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The hydrogen-oxygen reaction has been studied over a neodymium oxide catalyst
at hydrogen:oxygen ratios from 10:1 to 1:10, at pressures of hydrogen up to 4 Torr
and oxygen up to 5 Torr, and at temperatures in the range 270°-450°C. The effcet of
various pretreatments by hydrogen and oxygen was observed. The kinelic results
can be explained in terms of an equation of the form

aPr kbr,?Pu,*b0,Po,

dt B (1 + szpH-z + b()-:POz)3’

where k is a proportionality constant, ba, and bo, are the adsorption coefficients for
hydrogen and oxygen, respectively, P» is the total pressure of hydrogen plus oxy-
gen, and Py, and Po, are the partial pressures for hydrogen and oxygen, respectively.
The probable mechanism is one in which the rate-determining step involves ad-

sorbed hydroxyl groups.

INTRODUCTION

The catalytic effect of neodymium oxide
has been recognized since 1929 when
Cremer (1) compared the rate of dehydra-
tion to the rate of dehydrogenation of ethyl
aleohol. Since that time, this catalyst has
been used for many simple reactions; for
example, the dehydrogenation of hydrocar-
bons (2-4), the dehydration and dehydro-
genation of alcohols (7, 2, 5, 6), the oxida-
tion of carbon monoxide (7), and the
decomposition of nitrous oxide (8, 9).

Reaction and adsorption studies involv-
ing hydrogen or oxygen indicate that both
these gases are readily adsorbed on neo-
dymium oxide. Parallel temperature de-
pendencies have been noted for hydrogen
adsorption (10), the parahydrogen conver-
sion, and the hydrogen—deuterium equili-
bration reaction (11) over the temperature
range 77°-771°K at pressures of approxi-
mately 6 Torr. Isotopic oxygen exchange
reactions have been studied by several
workers. Minachev and Antoshin (12), and
Antoshin et al. (13) stated that the rate of

Copyright © 1974 by Academic Press, Inc.
All rights of reproduction in any form reserved.

exchange was dependent upon the mobility
of the oxygen of the oxide surface, and they
recorded an activity for neodymium oxide
intermediate between that of the other
lanthanide oxides; Sazonov et al. (14)
found that there was a fast first-order ex-
change reaction that was decreased by oxy-
gen pretreatment but unaffected by the
crystalline form of the oxide; and Winter
(15) determined that the activity was de-
pendent on pretreatment and that the rate-
determining step was the desorption of
oxygen.

Several preliminary studies have been
made of the hydrogen—oxygen reaction over
neodymium oxide but no detailed kinetie
analysis has been attempted. Bakumenko
(16) studied the reaction in the tempera-
ture range 300°-500°C at total pressures of
550 Torr for two reaction mixtures (1%
oxygen in hydrogen and 2% hydrogen in
oxygen), and noted a loss of activity in
excess oxygen and a considerable decrease
in activity in excess hydrogen after several
reactions. Bakumenko and Chashechnikova
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HYDROGEN-OXYGEN REACTION

(17) studied the stoichiometric reaction
with excess argon, and the non-stoichio-
metric reaction with execess hydrogen and
found the activity of neodymium oxide to
be intermediate between that of the other
lanthanide oxides, with a pressure depend-
ence of unity with respect to hydrogen. The
high activity of the oxides of cerium,
praseodymium, and terbium is correlated
with the variable valencies of these oxides,
and the intermediate activity of neody-
mium (ITI) oxide was attributed to a slight
tendency of this oxide to form neodymium
(V) oxide. Antoshin et al. (18) observed
a similarity between the rate of exchange
of isotopic oxygen and the rate of the
hydrogen—oxygen reaction.

In the previous article in this series,
Read and Conrad (19) studied the stoichio-
metric hydrogen-oxygen reaction over the
temperature range 68°-150°C and the pres-
sure range 1-14 Torr. The results were cx-
plained in terms of a general kinetic ex-
pression based on the Langmuir isotherm,
namely,

& — (A mPT>m [1]
dt (14 BP»)"”

where 4,, and B are temperature-dependent
constants, Py is the total pressure of hydro-
gen plus oxygen, and m is an integer of
value 1 to 3. The present contribution ex-
tends this work to include non-stoichio-
metric reactions and the effect of catalyst
pretreatment.

