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The stoichiometric hydrogen-oxygen reaction has been studied over holmium oxide at an 
approximately constant initial hydrogen pressure in the range 160 to 250 N m -2 over the 
temperature range 449 to 768 K, and at different initial hydrogen pressures from 80 to 710 N m -2 
at 516, 567, and 626 K. In addition, stoichiometric reactions have been conducted at 487, 550, 
551, 630, 690, and 744 K after pretreatment of the catalyst with hydrogen or oxygen. Non- 
st0ichiometric reactions have been studied at 486, 548, 630, 690, and 748 K, at initial hydrogen 
pressures from 20 to 360 N m -~ (740 N m -2 at 548 K), and at hydrogen~oxygen ratios from 
0.20 to 5. After detailed kinetic analysis it is shown that the results fit an equation of the form : 

dPT k (b~2Pn~)~bo~P o~ 
dt (1 + bH2PH2 ~ hooP%) 1+~ 

where k is a proportionality constant, bH2 and bo2 are the adsorption coefficients for hydrogen 
and oxygen, respectively, PT is the total pressure of hydrogen plus oxygen, P~, and P% are 
the partial pressures of hydrogen and oxygen, respectively, and x = 1 or 2. The mechanism 
involves the competitive adsorption of molecular hydrogen and oxygen, with the rate-de- 
termining step involving the interaction between adsorbed hydrogen molecules and adsorbed 
oxygen or hydrogen peroxide (double hydroxide groups). 

INTRODUCTION 

Minachev (1) has summarized a great 
deal of the experimental work that  has 
been conducted prior to 1973 using holmium 
oxide. This catalyst is a stable member of 
the y t t r ium group and often has properties 
very similar to erbium oxide (2). I t  has a 
relatively low activity toward oxidation 
reactions, but  a relatively high activity 
toward dehydrogenation reactions [-for 
example, (1, 3)7. The activation energy for 
oxygen exchange is very high, giving a value 
of 160 kJ mo1-1 in the temperature range 
700 to 800 K on an oxygen pretreated 
sample (4). This value is considerably 

lower, at  88 kJ mo1-1, over holmium oxide 
which has been heated in air and in  vacuo 
(5). Sazonov et al. (6) calculated a value 
of 70 kJ mo1-1 in the temperature range 
600 to 700 K, after alternating pretreat-  
ment in vacuo and in oxygen. The nitrous 
oxide decomposition is retarded by  added 
oxygen, as is the reaction over most of the 
y t t r ium group oxides, indicating that  the 
R2 centers produced after adsorption of 
oxygen from the nitrous oxide are rela- 

tively stable (7). 

The nonstoichiometric hydrogen-oxygen 

reaction has been studied for 1% oxygen 

in hydrogen and 2% hydrogen in oxygen 
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at a total initial pressure of 2.2 X 103 N m -s 
in the temperature range 640 to 773 K (8). 
There is rapid deactivation, particularly in 
excess hydrogen. The original activity can- 
not be fully regained and the results are 
too irregular for an accurate activation 
energy to be determined. In excess oxygen, 
the activation energy is originally 180 kJ 
mo1-1 which reduces to a value of 100 kJ 
mol -1 after several runs. The rate also 
decreases. 

The adsorption of hydrogen on holmium 
oxide has been studied extensively from 
100 to 1000 K at pressures from 0.1 to 
70 N m -2 with various pretreatments (9). 
For a catalyst heated in oxygen and then 
i n  vacuo  at 1000 K, fast, reversible, physical 
adsorption occurs at 100 K. The amount of 
adsorption decreases at temperatures up 
to 200 K. At this point a nondissocia- 
tive, essentially neutral, partially reversible 
chemisorption commences, with the amount 
being adsorbed first increasing and then 
decreasing with temperature as the tem- 
perature is raised beyond 300 K. At 500 K 
adsorption is minimal but hydrogen absorp- 
tion commences, as hydrogen interacts with 
lattice oxygen ions. This leads to an ac- 
cumulation of hydroxyl groups and an in- 
crease in adsorption with temperature up 
to the pretreatment temperature of 1000 K. 
This dissociative reaction can produce 
oxygen vacancies which will adsorb oxygen 
without evolution of products. For a 
sample of holmium oxide which has been 
reduced in hydrogen at 1000 K, the adsorp- 
tion pattern is similar except that adsorp- 
tion in the range 300 to 500 K is slightly 
greater than before, whereas adsorption 
above 500 K is less, with a maximum at 
800 K. At 1000 K the temperature is high 
enough for hydrogen pretreatment to cause 
loss of water from the surface. This pro- 
duces more sites for adsorption in the range 
300 to 500 K, and allows for dissociative 
adsorption of hydrogen in the range 800 
to 1000 K, with the amount of adsorption 
decreasing as the temperature increases up 

to 1000 K, at which point water is released 
from the surface. The effect of pretreatment 
is further illustrated by comparing the 
amount of hydrogen adsorbed at room 
temperature after various pretreatments. 
Reduction in hydrogen at 1000 K, with 
the removal of all carboxyl and hydroxyl 
groups and with the creation of vacancies, 
produces the most active catalyst. Heating 
in oxygen and i n  vacuo at 1000 K produces 
a slightly less active catalyst, which is 
further deactivated by heating in oxygen 
at room temperature. Cooling the hydrogen 
pretreated catalyst to 500 K in hydrogen 
further reduces the activity, due to hydride 
formation, and exposure to water or carbon 
dioxide at room temperature causes com- 
plete deactivation. 

