catalysts de- 
creased. Irrespective of the temperature of 
heat treatment, the activity was always in 
the order, Mn catalyst < MniAg (80120) < 
MniAglSm (8012015). Comparison of the 
Mn catalyst and MnlAg (80120) shows that 
a combination of Ag with Mn is still effec- 
tive even under the severe reaction condi- 
tions. The effect of Sm was clearly seen for 
the catalysts treated above 700°C. A 95% 
conversion of CO was observed at 240°C 
for MnlAgiSm (8012015) after heat treat- 
ment at 950°C. while reaction temperature 
above 680°C was necessary for MnlAg (801 
20) to attain the same conversion. 

Figure 2 shows the change of BET sur- 
face areas of the catalysts on heat treat- 
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FIG. 2. BET surface area of the catalysts. (A) Mn 
catalyst; (0) Mn/Ag (80120); (0) MniAglSm (80/20/5); 
Temperatures of heat treatment in 2% CO plus 98% Nz 
for 3 h. 

ment. The surface area of Mn/Ag/Sm (80/ 
20/5) was always larger than those of the 
Mn catalyst and Mn/Ag (80/20). Figure 3 
exhibits the temperature profiles of the re- 
actions catalyzed by the three catalysts 
treated at 950°C. Specific rates (rates per 
unit surface area of the catalysts) are also 
plotted in a low CO conversion range (less 
than 15%) to satisfy the condition of the 
differential reactor. A remarkable differ- 
ence in the activity can be seen among the 
three catalysts as judged from the CO con- 
version curves. However, specific rates did 
not differ so much between Mn/Ag @O/20) 
and Mn/Ag/Sm @O/20/5), being a little 
larger for the latter, although the compari- 
son was limited in a narrow CO conversion 
range. This shows that the large surface 
area of Mn/Ag/Sm @O/20/5) as shown in 
Fig. 2 was one of the causes of the high 
activity of this catalyst. 

Previously we reported that Sm inhibited 
the grain growth of 3d transition metal ox- 
ides at high temperatures and maintained 
their large surface areas (10, II). The SEM 
analysis indicated that the bulk state of Mn/ 
AglSm (80/20/5) treated at 950°C as ob- 
served by its sectional view was rougher 
than that of Mn/Ag (80/20) although the 
photographs are not shown here. This fact 
and the result shown in Fig. 2 were in ac- 
cordance with the previous conclusion. 

That is, an addition of Sm maintained the 
large surface area of Mn/Ag @O/20) by re- 
tarding its grain growth. 

Figure 4 exhibits the SEM photographs 
of the surface of the catalysts. A number of 
large silver crystals were observed on the 
surface of Mn/Ag (80/20), while aggrega- 
tion of silver metal for Mn/Ag/Sm (80/20/5) 
was not remarkable. An optical micro- 
scopic photograph indicated that the inte- 
rior of the particle of Mn/Ag (80120) was 
divided into three layers, showing the inho- 
mogeneous nature of the bulk (Fig. 5). This 
was supported by the result of the EDX 
analysis that the concentration of silver at 
points A, B and C were found to be 21, 16, 
and 19 mol%, respectively. No such hetero- 
geneous distribution of silver was observed 
throughout the bulk of Mn/Ag/Sm @O/20/ 
3. 

The X-ray diffraction analysis of Mn/Ag/ 
Sm @O/20/5) treated at 950°C indicated the 
presence of MnO, metallic Ag, and Sm203. 
However, no other diffraction peak sug- 
gesting the existence of the interaction 
among Mn, Ag, and Sm was obtained. This 
was also in accordance with the previous 
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FIG. 3. Oxidation of CO over the Mn catalyst, Mni 
Ag (80/20), and Mn/Ag/Sm (80/20/5) treated at 950°C 
in 2% CO plus 98% N2 for 3 h. The reaction condition 
is the same as described in Fig. 1. (a) Mn catalyst; (b) 
Mn/Ag (80/20); (c) Mn/Ag/Sm (80/20/5); (--) CO con- 
version; (---) Specific rate (rate per unit surface area of 
the catalysts). 
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FIG. 4. SEM photographs of the surface of the catalysts treated at 950°C in 2% CO plus 98% Nz 

for 3 h. 
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FIG. 5. Optical microscopic photograph and EDX analysis of MniAg @O/20) treated at 950°C in 2% 
CO and 98% N2 for 3 h. Ag = 21 mol% (A), 16 mol% (B), 19 mol% (C). 

result that Sm inhibited grain growth of 
transition metal oxides by producing 
heterophases (mainly Sm203) in the bulk 
of the oxides (II). 