ExperIMENTAL METHODS

The apparatus comprised a conventional
high-vacuum system. Traps, surrounded by
liquid nitrogen, protected the catalyst from
contamination and allowed the water pro-
duced in the reaction to be condensed. The
reaction was followed by continuously
monitoring the total pressure in the closed
reaction chamber with a capacitance
manometer (Granville Phillips, Model
#03, Series 212). Gas samples were re-
moved from the reaction chamber via an
adjustable leak and analysed by a mass
spectrometer (AE1, Model MS10). Reac-
tions were usually followed to about 90%
completion and a typical run lasted 20 min.
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The results were reproducible. Variations
in the measuring procedure, the amount
and distribution of the catalyst, and in the
apparatus itself, together with a compari-
son of results obtained in the present work
and a previous study (19) using a com-
pletely different apparatus, assured that the
pressure readings were valid and that there
were no problems associated with the mass
transport of the reactants and products.
Thermal transpiration calculations, and
experiments using nitrogen or argon to-
gether with the hydrogen and oxygen, in-
dicated that there was no problem associ-
ated with heat transfer.

Spectral-analysed hydrogen and oxygen
(Airco and Lindé) were used; the pressure
and ratio being determined before the gases
were admitted to the reaction chamber.
The catalyst was “Specpure” grade neo-
dymium oxide (Johnson Matthey) with a
surface area of 10 m? g* as measured by
the BET method using krypton.

Fourteen groups of experiments were
conducted using two different catalyst sam-
ples. Within each group of experiments,
several sets of reactions were performed,
each sct being designated by a different
letter. In groups 1-9, a new set of reactions
indicates a change in the initial hydro-
gen:oxygen ratio, whereas in groups 10-13
a new set indicates a change in the catalyst
conditioning. Each set of reactions com-
prises several separate runs, each run
within a set having a different total initial
pressure or a different pretreatment, but
identical stoichiometries. The experiments
performed are outlined in Table 1. Each
reaction 1s identified by stating the group,
¢et and run; for example, reaction 3 B 2 is
the second run of set B within group 3.

Groups 1-5 were each conducted at a dif-
ferent temperature (398°, 333°, 267°, 453°,
and 394°C, respectively) with hydrogen:
oxvgen ratios from 10:1-1:10, and with
initial hydrogen pressures up to approxi-
mately 4 Torr and initial oxygen pressures
up to approximately 5 Torr; growps 6 and
7 were conducted at approximately 332°C
with initial oxygen pretreatment (that is,
overnight pretreatment before the start of
the group); group 8 was conducted at
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331°C with no pretreatment; group 9 was
conducted at 331°C with initial hydrogen
pretreatment; groups 10 and 11 were
stoichiometric reactions conducted at ap-
proximately 330°C with immediate oxygen
pretreatment (that is, pretreatment before
each reaction); groups 12 and 13 were
stoichiometric reactions conducted at ap-
proximately 330°C with immediate hydro-
gen pretreatment; and group 14 was a sin-
gle reaction at 329°C with extra doses of
the stoichiometric mixture being added
every few minutes.

The neodymium oxide catalysts were
initially conditioned by heating for 6 days
at 500°C and <107 Torr. Unless otherwise
stated in the results, the gases were re-
moved from the catalyst by evacuating the
system for at least 10 min. Catalyst sample
No. 1 (0.118 g) was used for groups 1-9
and catalyst sample No. 2 (0.119g) was
used for groups 10-14. The structure was
determined by X-ray fluorescence and
powder diffraction, and by ir. analysis.

An IBM 1130 computer was used in the
analysis of the data, reaction rates being
determined by cubic spline interpolation
(20).

REsvULTS

Structure of Neodymium Ozide

The stable oxide of neodymium is
trivalent and can exist in three different
crystal modifications: A-type (hexagonal),
B-type (monoclinic), and C-type (cubic).
The pure C-type readily forms 3Nd.Os-
2H,0 at room temperature in the presence
of very small amounts of water. This trans-
formation is partially reversible by heating
at <10-¢ Torr to approximately 400°C.
Further heating to 1000°C transforms the
C-type into the A-type oxide, often with a
further loss of water (21). X-ray analysis
of the sample used in the present investiga-
tion indicated that it was the C-type
3Nd,0,-2H,0. The ir. analysis showed
that there were no free hydroxyl groups
and no molecular water, but distinet peaks
were observed for hydrogen-bonded hy-
droxyl groups (22). No change in the
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X-ray or ir. data was observed during the
course of the experimental work.