EXPERIMENTAL METHODS 

The apparatus, experimental procedure, 
catalyst conditioning, method of analysis, 
and identification system for reactions are 
identical to those described in previous 
papers in this series [-for example, (I0)]. 
Specpure grade holmium oxide was used 
with a surface area of 1.01 X I0 ~ m 2 kg -I 
and a total weight of 1.53 X 10 -4 kg. 

Thirty groups of experiments were con- 
ducted. Groups I to 16 contain stoiehio- 
metric reactions at various temperatures 
in the range 449 to 768 K at an approxi- 
mately constant initial hydrogen pressure 
in the range 160 to 250 N m -2, three to five 
identical reactions being conducted in 
each group; groups 17, 18, and 19 contain 
stoichiometric reactions at 516, 567, and 
626 K, respectively, each group comprising 
eight reactions at different initial hydrogen 
pressures in the range 80 to 710 N m-2; 
groups 20 to 24 contain nonstoiehiometric 
and standard stoichiometric (with an 
initial hydrogen pressure of 210 4-20 N 
m -2) reactions at 630, 690, 486, 748, and 
548 K, respectively, and groups 25 to 30 
contain standard stoichiometric reactions 
at 487, 550, 630, 690, 744, and 551 K, 
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TA BLE 1 

Summary  of the Experiments  and Results for the Stoichiometric 
Hydrogen-Oxygen Reaction on Holmium Oxide 

Group, sets, Average 
and runs temperature  

(K) 

Initial hydrogen Gas in stoichi- Overall order 
pressure range ometric with respect 

(N m -z) excess immediately to t ime 
prior to reaction 

Initial rate 
(N m -2 s -1) 

Reaction 
type 

0A1-3 510 200 0.4 ± O.1 
1A1-3 575 190 ± 20 0.7 ± 0.1 
2A1-4 640 210 ± 10 0.6 ± 0.1 
3A1-3 678 200 ± 10 0.6 ± 0.1 
4A1-3 728 210 
5A1-3 768 190 ± l0 0.8 ± 0.3 
6A1-3 746 200 0.2 ± 0.1 
7A1-3 700 200 ± 10 0.2 ± 0.1 
8A1-3 621 180 ± 10 0.2 ± 0.1 
9A1-5 602 200 ± 10 0.2 -~ 0.8 

10A1-3 566 210 0.1 
l lA1-4  539 220 ± 20 0.6 
12A1-3 484 240 ± 10 0.9 
13A1-3 449 170 ± 20 0.2 
14A1-3  514 160 ± 30 0.2 ± 0.2 
15A1-3 568 160 ± 30 0.1 
16A1-8 516 710 - 90 0 -~ 0.5 
17A1-8 567 660 - 80 0 --~ 0.6 
18A1-8 626 600 - 90 0 --* 0.5 
19A1-2 630 230 ± 10 0.8 
19C1-2 210 ± 5 H~ 1.0 
19E1-2 210 ± 10 O2 1.0 
19G1-2 210 ± 5 H~ 0.9 
1911-2 200 ± 10 O~ 0.1 
19K1-2 210 ± 5 H~ 0.3 
19N1-2 210 ± 20 H~ 0.3 
1901-2 205 ± 5 0.5 
19Q1-2 210 O2 0.5 
20A1-2 690 220 ± 20 H2 0.4 
20D1-2 210 ± 20 02 0.4 
20E1-2 220 ± 20 0.5 
20H1-2 200 O2 0.5 
2011-2 200 ± 5 0.5 
20L1-2 220 ± 5 O2 0.4 
20M1-2 230 ± 20 0.3 
20P1-2 200 ± 10 O5 0.6 
20Q1-5 220 --* 70 0.9 ± 0.3 
20S1-2 180 H~ 0.5 
21A1-2 486 220 ± 20 0.6 
21D1-2 190 O~ 0.7 
21E1-2 200 0.5 
21H1-2 210 ± 10 02 0.4 
2111-2 180 0.4 
21K1-2 190 H2 0.2 
21N1-2 200 ± 10 H2 0.6 
2101-2 200 0.5 
21Q1-5 250 -~ 90 O: 0.6 --~ 0.1 
22A1-2 748 210 ± 10 0.2 

2.7 --* 1.9 
1.6--* 0.1 
0.1 --* 2.0 
2.4 --* 1.6 

1.4 
1.3 ± 0.2 
3.2 --~ 1.7 
2.7 ± 0.3 
2.6 --* 3.4 
4.0 -~ 1.1 

1.0 
0.8 -+ 2.0 

1.0 
0.8 ± 0.2 
1.5 ± 0.4 
2.0 --* 1.4 
1.0 ± 0.4 
1.0 ± 0.4 
1.4 ± 0.6 

1.4 
1.4 

1.8, 1.5 
1.6 

2.1, 2.4 
3.5, 1.7 

2.3 
2.0, 1.7 
2.1, 1.8 
1.5, 2.6 
2.3, 1.6 
1.4, 2.2 
1.5, 1.7 
2.4, 1.6 
1.7, 2.1 
1.5, 3.3 
1.7, 1.5 

1.8 --~ 1.0 
1.9, 1.3 
1.2, 1.1 

1.0 
1.6, 1.9 
1.0, 1.7 

1.2 
2.2 

1.1, 1.0 
1.4, 1.0 

1.1 ± 0 . 3  
1.3, 1.4 

a 

a - - * b  
b - - * a  

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

b - - * a  
b ---* a 
b ---~ a 

a 

a 

a 

a 

3, 

& 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 
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Group, sets, Average Initial hydrogen Gas in stoichi- 
and runs temperature pressure range ometric 

