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A Measure of the Number of Active Oxygen Atoms on the Surface of 
Co304 Catalysts 

We have previously developed the rec- 
tangular pulse technique to determine the 
number of active oxygen atoms on the sur- 
face of V205 and Cr,Oj catalysts (1-3). This 
paper demonstrates that the number of ac- 
tive oxygen atoms (0,) on Co304 catalysts 
can also be determined by using the rectan- 
gular pulse technique coupled with the re- 
action of NH3 with the preoxidized cata- 
lyst, i.e., 

2 NH3 + 3 0, -+ N2 + 3 HZ0 (1) 

2 NH3 + 4 0, --f N20 + 3 HZ0 (2) 

Adsorptions of NO and CO on Co304 cata- 
lysts have been well investigated (4-6). It is 
then interesting to determine the number of 
active oxygen atoms on the catalyst and 
discuss the site of the active oxygen atom 
since the catalyst is active for the oxidation 
of various reactants, such as CO, NH3, and 
hydrocarbons (e.g. (7-17)). 

Two kinds of Co304, denoted by 
CojOd(A) and CojOd(B), were used as cata- 
lysts. CojOd(A) was prepared by thermal 
decomposition of cobalt(I1) carbonate in a 
stream of O2 at 773 K for 3 h. Co304(B) was 
prepared by hydrolysis of cobalt(I1) nitrate 
with sodium hydroxide solution, followed 
by filtration and subsequent calcination in a 
stream of O2 at 773 K for 3 h. The catalyst 
was then pressed and sieved in the range 
28-48 mesh. Diffraction peaks in the X-ray 
diffraction diagrams of the catalysts were 
all assigned to the Co304 phase. Apparatus 
and procedure of the rectangular pulse 
technique were almost the same as those 
described previously (2, 2, 18). This tech- 
nique is based on Reactions 1 and 2 to- 
gether with the introduction of NH3 in a 

rectangular pulse shape onto the pre- 
oxidized catalyst and the detection of the 
concentration profile of N2 produced by 
Reaction 1. Unless otherwise stated, exper- 
iments were conducted under the following 
standard conditions: Weight of catalyst = 
0.1-0.2 g. Flow rate of carrier gas(He) = 
150 cm3 mini. Pulse width = 2 min. Initial 
concentration of NH3 in the rectangular 
pulse = 1.10 pmol cm-3, Before every mea- 
surement, the catalyst was routinely preox- 
idized in a stream of O2 (150 cm3 min-*) for 
20 min at 773 K and cooled to the reaction 
temperature in a stream of 02. The selectiv- 
ities to N2 and N20 in the reaction of the 
rectangular pulse of NH3 with the preox- 
idized catalyst were determined by using a 
silica-gel column (50 cm in length) instead 
of the liquid-nitrogen trap [13 in Fig. 1 of 
Ref. (2) or Fig. 2 of Ref. (Zs)]. 

Figure 1 shows examples of the concen- 
tration profiles of N2 produced by the reac- 
tion of the rectangular pulse of NH3 with 
the preoxidized Co304 catalyst. As shown, 
the concentration profile of N2 consisted of 
two parts-initial sharp N2 and tailing N2. 
The concentration of Nz at the tailing part 
became greater with increasing tempera- 
ture. The initial sharp N2 is due to the reac- 
tion of NH3 with the surface oxygen atoms, 
while the tailing N2 is due to the reoxidation 
of the surface by subsurface oxygen atoms 
(I). Taking into account the results of simu- 
lation done on surface reaction and diffu- 
sion of oxygen in the metal oxide (2, 3), the 
initial NZ peak was separated from the tail- 
ing part by the dotted line shown in Fig. 1. 
The amount of the initial N2 thus deter- 
mined [A( is shown in Fig. 2 as a func- 
tion of temperature. In addition to N2, N20 
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FIG. 1. Examples of concentration profiles of N2 
produced by the reaction of the rectangular pulse of 
NH, with the preoxidized CojOq(A) catalyst at various 
temperatures. Experiments were conducted under the 
standard condition. Weight of catalyst = 0.145 g. All 
curves in this figure were obtained on a single sample. 

