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The series of oxides, Ca.Lai.MnQs;, have a common perovskite structure and
represent a simple system to study the effects of manganese valence and cation
vacancies on catalytic properties. The samples were used as catalysts for the oxida-
tion of ammonia to N2, N:O, and NO at 350-400°C. The results indicate that only
two types of catalysts or sites are present which border at the region z = 0.3-04.
When 0 < z < 0.3, the catalysts produce large amounts of N:0O and N. whereas
at 0.4 < z < 1.0, appreciable amounts of NO are also formed. This difference may
depend on whether oxygen is reacting in an atomic or molecular form. The results
suggest that Mn* and Mn* do not act as individual surface ions but are part of
a large group which acts as either an electron donor or acceptor. Cation vacancies

in this system are unimportant.

I. INTRODUCTION

A current view of nonmetallic catalysts
and one which is potentially very useful
is to consider individual active ions as cen-
ters for coordination and reaction in anal-
ogy with homogeneous complexes. While
this appears to be valid for low concen-
trations of active ions in an inert matrix,
it has been found in many cases that neigh-
boring ion interactions become important
even at very low levels depending on the
system. For example, Cimino and Pepe (1)
have recently shown that for N,O decom-
position the specific activity of cobalt ions
dispersed in MgO begins decreasing even
at 0.1 atom % and this continues until
pure CoO is reached. Similar effects have
been reported for Cr* ions in MgCr,Al,_ O,
(2), for Ni ions in Ni,Mg, ,ALLO, (3) for
Mn*~Mn* in MgO (4) with N,O decom-
position and for Cr* in Cr,0:-ALO; (5)
with dehydrogenation of isobutane. Fur-
thermore, the concentration of an active
ion in an inert matrix strongly effects its
selectivity in certain reactions. This was
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demonstrated by Stone and Pepe (6) for
the dehydrogenation vs dehydration of iso-
propanol over Cr,0,;~Al,O; solid solutions.
The very dilute Cr®* (0.1%) was almost ex-
clusively a dehydrating catalyst, whereas
higher concentrations tended toward de-
hydrogenation.

In catalysts with high concentrations of
active ions it would appear that ions can-
not be treated individually but involve
neighboring ion effects or ion clusters.
These longer range effects are difficult to
characterize because very often concen-
trated systems involve different compounds
and changes in coordination of the active
lons. Many useful industrial catalysts re-
quire synergistic effects of two different
ions performing different functions. One
example is the work of Batist, Lippens, and
Schuit (7) on bismuth molydate for butene
oxydehydrogenation in which many bis-
muth molydate compounds are formed but
some are much more selective than others.
Another example is the cobalt molydate
catalyst for oxidation of propylene (8).
Depending on the Co/Mo ratio the major
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product can vary from carbon oxides to
acetone to acrolein. Other oxidizable ions
in place of Co®t give different product dis-
tributions (9). Although these types of
catalysts are obviously important, very
little work has been done to clarify these
neighboring group effects.

To investigate these group interactions
requires two things; first, a simple model
catalyst which would allow the isolation
of the critical variables, and second, a test
reaction to refleet changes in catalyst
properties.

As a model catalyst system, the complete
series of nearly isostructural perovskites,
Ca,La, ,MnQ,, first discovered by Jonker
and Van Santen (10), seemed ideal. The
fact that these materials have a single
structure minimizes the geometric variables
that might be associated with different
compounds with different coordination. A
part of the perovskite structure showing
the coordination of the manganese ions is
given in Fig. 1. The manganese ions are
octahedrally surrounded by 0% ions,
whereas the Ca?* or La®* is surrounded by
12 O?- ions. In one end member, LaMnOQOs,
the manganese valence is +3. Replacing
La3* by Ca? requires manganese to be-
come +4 with small changes in lattice con-
stant until the final member, CaMnO;,
which contains only Mn*.
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Fic. 1. Coordination of Mn ions at the sur-
face of a perovskite lattice.
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This system demonstrates the effect of
three important variables in complex cata-
lysts. The first is the effect of the valence
of the active ion, in this case manganese.
This would be shown by the end members,
LaMnO,; and CaMnQO;. A second variable
is the effect of mixtures of ions with differ-
ent valences, Mn* and Mn*" as shown by
the rest of the series Ca,La;.MnO; A
third variable, the effect of excess lattice
oxygen and cation vacancies, can also be
shown in this system, since LaMnQO; can
be oxidized to the extent of 30% Mn*
with only minor changes in structure by
introducing eation vacancies.

