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The stoichiometric hydrogen-oxygen reaction has been studied over samarium oxide at an
approximately constant initial hydrogen pressure of 220 N m™? over the temperature range
323 to 558 K and at varying initial hydrogen pressures at six different temperatures. The non-
stoichiometric reaction hag been studied at hydrogen—oxygen ratios from 0.14 to 10.2, at initial
hydrogen pressures up to about 1 X 10° N m2, and at 423, 500, 589, and 650 K. After detailed
kinetic analysis it appears that the results best fit an equation of the form:

_dPr kbg,2Pu,ho,Po,
dt (1+ ba,Pm, + bo,Poy)t’
where k is a proportionality constant, b, and bo, are the adsorption coefficients for hydrogen
and oxygen, respectively, Pr is the total pressure of hydrogen plus oxygen, and Pg, and Po,

are the partial pressures for hydrogen and oxygen, respectively, The most likely mechanism
is one involving the competitive adsorption of molecular hydrogen and oxygen, with the rate-

determining step involving the interaction between HyO2qasy and Hacags).

INTRODUCTION

Samarium oxide has been used effectively
as a catalyst, particularly in organic
oxidation reactions, since 1930 (7). A
significant amount of this research has been
summarized by Minachev (2), who relates
the low to intermediate activity of
samarium oxide within the lanthanide
oxides to its electronic structure. Hattori
et al. (3) have developed this concept and
related the activity toward the oxidation
of butane to the fourth ionization potential
from the normal 3+ to the 44 state.

Oxygen exchange has been studied exten-
sively ; see, for example, (4-6). Winter (6)
notes that the rate-determining step is the
desorption of molecular oxygen. The ac-~
tivity of samarium oxide depends critically
on pretreatment. The activation energy is

reported as 76 kJ mol™ on an oxygen-
pretreated sample (8) and 48 kJ molton a
sample heated in air and then in vacuo (4).
Sokolovskii et al. (§) compared the activity
of an oxygen-pretreated sample with one
that was just heated in vacuo and noted a
decrease in activity after oxygen pretreat-
ment below 450 K, but no difference above
this temperature. They attribute this to
the high mobility of oxygen above 450 K.
Other oxidation reactions also illustrate
the dependence of activity on surface
conditions. For example, the activity
changes both within and between runs for
carbon monoxide oxidation (7). During runs
several plateaux appeared which were
related to the variable valence of samarium
oxide, and between runs the change in
activity was related to oxygen mobility (8).

166

0021-9517/78/0552-0166802.00/0
Copyright © 1978 by Academic Press, Inc.
All rights of reproduction in any form reserved.



HYDROGEN-OXYGEN REACTION

Winter (9, 10) observed that nitrous oxide
decomposition was not retarded by the
addition of oxygen, whereas nitric oxide
decomposition was retarded. This was
explained by stating that nitrous oxide was
adsorbed onto special sites which were not
accessible to oxygen and that the R,
centers, which resulted from nitrous oxide
decomposition and which could accommo-
date auxiliary oxygen, were immediately
destroyed.

The hydrogen—oxygen reaction has been
studied in a large excess of hydrogen or
oxygen at 7 X 104 N m? and 600 to 800 K
on a catalyst pretreated by the gas in
excess (11). The activation energy is 280
kJ mol~! in exeess oxygen and 60 kJ mol*
in excess hydrogen. The activity is mark-
edly decreased in excess hydrogen if the
run is not preceded by hydrogen pre-
treatment. The stoichiometric reaction has
also been studied on a sample heated in air
and zn vacuo, giving an activation energy
of 48 kJ mol~!, 1dentical to that for oxygen
exchange (2, 4). This leads to the conclusion
that oxygen mobility is a eritieal factor in
this reaction and that the rate-limiting
step involves the interaction of molecular
surface hydrogen with surface oxygen.