(K) (N m -2) excess immediately 
prior to reaction 

Overall order Initial rate Reaction 
with respect (N m -2 s -~) type 

to time 

22D1-2 200 Or 
22E1-2 220 ± 20 
22H1-2 190 02 
2211-2 510, 180 
22L1-2 250, 200 02 
22M1-2 210 
22P1-2 220 ± 29 O5 
22Q1-5 180 ± 60 
23A1-2 548 190 
23D1-2 190 Or 
23E1-2 210 ± 10 
23H1-2 190 ± 10 O5 
2311-2 160 
23L1-2 210 ± 10 Or 
23M1-2 200 
23P1-2 220 ± 20 H2 
23Q1-5 160 ± 1O0 

0.4 1.5 a 
0.5 1.5,2.0 a 
0.4 1.2 a 
0.4 2.9,1.9 a 
0.5 1.3,1.2 a 
0.6 1.4,1.6 a 
0.5 1.3,1.6 a 

0.4 ±0 .1  1.3 ± 0.3 a 
0.4 1.7,1.5 a 
0.5 1.5,2.2 a 
0.5 1.9,1.3 a 
0.4 1.2,1.5 a 
0.3 1.4,1.2 a 
0.4 1.4,1.1 a 
0.3 1.4,1.3 a 
0.5 2.7,1.9 a 

0.5 ±0 .1  1.7 ± 0 . 5  a 

r e spec t ive ly ,  a f t e r  p r e t r e a t m e n t  w i th  hy -  
d rogen  or  oxygen.  W i t h i n  each  p r e t r e a t -  
m e n t  g roup ,  a s t a n d a r d  set  was  first  con-  

duc t ed .  Th i s  was  fo l lowed b y  e v a c u a t i o n  
for  1800 s, oxygen  p r e t r e a t m e n t  a t  500 N 
m -~ for  600 s, e v a c u a t i o n  for 180 s, a n d  

t h e n  a n o t h e r  s t a n d a r d  set.  T h e  s y s t e m  was  
t h e n  e v a c u a t e d  for  3 h r  a n d  s u b s e q u e n t l y  
t he  c a t a l y s t  was  p r e t r e a t e d  w i th  h y d r o g e n  
in a m a n n e r  iden t i ca l  to  t h a t  used  for 

oxygen .  A t h i r d  s t a n d a r d  set  was t h e n  
c o n d u c t e d  fo l lowed b y  e v a c u a t i o n  for  1800 s 
a n d  a final  s t a n d a r d  set  w i th  no i m m e d i a t e  
p r e t r e a t m e n t .  E a c h  set  c o m p r i s e d  two  
iden t i ca l  r eac t ions  w i th  600 s e v a c u a t i o n  

t i m e  b e t w e e n  them.  

RESULTS 

Structure of Holmium Oxide 

A t  t e m p e r a t u r e s  be low a b o u t  2500 K,  
h o l m i u m  oxide is r e p o r t e d  to  fo rm on ly  
the  s t ab l e  cubic  mod i f i c a t i on  (C- type )  w i th  
a space  g roup  I a3  (ThT), for  e x a m p l e  (11). 
X - R a y  a n d  ir  ana lys i s  conf i rmed  th i s  
s t r u c t u r e  a n d  i n d i c a t e d  t h a t  t he  sur face  

was free of w a t e r  a n d  h y d r o x y l  g roups  

a f t e r  n o r m a l  condi t ion ing .  

Analysis of Data 

T h e  d a t a  were  a n a l y z e d  as  be fo re  [e .g. ,  
(12)]  a n d  are  s u m m a r i z e d  be low a n d  in 

t h e  t ab le s  for t h e  s to i ch iome t r i c  a n d  non-  
s to i ch iome t r i c  reac t ions .  T h e  r e a c t i o n  types ,  
"a," "b," a n d  "c," r e fe r red  to  below,  a re  

i l l u s t r a t e d  in Fig.  1 in (12), a n d  are  de-  
sc r ibed  in t h e  p reced ing  p a p e r  in th is  series. 

Summary of the Results for the Stoichiometric 
Reactions 

Some of t h e  resu l t s  a re  s u m m a r i z e d  in 

T a b l e  1. Mis s ing  l e t t e r s  w i th in  t h e  g roups  
i nd i ca t e  t h e  presence  of n o n s t o i c h i o m e t r i c  

reac t ions .  
Reaction type. A l m o s t  al l  of t h e  r e a c t i o n s  

were  t y p e  "a" a n d  no t y p e  "c" were ob-  
served.  T y p e  "b" a p p e a r s  in g roups  2 a n d  
3 a t  575 a n d  640 K a t  in i t i a l  h y d r o g e n  
pressures  of a b o u t  200 N m -2. N o  m o r e  
t y p e  "b" a p p e a r s  un t i l  g roups  17 a n d  19 
a t  516 a n d  630 K a t  in i t i a l  h y d r o g e n  pres-  
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sures in the range 260 to 700 N m -2. There 
is also a tendency toward type "b" in 
group 18 at  567 K in the initial hydrogen 
pressure range 300 to 700 N m -2. The most 
well-defined type  "b" plots occur in group 
19 at 630 K and high initial pressures. 
Only type "a" plots are observed for the 
s tandard stoichiometric reactions in groups 
20 to 30 inclusive. 

Catalyst activity. The initial rates are 
directly correlated with reaction type, 
with type  "b" giving low initial rates. 
Generally, initial rates are in the range 1 to 
2.5 N m -2 s -1, with anomalously high rates 
in groups 8, 9, and 10 at 700, 621, and 602 K 
at initial hydrogen pressures of approxi- 
mately 200 N m -2. The change in initial 
rates between s tandard reactions with no 
pretreatment ,  and reactions conducted 
directly after nonstoichiometric reactions 
(groups 20 to 24) or after direct pretreat-  
ment  (groups 25 to 30) is summarized in 
Table 2. Generally, it is seen that  hydrogen 
decreases the initial rate, whereas oxygen 
decreases the initial rate below 630 K but  
increases it above this temperature.  