The model reaction was the oxidation of
ammonia. While the reaction is probably
more complex than the commonly used CO
oxidation or the N,0 decomposition, it has
the distinet advantage that it demonstrates
selectivity to three products, N», N.O, and
NO. Catalyst activity is known to be very
sensitive to surface contamination, whereas
selectivity should be sensitive to the qual-
ity of the surface sites and the type of
oxygen adsorption even if some of the sites
are blocked. This, of course, is true only
at very low conversions where secondary
reactions are not significant. A second rea-
son for choosing this reaction was that no
surface carbonates can form which are a
real problem in hydrocarbon oxidations.
Surface nitrates are generally less stable
and more reactive. Finally, the ammonia
oxidation proceeds at relatively low tem-
peratures which reduces the likelihood of
bulk reactions of the catalysts.

TI. EXPERIMENTAL METHODS

a. Catalyst sample preparation. The
catalyst samples were prepared by rapid
precipitation of the carbonates from an
aqueous solution of manganese, calcium,
and lanthanum salts. This seemed prefer-
able to the ceramic methods involving mix-
ing of the oxides because the ions are more
thoroughly mixed in the precipitate and
the carbonates are a reactive form to in-
sure a thorough distribution of the ions.
The solution containing Mn(OAc).-4H,0,
La,0s, and CaCO; in nitric acid was added
rapidly with vigorous stirring to a solution
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of (NH,).CO, and NH,OH. The concen-
trations were chosen to give a nearly
constant final pH and carbonate concentra-
tion for the different samples. The precipi-
tate was filtered and then dried at 130°C
overnight followed by 1 day at 250°C. The
sample was ground thoroughly by mortar
and pestle, heated to 700°C, reground, and
pressed isostatically at 20,000 psig. The
solid chunks were heated 15 hr at 1000°C,
crushed to 20-40 mesh, heated at 1250°C
for 3-5 hr in flowing nitrogen or air fol-
lowed by cooling in the same atmosphere
in the furnace. The nitrogen was first
passed over a copper catalyst to remove
all traces of oxygen. The crucibles for the
high temperature treatments were 99%
alumina to minimize contamination with
silica.

b. Catalyst analysis. The analysis for
caleium and manganese in the samples was
determined by atomic absorption spec-
troscopy. The lanthanum was separated
from calcium by precipitation as the hy-
droxide and from the manganese by pre-
cipitation as the oxalate. It was weighed
as the oxide. The concentration of Mn®
vs Mn* was determined lodometrically
after dissolution in dilute hydrochloric
acid under a nitrogen atmosphere. The

total manganese in this solution was
then determined by atomic absorption
spectroscopy.

The structure of the catalysts were deter-
mined by X-ray of the powders with Fe-
Ko radiation. Samples with distorted perov-
skite structures were further examined on
a Guinier focusing camera using Cu-Ka
radiation.

Surface areas were obtained by krypton
absorption.

c. Ammonia oxidation analysis. The re-
action was studied in a flow system with
analysis by mass spectroscopy. The cata-
lyst particles were mixed with 2 g of Alcoa
T-71 high purity fused alumina to separate
the active particles and reduce local heat-
ing. This bed formed a cylinder 13 mm
o.d. by 30 mm long with a concentric
thermocouple tube 6 mm o.d. Four thermo-
couples in this well indicated a temperature
gradient along the bed of less than 5°C

417

at 400°C and less than this at 350°C.
Above and below the bed was packed with
8-14 mesh Alcoa T61 high purity fused
alumina.