Two reactions which have been studied
involving only hydrogen are parahydrogen
conversion (12) and hydrogen adsorption
(13). In a strong magnetic field non-
dissociative parahydrogen conversion shows
an increase in activity, whercas there is a
deerease in activity in a weak field. In the
temperature range 77 to 99 K very low
coverages of physically adsorbed hydrogen
were detected, with a heat of adsorption
of 8 kJ mol~* at 500 ¥ m™2

EXPERIMENTAL METHODS

The apparatus and experimental pro-
cedure were identical to those described
in a previous paper in this series (14). The
catalyst was specpure grade samarium
oxide (Johnson, Matthey) with a surface
area of 3.5 X 10° m? kg~ and a total weight
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of 4.45 X 10~* kg. The structure, com-
position, and surface species were investi-
gated using X-ray fluorescence, powder
diffraction, and ir analysis.

Each reaction is identified by two
numbers and a letter. The first number
indicates the group of cxperiments con-
ducted at an approximately constant tem-
perature; the eentral letter indicates the
set of experiments within the group, each
set having a common initial hydrogen to
oxygen ratio; and the final number indi-
cates the run within the set, the total
initial pressurc usually changing for each
separate run. Thirty-one groups of experi-
ments were condueted.

All conditioning involved evacuation at
<10=* N m™2, except for three sets of
experiments in group 31, in which the
catalyst was pretreated in hydrogen,
oxygen, and air. The fresh catalyst was
heated for 6 days at 773 K, and, prior to
each group and most sets of reactions, the
catalyst was heated at the reaction tem-
perature for several hours. There was a
10-min evacuation time before cach run.
It should be noted that in the stoichio-
metric runs, 8Al-2, 9Al-2, and 15A1-3, the
stoichiometric mixture had not reached
equilibrium prior to admission onto the
catalyst. In addition therc was a slight
air pretreatment prior to runs 18A2, 22A1,
and 24A8. The system was calibrated
initially and then prior to runs 2A1, 22A1,
30A1, and 31S1.

Groups 1 to 21 contain stoichiometric re-
actions at various temperatures in the range
323 to 558 K at an approximately constant
initial hydrogen pressure of 220 N m™?,
each group containing from 2 to 12 scparate
runs. Groups 22 to 27 contain stoichio-
metric reactions at 525, 467, 402, 329, 591,
and 654 K, respectively, over the initial hy-
drogen pressure range 40 to 810 N m~2, ap~
proximately eight runs being conducted at
each temperature. The nonstoichiometric
reaction was studied at four different tem-
peratures, 500, 589, 650, and 423 K, in
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groups 28 to 31, respectively, as summar-
1zed in Table 1. Also included in these
groups are approximately 80 standard
stoichiometric runs, usually at an initial
hydrogen pressure of approximately 200 N
m~2, their presence being indicated by
missing letters in Table 1.

An IBM 370 ecomputer was used in the
analysis of the data, the reaction rates
being determined by cubic spline interpo-
lation. An IBM 2741 communication
terminal was used to recall and plot the
previously stored data (time, partial pres-
sures, and log{-rate} at a specific tcm-
perature).

RESULTS
Structure of Samarium Oxide

Samarium oxide ean exist in the A
(hexagonal), B (monoclinic) or C (cubic)
form, depending on temperaturc and en-
vironment; see, for example, (15-20). In
general, samarium oxide exists in the B
form above 1000 K (especially under re-
ducing conditions) and in the C form at
lower temperatures. There is some evidence
that the C form is metastable and that the
conversion from C to B with increasing
temperature is irreversible. Samarinom oxide
readily absorbs water from the atmosphere
and there is some evidence for the forma-
tion of hydrates of composition 3Sm,0;
-2H,0 and 38Sm,0,;-H,O which do not
dehydrate until 1400 K (20, 21). However,
analysis indicated that the catalyst used in
the present work was C type with a space
group Iae3 (7T,7) and that water and hy-
droxyl groups have been removed by high-
temperature vacuum conditioning.

