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The oxidation of carbon monoxide by gaseous oxygen in the presence of a powdered Cd-doped 
La203 catalyst has been investigated in the temperature range from 300 to 450°C under various CO 
and Or partial pressures. The conductivity of Cd-doped LazO, has been measured at 450°C under 
various CO and Oz pressures. The oxidation rates have been correlated with 15order kinetics; the 
first-order with respect to CO and the OS-order with respect to 02. For the above temperature 
range, the activation energy is around 11.3 kcal . mall’. CO appears essentially to be chemisorbed 
on the lattice oxygens of the Cd-doped LazOr, while O2 adsorbs as ions on the oxygen vacancies 
induced by Cd-doping. The agreement between the kinetic data and conductivities supports the 
proposed oxidation mechanism and the dominant defect of Cd-doped LazOj. 

INTRODUCTION 

It has been known that metal oxides ex- 
hibit catalytic activity because of their non- 
stoichiometric composition. Most metal ox- 
ides contain an excess of oxygen or the 
metal in their crystal structures. It has been 
reported that the catalytic activity of NiO is 
due to excess oxygen (1) while the catalytic 
activity of ZnO, on the other hand, is due to 
oxygen vacancies induced by the excess 
zinc (2-5). Wagner and Hauffe report that 
the positive holes caused by the excess ox- 
ygen activate the reactant gas and the anion 
vacancies caused by the excess metal are 
responsible for the catalytic activity (6). On 
the other hand, Schwab reports that the 
catalytic activity of metal oxides on the oxi- 
dation of carbon monoxide varies with the 
amount of impurity incorporated in the ox- 
ide inducing the positive holes or anion va- 
cancies (7). Cour found that the adsorption 
rate for oxygen in the oxidation of carbon 
monoxide is faster with Li+-doped NiO 
than with Ga3+-doped NiO (8). 

Tascon et al. (9) confirmed by ir study 
that the CO:- intermediate in the oxidation 
of carbon monoxide in the presence of a 
LaCo03 catalyst is formed on the surface of 

the catalyst in the temperature range of 
lOO-150°C and that the activation energy is 
about 61 kJ . mall’. 

Laz03 doped with Cd2+, the catalyst used 
in this work, shows its extrinsic nature in 
the temperature range of 300-450°C. We 
have investigated the catalytic effect of Cd- 
doped La203 on the oxidation of carbon 
monoxide, its conductivity at 450°C under 
various CO and O2 pressures, and its defect 
structure, and we suggest the oxidation 
mechanism by which this oxide acts as a 
catalyst. 

EXPERIMENTAL 

1. Material Preparation 

(a) The 4 mol% Cd-doped La203 powder. 
Specpure La203 powder (99.99% purity) 
obtained from the Johnson-Mathey Com- 
pany and Cd0 powder produced by the fol- 
lowing chemical reaction were used for the 
preparation of CdO-La203 powder. 

Cd(N03)2 *4H20 (25.3 g) was dissolved in 
200 ml of distilled water. NaOH (6.56 g) 
was dissolved in 200 ml of distilled water, 
giving a 0.082 M concentration. 

These two solutions were combined and 
allowed to react for 30 min at 125°C. The 
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precipitate was filtered, washed 6-7 times 
with distilled warm water, and then dried at 
60°C. The chemical reaction involved is 
Cd(NO& * 4H20 + 2NaOH = Cd(OH)z + 
2NaN03 + 4H20. The Cd(OH)z powder 
was then heated at 250°C for 3 h and the 
result was a brownish Cd0 powder. Appro- 
priate weights of the oxide powders for the 
4 mol% CdO-La203 mixture were mixed in 
ethanol and stirred for 72 h to obtain a ho- 
mogeneous dispersion. 