A gas cvlinder was filled to 90 psig with
a mixture of Ar and NH; in the mole ratio
5.8:1. The ratio was determined by measur-
ing the volume flow of Ar with NH; re-
moved and then titrating the NH; by bub-
bling this same mixture through 0.1 N
H,S0,. This mixture was brought into the
system and mixed with O, from a ecali-
brated rotameter. The pressure above the
reactor was maintained at 32 Torr by a
valve after the reactor and the pressure
drop across the reactor was less than 2 Torr.
The product gases were passed through
Ascarite and Drierite traps which removed
water and ammonia, and a fraction of the
resulting stream was analyzed on a Con-
solidated Electrodynamics Corp. 21-620
mass spectrometer.

The following procedure was used: first,
Ar + NH, was used to purge the system
and establish the N, (m/e = 28) back-
ground on the spectrometer. The argon and
oxygen flows were mecasured and then mixed
and analyzed on the mass spectrometer to
give a feed analysis, in particular the ratio
of the 32/20 peaks in the feed. The sample
catalyst was heated up to 400°C in this
feed and after 2 hr a product analysis was
taken. Next, the temperature was lowered
to 350°C where several points were taken
at various amounts of bypass of the feed.
Although at 350°C the activity remained
constant throughout these experiments, at
400°C the activity tended to drop off in the
first hour and gradually approached a con-
stant value.

Argon was used as an internal standard
for all other gases. N.O, N,, and O, were
calibrated versus argon and determined
(pmoles/min) in the product. Nitric oxide
never reached the mass spectrometer but
dropped out as NH,NO, which was iden-
tified as a solid by ir and by analysis of the
aqueous solution as nitrite ion. Nitric oxide
was calculated from the oxygen balance,
i.e., from the difference between total oxy-
gen converted and that used to form N, and
N.O according to the following equations:
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2NH; + 20, — N;O + 3H.0,
2NH3 + 3/202 - Ng + 3H20,
2NH3 + §602 husd NH4N02 + HzO,

[NO] = [NH,NO,]
= (AQ, — 2[N.0] — 1.5[N;])/1.5.

ITI. REsuLTS

a. Catalyst Properties

The properties of the various catalyst
samples used in this work are summarized
in Table 1. The samples are named accord-
ing to the nominal number of Ca*" ions/100
Mn ions and the atmosphere present in the
high temperature calcination (N = N, and
A = air), e.g, 50-N designates a sample
containing 50 ions of Ca® and 50 ions La*/
100 Mn ions and treated in nitrogen. Cata-
lyst samples were prepared in two series
at separate times and the prime () desig-
nates the second batch.

In Table 1, columns 2 and 3 indicate the
temperature and ambient gases present
during the final calcination. In samples
containing up to 25% Ca?*, the percentage
of Mn** is very sensitive to the presence or
absence of oxygen; in the region of 50%
Ca?*, air or nitrogen have no effect; and
above 50% Ca?, calcination in pure nitro-
gen resulted in excessive reduction of the
catalyst and eomplete change in the strue-
ture. The ecaleination temperature was gen-
erally 1250°C with the exception of 0-N
and O-NA (air/N, ~1:4) for which
1100°C was used to control the degree of
reduction and 100-A which was limited to
1000°C since there was appreciable loss of
surface area above this temperature.

Columns 4-7 in Table 1 indicate the com-
position of the sample as determined by
analysis. Expressed as atom % the ratio
(Ca + La)/Mn should ideally be 100%
for a true perovskite. However, a 2% ex-
cess of (Ca + La)/Mn was deliberately
introduced to minimize the presence of
manganese rich phases. The percentage of
Mn#** for samples containing <30% Ca?*
matched closely the percentage of Ca®*
when these were pretreated in N, and thus
calcium stabilized the presence of Mn*'.
These same samples calcined in air could be
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TABLE 2
MANGANESE VALENCE BEFORE AND
AFTER Ust As CATALYSTS
o, Mntt
Sample no. Before use After use
0-N 2.5 2.8
0-A 28.5 30.0
75-A 73.8 83.8
100-A 106.0 108.9