MecGough and Houghton (22) have
investigated the effect of crystal structure
on the reactivity of samarium oxide toward
the dehydrogenation of cyclohexane and
observed no difference in activity between
the B and C types.
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Analysis of Data

The data were analyzed as before (14)
and are summarized for nonstoichiometric
reactions in Table 1. The initial rates are
recorded directly after the cubic spline
interpolation, and the initial pressures are
determined independently by the capaci-
tance manometer and by the Meleod
gauge. The overall order with respeet to
time is obtained from the most linear
soction of the log(rate) vs log(pressure)
plots, the pressure of the minor gas com-
ponent being used in nonstoichiometrie
runs. The orders with respect to concen-
tration are calculated from the initial rate
data. The data wecre also analyzed by
drawing isobarie curves through the log-
(rate) vs log(partial pressure) plots for
nonstoichiometric reactions. These results
are summarized in Tables 2 and 3.

The results of Group 25 were not
analyzed beeause the rate was very low
at 329 K, and, also, there had been a very
slight air pretreatment prior to this group.

Three shapes for the log(rate) vs log-
(pressure) plots are identified as illustrated
in Fig. 1. When these can be identified
they are listed in Table 1.

Summary of the Resulis for the Stoichiometric
Reactions

Reaction type. Most of the reactions are
of type a. Type b oceurs infrequently,
usually at high temperatures (600-650 K)
and high initial hydrogen pressures (700-
800 N m%) (for example, runs 26Al1-2,
27A1-2). Type ¢ occurs in the vicinity
of 400 K at medium pressures (~200 NV
m~?), and at higher temperatures with
higher pressures.

Catalyst activity. The initial rates, and
the rate of reaction of the central linear
portion of each run, have been calculated,
although they are not included in this
paper.

The initial rate is fairly constant at 1 to 2
N m? sec! in groups 1 to 21, with a
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TABLE 1

Summary of the Kxperiments and Results for the Nonstoichiometric
Hydrogen-Oxygen Reaction on Samarium Oxide

Group, sets, Average Initial H. Initial Average order with Reaction
and runs temperature pressure range HrOy respect to time type
(K) (¥ m™) ratio
Oy H,

28B1-2 500 360, 160 2.25 0.3 a
28131-2 280, 160 1.74 0 3
28F1-2 400, 160 2.50 (.26 a
2811-2 240, 160 1.51 0 a
28K1 150 0.99 1.3 —
28N 1-2 140, 70 0.50 1.5 [
2801-2 440, 170 3.00 0.36 a
28Q1-2 160, 37 0.25 1.5 ¢
28R1-2 71, 22 0.14 2.1 a
28T1-3 1040, 150, 150 5.05 1 a
28U1-3 1030, 160, 160 5.99 14 a
28W1-3 160, 180 6.97 1.5 ¢
28X1 160 10.1 3.5 ¢
20B1-2 589 360, 150 2.23 0.2 a
2011-2 290, 150 1.76 0 a
20F1-2 400, 160 2.51 0.5 a
29H1-2 —_— 1.51

20J1 150 0.99 1.3 8
291.1-2 160, 76 0.50 1.7 8
29N 1-2 480, 160 2.95 0.6 a
29P1-2 160, 36 0.25 1.4 a
29Q1-2 — 22 0.14 2.1 a
2081-2 860, 160 4.99 1.1 ¢
207T1-2 970, 160 6.00 1.1 ¢
20V1-2 —, 150 6.90 1.1 ¢
20W1 150 10.0 1.3 c
30B1-2 650 360, 160 2.26 0.3 a
30D1-2 300, 170 1.70 0 a
30F1-2 430, 170 2.50 0.3 a
30HI-2 — 1.49

30J1 160 1.00 1.3 a
30L1-2 170, 80 0.50 1.7 3
S0N1-2 520, 170 3.00 0.6, 1.5 a,c
30P1-2 170, 39 0.25 1.3 a
30Q1-2 —, 23 0.14 2.1 a
3081-2 920, 170 4.99 1.1 a, ¢
30T1-2 >1000, 180 5.93 1.3 ¢
30V1-2 —, 180 6.98 1.2 e
30W1 174 10.2 1.6 e
31B1-2 423 380, 170 2.25 0.5 a
31D1-2 — 1.80