The mixture was then filtered and dried. 
This powder was put on a small covered 
platinum crucible, placed in a preheated 
furnace, and fired in air pressure at 950°C 
for 5 h and then slowly cooled to room tem- 
perature. The amount of uncombined Cd0 
in the fired sample was identified by chemi- 
cal analysis (10). A 2-g sample (100-160 
mesh) was treated with ammonium sulfate 
solution, in which only uncombined Cd0 
was soluble, and the uncombined Cd0 was 
not found by EDTA titration in pH 10 using 
Eriochrome black T as an indicator. For 
identification of phase, X-ray powder dif- 
fractometry for the crystalline phase of 
sample was performed. The 4 mol% Cd- 
doped La203 catalyst powder was found to 
have a Blain test surface area of 11,230 cm21 
g and the amount of Cd dopant present was 
measured with an atomic absorption spec- 
trometer. 

(b) The 4 mol% Cd-doped La203 pellet. 
In order to measure the conductivity, some 
of the powder prepared by the above proce- 
dure was compressed under a pressure of 
1.2 tons/cm2 into a pellet and sintered at 
600°C for 4 h. After sintering, the sample 
was given a light abrasive polish on one sur- 
face, then turned over and polished until 
the voids on this face of the specimen were 
fully eliminated. The sample was then cut 
into a rectangular shape with dimensions of 
0.8 x 0.5 x 0.1 cm and polished again. 

(c) CO and 02. CO-Carbon monoxide 
was prepared by the method given in the 
Weinhouse report (II). The mixture of 
CaCOJ and Zn powders was heated to 
800°C and held at that temperature until the 

reaction was complete (CaCOs + Zn + 
CaO + ZnO + CO). 02-Oxygen gas ob- 
tained from heating potassium chlorate at 
about 600°C was purified by passing it over 
glass wool, phosphorus pentoxide, and cal- 
cium chloride. This method of purification 
was found to give an oxygen gas sufficiently 
free of catalytic poisons for use in catalytic 
reactions. The purity of the CO and 02 
gases was confirmed by gas chromatogra- 
phy. 

2. Measurement of the Reaction Rate and 
Conductivity 

The details of the experimental appa- 
ratus, instruments, kinetic tests, and con- 
ductivity measurements have been given in 
previous papers (I, 12, 13). The rates of 
oxidation of carbon monoxide were mea- 
sured in the completely closed all-glass 
reaction chamber with a total volume of 
162 ml. The catalyst was etched with 
(NH4)2S208 and dilute HN03, washed in de- 
ionized distilled warm water, and then 
dried in a vacuum desiccator. The catalyst 
powder was placed in the reaction chamber 
and sintered at 450°C under 1 x low3 Torr 
for 1 h, then cooled to room temperature 
before gas introduction. The reaction 
chamber was then placed in the electric fur- 
nace maintained at a constant temperature 
within &0.5”C. The grain size of the cata- 
lyst was loo-160 mesh and the amount of 
catalyst used was 0.5 g, and then the cata- 
lyst was distributed uniformly in the reac- 
tion chamber. The total initial pressure of 
the stoichiometric reactant mixture (CO + 
40,) was 210 Ton-. The change in pressure 
due to the progress of the reaction was 
monitored by a capillary manometer con- 
nected to the reaction chamber at regular 
time intervals and read by scaled micro- 
scope. To investigate the effect of PCO and 
Po2, the PC0 and Po2 were varied at 350 and 
450°C. The product gas was confirmed to be 
carbon dioxide by gas chromatography af- 
ter reaction. The experimental error in the 
determination of the rate constant was 



OXIDATION OF CO OVER CdO-La203 SYSTEM 285 

6 - 

5 - 

4- 

3‘ 

2- 

.’ 

“I, 

FIG. 1. The rate of oxidation of CO on Cd-doped 
La203 at temperatures from 300 to 450°C. PC0 = 140 
TOIT; Po2 = 70 Torr; catalyst = 0.5 g; P = total pres- 
sure; Po = total initial pressure. 

