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The hydrogen-oxygen reaction has been studied over three erbium oxide catalysts at 
hydrogen:oxygen ratios from 0.2 to 10, at pressures of hydrogen up to approximately 300 
N mm* and oxygen up to approximately 400 N m-‘, and at temperatures in the range 543 to 
723 K. The activity is increased by pretreatment with either hydrogen or oxygen, the effect 
being greater with oxygen. The kinetic results fit an equation of the form 

-dP, -= kba2PtiZb,P, 
dt (I+ b,P,s+ bolPcJ3 

where k is a proportionality constant, b,, and b, are the adsorption coefficients for 
hydrogen and oxygen, respectively, PT is the total pressure of hydrogen plus oxygen, and 
P& and P, are the partial pressures for hydrogen and oxygen, respectively. A probable 
mechanism is one involving the competitive adsorption of molecular hydrogen and oxygen, 
with the rate-determining step involving the interaction between H202(ads) and Hztads). 

INTRODUCTION 

Erbium oxide is an effective catalyst for 
many redox reactions. Minachev (I), and 
others (e.g., 2-6) have compared the activ- 
ity of erbium oxide with the other lan- 
thanide oxides towards many organic reac- 
tions including the dehydrogenation of 
cyclohexane, the dehydrocyclization of 
heptane, the cracking of butane, the hydro- 
genation and isomerization of olefins, the 
dehydrogenation, dehydration and ketoniza- 
tion of alcohols, the ketonization of acids, 
the exchange between deuterium and hy- 
drocarbons, and the oxidation of propyl- 
ene. In general, the oxides in the yttrium 
group (this includes erbium oxide) have a 
fairly uniform activity which is lower than 
that for the cerium group, although erbium 
oxide is particularly active towards hep- 
tane dehydrocyclization and acid ketoniza- 
tion (1,6). For many of the reactions, the 

change in activity across the lanthanide 
oxides parallels the change in magnetic 
moment. 

Several other reactions which are cata- 
lyzed by erbium oxide have been inves- 
tigated in some detail. Winter (7) and Read 
(8) noted that the desorption of oxygen is 
an important rate-controlling step in the 
decomposition of nitrous oxide. Read also 
observed an increase in activity after ex- 
posure to added oxygen (attributed to the 
creation of F centers), and a decrease in 
activity during the course of reactions (at- 
tributed to the formation of a stable sur- 
face oxygen species, possibly 02- 1 Cl-). 
Sazonov and others (1,9-12) studied the 
oxidation of carbon monoxide and the ox- 
ygen exchange reaction, and found parallel 
changes across the lanthanide oxides for 
the activation energy of carbon dioxide 
desorption, the rate of oxygen exchange, 
the surface oxygen mobility and the mag- 
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netic moment. The order was assumed to 
be first in carbon monoxide and zero in ox- 
ygen for carbon monoxide oxidation (with 
the oxygen dissociatively adsorbed), and 
first in oxygen for the exchange reaction. 
Winter (13) found that the desorption of 
molecular oxygen was rate determining in 
the oxygen exchange reaction, but he did 
not observe a dependence of activity on 
magnetic moment. Ashmead et al. (14) 
and Selwood (1.5) studied the parahy- 
drogen conversion. At low temperatures, 
Ashmead et al. observed a dependence of 
rate upon magnetic properties. Selwood 
changed the magnetic field surrounding er- 
bium oxide and noticed an increase in 
activity in a strong field but no change in 
activity in a weak field. 

Preliminary studies have been made of 
the hydrogen-oxygen reaction over erbium 
oxide. Bakumenko and Chashechnikova 
(16) used temperatures in the range 
620-740 K and oxygen pressures of about 
700 N m-’ to investigate the stoichiomet- 
ric reaction in excess argon and the non- 
stoichiometric reaction with excess hy- 
drogen. They found that erbium oxide was 
less active than cerium, praseodymium, 
neodymium, or terbium oxide. Minachev 
(I) reported that the change in activity 
towards the hydrogen-oxygen reaction 
across the lanthanide oxides parallels the 
change in activity towards the oxygen ex- 
change reaction and concluded that the 
rate-determining step is probably the sur- 
face interaction of nondissociatively ad- 
sorbed hydrogen and dissociatively ad- 
sorbed oxygen. Read and Conrad (17) 
used temperatures in the range 380-460 K 
and total pressures of the stoichiometric 
mixture in the range 30-1200 N me2 and 
explained their results in terms of a general 
kinetic expression based on the Langmuir 
isotherm, namely 

df’, -- = (ArnP~f~* 
dt (1 + BPr)rn’ (1) 

where A, and B are temperature depen- 

dent constants, PT is the total pressure of 
hydrogen plus oxygen, and m is an integer 
of value 1 to 3. 