31F1-2 420, 170 2.49 0.4 3
31H1-2 — 1.49

31J1 340 1.00 0 a
31L1-2 170, 83 (.50 1.6 a
3IN1-2 520, 170 3.06 0.6, 0.7 a, ¢

31P1-2 170, 39 0.25 2.4 ¢
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TABLE 2

Summary of the Average Reaction Rates (N m2 see?) for the Nonstoichiometric Groups 28, 29, and 30

Initial hydrogen— Group 28 (500 K)

Group 29 (689 K) Group 30 (650 K)

oxygen ratio

Excess of  Excess of Excess of Excess of Excess of  Excess of
hydrogen oxygen hydrogen  oxygen hydrogen oxygen
225 0r 1.75 0.50 0.68 0.55 0.70 0.53 0.84
Be D B D B D
3.00 or 1.00 0.47 0.74 4.50 0.79 0.45 0.84
F I F H F H
5.00 or 0.25 0.089 0.056 0.16 0.050 0.070 0.060
U Q S P s L
7.00 or 0.14 0.03 0.019 0.05 0.01 0.06 0.02
w R A% Q ] L

@ Set from which the rates are taken.

constant initial pressure and varying tem-
perature. The first run on the fresh catalyst
gave an abnormally high rate. The initial
rate increases to 2 to 3 N m~? sec! when
both the initial pressure and the tempera-
ture are high (for example, groups 22, 26,
and 27). Runs preceded by excess hydrogen
or oxygen have a slightly reduced initial
activity, with hydrogen excess having the
greater effect.

The rate of the central linear portion is
relatively constant between 0.4 and 0.6 N

m~? see™), with a tendency to increase with
increasing temperature or pressure. There is
no obvious pretreatment effect on this
rate, even for sets 31R, 31T, and 31U after
the catalyst had been baked in hydrogen,
oxygen, and air, respectively.

The time taken for the reactions to go
to completion is fairly consistent through-
out the constant initial pressure tempera-
ture-dependent runs, taking about 500 to
600 sec for 95% completion.

Orders with respect to ttme. The orders

TABLE 3

Average Slopes and Maxima from the Isobars

Isobar Group  Temper- Hydrogen  Standard Slope of isobar
ature to oxygen  deviation
(K) ratio at Low- Standard High- Standard
maximum pressure deviation pressure deviation
of isobar gide of side of
isobar isobar
Hydrogen 28 500 1.03 0.099 1.08 0.13 —1.22 0.08
Hydrogen 29 589 1.18 0.23 1.30 0.25 —1.06 0.23
Hydrogen 30 650 1.08 0.15 1.18 0.26 —0.99 0.18
Hydrogen 31 423 0.97 0.18 1.20 0.15 —1.89 0.31
Oxygen 28 500 1.05 0.13 1.39 0.28 —1.02 0.24
Oxygen 29 589 1.11 0.40 1.28 0.26 —1.08 0.22
Oxygen 30 650 1.24 0.23 1.20 0.37 —0.99 0.11
31 423 1.02 0.10 2.09 0.67 —1.18 0.44

Oxygen
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with respeet to time are calculated from
the central linear portion of each plot.
In most cases this section starts after about
109, of the reaction has occurred and
continues for the next 809,. Most of the
reactions are in the range 0 to 0.1 order.
There is no obvious temperature depen-
dence, but a trend toward slightly higher
orders at low initial pressures. For runs
22A8, 23A7, 24A8, 27A9, and 28G1, all at
very low initial hydrogen pressures of 40
to 50 N m~? the plots are very crratic,
often giving very high orders for some
sections of the curve.

Orders with respect to concentration. These
orders are calculated from the five pressure-
dependent groups, 22 to 27 (excluding
group 25). The orders obtained were 0.3,
0.2, 0.5, 0.5, and 0.7 at 402, 467, 525, 591,
and 654 K, respectively. Therefore, there
is a tendency toward higher orders at
higher temperatures.