oxidized to reach a nearly common state
with 24-29% Mn*",

The valences of certain sample catalysts
were analyzed before and after use in the
ammonia oxidation. The results are given
in Table 2. The valence is unchanged within
the accuracy of the analysis with the ex-
ception of 75-A which was oxidized during
the reaction. X-Ray analysis also indicates
a slight tendency for samples with <30%
Ca?* to oxidize slightly. The fact that sam-
ple 100-A gives greater than 100% Mn*
may be experimental error or, since Ca®
is in excess, the presence of Mn® is not
unreasonable. These results show that the
bulk of the catalyst is stable throughout the
reaction but says very little about the sur-
face composition.

The X-ray analysis (Table 1) indicates

8.0

7.9

o =
S ®

o
>

LATTICE SPAGING (A)

7.5

.
gab—a 1 4 1 L ]
0 20 40 60 80 100
TETRAVALENT MANGANESE (%)

Fic. 2. Room temperature lattice constants for
Ca,La:-.MnQO; as a function of percentage of
Mn** from X-ray measurements by Yakel (11)
[LaMnO; (@), solid solutions (M), and CaMnO,
(A1 and the present work (O).
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that below 25% Mn** there are small dis-
tortions from the true cubic perovskite
structure and the parameters for ortho-
rhombiec and rhombohedral structures are
included. This means that the coordination
of O? ions around a manganese ion is a
slightly distorted octahedron. Figure 2
shows published results by Yakel (11) as
well as results from this work and they are
essentially in agreement. A particularly in-
teresting point is that the structure in the
range 0-30% Mn* is a function only of
Mn* and is independent of whether this is
introduced by the presence of Ca?t or by an
excess of oxygen in the lattice.

b. Ammonia Oxidation

1. Activity vs composition. The activities
of the catalysts were measured by the rates
of reaction of a constant feed of ammonia
and oxygen in argon. The results at 400
and 350°C are given in Tables 3 and 4, re-
spectively. The amount of catalyst was
chosen to obtain around 25% conversion of
ammonia and oxygen at 400°C although
this varied between 17-49%. The changes
in ammonia and oxygen (umoles per unit
time), ANH; and AO,, are very similar to
one another so neither one is limiting the
reaction rate. Specific surface areas in
column 3 are very small so diffusion limita-
tions should be absent. Total surface areas
are given in column 4 and if one assumes
that the distribution of ecrystal faces is
similar for all samples, this area is propor-
tional to the number of Mn ions on the
surface. The specific rate of change of am-
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Fia. 3. Specific rates for ammonia oxidation
vs percentage of Mn*.
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SELECTIVITIES (%)

0 20 40 60 80 100

F1c. 4. Product selectivities for ammonia oxi-
dation at 400°C vs percentage of Mn*.

monia based on a unit surface area is thus
a useful measurement of the activity of the
manganese ions in their respective environ-
ments.

Figure 3 indicates the specific rate of re-
action of ammonia vs percentage of Mn#*
in the catalyst and includes points from dif-
ferent preparations of certain samples to
indicate the range of uncertainty for each
sample. The specific activities of LaMnO,
and CaMnO; differ by around 50%. Addi-
tion of up to 25% Mn* reduces the specific
activity of LaMnOQOj;; further addition in-
creases it up to a maximum at 88% Mn**.
These differences, while significant, are cer-
tainly not as large as one might expect upon
proceeding from Mn* to Mn#*, the total
range being a factor of around 5. Also,

70

.-Nz
N0
*-NO

60 -
50
40

-

30

SELECTIVITIES (%)

% Mn4+

F1e. 5. Product selectivities for ammonia oxi-
dation at 350°C vs percentage of Mn*.
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there is no gradual uniform change as one
proceeds from Mn®** to Mn*,