The present contribution extends the 
work of Read and Conrad (17) to include 
nonstoichiometric reactions and the effect 
of catalyst pretreatment. 

EXPERIMENTAL METHODS 

The apparatus and experimental proce- 
dure were identical to that described in the 
previous paper in this series (18). The cat- 
alyst was “Specpure” grade erbium oxide 
(Johnson Matthey) with a surface area of 
1.6 x lo3 m’ kg-‘. The structure was de- 
termined by X-ray powder diffraction and 
by ir analysis. 

As before, each reaction is identified by 
two numbers and one letter. The first 
number indicates the group of experiments 
conducted at an approximately constant 
temperature with a specified pretreatment 
(called the initial pretreatment); the central 
letter indicates the set of experiments 
within the group, each set having a 
common initial hydrogen : oxygen ratio and 
a common immediate pretreatment; and 
the final number indicates the run within 
the set, the total initial pressure usually 
changing for each separate run. 

The detailed experimental conditions are 
given in Table 1. Twenty-five groups of 
experiments were conducted using three 
different catalyst samples from the same 
batch, each weighing 1.77 x 10m4 kg. 
Unless otherwise stated in Table I, imme- 
diate pretreatment before each reaction 
was evacuation of the reaction manifold 
for 10 min. After initial pretreatment with 
oxygen or hydrogen, the gas was evac- 
uated for 10 min, and after immediate 
pretreatment, the gas was evacuated for 
3-5 min. 

Groups l-6 (using catalyst sample 1) 
serve to illustrate the effects of oxygen 
pretreatment on the stoichiometric hy- 
drogen-oxygen reaction at various pres- 
sures and temperatures. The pressure of 
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the pretreating gas is decreased consecu- 
tively for groups 2-4 at constant tempera- 
ture, and then the temperature is increased 
at constant pretreatment pressure for 
groups 5 and 6. Similarly, groups 7- 12 
(using catalyst sample 2) illustrate the ef- 
fects of hydrogen pretreatment. 

Groups 13-24 (using catalyst sample 3) 
are experiments conducted at various pres- 
sures, temperatures and stoichiometries 
with no initial or immediate pretreatment 
with hydrogen or oxygen. Group 25 (using 
catalyst sample 3) is a special group 
showing the effect of an inert gas. 

The first three reactions in every group 
(reactions Al-3) are stoichiometric at an 
approximately constant initial hydrogen 
pressure of 200 N m-‘. 

An IBM 1130 computer was used in the 
analysis of the data, the reaction rates 
being determined by cubic spline interpola- 
tion (19). 

RESULTS 

Structure of Erbium Oxide 

Although most of the lanthanide oxides 
can exist in three different crystalline mod- 
ifications, erbium oxide only forms the 
stable cubic modification (C-type) with a 
space group Za3(Th7). X-Ray and ir analy- 
sis confirmed the structure for erbium 

00 I 

oxide and indicated that the surface was 
free of water and hydroxyl groups after the 
normal pretreatment procedures. 

Analysis of the Data 

The data were initially analyzed using 
the general equation 

(2) 

where P, and P, are the partial pressures 
of hydrogen and oxygen, respectively, and 
k, is the pseudo-rate constant. For stoi- 
chiometric reactions, plots of log(rate) 
versus log(tota1 pressure) gave the overall 
order, and for nonstoichiometric reactions, 
plots of log(rate) versus log(pressure minor 
component) gave an approximation to the 
order for the gas present in less than the 
stoichiometric amount. Typical plots are 
shown for stoichiometric reactions in Fig. 
1, and for nonstoichiometric reactions in 
Figs. 2 and 3. The data are presented in 
Tables 1, 2 and 3. Table 1 gives the initial 
rate data for all reactions, and Tables 2 
and 3 summarize the experimental condi- 
tions and give the average orders with 
respect to time for the stoichiometric and 
nonstoichiometric reactions, respectively. 
The orders with respect to time are taken 
from the linear section of the log plots, 
after the initial high slope. These orders, 