was produced by the reaction of the NH3 
pulse with the preoxidized Co304 catalyst. 
Figure 3 shows results of the selectivity to 
N20[S(NzO)] at various temperatures. 
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FIG. 2. The amount of the initial sharp N2 [A(NJ] 
produced by the reaction of the rectangular pulse of 
NH3 with the preoxidized Co904 catalyst at various 
temperatures. Circles: Co,04(A). Squares: CoJO&B). 
Error bar resulted from the uncertainty of the dotted 
line to separate the initial N2 from the tailing N2. 
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FIG. 3. Selectivity to NzO [S(NrO)] in the reaction of 
the rectangular pulse of NH3 with the preoxidized 
CojOq catalyst at various temperatures. Circles: 
CogOq(A). Squares: CorO&B). 

According to the mechanism of the oxi- 
dation of NH3 on metal oxide catalysts (9), 
NZ and N20 are produced by Eqs. (1) and 
(2). These equations indicate that the num- 
ber of active oxygen atoms responsible for 
the initial peak (Ao) can be calculated by 

Ao = A(Nd(3 + 4S(N20)/[1 - S(NzO)]} 
(3) 

Figure 4 shows results of A0 at various tem- 
peratures which are calculated from the 
results of A(N$ and S(N20) in Figs. 2 and 
3. As shown, A0 is almost constant at any of 
the temperatures examined. The average 
value of AO is defined by L and the result is 
shown in Table 1. This table also shows the 
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FIG. 4. The number of active oxygen atoms (A,,) 
measured at various temperatures. Circles: Co,04(A). 
Squares: CO~OXB). 



528 NOTES 

TABLE 1 

The BET Surface Area (Sam), Number of Active 
Oxygen Atoms (L), Concentration of Active Oxygen 

Atoms (L&r), and Area Occupied by an Active 
Oxygen Atom (u) 

Catalyst &ET L 
(m*/g-cat) (pmolig-cat) (p%E2, (I&, 

Co@dA) 31.3 102.0 3.3 51 
CosOdB) 18.6 51.0 2.7 61 

BET surface area (Sasr), concentration of 
the active oxygen atoms (LISssr), and area 
occupied by an active oxygen atom(o) 
which is defined as Sam divided by L. As 
shown, u does not change significantly with 
the catalyst. According to the electron dif- 
fraction patterns of the catalysts, the slight 
difference in (T may be ascribable to the dif- 
ference in crystal planes exposed to the cat- 
alyst surface. It should also be noted that 
the value of u is close to that determined by 
the temperature-programmed desorption 
method (56 A2) (19). 

Although almost constant value of u indi- 
cates the availability of the proposed 
method, the following points should be dis- 
cussed as further evidence for the validity 
of the method. 

1, Concentration profile of N2. As shown 
in Fig. 1, the concentration profile of N2 
produced by the reaction of NH3 pulse with 
the catalyst shows the initial sharp N2 fol- 
lowed by the tailing part. The concentration 
at the tailing part increases with increasing 
temperature. According to simulation 
results of these processes (2, 3), the tailing 
part is due to the reoxidation of the surface 
by subsurface oxygen atoms. The increase 
in the concentration at the tailing part with 
increasing temperature means that the 
reoxidation of the surface takes place more 
readily at higher temperature. Such behav- 
ior in the tailing part has also been observed 
in the VzOs and Crz03 catalysts. 

2. Constancy ofAo. Since the number of 
active oxygen atoms on Co304 is a quantity 
which depends only on the structure of the 
catalyst, it should not change with experi- 

mental variables such as reaction tempera- 
ture or catalyst weight. The constancy of A0 
satisfies the condition. Furthermore, A0 did 
not vary with the carrier gas flow rate, the 
catalyst weight, or the pulse width. As indi- 
cated by error bars in Fig. 2, the way the 
initial and tailing parts were separated (dot- 
ted line in Fig. 1) did not affect the mea- 
surement significantly (on the average 
+6%). 

According to the results of adsorptions of 
NO and CO on Co304 catalysts, one surface 
Co ion can adsorb approximately one NO 
or CO molecule. The area occupied by one 
adsorbed NO or CO molecule is 12.8-23.3 
A2 (2, 3) which is considerably smaller than 
that for the active oxygen atom (51-61 A2). 
This indicates that, on the average, 3-4 sur- 
face Co ions can provide a site for an active 
oxygen atom. 
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