Temperature effects. Some of these effeets
have already been mentioned in the sec-
tions above. The Arrhenius plot, assuming
zero-order kineties, is shown in Fig. 2.
The activation energy changes with tem-
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perature, from a value of about 7 kJ mol~?
at 350 K to 1 kJ mol~! at 400 K.

Summary of the Resulls for the Nonstoichio-
metric Reactions

Reaction type. The reaction type is less
casily classified than for stoichiometric
reactions but usually one type predomi-
nates, as shown in Table 1. Most reactions
are type a, especially when the initial
hydrogen—oxygen ratio is close to 2. There
is a tendency toward type ¢ at high ratios.
Type ¢ also oceurs at low ratios when the
temperature is low, especially if the initial
pressure is also low. No type b plots oceur.
The most regular and consistent results
are obtained in cxcess hydrogen or at high
temperatures.

Catalytic activity. The initial rate de-
creases as the hydrogen—oxygen ratio
becomes more extreme (that is, as either
hydrogen or oxygen are in large excess),
down to about 0.1 N m~? see™!, with the
rate usually being higher in oxygen excess
than in hydrogen excess.

The average rates for the major portion
of the reaction are summarized in Table 2

30—
0.
Q20—
()
(o]
— ",'
ol
1 I
-1.0 - 0.5 -0.0

LOG {rate}

Fic. 1. Typical features of the three types of log(rate) vs log(pressure) plots. Reaction 02A1 is
type a, reaction 26A2 is type b, and reaction 19A2 is type c.
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T

]

LOG (zero-order rate constant )

500K 450K 400K 350K
2.0 25

1 i

L (e1o’

T

F1a. 2. Arrhenius plot from the results of groups 01 to 21.

for groups 28 through 30. For hydrogen—
oxygen ratios close to stoichiometry (that
is, ratios from 1.00:1 to 3.00:1) the rates
in excess hydrogen are very similar. The
rates in excess oxygen are slightly higher
and increase with temperature. For more
extreme ratios, the rates decrease signifi-
cantly, and the rate in oxygen excess is

now lower than the rate in hydrogen
excess.

Orders with respect to time. As can be seen
from Table 1, the orders with respect to
time increase as the hydrogen—oxygen
ratio becomes more extreme. The order in
hydrogen increases up to 2.1 (except for a
value of 2.4 in set 31P), and the order in

0.0

LOG (rate)
o
wu

=

L OG { oxygen pressure]

Fia. 3. Hydrogen isobars at 500 K from group 28. The constant hydrogen pressures are shown

in Newtons per square meter.
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oxygen inereases up to 1.6 (except for a
value of 3.5 in set 28 X).

Isobar. For all four nonstoichometric
groups the hydrogen and oxygen isobars
exhibit maxima. The results are summar-
ized in Table 3, and typical isobars are
shown in Fig. 3 and 4.

The ratio at the maxima of the isobars
decreases with inerecasing oxygen pressure
and increases with inecreasing hydrogen
pressure. Also, in gencral, the ratio in-
creases with increasing temperature.

The slopes on either side of the maxima
do not show any obvious pattern with
changing pressure, but do tend to decreasc
with inereasing temperature. The absolute
value of the average slope from the low-
pressure side of the hydrogen isobar and
the high-pressure side of the oxygen isobar
is 1.3, and the average value of the op-
posite slopes is 1.5. However, the error is
very large. By ncglecting the average
values from Table 3, wherce the standard
deviation is greater than 0.3, the first
average slope reduces to 1.1 #+ 0.2 and the
second to 1.2 4 0.1.
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DISCUSSION

The overall results fit the general pattern
deseribed for dysprosium oxide (23). The
general characteristics of the results will
be discussed, a kinetic expression will be
presented, and a mechanism will be
proposed.