The rate of the central, linear portion 
varies between 0.3 and 1.0 N m -2 s -1 with 
a tendency to increase with tempera ture  
and pressure. No consistent change is 
observed after  pre t reatment  with hydrogen 
or oxygen. 

The t ime taken for the reaction to go to 
completion is fairly constant, averaging 
about  700 to 850 s for 90% completion. 

Orders with respect to time. These orders 
are calculated from the central, linear 
portion of each plot. The orders from 
groups 1 to 16 vary  between 0 and 1.2 with 
no obvious tempera ture  dependence. In 
groups 17, 18, and 19 the order decreases 
with increasing initial pressure, from a 
value of about  0.5 at an initial hydrogen 
pressure of 100 N m -2 to a value of zero 
at 600 N m -2. In groups 20 to 24 the orders 
range between 0.1 and 1.0 with no con- 
sistent effect of stoichiometric excess or 
temperature.  Similarly, there does not 

appear to be any effect with direct pre- 
t rea tment  in groups 25 to 30; most of the 
orders are in the range 0.4 ~ 0.2, with 
the highest orders being observed at 630 K 
and the lowest at 744 K. 

Orders with respect to concentration. These 
orders are calculated from the three pres- 
sure dependent groups 17 to 19. The orders 
obtained are 1.2, 0.8, and 0.8 at 516, 567, 
and 626 K, respectively. 

Temperature effects. Arrhenius plots, using 
typical reactions and assuming zero-order 
kinetics, give a low activation energy in the 
order of 6 kJ tool -1. 

Summary of the Results for the 
Nonstoichiometric reactions 

Some of the results for nonstoichiometric 
reactions are summarized in Table 3. 
Missing letters within these groups indicate 
the presence of s tandard stoichiometric 
reactions. 

Reaction type. Most reactions are of type  
"a," although type  "c" does appear quite 
frequently. There are no type "b "  reac- 
tions. Type  "c"  appears as the stoichiom- 
etry deviates significantly from 2, par- 
ticularly outside the range 1.5 to 2.5, with 
a tendency towards more type  "c" reactions 
as the stoichiometry becomes more ex- 
treme. Most  sets s tar t  with type  "a" at 
high pressures (the major  exception being 
the sets with extreme stoichiometries), with 
type "c" often appearing later in the sets 
at lower pressures. 

Catalyst activity. The initial rate generally 
decreases as the hydrogen-oxygen ratio 
increases, with the exception tha t  the 
initial rate is usually very  low at  hydrogen-  
oxygen ratios less than unity. 

The average rates for the major  portion 
of the reactions at an initial hydrogen 
pressure of approximately 220 N m -2 are 
summarized in Table 4. As the ratio deviates 
from stoichiometry in excess hydrogen the 
rate remains reasonably constant  and then 
decreases as the ratio approaches the 
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Groups Temperatures 
(K) 

Change in initial rates 
(N m-2 s-l) 

Hydrogen pretreatment Oxygen pretreatment 

Nonstoichiometric Direct Nonstoichiometric Direct 
excess pretreatment excess pretreatment 

22 and 25 486 and 487 0 - 0 . 4  - 0 . 2  - 0 . 2  
24 and 30 548 and 550 - -  - 0 . 4  - 0 . 3  - 0 . 3  
20 and 27 630 and 630 - 0 . 1  - 0 . 5  +0.2 - 0 . 1  
21 and 28 690 and 690 - 1 . 2  0 +0.2 +0.2 
23 and 29 748 and 744 - -  - 0 . 2  - -  +0.1 

extreme value of 5.00. In excess oxygen the 
rate increases markedly as the ratio changes 
from stoichiometric to 1.75, and then to 
1.50, with the rate in excess oxygen being 
about twice that in the equivalent amount 
of excess hydrogen. At more extreme stoi- 
chiometries the rate decreases~ and at 
ratios of 0.20 and 5.00, the rate in excess 
oxygen is about half the rate in excess 
hydrogen. 

Orders with respect to concentration. These 
orders vary between 0.2 and 1.6, with no 
obvious temperature effect, but with a 
tendency to give the highest orders at the 
lowest stoiehiometric ratios, particularly 
at the lowest temperatures of 486, 548, 
and 630 K. 

Orders with respect to time. These results 
are summarized in Table 3. When there is 
a change of order within a set this is shown 
with an arrow indicating the change in 
order from high to low initial pressure. 
Both the oxygen and the hydrogen orders 
follow the same pattern. They vary between 
zero and 1.2, show an increase as the initial 
pressure decreases, and show no obvious 
temperature dependence. The oxygen orders 
tend to increase as the hydrogen-oxygen 
ratio increases, and the hydrogen orders 
tend to increase as the hydrogen-oxygen 
ratio decreases. For sets 22P and 230 at 
the extreme ratio of 0.20 the hydrogen 

orders are very high, in the vicinity of 3, 
but the accuracy is not great in these two 
cases .  

Isobars. For all five nonstoichiometric 
groups the hydrogen and oxygen isobars 
exhibit maxima. The results are summarized 
in Table 5 and typical isobars are shown 
in Figs. 1 and 2. 

The ratio at the maxima of the isobars 
decreases with increasing oxygen pressure 
and increases with increasing hydrogen 
pressure. The ratios for the oxygen isobars 
are higher than those for the hydrogen 
isobars, with a very slight tendency for 
both sets to decrease as the temperature 
increases. The average slopes on either side 
of the isobar are given in Table 5. The most 
consistent results are obtained from the 
low pressure side of the hydrogen isobars 
where an overall average value of 1.1 i 0.1 
is obtained. The oxygen isobars give less 
accurate results than the hydrogen isobars, 
with particularly high errors at 548 and 
630 K. The average value, using absolute 
numbers, from the low pressure side of the 
hydrogen isobars and the high pressure 
side of the oxygen isobar is 1.1, and the 
average value of the opposite slopes is 1.4. 