I > 

u 
_'- - - 

--= 5 

;; L 
3 
3 

-10 - 
/ 

/ 
/ 

/ 
I 

i 

I 
I 1 

/ ' / 
/ , I I I I 

10 15 20 25 
LOGi total pressurel 

FIG. 1. Log(rate) versus log(total pressure) plot for stoichiometric group 7 at 603 K. The numbers refer to 
the runs in set D. 
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I I I 
00 10 20 

LOGlhydrogen pressure) 

FIG. 2. Log(rate) versus log(hydrogen pressure) plot for nonstoichiometric group 22 at 633 K. The letters 
refer to the sets, the first run being plotted in each case. 

shown in Table 3, are average values cal- 
culated for hydrogen : oxygen ratios greater 
than 3 : 1 (oxygen order), and less than 1 : 1 
(hydrogen order). 

The data were also analyzed by drawing 
isobaric curves through nonstoichiometric 
reactions, at a constant temperature. Typi- 
cal isobars are shown in Figs. 4 (hydrogen 
isobar) and 5 (oxygen isobar). The results 
from the isobars are summarized in Tables 
4, 5 and 6. 

-10 
I 

Summary of Results 

Shape of the Log Plots 

Most of the plots of log(rate) versus 
log(pressure) show three distinct regions: 
an initial section with a large slope, lasting 
for about 1 min; a second, linear section, 
lasting for most of the reaction; and a third 
section with a rapidly increasing slope. 
The initial section is less pronounced in 

D ,I’ 

E ,’ 

I 1 

15 20 

LOGioxygen pressure) 

FIG. 3. Log(rate) versus log(oxygen pressure) plot for nonstoichiometric group 23 at 574 K. The letters refer 
to the sets, the first run being plotted in each case. 
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TABLE 2 
SUMMARY OF THE RESULTS FROM THE 
STOICHIOMETRIC HYDROGEN-OXYGEN 

REACTION ON ERBIUM OXIDE 

Initial Overall 
hydrogen order 

Av pressure with 
Pretreating temp range respect 

Group gas WI (N m-*) to time 

1 Oxygen 

2 Oxygen 

3 Oxygen 

4 Oxygen 

5 Oxygen 

6 Oxygen 723 

7 Hydrogen 603 

a Hydrogen 604 

9 Hydrogen 604 

10 Hydrogen 603 

604 

603 

603 

603 

663 

Xl-100 
loo-130 
130-170 
170-260 

0.3 
0.2 
0.1 
0 

60 0.3 
60-130 0.2 

130-170 0.1 
170-250 0 

60-120 0.3 
120-130 0.2 
130-190 0.1 
190-250 0 

40 0.7 
80-140 0.2 

140-250 0.1 

40 0.7 
80-120 0.4 

120-250 0.3 
260 0.2 

40 0.8 
80-110 0.6 

1 lo-120 0.5 
120-170 0.4 
170-260 0.3 

80 0.5 
120 0.4 

130-140 0.3 
140-200 0.2 

40 0.6 
70-120 0.3 

120-250 0.2 
180-250 0.1 

40 0.6 
80-120 0.3 

120-250 0.2 

40 0.6 
80 0.2 

90-250 0.1 

TABLE 2 (Continued) 

Group 

Initial Overall 
hydrogen order 

Av pressure with 
Pretreating temp range respect 

gas 6) (N m-3 to time 

11 Hydrogen 663 40 0.7 
80 0.5 

120-200 0.3 
200-250 0.2 

12 Hydrogen 723 40 0.7 
70 0.5 
90 0.4 

100-200 0.3 
200-260 0.2 

13 None 604 80-120 0.5 
120-200 0.4 
200-280 0.3 

290 0.2 

14 None 603 200 0.3 

15 None 603 200 0.3 

16 None 665 70-170 0.6 
170-240 0.5 

290 0.4 

17 None 666 

18 None 545 

200 0.5 

70-l 10 
110-200 

200 

0.5 
0.4 
0.3 

19 None 544 

20 None 724 

21 None 723 

22 None 634 

200 0.6-0.7 

80-310 0.7-0.6 

200 0.6 

80 0.6 
130 0.5 

200-270 0.4 

23 None 574 70-170 0.5 
170-290 0.4 

24 None 605 80 0.6 
130-200 0.5 
200-290 0.4 

25 None 604 lo-200 0.7-0.4 
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TABLE 3 
SUMMARY OF THE RESULTS FROM THE 