General Characteristics

Reaction type. Most of the reactions are
of type a, involving a large decrease in the
rate at the beginning of the reaction. Other
workers (sce the Introduction) have shown
that the surface of samarium oxide is very
sensitive to reaction conditions, and that
pretreatment by, or exposure fo, oxygen
(particularly below about 450 K) reduces
the activity by deereasing the number of
active sites. It 1s probable, therefore, that
the first section of the type a plots is the
result of reversible deactivation of the
most active sites. This type is less pre-
dominant at high hydrogen-oxygen ratios
and is seen less often at high temperatures,
both facts supporting the idea of oxygen
deactivation. The appearance of type b at

00—

LOG
8\

| I

05— e

{ratet}

\\
[ N
SN
N \’ \
N

i

3

s

Y

¥

'
/

1.5 2.0

LOG {hydrogen pressure]

Fia. 4. Oxygen isobars at 650 K from group 30. The constant oxygen pressures are shown in

Newtons per square meter.
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high temperatures indicates that the ad-
sorption sites are not immediately avail-
able, resulting in a delay before equilibrium
is established.

Catalyst activity. The initial rate (which
is related to reaction type) is not signifi-
cantly temperature dependent below 500 K,
indicating that the most active sites are
readily available at these temperatures.
However, there is a slight decrease in the
initial rate above 500 K. Excess of hydrogen
or oxygen ({or prior exposure to non-
stoichiometric reactions) reduces the initial
rate, due to partial deactivation of the
active sites. Pretreatment with hydrogen,
or reactions with hydrogen excess, have a
slightly lower initial rate than those in-
volving oxygen.

The rate of the central linear portion
does not show any effect of pretreatment,
giving further evidence for the existence
of a small number of very active sites
which are readily deactivated at the start
of the reaction. As the hydrogen—oxygen
ratio becomes more extreme, the rate
decreases, due to an excess of one of the
gases on the surface. The fact that the rate
in oxygen excess is Jower than the rate in
hydrogen excess suggests that the active
sites are more readily deactivated by
oxygen than by hydrogen.

The change in activity with temperature
is illustrated by the Arrhenius plot (Fig. 2},
showing a very low activation energy above
temperatures at which the oxygen mobility
becomes significant (5).

Active sites. At least two sets of active
sites have been deseribed: a hyperactive
set, characterized by the reaction type, the
initial rates, and the orders with respect
to concentration; and a less active set,
characterized by the rates of the central
portions of the plots, and the orders with
respeet to time.

From previous studies on samarium
oxide, other lanthanide oxides, and similar
oxides (for example, {24, 25)), at least two
classes of sites can be identified. One results
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from the loss of hydroxyl groups during
conditioning, and the other results from
loss of surface oxygen, or anion vacancies
inherent in the structure (for example,
(7, 19, 26)). The first class of sites can
exist in varying forms with differing
activity (25), and the second class of sites
is probably predominant and can give rise
to n-type semiconduetivity at low oxygen
pressures (26).

It is possible that the hyperactive set
of sites belongs to the first class. This would
explain the lack of temperature dependence
which would have been expected if the
sites were associated with anion vacancies
and therefore susceptible to changes in
oxygen mobility with temperature (5).
The appearance of type b, and the slight
decrease in initial rate at temperatures
approaching the conditioning temperature,
would be expected, as would the greater
deactivating effect of hydrogen over oxygen.
The orders with respect to concentration
indicate that there may be some dissocia-
tive adsorption oceurring on these sites,
and again, this would be very likely on the
adjacent sites produced by loss of hydroxyl
groups.

The less active sites are probably as-
sociated with the second class of sites.
This is supported by the similarity between
the rate of the hydrogen—oxygen reaction
and the oxygen exchange reaction, and the
conclusion that oxygen mobility is a
critical factor in both reactions (2, 4).
Oxygen has a greater deactivating effect
than hydrogen, and the activation energy
in excess oxygen is much higher than that
in excess hydrogen (11). Most of the
reaction oceurs on these sites and the
kineties and mechanism which follow
describe this portion of the results.

Kinetic Expression

From the similarity between the results
for samarium oxide and those already
described for dysprosium oxide (23), a
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general kinetie expression can be proposed,
namely,

dPy

k (bﬂgl)lig)* (bO2P02) y
dt (1 + bu,Pu, + bo,Po) v’

where &k is a proportionality constant, by,
and by, are the adsorption cocflicients for
hydrogen and oxygen, respectively, and z
and y are integers. The results will now be
discussed in terms of this relationship.