DISCUSSION 

The overall results fit the general pattern 
described previously [-for example, (12)1 
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TABLE 3 

Summary  of the Experiments  and Results for the Nonstoichiometric 
Hydrogen-Oxygen Reaction on Holmium Oxide 

Group, sets, Average Initial Initial Average order with Reaction 
and runs temperature H2 pressure H~-02 respect to t ime type 

(K) range (N m -z) ratio 
02 H~ 

20B1-5 630 250-200 2.30 0.4 a 
20D1-5 270-60 1.78 0 ~ 0.2 a 
20F1-5 280-80 2.53 0.3 --* 0.6 a, a, a, c, e 
20H1-5 220-50 1.55 0 ~ 0.1 a 
20J1-5 290-60 2.99 0.6 --~ 0.9 a, a, c, c, c 
20L1-4 180-80 0.97 1.0 --* 1.2 a, a, c, c 
20M1-5 360-90 4.92 0.6 -~ 0.7 a, a, a, c, c 
20P1-5 50-20 0.20 0.6 --~ 1.2 a, a, c, c 
20R1-5 270-50 2.23 0.3 --~ 0.8 a, a, a, c 
21B1-5 690 230-90 2.26 0.3 -~- 0.2 a 
21C1-5 270-70 1.80 0 -~ 0.2 a 
21F1-5 270-110 2.74 0.7 a, a, a, c, c 
21G1-5 250-60 1.50 0 --* 0.2 a 
21J1-5 280-80 3.03 0.4 --* 0.9 a, a, a, c, c 
21K1-5 210-100 1.02 0.9 4. 0.1 a, a, c, c, c 
21N1-5 320-130 5.08 0.9 :t: 0.1 c, c, a, c, c 
2101-5 50-20 0.20 1.0 4- 0.2 a, a, c 
21R1-5 340-100 2.40 0.4 a 
22B1-5 486 250-130 2.24 0.6 --* 0.7 a 
22C1-5 250-63 1.75 0 a 
22F1-5 270-70 2.47 0.3 --* 0.6 a, a, a, a, c 
22G1-5 240-60 1.51 0 a 
22J1-5 260-90 2.96 0.6 4. 0.1 
22L1-5 170-40 0.99 1.0 --* 1.2 c 
22M1-5 340-100 4.98 1.2 c 
22P1-5 80-25 0.20 c 
23B1-4 748 250-80 2.24 0.4 :t: 0.1 a 
23C1-5 280-60 1.75 0 a 
23F1-5 260-80 2.50 0.3 -~ 0.6 a, a, a, e, c 
23G1-4 170-70 1.49 0 a 
23J1-5 280-60 3.04 0.6 --, 0.8 c 
23K1-5 160-70 1.00 0.8 a, a, c, c, c 
23N1-5 310-120 5.05 1.0 4. 0.2 c 
2301-5 300-80 0.20 c 
24B1-5 548 740-90 2.28 0.3 4. 0.1 a, a, a, a, c 
24C1-5 250-70 1.75 0 --* 0.2 a 
24F1-4 270-80 2.49 0.5 -*  0.6 a, a, a, c 
24G1-5 220-70 1.49 0 a 
24J1-5 280-85 2.99 0.5 --* 0.7 a, a, c, c 
24K1-5 190-50 1.00 1.2 a, c, c, c, c 
24N1-5 320-100 4.95 1.0 4. 0.2 c 
2401-5 300-100 0.20 c 

a n d  so  t h e y  wi l l  b e  d i s c u s s e d  o n  t h e  s a m e  

b a s i s  a s  p r e v i o u s  p a p e r  s in  t h i s  se r i e s .  

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  h o l m i u m  

o x i d e  d o e s  n o t  b e c o m e  a c t i v e  u n t i l  a b o u t  

450  K, w h i c h  is m u c h  h i g h e r  t h a n  s a -  

m a r i u m  a n d  g a d o l i n i u m  o x i d e  b u t  l o w e r  
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TABLE 4 

Summary of the Average Reaction Rates (N m -2 s -1) for the 
Nonstoichiometrie Groups 20 to 24 

195 

Initial 
hydrogen- 

oxygen 
ratio 

Group 22 (486) Group 24 (548) Group 20 (630) Group 21 (690) Group 23 (748) 

Excess Excess Excess Excess Excess Excess Excess Excess 
of of of of of of of of 
H2 02 H~ 02 H2 02 H2 02 

Excess execss 
of of 
H2 02 

2.00 0.35 0.44 0.50 0.50 0.48 
2.25 or 1.75 0.35 0.70 0.48 0.77 0.50 0.80 0.52 0.80 0.48 0.87 

B ~ C B C B D B C B C 
2.50 or 1.50 0.39 0.76 0.41 0.94 0.43 0.98 0.33 1.05 0.41 1.07 

F G F G F H F G F G 
3.00 or 1.00 0.38 0.45 0.36 0.60 0.30 0.53 0.32 0.60 0.28 0.66 

J L J K J L J K J K 
5.00 or 0.20 0.16 - -  0.19 0.09 0.21 - -  0.24 - -  0.26 0.14 

M N O M N N 0 

Set from which the rates are taken. 

than neodymium and erbium oxide. There- 
fore, a p a t t e r n  is deve lop ing  where  t he  

fu r the r  ou t  t he  oxide is f r o m  the  midd le  of 

the  series (gado l in ium oxide) t he  less ac t i ve  

it becomes .  