Analysis of the Data

The data were initially analysed using

the general equation

~ P pPusPos, 2]
where Py, and P, are the partial pressures
of hydrogen and oxygen, respectively, z
and y are the apparent orders with respect
to hydrogen and oxygen, respectively, and
k, is the pseudo-rate constant. For stoichio-
metric reactions, plots of log (rate) versus
log (total pressure) gave the overall order,
and for non-stoichiometric 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.

Figures 1 and 2 show typical log (rate)
versus log (minor component) plots giving
the orders with respect to time for hydro-
gen and oxygen, respectively. Most of these
plots showed three distinct regions: an ini-
tial section with a relatively large rate last-
ing for about 1 min; a second linear sec-
tion; and a third section with a rapidly
decreasing rate. The orders with respect to
time quoted below are taken from the sec-
ond, linear section.

[1og(RATE)

1 __J

1 1 1 1
14 -137 -2 - -0 -09
Iog(PHz)

F1c. 1. Log (rate) versus log (hydrogen pres-
sure) plot in oxygen excess. Reactions 1E2
(400°C), 2E2 (333°C), 3El (266°C), and 4E2
(452°C).
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H 1 1 I L
-1.8 -1.6 -14 -1 2 -1.0 -0.8

log(P, )

Fic. 2. Log (rate) versus log (oxygen pressure)
plot in hydrogen excess. Reactions 1A2 (398°C),
2A2 (334°C), 3A3 (268°C), and 4A3 (452°C).

The data are presented in Tables 1 and 2.
Table 1 gives tk: initial rate data for all
reactions and Table 2 summarises the ex-
perimental conditions and the orders for the
non-stoichiometric reactions. The order
with respect to time for oxygen is the
average for all the reactions in the group
with hydrogen:oxygen ratios greater than
6:1, and the order with respect to time for
hydrogen is the average using ratios less
than 0.3:1. The orders with respect to con-
centration, caleulated from initial rate data
using Eq. [2], are also included in Table 2.

The data were also analysed by drawing

5.0
0.5
w
[
I oh
o
o
s
201
t i L | 1 i
5 0 -05 00 05
c0g(R, )

Fic. 3. Oxygen isobars drawn through some of
the log (rate) versus log (hydrogen pressure)
plots from group 2 at 333°C. The constant oxygen
pressure in Torr is shown with each plot.

isobaric curves through non-stoichiometric
reactions at a constant temperature and
with identical pretreatment conditions. Fig-
ure 3 shows a typieal set of isobaric curves
joining points of constant oxygen pressure
on the log (rate) versus log (hydrogen pres-
sure) plots at 333°C for group 2. The in-
dividual log (rate) versus log (hydrogen
pressure) plots are not shown but the point
corresponding to the pressure required is
indicated. The results from the isobars are
summarised in Table 3. Each isobar ex-
hibited a maximum. The pressure of the

TABLE 2
SUMMARY OF THE RESULTS FROM THE NON-STOICHIOMETRIC HYDROGEN-OXYGEN
RractioNn oN NEODYMIUM OXIDE

Range of initial

Average hydrogen: Average order with respect to time Average order
temp. oxygen with respect to
Group °C) ratio Oxygen Hydrogen concentration
1 398 0.1-10.6 1.5+0.1 1.7 0.6 +0.2
2 333 0.1-10.2 1.1 1.6 +0.2 0.8+ 0.2
3 267 0.1-9.5 1.0 1.6 0.7+ 0.2
4 453 0.1-10.9 1.0 20+0.1 0.9 +0.2
5 394 10.1 1.1
6 332 0.2-6.4 1.1 1.8 08 +£0.3
7 332 0.1-7.5 0.9 1.4 +£0.2 0.8 +0.3
8 331 0.5-1.0 1.2
9 331 0.3-5.8 1.0 1.6 0.5
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0.09
0.18
0.22
0.35
0.08
0.20
0.21
0.23
0.25
0.26
0.47

2.1
2.0
2.0
2.1
2.1
2.1
2.1
2.1
2.1
2.1

0.10
0.20
0.33
1.29
0.08
0.19
0.33
0.43
0.60
0.94
1.37

0.05
0.10
3.16
0.64
0.04
0.09
0.16
0.21
0.28
0.45
0.67

0.05
0.10
0.29
0.33
0.09
0.15
0.21
0.25
0.28

1.3
1.5
1.