Orders with respect to time. Most of the
orders for the stoichiometrie reactions are
close to zero. This is to be expected if Eq.
(1) is obeyed and if ((2bw, + bo,)/3)Pr > 1,
where Py is the total pressure of hydrogen
plus oxygen. Further cvidence for this is
obtained from the higher orders at very low
pressures.

The individual orders with respeet to
hydrogen or oxygen can be obtained from
the log (rate) vs log (pressure minor compo-
nent) plot, assuming that the other gas is
sufficiently in excess for its concentration to
be considered constant. The results shown
in Table 1 indicate an order for both hydro-
gen and oxygen of between 1 and 2, with
hydrogen being closer to 2 and oxygen
closer to 1.

Isobars. The maxima observed in all the
isobars indicates that there is competitive
adsorption, as shown by other results and
incorporated into Eq. (1). The positive
slope of the hydrogen isobar and the
negative slope of the oxygen isobar give a
value for y, and vice versa for x. The oxygen
order varies considerably, but if results are
omitted for slopes corresponding to anomal-
ous values for the isobaric maxima a value
close to 1 is obtained. In general, higher
values arc obtained for the hydrogen order
but the cvidence is not sufficiently con-
clusive to determine whether the order is
1 or 2 or some intermediate value.

The hydrogen—oxygen ratio at  the
maxima of the isobars is relatively constant,
with most being in the range 1.0 £ 0.1
From Eq. (1) the maxima should obey the
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TABLE 4

Average Values for the Adsorption Coeflicients
withe =1,y=1

Group Temper- Oxygen Constant bos X 10?7 by, X 102
number ature pressure partial (¥t m?) (N m?)
(K) range pressure
(N m™2)
31 423 130-170 H. 0.5 0.2
140-160 Oz 0.2 0.8
28 500 54-70 H. 3.5 1.5
29 389 — — — —
85-140 02 0.2 0.8
30 630 32-100 H. 3.7 1.7
90-140 Q2 0.3 1.0
following cquations:
Hydrogen isobar, x = y = 1,
Py,  bo,lPo, — 1
et 2)
P()2 bl{-}_P()g
r=2y=1,
PHQ 2602])02 —1
e (3)
P()2 bH.lPQ.Z

Oxygen isobar, x = y = 1,
Py,  bo,Po, + 1

Po,

bu,Po,

; (4)

e=2y=1

Py,  2bo,Po, + 2 ;
= — . (5)

Po,

bu.Po,

The results, therefore, agree with the
above equations, with an indication that
bu, and by, may be changing slightly with
pressure and temperature. The decrease
in the ratio at the maxima with an increase
in oxygen pressure could be explained by a
decrease in bg, as a result of occupation
of more active sites by oxygen. Similarly,
the inerease in the ratio with an increase
in hydrogen pressure could be the result of
a decrease in by,.

In Table 4 average values for by, and
bu, arc calculated from Eqgs. (2) and (4)
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TABLE 5

Average Values for the Adsorption Coefficients
withe =2,y =1

Group Temper- Oxygen Constant bos X 102 b, X 102
number ature pressure partial (N "1m?) (N!m?)
(K) range pressure
(N m?)
31 423 130-170 H: 0.5 0.5
28 500 50-70 H. 1.5 1.7
29 589 20--80 H. 6 7
80-120 H: 1 1.5
85-130 (o7} 0.2 1.6
30 650 50-70 H: 1.7 1.5
90-130 Oz 0.2 1.2

From the hydrogen isobars, bo, and bg,
show an inecrease with temperature, with
bo, > bu, at any particular temperature.
From the oxygen isobars, there is no change
with temperature, but in this case bo, < by,.
The values of bm, from the two isobars
agree within an order of magnitude, but
the values of bo, are significantly lower
using Eq. (4) than using Eq. (2).