~8%, and of the activation energy, E, ~1 
kcal/mol . 

RESULTS 

The kinetics was assumed to be first-or- 
der in carbon monoxide and 0.5order in 
oxygen. The differential rate expression 
confirming this kinetics was integrated, and 
the experimental data were tested with the 
integrated rate expression. Figure 1 shows 
a plot using an integrated rate expression 
for various temperatures from 300 to 450°C 
and the plot shows a good linearity. From 
the rate expression of oxidation on this cat- 
alyst, the inhibition effect of carbon dioxide 
was not observed. The conversion over the 
catalyst of 0.5 g was 70-80% and the con- 
version increased with increasing of tem- 
perature. The data in Table 1 are the rate 
constants from the slopes of the lines in 
Fig. 1. Figure 2 is an Arrhenius plot of the 

TABLE 1 

Specific Rates for the Oxidation of Carbon 
Monoxide on Cd-Doped La203 

Reaction temperature k 

(“Cl (Iiter0.j mol-“.5 seer g-l) 

300 1.02 x IO-3 
3.50 2.13 x 1O-3 
400 4.17 x 10-3 
450 8.92 x 10m3 

rate constants in Table 1. Using the slope of 
the curve obtained from the plot, the acti- 
vation energy has been found to be about 
11.3 kcal/mol. The data in Table 2 are the 
initial reaction rates under various partial 
pressures of CO and 02 in the presence of 
0.5 g catalyst. From the data in Table 2, the 
partial orders for CO and O2 have been 
found to be 1 and 0.5, respectively. Figure 3 
shows the conductivity of the 4 mol% Cd- 
doped La203 under various CO pressures 
@‘co) as a function of time at 450°C. The 
conductivity under CO pressures increased 
with increasing CO pressure. Figure 4 

FIG. 2. Arrhenius plot for the rate of oxidation of CO 
on Cd-doped LazOl. 
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FIG. 3. The conductivity of Cd-doped LazOj under 
various pressures of CO as a function of time at 450°C. 

shows the conductivity under various O2 
pressures (PoJ and the conductivity de- 
creased with increasing 02 pressure. Figure 
5 shows the variation of the conductivity 
under consecutive atmospheres of O2 and 
co (PC0 : PO2 = 2 : 1). 

As shown in Fig. 5, the conductivity with 
70 Torr of oxygen showed a gradual de- 
crease. When the conductivity with oxygen 
showed a constant value, 140 Tot-r of car- 

TABLE 2 

Effect of Pco and PO2 on the Initial Rate for the 
Oxidation of Carbon Monoxide on Cd-Doped LarOr 

Reaction temperature PO2 Pco r 
(“Cl (Torr . mint 

g-9 

350 70 140 1.12 
3.50 34 70 0.38 
350 35 140 0.78 
450 70 140 3.60 
450 36 70 1.25 
450 35 138 2.56 

bon monoxide was introduced, and then 
the conductivity was gradually increased. 
When the conductivity showed a constant 
value, the oxygen was reintroduced after 
evacuating the reactor, and then the con- 
ductivity was decreased again. 

DISCUSSION 

1. Possible Defects and Adsorption Sites 

From the conductivity data shown in 
Figs. 3-5 and the magnitude of the activa- 
tion energy (11.3 kcal/mol), it is clear that 
the reactants can be chemisorbed on the 
surface of catalyst. Table 2 shows that the 
overall rates are dependent on the CO and 
02 partial pressures and in view of the half- 
order with respect to O2 it seems likely that 
02 adsorbs as two species, i.e., 20~(ads). 
Based on the principle of controlled va- 
lency, an oxygen vacancy induced by Cd 
doping is the defect structure in the Cd- 
doped LazO, (0, =: $02(g) + Vii + 2e’). 
This oxygen vacancy is served as a possible 
adsorption site for CO or Oz. Figure 1 
shows that the adsorption rate of the reac- 
tants and the desorption rate of the product 