1.7

1.
1.
1.
1.
1.6

0.05
0.07
0.25
0.50
0.02
0.17
0.29
0.36

0.06
0.10
0.40
0.75
0.04
0.26
0.32
0.47
0.57

453
332

{(None’
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gases, the hydrogen:oxygen ratio and the
rate at this maximum are shown in
the table.

Summary of the Results

Effect of pretreatment. The effect of ini-
tial pretreatment can be seen from the re-
sults of groups 6 and 7 (oxygen pretreat-
ment), group 8 (no pretreatment), and
group 9 (hydrogen pretreatment). Some of
the results for stoichiometric reactions are
illustrated in Fig. 4. For both stoichio-
metric and non-stoichiometric reactions, the
effects of initial pretreatment are small. It
should be noted, however, that it is more
difficult to determine the effect with non-
stoichiometric reactions, since each reac-
tion, if taken close to completion, will ef-
fectively pretreat the catalyst for the
subsequent reaction. Oxygen pretreatment
appears to lower the activity slightly but
hydrogen pretreatment does not appear to
have any significant effect. Comparison of
groups 2 and 8 (similar groups carried out
with no initial pretreatment but performed
before and after the initial oxygen pretreat-
ment experiments of groups 6 and 7) indi-
cates a slight decrease in activity for group
8. The effect of pretreatment on the kinetic

log(RATE)
5
2

1 L I
-1.5 -10 ~-05 00 05

log(R_,

total

Fic. 4. Effect of initial pretreatment on the log
(rate) versus log (total pressure) plots. Reactions
2C2 (no pretreatment), 7Al and 7A2 (oxygen
pretreatment), 8A3 (no pretreatment), and 9A2
(hydrogen pretreatment).

READ ET AL.

log(RATE)

1 ]
-1.0 -05 00 0.5

10g(R)

o
’»
L

Fic. 5. Effect of immediate pretreatment on
the log (rate) versus log (total pressure) plots.
Reactions 10C4 (immediate oxygen pretreament),
12A1 (initial hydrogen pretreatment), and 12B1
(immediate hydrogen pretreatment).

orders and the isobars will be discussed
later.

The effect of immediate pretreatment can
be seen from the results of groups 10 and
11 (oxygen pretreatment), and 12 and 13
(hydrogen pretreatment) for stoichiometric
reactions, Figure § illustrates this effect.
Immediate hydrogen pretreatment results
in an increased initial catalyst activity,
changing the shape of the first section of
the log (rate) versus log (total pressure)
plot. Immediate oxygen pretreatment de-
creases the degree of completion of the re-
action. There is no change in these effects
upon varying the pressure and time of con-
tact of the pretreating gas.

Kinetic orders. For stoichiometric mix-
tures, the order with respect to time is close
to zero for all reactions. Zero-order kinetics
are obeyed for a large portion of the reac-
tion, particularly at high pressures, with a
rate constant that only changes slightly
with temperature. Figure 6 illustrates the
zero-order plots for stoichiometric mixtures
at four different temperatures.

From the results for non-stoichiometric
mixtures, the average order with respect to
time for hydrogen is 1.7 %+ 0.4 and for oxy-
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~

ime (min)

F1a. 6. Total pressure versus time plots for
stoichiometric reactions at 268°C (Reaction 3C2),
333°C (Reaction 2C1), 397°C (Reaction 1C2), and
453°C (Reaction 4C1).

gen is 1.0 = 0.1 (see Table 2), omitting the
anomalously high orders for oxygen from
group 1. There does not appear to be any
pattern to the variation in order.

The orders with respect to concentration
were impossible to determine accurately
because of limited data and the inherent
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difficulty in measuring the initial rate. The
results, summarised in Table 2, give an
average order of 0.8 % 0.3. There appears
to be a tendency towards orders slightly
lower than 0.5 for reactions on fresh or ini-
tially oxygen-pretreated catalysts, whereas
the orders tend towards unity for reactions
on catalysts that have been immediately
pretreated with either hydrogen or oxygen.

All the orders are independent of the
temperature, and the ratio of the reacting
gases,

Isobars. The results are summarised in
Tables 3 and 4. Isobars drawn through the
first section of the log (rate) versus log
(pressure) plots show the same general
characteristics as the isobars drawn through
the second section, except that the rates are
slightly higher, displacing the isobars up-
wards. The average slopes of the isobars
are given in Table 4. There 1s an indication
of a leveling off of the oxygen isobars for
groups 1-7 at high hydrogen pressures and
low oxygen pressures.