General Characteristics 

Reaction type. M o s t  reac t ions  are  t y p e  

"a" a l t h o u g h  t y p e  "b" does occur  for some 

s to ich iomet r i c  reac t ions  and  t y p e  "c" for 

some nons to i ch iome t r i c  react ions .  T y p e  

"b" occurs  a t  i n t e r m e d i a t e  t e m p e r a t u r e s ,  

genera l ly  600 ± 30 K, usua l ly  r equ i r ing  a 

h igh  ini t ia l  pressure.  T y p e  "c" usua l ly  

becomes  more  p r o n o u n c e d  as the  stoi- 

c h i o m e t r y  becomes  more  ex t r em e  and  t h e  

pressure  decreases.  T h e  s t a n d a r d  reac t ions  

a f te r  the  s ta r t  of the  nons to i ch iome t r i c  

react ions ,  and  all the  p r e t r e a t m e n t  reac-  

t ions,  show t y p e  "a" charac ter i s t ics ,  indi-  

ca t ing  t h a t  t he  condi t ions  are no t  suffi- 

c ien t ly  ex t r eme  to  inh ib i t  t he  ini t ia l  fas t  

TABLE 5 

Average Slopes and Maxima from the Isobars 

Isobar Group Temperature H~-02 ratio 
(K) at max of 

isobar 

Slope of isobar 

Low pressure 
side of max 

High pressure 
side of max 

Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 
Hydrogen 

20 630 1.1 1.1 2= 0.2 
21 690 1.0 2= 0.1 1.0 
22 486 1.2 :t= 0.1 1.1 2= 0.1 
23 748 1.0 ~ 0.1 1.1 ::t= 0.1 
24 548 1.1 ::i:: 0.1 1.1 =t= 0.1 

Oxygen 20 630 1.6 =i= 0.3 1.3 4- 0.4 
Oxygen 21 690 1.1 =i= 0.1 1.2 2= 0.3 
Oxygen 22 486 1.3 =i= 0.1 1.2 2= 0.2 
Oxygen 23 748 1.1 =t= 0.1 1.0 2= 0.1 
Oxygen 24 548 1.2 4- 0.1 2.0 2= 0.7 

1.4 2= 0.3 
1.4 2= 0.3 
1.1 2= 0.3 
1.2 4- 0.2 
1.8 2= 0.2 

1.6 =i= 0.9 
0.9 2= 0.1 
1.0 2= 0.2 
0.9 2= 0.2 
1.3 2= 0.3 
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Fro. 1. Hydrogen isobars at 690 K from group 21. The constant hydrogen pressures are shown 
in N m -2. 

section of the reaction. It is assumed that 
either hydrogen or oxygen (or both) is 
causing deviation from type "a" by block- 
ing some of the initially active surface 
sites under certain critical conditions. 

Catalyst activity. There is little effect of 
temperature or pressure on the initial rate 
of reactions. However, as shown in Table 2, 
this rate decreases or remains constant for 

standard stoichiometric reactions following 
hydrogen excess reactions or hydrogen pre- 
treatment, indicating that hydrogen de- 
activates some of the very active sites 
available at the start of the reaction. 
Above 630 K oxygen has the opposite 
effect, but below this temperature oxygen 
also deactivates these sites although to a 
lesser extent than hydrogen. For the non- 
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FIG. 2. Oxygen isobars at 690 K from group 21. The constant oxygen pressures are shown in N m -~. 
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stoichiometric reactions, the initial rate 
decreases as the stoichiometric ratio in- 
creases, again showing a deactivating effect 
for hydrogen. 

The rate of the central, linear, portion 
tends to increase with temperature and 
pressure but does not depend on pretreat- 
ment conditions. As is shown in Table 4, 
as the nonstoichiometric ratio deviates 
from 2 in excess hydrogen, there is little 
change in rate until the increasing scarcity 
of the alternate gas causes the rate to de- 
crease. However, as the ratio deviates from 
2 in excess oxygen, the rate increases 
dramatically, until the scarcity of the 
alternate gas causes this rate to decrease 
as well. At extreme ratios the rate in excess 
oxygen is less than that in excess hydrogen. 

Active sites. As has been shown for similar 
oxides, and particularly for hydrogen ad- 
sorption on holmium oxide (9), there are 
many different interactions between gaseous 
molecules and the surface of lanthanide 
oxides. Specifically, Kreisberg et aI. (9) 
identify four types of interaction between 
hydrogen and the surface of holmium oxide, 
dependent upon pretreatment conditions 
and adsorption temperature (see Introduc- 
tion). The results in the present paper 
indicate that, as for other lanthanide oxides 
[-for example, (13)~, at least two different 
types of sites can be identified: a hyper- 
active set available at the start of the 
reactions which is affected by pretreatment 
conditions and to some extent by tempera- 
ture, and a less active set on which most of 
the reaction occurs which is not affected 
by pretreatment conditions. 