NONSTOICHIOMETRIC HYDROGEN-OXYGEN 
REACTION ON ERBIUM OXIDE 

Initial Av order with 
Av hydrogen : respect to time 

temp oxygen 
Reaction W) ratio Oxygen Hydrogen 

14 D 604 2.9 1.6 
14E 605 1.0 1.1 
15 B 603 5.0 1.6 
15 c 603 0.2 2.9 
15 D 603 10.0 2.2 
17 B 663 3.0 1.0 
17 c 663 1.0 0.8 
17 D 663 5.1 1.8 
17 E 663 0.20 2.1 
17 F 664 9.9 1.6 
19 B 543 3.0 1.1 
19 c 543 1.0 1.8 
19 D 543 5.1 1.4 
19 E 543 0.2 3.3 
19 F 543 9.4 1.3 
21 B 722 3.0 0.9 
21 c 723 1.0 0.2 
21 D 723 5.1 1.5 
21 E 723 0.20 1.7 
21 F 723 10.0 2.2 

the log(rate) versus log(oxygen pressure) 
plots than in the other types of log plots. 

Catalyst Activity and the Effect 
of Pretreatment 

1. Initial pretreatment. The effect of ini- 
tial pretreatment, that is, the pretreatment 

before a group of reactions, can be ob- 
tained by observing the activity of the 
standard A set in each group. For the fresh 
catalysts (groups I, 7 and 13), the activity 
increases during the first few reactions. 
With oxygen pretreatment (groups l-6), 
the activity decreases as the pressure of 
the pretreating gas is decreased at constant 
temperature, and as the pretreatment tem- 
perature is increased at constant pressure. 
These effects are shown in Fig. 6. With 
hydrogen pretreatment (groups 7- 12), the 
effects are less pronounced, though there 
is a slight increase in activity as the pres- 
sure of the pretreating gas is decreased at 
constant temperature. In addition, the 
activity increases for successive runs 
within the standard sets. With no pre- 
treating gas (groups 13-25) the activity 
remains fairly constant for groups evac- 
uated at the reaction temperature, 
whereas, for groups evacuated at 773 K, 
there is an irregular change in activity 
within the first set. It should be noted that 
many of the reactions in groups 13-25 are 
nonstoichiometric, having the effect of pre- 
treating the catalyst for subsequent reac- 
tions with the gas in stoichiometric excess. 

2. Immediate pretreatment. The effect 
of immediate pretreatment, that is, the pre- 
treatment before each reaction, is the same 
as that for initial pretreatment except that 
as the pretreatment temperature is in- 

I I I I 

1.0 1.5 2.0 2.5 

LOGlovygen pressure I 

FIN. 4. Hydrogen isobars from groups 20 and 21 at 723 K. The constant hydrogen pressures are shown in 
N rn-‘. 
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LOG ( hydrogen pressure 1 

FIG. 5. Oxygen isobars from group 22 at 633 K (-) and group 24 at 603 K (---). The constant oxygen pres- 
sures are shown in N m-*. 

creased at constant hydrogen pressure the 
activity decreases slightly. Also, for hy- 
drogen pretreatment at 723 K the activity 
decreases as the length of pretreatment 
time increases. 

A comparison of the activity of the cata- 
lyst after various pretreatments shows that 
at all temperatures the catalyst is more ac- 
tive after pretreatment by either hydrogen 
or oxygen than it is when no pretreating 
gas is used; the first reactions in groups 
13-25 being particularly slow. Also, the 
change in activity with temperature for the 
standard reactions in groups 13-25, shows 
that the activity is highest in the tempera- 
ture range 603-633 K, the activity being 
lower both above and below these temper- 
atures. 

The catalyst can be regenerated so that 
it will yield reproducible results under sim- 

ilar conditions, and there is no decrease in 
activity with time. 

The effect of pretreatment on the kinetic 
orders and isobars are described below. 