FIG. 4. The conductivity of Cd-doped LaaOS under 
various pressures of O2 as a function of time at 450°C. 
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FIG. 5. Variation of the conductivity of Cd-doped La203 with 02, then with the introduction of CO, 
and again with the introduction of O2 as a function of time at 450°C. 

increase with increasing temperature. If O2 
is adsorbed on an oxygen vacancy defect 
(Vo - 2e’), the electrical conductivity 
should decrease according to the equilib- 
rium 

02(g) + 2~ 5 20~(ads) (1) 

where e- is a conduction electron trapped 
at an oxygen vacancy. Figure 4 shows that 
the conductivities decrease with increasing 
O2 pressure. This result indicates that equi- 
librium (1) can exist in the catalyst and that 
O2 adsorbs on the oxygen vacancies. On the 
other hand, Fig. 3 shows that the conduc- 
tivities increase with increasing CO pres- 
sure and also the conductivities in Fig. 5 
increase with the introduction of CO after 
O2 adsorption. These results indicate that 
during CO adsorption electrons are added 
to the Fermi surface. Therefore, one must 
consider that a different site is involved in 
the adsorption of CO. If CO is chemisorbed 
on a lattice oxygen, the electrical conduc- 
tivity should increase according to the equi- 
librium 

CO(g) + 02-(latt) 2 CO;(ads) + e- (2) 

where 02-(latt) is a lattice oxygen and 
CO;(ads) is the CO adsorbed on the lattice 
oxygen. In equilibrium (2) the concentra- 

tion of electrons increases with increasing 
CO partial pressure, and thus the conduc- 
tivity will increase. The experimental data 
in Figs. 3 and 5 satisfy the equilibrium (2). 
Therefore, in view of the conductivity data 
shown in Figs. 3-5, one can conclude that 
the adsorption site for CO is lattice oxygen 
and the adsorption site for 02 is oxygen va- 
cancy . 

2. Oxidation Mechanism 

Table 2 shows that the foreward reaction 
rate increases with increasing partial pres- 
sures of CO and 02. This result supports 
that the reaction 

CO;(ads) + O-(ads) 1 

CO2(g) + 02-(latt) (3) 

is involved in the oxidation process of CO. 
The rate equation obtained from the ki- 

netic data in Table 2 is r = K’Pco * Pgi. On 
the other hand, one can derive the above 
rate equation from equilibria (l), (2), and 
reaction (3). From equilibrium (l), the equi- 
librium constant is 

(4) 

From Eq. (4), 

(O&,) = Kj’2(e-)(02)1iz. 
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The equilibrium constant in equilibrium (2) 
is 

K2 = (C%ad&-) 

cw<&tt,> 
(5) 

From Eq. (5), 

(C&&ids)) = 
K2(COW&)) 

(e-1 ’ 

From reaction (3), the rate of production of 
CO2 can be represented as 

4COz) 
- = k(CO%ads,)(O,ds,)* dt (6) 

The above rate equation can be rewritten 
with the substitutions of 

(C%ds)) = ~2<~~>~~&0>~~-)-’ 

and 

@(ids)) = #‘2(e-)(02)1’2 

d(COz)= k . K wmtt,) 

dt 2 
(0 

K;‘2(e-)(Oz)1’2 

= k - K2 - K;‘2(C0)(02)“2 

(O&t,). (7) 

The concentration of O&O can be taken to 
be constant. 

Therefore, Eq. (7) is as follows and is 
consistent with experimental rate law. 

9 = k’(C0)(02)1’2. (8) 

This derived rate law (8), which is based on 
the suggested oxidation mechanism, gives 
the same orders as the observed rate law; 
one-half order for O2 and first-order for CO. 
From this result, one can suggest that equi- 
libria (l), (2), and reaction (3) constitute the 
oxidation mechanism of CO in the presence 
of a Cd-doped La203 catalyst. 
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