Several generalisations can be made from
the results shown in Tables 3 and 4 with
respect to the hydrogen:oxygen ratio at
the maximum of the isobars. From groups
1-5 it can be seen that there is a slight
decrease in this ratio with increasing tem-
perature. The summary of results shown in
Table 4, at approximately a constant tem-
perature, indicates that there is a decrease
in this ratio for the oxygen isobar after
oxygen pretreatment. Comparison of the

TABLE 4
SLopPEs AND MAXIMA FOR THE IsoBars IN THE TEMPERATURE Range 331-333°C

Slope of isobar

Hydrogen:oxygen Low High

Initial ratio at maximum  pressure side  pressure side

Isobar Group pretreatment of isobar of maximum  of maximum
Hydrogen 2 None 1.7 1.5 -~2.0
Hydrogen 6,7 Oxygen 1.6 1.5 —~1.4
Hydrogen 8 None 1.5 1.5 -2.0
Hydrogen 9 Hydrogen 1.5+0.1 2.0 —~2.0
Oxygen 2 None 2.4 1.5 ~2.0
Oxygen 6,7 Oxygen 2.1 1.2 -1.0
Oxygen 8 None 1.7 1.5 —-1.5
Oxygen 9 Hydrogen 1.8 +£0.1 1.6 -1.5
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0.0L

log(RATE)

Fie. 7. Hydrogen isobars drawn through some
of the log (rate) versus log (oxygen pressure)
plots from groups 6 and 7 at 332°C. The constant
hydrogen pressure in Torr is shown with each plot,

results from groups 2 and 8 shows that this
effect is partially irreversible, although
there is a slight increase again in group 9
after hydrogen pretreatment. The effect is
less noticeable for the hydrogen isobars. In
general, the ratio i1s lower for the hydrogen
isobars than for the oxygen isobars.
Typiecal isobars are shown in Fig. 3 (oxy-
gen isobar) and Fig. 7 (hydrogen isobar).

DiscussioN

Kinetic Expression

In the previous paper in this series (19),
it was shown that the stoichiometric hy-
drogen-oxygen reaction obeyed Eq. [1].
Assuming that the rate is dependent on
the fraction of active surface covered com-
petitively by molecular hydrogen and oxy-
gen, and that adsorption obeys the Lang-
muir isotherm, Eq. [1] could be considered
to be a reduced form of

—_ (1& — k(bHﬂsz)I(bOzPO")y [3]
dt ~ (A + bu.Pr, + bo,Po)™
where k 1s a proportionality constant, by,
and be, are the adsorption coefficients for
hydrogen and oxvgen, respectively, and
x+y=minEq. [1].

The results will now be discussed in rela-
tion to Eq. [3] to determine the validity of
this kinetic expression.
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Kinetic orders. The anomalously high
orders with respect to time (approximately
9) obtained from the first section of the log
(rate) versus log (pressure) plots indicate
that a complex process is occurring. The re-
sults from group 14 show that this effect is
associated with the start of the reaction
and not with the addition of extra doses of
the reactants. The orders with respect to
concentration also indicate that a kinetic
expression of the form shown in Eq. [3)] is
not obeyed at the start of the reaction, and
that there may be some participation of
atomic species.

The orders with respect to time for the
second section of the log (rate) versus log
(pressure) plots can be explained in terms
of Eq. [3]. Orders close to zero are ob-
tained for stoichiometric mixtures, particu-
larly at high pressures, and Eq. [3] pre-
dicts this when by Py, + bo,Po, > 1. It
should be noted that zero-order kinetics
could also be explained if the rate expres-
sion had been derived using the assumption
that there was competitive adsorption be-
tween atomic hydrogen and oxygen, but
not if one of the gases was in the atomic
form and the other in the molecular form.
In the previous paper (19), the reaction
was carried out for longer times at lower
temperatures than in the present study and
an order between zcro and one-half was
observed. Adsorption is larger at the tem-
peratures used in the present study (10),
and thus, a greater tendency towards zero-
order kinetics is expected.