The hyperactive set is generally present 
but can be partially, or completely, re- 
versibly deactivated under certain condi- 
tions. For stoichiometric reactions prior 
exposure to hydrogen usually causes a 
decrease in the number of these sites 
available, with a fairly drastic effect around 
600 K at high pressure. This decrease in 
number of available sites is observed for 
the nonstoichiometric reactions, where the 

initial rate consistently decreases as the 
hydrogen-oxygen ratio increases. From the 
introduction, from previous papers in this 
series, and from the present results, it is 
concluded that these sites result from the 
loss of hydroxyl groups during conditioning. 
Kreisberg et al. (9) noted that hydroxyl 
groups could be removed from the surface, 
especially by reduction in hydrogen at 
1000 K, and that these groups could be re- 
formed in the temperature range 570 to 
870 K. The conditioning of the catalyst 
used in the present work was much more 
prolonged than that used by Kreisberg (6 
days at 800 rather than i hr at 1000 K) and, 
therefore, the lack of any activation 
caused by additional removal of hydroxyl 
groups is as expected. The deactivating 
effect of hydrogen is therefore explained 
by the loss of active sites due to the re- 
formation of hydroxyl groups. The acti- 
vating effect of oxygen above 630 K (see 
Table 2) is consistent with this in that more 
sites for hydrogen adsorption are made 
available. The deactivating effect of oxygen 
below this temperature (and the appearance 
of type "b" plots at high pressures and 
temperatures around 600 K) parallels the 
observation by Kreisberg et al. (9) that 
below about 500 K hydrogen adsorption 
on an oxygen pretreated sample is lower 
than the adsorption on a nonoxygen-pre- 
treated sample. They explain this by as- 
suming that  hydrogen adsorption is molec- 
ular below 500 K and dissociative above 
this temperature. Although the change in 
adsorption pattern is similar to that ob- 
served by Kreisberg et al., there is little 
evidence from the present work to indicate 
a change from nondissociative to dissocia- 
rive adsorption except for the slight de- 
crease in order with respect to concentra- 
tion, from 1.2 to 0.8, as the temperature 
increases from 516 to 567 K. It is difficult 
to estimate the number of sites but it 
appears as if there are at least 1 X 1020 
sites m -~ on the surface. However, this 
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number  can be greatly affected by pre- 
t rea tment  conditions. 

I t  is suggested tha t  the second set of 
sites, responsible for the major  portion of 
the reactions, are anion vacancies inherent 
in the crystal structure. Winter  (7) has 
suggested tha t  these sites are relatively 
stable and they appear  to be the sites 
utilized for the oxygen exchange reaction 
(4). These sites are less numerous than the 
hyperact ive set, with up to 1 X 10 is sites 
m -2 being available. The number  of avail- 
able sites is dependent on temperature,  
with surface oxygen mobili ty being an im- 
por tant  factor. The high activation energies 
for oxygen exchange on an oxygen-pre- 
t reated catalyst  (4), and for the hydrogen-  
oxygen reaction in excess oxygen (100 kJ 
mo1-1, compared to 6 kJ mo1-1 in the present 
work for stoichiometric reactions) (8) show 
that  oxygen deactivation can occur, a fact 
which is illustrated by the lower rate in 
extreme oxygen excess than in extreme 
hydrogen excess observed in the present 
results. The  increase in rate as the non- 
stoichiometric rate deviates slightly from 
stoichiometry in excess oxygen is a t t r ibuted  
to differences in the adsorption properties 
of oxygen and hydrogen and is probably 
not due to the production of more active 
sites. 

Kinetic Expression 

The major part  of the reaction can be 
considered as following the same kinetic 
expression as proposed for other oxides 
in this series [for example, samarium 
oxide (13)7, namely, 

- dR T k (bi~PH2) ~ (bo2Po~) y 
- -  = ( 1 )  

dt (1 + bH~Pn~ + bo2Po2) x+v 

where k is a proport ionali ty constant, bH2 
and bo2 are the adsorption coefficients for 
hydrogen and oxygen, respectively, and x 
and y are integers. The results will now 
be discussed in terms of this relationship. 

Orders with respect to time. The orders for 

the stoichiometric reactions vary  between 
0 and 1.2 with no consistent temperature  
effect but  with a decrease as the initial 
pressure increases. At an initial hydrogen 
pressure of 600 N m -2 the overall order 
is zero, indicating tha t  E(2bH2 + bo2)/3-] 
X 900 >> 1, whereas, at 100 N m -2 the order 
is 0.5, indicating that  [(2b~ + bo2)/3-] 
X 150 -~ 1. 

The individual orders obtained from the 
nonstoichiometric results are shown in 
Table 3. Both  orders tend to increase up 
to about  1.2 as the accuracy increases by  
having a fairly large excess of the gas 
whose pressure is assumed to be constant,  
with very high orders in hydrogen being 
obtained at the extreme ratio of 0.20. 

Isobars. The maximum in the isobars 
indicates tha t  an expression of the form 
shown in Eq. (1) is valid. From the slopes 
of the isobars an accurate order for oxygen 
of unity is obtained. Although it is evident 
tha t  the order for hydrogen is higher than  
tha t  for oxygen, a definite value cannot be 
given to the hydrogen order. The overall 
average result is 1.4 with a tendency to- 
ward low values at  extreme temperatures  
and a high value (approximately 2) at  the 
intermediate temperature  of 548 K. 

The hydrogen-oxygen ratio at  the maxi- 
mum of the isobars changes with pressure 
in the same manner  as for samarium oxide 
(13), showing tha t  both  adsorption coeffi- 
cients decrease with increasing pressure. 
The increase in rate for nonstoichiometric 
reactions in slight oxygen excess indicates 
tha t  the oxygen adsorption coefficient is 
more susceptible to pressure changes than  
is the hydrogen adsorption coefficient, 
whereas, the temperature  effect indicates 
tha t  the hydrogen adsorption coefficient 
increases with temperature  slightly more 
than does the oxygen adsorption coefficient. 
Values for the adsorption coefficients can 
be calculated (though not with great ac- 
curacy) and the average values from the 
hydrogen isobars are shown in Table 6 
using y = 1 and x = 1 or 2 in Eq. (1). In 
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all cases there is an increase in the value 
for the  adsorpt ion coefficient f rom 486 to 
630 K bu t  this is followed by  a slight de- 
crease a t  higher temperatures .  The  values 
for the hydrogen adsorpt ion coefficients 
are identical using x = 1 or 2 but  the value 
for the oxygen adsorption coefficient is 
reduced b y  a factor  of two as x changes 
f rom 1 to 2. With  x = 2, the oxygen adsorp- 
tion coefficient is generally lower than  the 
hydrogen adsorption coefficient, whereas, 
the converse is t rue when x = 1. On the  
assumpt ion t ha t  the active sites are anion 
vacancies it might  be expected tha t  the 
heat  of adsorption and, therefore, the ad- 
sorption coefficient, would be greater  for 
oxygen than  for hydrogen, lending some 
support  to the value of x being unity,  bu t  
the error in determining the adsorpt ion 
coefficients is too large to place much 
stress on the absolute values. The  values 
are approximate ly  of the correct order of 
magni tude to give the observed changes 
in order with respect to t ime as the pressure 
varies, though they  are a little higher than  
might  be expected. 