Kinetic Orders 

For stoichiometric reactions, the overall 
orders with respect to time are sum- 
marized in Table 2. The orders range from 
zero at high pressures for groups 1-3, to 
about 0.8 at low pressures and high tem- 
peratures. The effects of pressure and tem- 
perature follow a similar pattern for the 
different pretreatments; the orders de- 
creasing with increasing initial pressure or 
decreasing reaction temperature. The pres- 
sure effect is most pronounced after hy- 
drogen pretreatment and least pronounced 
after oxygen pretreatment, whereas, the 
converse is true for the temperature effect. 
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I , 

500 1000 

TIME is1 

FIG. 6. Total pressure versus time plots for the first runs in sets 3A (603 K), 5A (663 K) and 6A (723 K) all 
with initial oxygen pretreatment, and 3B (603 K), 5B (663 K) and 6B (722 K) all with initial plus immediate 
oxygen pretreatment. 

The orders are highest when no pretreating 
gas is used and lowest after oxygen pre- 
treatment. And, the orders decrease as the 
hydrogen pretreatment pressure decreases, 
whereas, the orders increase as the oxygen 
pretreatment pressure decreases. There is 
a tendency for the first reactions of any 
group to have irregular orders. 

The orders with respect to concentration 
could not be obtained accurately because 
of the inherent difficulty in measuring ini- 
tial rates and the problems associated with 
the initial large decrease in total pressure. 
However, orders were obtained whenever 
possible, most of them falling in the range 
0.8-1.0. The lowest orders are about 0.4 
and the limiting value at the highest tem- 
peratures studied is about 1.0. 

For nonstoichiometric reactions, the cal- 
culated average orders with respect to time 
are shown in Table 3. No overall pattern 
emerges from this method of analysis ex- 
cept an indication that the order lies 
between 1 and 2 for oxygen, and 1 and 3 
for hydrogen. 

Isobars 

At all temperatures, the hydrogen and 
oxygen isobars have maxima, and the re- 
sults from these isobars, drawn at approxi- 
mately regular intervals, are given in Table 
4. The average slopes and ratios at the 
maxima are shown in Table 5, and also the 
rise in values with increasing pressure of 
the appropriate isobar in cases where a 
trend is perceptible. The hydrogen isobars 
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TABLE 4 
SUMMARY OF THE RESULTS FROM THE ISOBARIC PLOTS AT CONSTANT 

HYDROGEN OR OXYGEN PRESSURE 

Isobar at constant hydrogen pressure Isobar at constant oxygen pressure 

Group 

18, 19 

Av 
temp 
6) 

543 

23 574 

13, 14 603 
15,24 

22 633 

16, 17 663 

hydrogen Oxygen Hydrogen : oxygen Hydrogen Hydrogen : 
pressure pressure oxygen pressure pressure oxygen 
(N m-3 (N m-2) ratio (N m-2) (N m-3 ratio 

Constant 
At maximum of isobar 

Constant 

80 107 0.8 

53 80 0.7 
27 47 0.6 
20 40 0.5 
13 31 0.4 

260 137 1.9 
247 145 1.7 
233 166 1.4 
220 169 1.3 
207 159 1.3 
193 161 1.2 
180 164 1.1 
167 152 1.1 
153 153 1.0 
140 140 1.0 
87 79 1.1 
73 61 1.2 
47 59 0.8 
33 83 0.4 
20 40 0.5 

133 133 1.0 
107 119 0.9 
93 93 1.0 
80 100 0.8 
53 88 0.6 
40 67 0.6 
27 45 0.6 
13 26 0.5 

200 181 1.1 
87 73 1.2 
80 73 1.1 
73 81 0.9 
67 84 0.8 
40 57 0.7 
27 39 0.7 
13 26 0.5 

80 80 1.0 
53 67 0.8 
27 45 0.6 
20 36 0.6 
13 33 0.4 

80 47 0.6 
53 33 0.6 
27 27 1.0 
20 17 0.9 

113 181 1.6 
107 171 1.6 
100 150 1.5 
93 140 1.5 
87 131 1.5 
80 120 1.5 
73 102 1.4 
27 35 1.3 
20 26 1.3 
13 16 1.2 

107 139 1.3 
53 48 0.9 
40 36 0.9 
27 30 1.1 
13 14 1.1 

113 113 1.0 
107 118 1.1 
100 100 1.0 
93 84 0.9 
87 70 0.8 
80 64 0.8 
73 58 0.8 
27 30 1.1 
20 22 1.1 
13 13 1.0 

53 53 1.0 
27 27 1.0 
20 20 1.0 

At maximum of isobar 
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Group 

20, 21 

Av 
temp 
6) 

723 

TABLE 4 (Co~~rinmi) 