In Table 5 average values for bo, and
bu, are calculated from Egs. (3) and (5).
Both adsorption coefficients increase from
423 to 500 K and then remain effectively
constant. The values for by, calculated
from both the oxygen and the hydrogen
isobars are similar, but the value of bo, is
lower using Eq. (5) than using Eq. (3).
However, at 589 K, b, decreases with
increasing oxygen pressure, and, therefore,
since the oxygen pressure range is higher
when using Eq. (5) rather than Eq. (3),
lower values for bo, would be expected.
In addition, it should be pointed out that
the values for bg, are calculated using fewer
data points than were used to calculate by,.
The change in the values of the adsorption
coefficients in the vicinity of 400 to 500 K
might be expected in view of the change
in oxygen mobility affecting the heat of
adsorption, or it may just be a pressure
effect resulting from the high-pressure
range in group 31.
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In general, a relatively constant value
for bo, and by, of approximately 1.5 X 102
N-!' m? is obtained at oxygen pressures in
the vicinity of 100 N m~2 Substitution of
these values into Eq. (1) for stoichiometric
mixtures leads to a denominator of (1 4 1.5
X 102 P1)**v. For reactions with an initial
hydrogen pressure of 200 N m2, the
denominator equals (1 + 4.5)=tv, which
will give close to zero-order kinetics. A
slight increase in order with decreasing
pressure would be expected. Comparing
the results in Tables 4 and 5 it appears that
a more logical pattern is developed with
x =2,y =1 than with z =y = 1.

A value for the proportionality constant,
k, has been calculated using the average
values for bo, and by, of 1.5 X 102 N-1 m2,
The values ecalculated at five different
temperatures are shown in Table 6, for
=y =1 and for z =2, y = 1. Both
sets of results give a relatively constant
value for & from the central portion of the
reaction (though a slight increase with
time is detected) and show little tempera-
ture dependence except between the lowest
two temperatures.

From a consideration of all of the kinetic
data it is concluded that y = 1 and that
the most likely value for z is 2.

Mechanism

From previous results for the stoichio-
metric reaction, and the nonstoichiometric
reaction in a large excess of hydrogen or

TABLE 6

Values for the Proportionality Constant &
(N m2sec™)

Reaction Temper- Proportionality constant
ature
(K) x=1, x =2,
y=1 y=1
19A2 377.5 4 8
02A1 488.9 5 10
13A1 505.4 5 9
01A9 515.0 5 9 —10
26A2 592.0 3 —4 56




HYDROGEN-OXYGEN REACTION

oxygen, and from similaritics between the
hydrogen—oxygen reaction and the oxygen
exchange reaction, it has been postulated
that the rate-limiting step involves the
interaction of molecular hydrogen and
surface oxygen (2, 4, 11). Also, it is known
that hydroxyl groups form readily on the
surface of samarium oxide, and it has
already been proposed that certain of the
active sites on the surface appear as a
direct result of the loss of these groups.
Therefore, the following general mechanism,
already proposed for other lanthanide
oxides (for example, dysprosium oxide
(23)), and certain metals (for example,
platinum and palladium (27)) is the most
likely :

Hi) @ Hacuas) (1)

Oz @ O (ats) (ii)

Hoaas) + Osgaasy @2 HaOoaasy (i)
H02aas) + Hagaas) — 2H2O0 sy (iv)
H,0 (uasy 2 HoO (v)

This mechanism will give rise to the
kinetic expression shown in Eq. (1), with
z=2and y = 1.

In conclusion, the present kinetic results
indicate that there are at least two groups
of active sites. The initial reaction takes
place on a hyperactive group, which is
readily, but reversibly, deactivated. This
group may result from the loss of hydroxyl
groups from the surface during condition-
ing. The bulk of the reaction takes place
on the second group of less active but
more stable sites, which are probably anion
vacancies. The kinetics obey Eq. (1) with
y =1 and probably with z = 2. The
mechanism is based on the scheme shown
above in (1) through (v), with a rate-
determining step of interaction between
H,032(4s) (or, simply, two adjacent hy-
droxyl groups) and adsorbed hydrogen.
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