In excess oxygen, the oxygen pressure is
relatively constant and Eq. [3] reduces to

dP
- th = koPy/’® (4]
and in excess hydrogen Eq. [3] reduces to
dP -
- 71151 = ksPoy, (5]

where k, and k; are effectively constant.
The experimental results show that z =
1 or 2 and y = 1. The value for z (1.7 *
0.4) indicates that x = 2 is the more likely
power.
Isobars. In order to obtain a maximum
in the hydrogen and oxygen isobars, there



HYDROGEN-OXYGEN REACTION

must be competitive adsorption as reflected
by Eq. [3]. Differentiation of Eq. [3] with
r =2, y =1 shows that a maximum will
oceur in the hydrogen isobar when

Py _ 2ho,Po, — 1
POz szI)Oz

and & maximum will occur in the oxygen
isobar when

Py, _ 2bo,Po, + 2
POz B szl)Oz
Assuming that bo,Po,>> 1, Eqs. [6] and
[7] reduce to

’ 6]

(7]

Py,  2bg, R
= [8]
fOz b}h
Similarly, differentiation of Eq. [3] with
z =y = 1 gives a maximum in the hydro-
gen isobar when

Py, _ bo,Po,— 1
s 6a
Lo, b1, P o, [6a]
and a maximum in the oxygen isobar when
Py, to.Pe, + 1
- . e
i o, bu,l’ 0. [7a]

With bo,Po, > 1, Eqs. [6a] and [7a]
reduce to
Pu, _ bo.
POz

sz [hd]

The results in Tables 3 and 4 show that
there is a maximum in all the isobars, ap-
proximately at the stoichiometric point, in-
dicating that either bo, =~ bu, (Eq. [8]) or
bo, ~2 bu, (Eq. [8a]). Adsorption data
for hydrogen and oxygen (10), and calcu-
lations of by, and bo, from Eqgs. [6] and
[7], and [B6a] and [7a], show that the gen-
eral form of Eq. [3] is appropriate, but the
results are inconclusive in distinguishing
between the possible values for z. In the
temperature range being studied slightly
more oxygen is adsorbed than hydrogen;
for example, at 400°C and an equilibrium
pressure of 4 Torr, the relative amounts of
hydrogen and oxygen adsorbed are 6.5 X
1012 and 1.0 X 10** molecules em™, respec-
tively (10). Values for bu, and bo, cannot
be calculated accurately but are of the
correct order of magnitude; for example,
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the approximate values from group 4 are
bo, = 40 Torr?, by, = 50 Torr* (from
Eqgs. [6] and [7}), and bo, = 60 Torr?,
by, =30 Torr* (from Eqgs. [6a] and
[7al).

Adsorption results over the temperature
range —196 to 416°C (10) show that hy-
drogen and oxygen adsorb in different
forms at different temperatures, and, there-
fore, there is not a steady decrease in the
amount of gas adsorbed as the temperature
increases. In the temperature range of the
present work the amount of hydrogen ad-
sorption increases and the amount of oxy-
gen adsorption deereases with increasing
temperature. Therefore, the decrease in the
hydrogen:oxygen ratio at the maximum of
the isobars with increasing temperature is
to be expected. The difference bhetween the
maxima for the hydrogen and oxygen iso-
bars can be explained in terms of the dif-
ference between Eqs. [6] and [7] (or be-
tween Eqs. [6a] and [7a]).

Attempts were made to verify the kinetic
expression by fitting the experimental re-
sults to the integrated forms of Eq. [3].
After the first few minutes of the reaction
the best fits were obtained with z = 2, y =
1 for non-stoichiometric reactions as illus-

Pressure Torr)
.

[o31 BN

Tota!

x\}""‘i‘ T 4 L
4.0 8.0 12.0 18.0 200
Time {min.)

Fic. 8. Total pressure versus time plots showing
the experimental data (points indicated), and the
theoretical fit according to Eq. [3] with z =2,
y =1 (solid line) for reactions 4D1 (excess hy-
drogen), 4Bl (excess oxvgen), and 4C3 (stoichio-
metric mixture).
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trated in Fig. 8. The analytical method pre-
dicts a poor fit for stoichiometric reactions.

For the initial part of the reaction the best

fits were olven with » = 1 and v = 0, K
LAUND Yy uva v 6"\_/‘.1 ¥y LUll & 4 dillu y

In summary, after the first few mmutes
of any reaction, the kinetic results can be

explained in terms of Eq. [3] with z =
1or 2 and y = 1, with the most probable
values being z =2 and y = 1. These ki-

netics are not obeyed for the 1n1t1al part of
the reaction and there is some evidence for
thie participation of atomic species.