Isobar at constant hydrogen pressure lsohar at constant oxygen pressure 
- 

At maximum of tsobai At maximum of isobar 
Constant Constant -~____ 
hydrogen Oxygen Hydrogen : oxygen Hydrogen Hydrogen : 
pressure pressure oxygen pressure pressure oxygen 
(N m+) (N mm?) ratio (N mm”) (N mmZ) ratio 

___. 

80 100 0.8 27 24 0.9 
27 54 0.5 13 12 0.9 
20 50 0.4 
13 43 0.3 

at 723 K and 13, 20 and 27 N m-’ are 
shown in Fig. 4. The oxygen isobars at 
603 and 633 K, and 20 and 33 N m-* are 
shown in Fig. 5. 

The hydrogen isobars exhibit ratios at 
the maxima which rise with increasing 
pressure, whereas these ratios tend to re- 
main constant for the oxygen isobars. For 
any particular temperature, the maxima in 
the hydrogen and oxygen isobars are simi- 
lar, and there is no obvious trend with tem- 

consistent value of I .O ? 0.2 is obtained 
for the positive slope of the hydrogen 
isobars, and a trend towards absolute val- 
ues of 1 and 2 are noted for the negative 
slopes of the oxygen and hydrogen isobars, 
respectively, as the pressure of the corre- 
sponding isobar increases. 

DISCUSSION 

Kinetic Expression 

perature. There is an upward displacement It has been shown previously (17) that 
of these maxima for isobars drawn through the stoichiometric hydrogen-oxygen reac- 
the initial section of the log(rate) versus tion obeys a kinetic expression of the form 
log(pressure) plots. given in Eq. (I). Assuming that the rate is 

Accurate slopes on either side of the dependent on the fraction of active surface 
isobaric maxima are difficult to measure. A covered competitively by molecular hy- 

TABLE 5 
AVERAGE SLOPES AND MAXIMA FROM THE ISOBARS 

Slope of isobar 

Isobar Group 

Av 
temp 

WI 

Hydrogen: oxygen 
ratio at maxima 

of isobar 

Low pressure 
side of 

maxima 

High pressure 
side of 
maxima 

Hydrogen 18, 19 543 0.4 to 0.8 
23 574 0.4 to 1.9 
13, 14,15,24 603 0.5 to I.0 
22 633 0.5 to 1.2 
16, 17 663 0.4 to I.0 
20, 21 723 0.3 to 0.8 

Oxygen 18, 19 543 0.8 + 0.2 
23 514 1.4 2 0.2 
13,14.15,24 603 1.1 t 0.2 
22 633 I.0 k 0.2 
16, 17 663 1.0 
20, 21 723 0.9 

1.1 2 0.1 -1.7 +- 0.1 
0.9 -t 0.1 
1.0 2 0.1 
0.9 t 0.1 -1.5 to -2.0 
1.1 ? 0.3 
0.9 ” 0.2 

1.8 -0.4 to -0.6 
-0.3 to -0.9 
-0.3 to -1.2 
-0.5 to -0.9 
-0.3 to -0.9 

0 to -0.5 
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TABLE 6 
CALCULATED VALUES FOR THE 

ADSORPTION COEFFICIENTS 

From Eq. (4) From Eq. (4a) 

Temp bHz b b b 
WI (N -1 mZ) (N -pf,P) (N -$2) (N -:;n2) 

543 0.06 0.06 0.06 0.03 
574 0.04 0.05 0.05 0.03 
603 0.05 0.05 0.05 0.03 
663 0.04 0.05 0.04 0.03 
723 0.04 0.04 0.04 0.02 

drogen and oxygen, and that adsorption 
obeys the Langmuir isotherm, Eq. (1) 
could be considered a reduced form of 

dP, --= k(bH,PH, 1” (~0~~0~ )” 

dt (1+bHzPH2+bo2P02)S+u’ (3) 

where k is a proportionality constant, bH1 
and b, are the adsorption coefficients for 
hydrogen and oxygen, respectively, and 
x + y = m in Eq. (1). 

The results, after the initial fast rate of 
reaction, will now be discussed in relation 
to Eq. (3) to determine the validity of this 
kinetic expression. 