An approx imate  value for the propor-  
t ionali ty constant,  k, can be calculated and 
sample results are given in Table  7. There  
is a somewhat  r andom effect of pressure, 

TABLE 7 

Sample Values for the Proportionality Constant, k 

Run Temperature Initial Proportion- 
(K) hydrogen ality constant 

pressure (N m -2 s -1) 
(N m -2) 

x = l x = 2  

1A1 500 200 4.3 7.1 
17A2 516 596 3.7 5.1 
17A8 516 87 3.9 7.8 
19A4 626 452 3.1 4.4 
19A7 626 178 6.6 7.3 
19A8 626 94 4.6 6.6 
4A3 678 202 9.6 10.3 
6A3 768 214 8.7 11.8 

and a tendency for the proport ional i ty  
constant  to increase slightly with t empera -  
ture. Therefore, a l though these values 
show tha t  Eq. (1) is generally obeyed, they  
do not help to distinguish between the 
possible values for x. 

F rom a consideration of all the kinetic 
data,  the evidence is conclusive tha t  an 
expression of the form shown in Eq. (1) is 
obeyed and tha t  the oxygen order is unity.  
The evidence for the order in hydrogen is 
not conclusive al though it seems to be 
consistently higher than  one, and in some 
extreme situations equals two. 

TABLE 6 

Average Values for the Adsorption Coefficients 
Calculated at a Constant Hydrogen Partial Pressure, 
withy = l a n d x  = l o r 2  

Group Temper- x bo 2 X 10' b~, X 102 
number ature (K) (N -I m ~) (N -I m 2) 

22 486 1 6 3 
2 3 3 

20 630 I 18 14 
2 9 14 

21 690 1 15 12 
2 8 12 

23 768 1 15 12 
2 8 12 

Mechanism 

In  view of the general similarity between 
the present results for holmium oxide and 
previous results over  similar oxides [-e.g., 
erbium oxide (2)7, the same general mecha-  
nism is proposed for the major  port ion of 
the reaction, namely,  

H2(g) .-~ H~(ads) (i) 

02(g) ~ O2(ads) (ii) 

H2(ads) + O2(ads) ~--H202(ads) (iii) 

H20~(ads) ~- H2(ads) --+ 2H20(ads)  (iv) 

H20 (ads) ~-  H20 (g) (v) 

This mechanism will give rise to the 
kinetic expression shown in Eq. (1), with 
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x = 2 and y = 1. However,  in view of the 
uncer ta in ty  in the value of x, step (iii) may  
be the ra te-determining step, or it m a y  be 
a combinat ion of steps (iii) and (iv). More 
experiments  will need to be conducted to 
ascertain the order and the mechanism 
with more accuracy. 

In  conclusion, the kinetic results show 
tha t  there are at  least two sets of active 
sites on the surface of holmium oxide. The 
first set is a hyperac t ive  set which is readily, 
reversibly, deact ivated during the first par t  
of most  reactions, and is assumed to result 
f rom the loss of surface hydroxyl  groups. 
The second set is more stable, is responsible 
.for the major  port ion of the reaction, and is 
assumed to be anion vacancies. A kinetic 
expression has been obtained and a general 
mechanism has been proposed. 

ACKNOWLEDGMENT 

The authors express their appreciation to the 
National Research Council (Canada) for the financial 
support of this project. 

REFERENCES 

1. Minachev, Kh. M., Int. Congr. Catal. 5th I, 219 
(1973). 

2. Read, J. F., and Crandlemire, A. L., J. Catal. 
38, 54 (1975). 

3. Hattori, T., Inoko, J., and Murakami, Y., 
J. Catal. 42, 60 (1976). 

4. Winter, E. R. S., J. Chem. Soc. A., 1832 (1969). 
5. Minachev, Kh. M., and Antoshin, G. V., Dokl. 

Akad. Nauk SSSR 151, 122 (1965). 
6. Sazon0v , L. A., Mitrofanova, G. N., Preobra- 

zhenskaya, L. V., and Moskvina, Z. V., 
Kinet. Katal. 13, 789 (1972). 

7. Winter, E. R. S., J. Catal. 34, 431 (1974). 
8. Bakumenko, T. T., Kinet. Katal. 6, 74 (1965). 
9. Kreisberg, V. A., Topchieva, K. V., and Loginov, 

A. Yu., Kinet. Katal. 14, 1065 (1973). 
10. Read, J. F., Dunfield, L. G., Shreve, R. M., and 

Spinney, E. A., J. Catal. 33, 335 (1974). 
11. Bloor, D., and Dean, J. R., J. Phys. C. 5, 1237 

(1972). 
12. Read, J. F., and Perkins, E. W., J. Catal. 42, 

443 (1976). 
13. Read, J. F., Chan, Y. T., and Conrad, R. E., 

J. Catal. 55, 166 (1978). 