Mechanism

First section of the reactions. Previous
work (19) has shown that the surface sites
on neodymium oxide are not all equally
active and that some sites are reversibly
deactivated at the start of a reaction. It is
possible that reversible deactivation oc-
curs for the first few minutes and that a
term {1 — @), where 8, is the fraction of
the initially active surface that is deacti-
vated, should be included in the kinetic
expression.

In the temperature range 200°-300°C,

oxygen adsorbs in ehrrh”v laroer amounts

vgen adsorbs in slightly larger amounts
than hydrogen, and the adsorptlon is dis-
sociative and time-dependent (10). If oxy-
gen adsorption is important during the ini-
tial stages of the reaction, immediate
pretreatment with hydrogen would be ex-
pected to increase the initial activity, and
immediate pretreatment with either gas
would be expemeu e euange the order with
respect to concentration from 0.5 to 1. In
addition, the adsorption coefficient for hy-
drogen should increase after initial oxygen
pretreatment, resulting in the decrease in
the hvdrogen:oxveen ratio at the maximum

10 Y GIOECH Oy 50 Talil vl Il Al

of the isobars noticed between group 2, and
groups 6 and 7. The decrease in this ratio
between group 2 and group 8 indicates that
the effect is partially irreversible; a fact
that is in line with the anomalously high
orders and ratios found in group 1. The
maximum in the isobars increases again

far oroun 0 after hvdroocen nretreatment
ior group 9 alter hydarogen pretreatment.

It is probable that during the first part
of the reaction the kinetics are controlled
by the adsorption of oxygen, and that some
of this adsorption occurs on sites that are

ET

AL.

reversibly deactivated during the course of
the reaction. There is also some evidence
for irreversible adsorption, partioularly as

a raanlt af nratvrastian

+
a Iesuit O1 predvreavment.

Tlllb U)&}JIHAUS l/llﬂ
fact that initial oxygen pretreatment lowers
the activity and that immediate oxygen
pretreatment decreases the percent comple-
tion of the reactions. The deactivation is
probably ecaused by adsorption onto
lated R,-centers.

The effect of pretreatment and the im-
portance of the adsorption and desorption
of oxygen is similar to the results obtained
by other workers on neodymium oxide
(14-18).

Second section of the reactions. It is im-
pGSSib}e to determine the detailed mecha-
nism, but three general schemes can be
proposed. After the initial reversible ad-
sorption of molecular hydrogen and oxygen
these are:

180-

(H 2H2645y + Ozaa) — 2H2Oadey {9]
HeO o = HoO¢q [10}

(2) Hoaas) + Osgadsy = 20H (nasy [11]
20H g0y + Haadsy — 2HoO () [12]

HyOaa0y = HoOyyy !13]

(3) Hiads) + Ozcads) = HiO2ade) [14]
H:O0s02d0) + Heaasy — 2HoOagsy [15]
H:Oasy = HiO g (16]

The first two mechanisms involve ter-
molecular rate-determining steps, whereas
the last mechanism involves a bimolecular

rata an

Ant
1auc-ucuclruhuug BUUIJ

HUWUVUI, Dlllbc l}}‘lU
two hydroxyl groups are formed on ad-
jacent sites, there is little difference be-
tween mechanism 2 and mechanism 3.
Mass-spectral analysis failed to detect any
hydrogen peroxide in the gas phase. Neo-
dymlum oxide is known to contam hy-
droxyl groups (11, 22) and, therefore, it is
probable that mechanism 2 most accurately
describes the process that is occurring. The
uncertainty in the order with respect to
hvdrogen may mean that step [11] is rate-
determining or that both steps [11] and

121 are slow.

l“" alT S0

is shown by the order of one with respect
to hydrogen obtained by Bakumenko and
Chashechnikova (i7), and the Ilower
orders and higher activation energy ob-

The imnortance of sten 1111

2 40 LLpUlvancs UL S0P pxag
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tained by Read and Conrad (19) at lower
temperatures.

The results obtained in the present in-

vestigation show that neodymium oxide is
an effective catalyst for the hydrogen-
oxvgen reaction. Hydrogen and oxygen arc
competitively adsorbed on the surface and
the rate-determining step involves adsorbed
hydroxyl groups. Catalyst conditioning is
important and oxygen pretreatment de-
creases the activity of the catalyst.
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