Generally, heat treatment of oxide cata- 
lysts under reducing atmosphere results in 
the reduction of the oxides and, at the same 
time, in the grain growth of the oxide crys- 
tals. In the absence of Sm, grain growth of 
manganese oxides proceeds extensively 
and the oxides become dense. Therefore, 
reduced Ag will be expelled from the bulk 
and aggregated as large crystals on the sur- 
face or it may migrate toward the center of 
the catalyst particle (Figs. 4 and 5). Reduc- 
tion of silver oxides to the metallic state 
also occurs in the presence of Sm. How- 
ever, as grain growth of the bulk manga- 
nese oxides is not remarkable, metallized 
Ag can still be homogeneously dispersed 
throughout the manganese oxide matrix. 
Retention of dispersed state of Ag in the 
Mn matrix will be favorable for the Mn/Ag 
catalyst to exhibit high performance in the 
oxidation of CO. 

Figure 6 shows the TPD curves and Ta- 
ble 1 shows the amount of desorbed oxygen 
from the catalysts heated from room tem- 
perature to 950°C. The form of the starting 
Mn catalyst and that of Sm in Mn/Ag/Sm 
(80/20/5) calcined at 450°C were Mnz03 and 
Sm203, respectively. As the valence state 
of Mn in the Mn/Ag catalyst calcined at 
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FIG. 6. TPD of oxygen. (-) First cycle: The cata- 
lysts prepared by calcination at 450°C for 3 h were 
further heated at 400°C in 02 for 2 h. (-.-.). Second 
cycle: After first cycle, the catalysts were heated at 
400°C in O2 for 2 h. 
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TABLE 1 

Amount of Oxygen Desorbed by Heating the 
Catalysts to 950°C in He” 

Mn catalyst MnlAg MnlAgiSm 
(80120) (80/20/S) 

I sth 6.37 6.53 5.87 
Ix IO-’ g atom 0) 
2ndh 2.80 1.38 3.x1 
(x IO-‘g atom 0) 
Zndllst' 44.0 21.1 64.9 
(9%) 

(1 One gram of the catalysts was used. 
’ The procedure for the 1st and 2nd TPD cycles is described 

in Fig. 6. 
( Percentage of the amount of oxygen desorbed in the 2nd 

cycle relative to that in the 1st cycle. 

450°C was 3.2 and Ag was in the form of 
AgzO (9), the starting Mn/Ag (80/20) and 
Mn/Ag/Sm (80/20/5) were assumed to be 
Mn01.6(20/80)AgOo.5 and Mn01.6(20/80)Ag 
Oo.d5~80)SmQ.5, respectively. The final 
states of the catalysts after the first cycle of 
TPD were deduced as follows. As silver ox- 
ides lose their lattice oxygen easily (9), it 
was assumed that Ag in the composite cata- 
lysts was metallic after heating to 950°C. In 
a separate experiment using TG, it was 
found that Smz03 lost only 7% of its lattice 
oxygen by heating to 950°C in He. There- 
fore, from the amount of desorbed oxygen 
in the first cycle of TPD shown in Table 1, 
the final states of the catalysts were deter- 
mined as MnOo.ss, Mn01,01(20/80)Ag, and 
MnOl.02(20/80)Ag(5/80)Sm01.40, respec- 
tively. Therefore, the final state of Mn was 
MnO in all cases. The Mn catalyst exhib- 
ited its main desorption peak at 870°C in 
addition to the small peak at 580°C. There- 
fore, Mn was converted to MnO completely 
at about 870°C. The Mn/Ag (80/20) and Mn/ 
Ag/Sm (80/20/5) exhibited small peaks at 
about 460°C which were due to the lattice 
oxygen of Ag. In addition, a large peak was 
observed at about 650°C. As no other peak 
was observed above 800°C and Mn was 
converted completely to MnO, the peak at 
650°C was due to the desorption of the lat- 

tice oxygen of Mn forming MnO. The fact 
that lattice oxygen of Mn in Mn/Ag (80/20) 
and MnlAglSm (80/20/5) desorbed at a 
temperature more than 200°C lower than 
that at which MnzOj released its oxygen 
showed that the lattice oxygen of Mn be- 
came remarkably labile by the combination 
with Ag. This strongly supports the pre- 
vious conclusion that lattice oxygen of Mn 
was easily transferred to Ag and was de- 
sorbed from Ag to oxidize CO (9). 