Kinetic Orders 

According to Eq. (3) the overall order 
with respect to time for a stoichiometric 
mixture can vary from zero when b&P, + 
b&P, >> 1 (high pressures and low tem- 
peratures), to x + y when b,,P,, + 
b,P, -CC 1 (low pressures and high tem- 
peratures). The stoichiometric results in 
this paper (Table 2) and a previous paper 
(17) show this trend, with a maximum ob- 
served order of about 0.8 at the highest 
temperatures (723 K) and lowest pressures 
(about 40 N mp2). Zero-order kinetics 
were only observed after oxygen pretreat- 
ment at the lowest temperatures studied 
(603 K) and the highest pressures 
(200-250 N mp2). These results would in- 
dicate that bH,P, + b&P, = 1 at the low- 
est pressures used and in the tempera- 
ture range 545-724 K. In the previous 
paper (I 7), where the reaction was studied 

at lower temperatures, zero-order kinetics 
were obeyed for 50% of the reaction at 
temperatures below 423 K with total initial 
pressures of about 400 N m-‘. 

For nonstoichiometric reactions, an 
approximation to the order with respect to 
time is obtained by the method described 
previously, provided that Eq. (2) is a valid 
reduction of Eq. (3). From the results 
shown in Table 3 it is obvious that this 
method is not suitable in this case, particu- 
larly with regard to calculating the order in 
hydrogen. To obtain the order in hy- 
drogen, the pressure of oxygen must be 
sufficiently high so that log P, can be 
considered effectively constant, and so 
that 1 + bHzPH2 can be neglected with 
respect to bo2 P, , but not so high that pref- 
erential adsorption of oxygen affects the 
kinetics. If the oxygen adsorption coeffi- 
cient is relatively low, it may be impossible 
to obtain an appropriate pressure of ox- 
ygen to meet both the above-mentioned 
criteria. 

The fact that pretreatment by either hy- 
drogen or oxygen lowers the orders shows 
that both these species are adsorbed. The 
decrease in order and hence increase in the 
adsorption coefficients, may be due to the 
creation of more active sites or simply to 
the fact that one or other of the reactants 
is already present on the surface. If the 
latter is the case, the smaller effect of hy- 
drogen pretreatment may indicate that 
hydrogen is readily adsorbed during the 
reaction, that is, that bH2 > boz. This ob- 
servation is paralleled by the effects of pre- 
treatment on activity. There is an increase 
in activity after pretreatment by either hy- 
drogen or oxygen, with oxygen having the 
greater effect. Prolonged exposure to high 
pressures of hydrogen causes a decrease in 
activity due to saturation of the surface 
with hydrogen. 

Isobars 

In order to obtain maxima in the isobars, 
there must be competitive adsorption as 
reflected in Eq. (3). Information can be ob- 
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tained about the values for x and y from an giving the low overall orders. In addition, 
analysis of the slopes on either side of the the slight decrease in the adsorption coeffi- 
maxima and from the relative positions of cients with increasing temperature is paral- 
the maxima on the hydrogen and oxygen leled by the slight change in activity and 
isobars at a specific temperature. From a order with temperature. There is an indica- 
reduction of Eq. (3), x can be equated to tion that the adsorption coefficients at 
the positive slope of the oxygen isobar, 633 K are slightly higher than those at 
and y can be equated to the positive slope lower and higher temperatures, but the 
of the hydrogen isobar. Similarly, but with erratic nature of the results precludes an 
less accuracy, x can be equated to the accurate determination. This effect is also 
absolute value of the negative slope of the observed by the maximum catalyst activ- 
hydrogen isobar (with accuracy increasing ity in the temperature range 603-633 K. 
as the hydrogen pressure increases), and y It is likely that there is a change in the 
can be equated to the absolute value of the 
negative slope of the oxygen isobar (with 

type of adsorption occurring in this tem- 

accuracy increasing as the oxygen pres- 
perature range, an effect which has already 
been noted for neodymium oxide (18) and 

sure increases). Hence, from the results 
summarized in Table 5, it can be stated 

confirmed by adsorption studies. 

that y = 1.0 * 0.2 and x tends towards 2. 
It is impossible to distinguish between 

These values are consistent with the 
the two likely values for x on the basis of 

ranges shown in Tables 2 and 3. 
an analysis of the relative values for the 
adsorption coefficients except to note that 

Differentiation of Eq. (3), using x = 1 or 
2 and y = 1, gives the following rela- 

previous discussion predicts that bHP may 

tionships for the positions of the maxima 
be greater than b, and hence, x = 2 would 
be the more appropriate value. 