Comparison of the behavior of Mn/Ag 
(80/20) and Mn/Ag/Sm (80/20/5) in the first 
cycle of TPD (Fig. 6) shows that the 
strength of the bond of the lattice oxygen of 
Mn/Ag/Sm (80/20/5) was more widely dis- 
tributed than that of Mn/Ag (80/20). This 
may indicate the incomplete crystal growth 
of Mn/Ag/Sm (80/20/5) owing to the pres- 
ence of Sm. In the second cycle of TPD, the 
amount of desorbed oxygen from MniAg 
(80/20) corresponded to 21.1% of that in the 
first cycle, while 64.9% of oxygen based 
upon the first cycle desorbed in the case of 
Mn/Ag/Sm (80/20/5). Therefore, the recov- 
ery of lattice oxygen was much easier for 
the latter. An additional remarkable feature 
is that desorption of oxygen from Ag was 
observed for Mn/Ag/Sm (80/20/5) even in 
the second cycle, while scarce desorption 
occurred for MniAg (80/20). As Ag was 
more finely dispersed in Mn/Ag/Sm, silver 
oxides could be recovered by heating at 
400°C in oxygen. These results indicate that 
the lattice oxygen of Mn/Ag/Sm (80/20/5) 
was easily desorbed and recovered through 
finely dispersed Ag. Therefore, the lability 
of the lattice oxygen was assumed to be one 
of the causes for the higher activity of this 
catalyst compared to Mn/Ag (80/20) after 
heat treatment in a reducing atmosphere. 

The results of the present work were 
summarized as follows: 

(1) The lattice oxygen of manganese 
oxides in the Mn/Ag catalyst was easily 
transferred to and desorbed from Ag. This 
role of manganese oxides as the oxygen res- 
ervoir will help maintain the activity of the 
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catalyst when used in the highly oscillating 
condition between the oxidizing and reduc- 
ing atmosphere as is the case for automo- 
bile exhaust gases (12). 

(2) An addition of a small amount of 
Sm inhibited grain growth of manganese 
oxides treated at high temperatures in a re- 
ducing atmosphere, thus, leading to the re- 
tention of a large surface area. 

(3) As the grain growth of the Mn/Ag/ 
Sm catalyst was inhibited owing to the 
presence of Sm, Ag could be finely and ho- 
mogeneously dispersed in the matrix of the 
catalyst. On the other hand, Ag aggregated 
on the surface as large crystals or migrated 
toward the center of the Mn/Ag catalyst 
particle. 

(4) Therefore, the lattice oxygen of the 
Mn/Ag/Sm catalyst was more easily de- 
sorbed and recovered through dispersed Ag 
than that of the Mn/Ag catalyst, which re- 
sulted in the higher activity of the MnlAgi 
Sm catalyst. 

ACKNOWLEDGMENTS 

We express our gratitude to Dr. S. Ishida of Chubu 
University and Mr. K. Utani of Kyoto Institute of 
Technology for their kind encouragement throughout 
this work. 

REFERENCES 

I. Yao, Y. Y., Ind. Eng. Chem. Prod. Res. Dev. 19, 
293 (1980). 

2. Yao, Y. Y., .I. Catal. 87, 152 (1984). 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Whitesell, W. A., and Frazer, J. C. W., J. Amer. 
Chem. Sot. 45, 2841 (1923). 
Brooks, C. S., J. Catal. 8, 272 (1987). 
Gallagher, P. K., Johnson, D. W., Jr., and Vogel, 
E. M., J. Amer. Ceram. Sot. 60, 28 (1977). 
Severino, F., and Laine, J., Ind. Eng. Chem. 
Prod. Res. Dev. 22, 396 (1983). 
Merrill, D. R., and Scalione, C. C., J. Amer. 
Chem. Sot. 43, 1982 (1921). 
Haruta, M., and Sano, H., in “Preparation of Cat- 
alysts III” (G. Poncelet, P. Grange, and P. A. 
Jacobs, Eds.), p. 225. Elsevier, Amsterdam, 1983. 
Imamura, S., Sawada, H., Uemura, K., and 
Ishida, S., J. Catal. 109, 198 (1988). 
Imamura, S., Fukuda, K., Nishida, T., and Inui, 
T., J. Catal. 93, 186 (1985). 
Imamura, S., Hayashi, M., Kanbayashi, K., 
Nishida, T., and Inui, T., Chem. Express. 2, 567 
(1987). 
Schlatter, J. C.. and Mitchell, P. J., fnd. Eng. 
Chem. Prod. Res. Dev. 19, 288 (1980). 

S. IMAMURA’ 

S. YOSHIE 

Department of Chemistry 
Kyoto Institute of Technology 
Matsugasaki, Sakyo-ku 
Kyoto 606, Japan 

Y. ON0 

Industrial Research Institute of Hyogo Prefecture 
Yukihira-cho 3-l-12, Suma-ku 
Kobe 654, Japan 

Received April 21, 1988; revised June 21, 1988 

i To whom correspondence should be addressed. 