in the hydrogen and oxygen isobars. Attempts were made to fit the results 
For x = y = 1, hydrogen isobar, from the stoichiometric reactions to the in- 

PH. _ tegrated form of Eq. (1). This analysis is 
2- 602 P,, - 1 
P (4) 

02 bd’on ’ 
inconclusive, with slightly better fits ob- 
tained with m = 1 or 3 than with m = 2. 

for x = y = 1, oxygen isobar, In summary, after the initial fast section, 

P H2= bozpo, + 1 
the reaction data fit a kinetic expression of 

P 02 bd’oz ’ 
(5) the form shown in Eq. (3). The most likely 

for x = 2, y = 1, hydrogen isobar, 
values for x and y are 2 and 1, respec- 
tively, although the value for x cannot be 

Hz- WJ’oz- 1 P obtained with great certainty. 

Paz - bn,f’oz 
, and, i4a) 

Mechanism 

for x = 2, y = I, oxygen isobar, Information about possible mechanisms 

P nz _ 2b,P, + 2 
can be obtained from the effects of pre- 

-- 
PO,, bnd’o, . 

04 treatment and from the characteristics of 
the kinetic expression. 

From the variation in ratio at the The presence of anion vacancies in er- 
maxima with oxygen pressure, average bium oxide makes this catalyst particularly 
values for bHP and bo2 can be calculated sensitive to pretreatment. From the results 
from Eqs. (4) and (4a), and these are of the decomposition of nitrous oxide (8), 
shown in Table 6 at five different tempera- it has been shown that activity is increased 
tures. The order of magnitude for the ad- by exposure of the catalyst to oxygen, with 
sorption coefficients is realistic and would the creation of F centers. Activity is also 
make (bH2PH2 + baPoA) close to unity, increased by heating in wzcuo to very high 
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temperatures. Minachev (I) shows that 
double bond migration in olefins only 
occurs above 613 K when erbium oxide is 
evacuated at 773 K, whereas migration 
occurs at room temperature after evacua- 
tion at 1000 K. The effect of hydrogen is 
generally less pronounced. For example, 
the activation energy for the hydrogen- 
oxygen reaction changes from 37 kJ 
mol-’ for a stoichiometric mixture (17) to 
33 kJ mol-l in hydrogen excess (16). Sim- 
ilar effects are observed in the present 
work, showing that both adsorbed hydro- 
gen and adsorbed oxygen are participating 
in the overall mechanism. Both the activ- 
ity and the adsorption coefficients are in- 
creased by pretreatment with either gas. 

The initial section of the log plots is still 
apparent after pretreatment. This result, 
coupled with the fact that isobars (dis- 
placed upwards) can be drawn through 
these initial sections, indicates that reac- 
tion first occurs on a small number of hy- 
peractive sites, with a mechanism similar 
to that followed later in the reaction. Evi- 
dence for the presence of sites with dif- 
fering activities is presented by the anom- 
alous activity of fresh catalyst surfaces. 
However, deactivation of these sites soon 
occurs and the activity becomes constant, 
as can be seen from the similar activities of 
groups 13-15 and 24. 

Several mechanisms can give rise to Eq. 
(3) with x = 2 and y = 1, and still be com- 
patable with all the evidence. A probable 
mechanism would be based on the follow- 
ing steps. 

H z(g) * Hz(ads), 
02(g) * Q!kldS)~ 

H Zkids) + %ads) * H&ads), 

Hdhads) + Hzcads, + 2HzO(ads), 

H&ads) * Hz%,. 

The adsorbed species formed in the 
third step is probably best represented as 
HzOz rather than 20H, and this can then 
react with additional adsorbed hydrogen 
by a concerted mechanism to form water. 

Although Minachev (1) concluded that the 
rate-determining step involved dissocia- 
tively adsorbed oxygen, there is no evi- 
dence for this in the present study. 

In conclusion, the results obtained in 
this work, together with a previous inves- 
tigation (17), show that the hydrogen- 
oxygen reaction is catalyzed by erbium 
oxide. Hydrogen and oxygen are competi- 
tively, nondissociatively, adsorbed on the 
surface and the rate-determining step in- 
volves the interaction between Hlcads) and 
~dhads). Hydrogen or oxygen pretreat- 
ment increases the activity of the catalyst. 
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