2. Selectivity vs composition. The selec-
tivities to N,, NO, and N,O, defined as
moles of ammonia converted to a particular
product over the total converted ammonia,
are also given in Tables 3 and 4 and are
plotted in Figs. 4 and 5 at 400 and 350°C,
respectively. Again there is no gradual
change in going from 0-100% Mn*.
Rather, the catalysts are divided into only
two types with a small transition region in
between. On the La®** rich side of the series
(0-25% Mn*) N,O is the major product
(50-55%), N, is slightly less (39-48%),
and NO is much smaller (5~-8%). On the
Ca* rich side (50-100% Mn*) N, is still
a major product (51-58%), NO is now
second (24-31%), and N;O is much less
than before (15-21%). The point at 40%
Mn* is merely intermediate between these
two extremes. While there is some scatter
in the data, particularly at 350°C where
conversions are lower, the data indicate
very little change throughout these two re-
gions. It should again be noted that what is
designated as NO was not detected as such
but was caleulated as NH,NO, from the
oxygen balance. It was readily apparent,
however, that NH,NO, coated the product
lines only when Ca?* rich catalysts were
used. The low value of NO on the La®* rich
side is almost within the experimental un-
certainty. This marked difference in product
distribution shows that two completely dif-
ferent sites are present in the two regions
which do not correlate simply with either
Mn3* or Mn*.

3. Effect of excess lattice oxygen. Up to
29% Mn#* can be introduced into stoichio-
metric LaMnO, with very little structural
change simply by adding oxygen to the lat-
tice at high temperatures and this must be
accompanied by cation vacancies. This
property makes possible a comparison in
catalytic activity between catalysts with
the same concentration of Mn* but having
either Ca? or cation vacancies as compen-
sation. As Table 5 shows, selectivities in
this range are typical of the 0-30% Mn*
region, i.e., high N;O and low NO selectiv-
ities. Thus, cation vacancies have no effect

E. G. VRIELAND
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F1e. 6. Catalyst activity for ammonia oxida-
tion as a function of percentage of Mn* com-
pensated by Ca® or by excess oxygen.

on selectivity. Specific activities do vary as
shown in Fig, 6. Considering first the oxi-
dized LaMnQj;, the presence of excess oxy-
gen has only very little effect on activity
although there is a slight maximum at 9-
10% Mn*. Samples compensated with Ca?*
with no cation vacancies experience a
steady but small drop in specific activity.
Oxidation of these same samples brings the
activity up towards that of the Ca?* free
samples although for 25 N this is not com-
pletely recovered. Thus Mn** compensated
by Ca?* is slightly less active than a similar
level of Mn* compensated by cation va-
cancies but the effects are not very large.

4. Selectivity vs conversion, Although
conditions were chosen to achieve a con-
stant conversion level for all samples, re-
sults indicated that selectivity was nearly
independent of conversion level. Table 6
containg two types of evidence. One of
these involves decreasing the feed rate, i.e.,
increasing the residence time, to increase the
conversion on a given sample. A second
method was to vary the catalyst sample
size. In this case even at 49.3% conversion
the selectivities are not changed. Therefore,
the small differences in conversion between
points in Tables 3, 4 and 6 would not in-
fluence the selectivity. It has often been
observed elsewhere that selectivity is sensi-
tive to flow rates at high conversion levels
and that secondary reactions are important
(12).
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TABLE 6
Tue Errecr ofF CONVERSION ON SELECTIVITY
Relative  Sample Conversion (%) Selectivities (%)
Sample residence wt
no. times (g) NH; 0. N0 N, NO
Varying residence times (350°C)
0-N 1 0.195 11.2 7.8 43.2 56.3 .5
1 0.195 11.9 8.8 40.0 51.8 8.2
1.42 0.195 15.2 11.2 40.9 52.1 7.0
2.16 0.195 19.5 14.2 42.6 52 .4 5.0
100-A 1 0.212 13.4 10.9 18.1 54 .4 27.5
1 0.212 13.5 11.1 17.8 54.2 28.0
1.42 0.212 17.9 14.6 18.8 54.0 27.2
2.16 0.212 21.0 16.9 20.7 54.9 24.5
Varying sample size
(400°C) 100-A’ 1.0 0.122 35.3 29.8 16.1 54.1 29.4
100-A’ 1.6 0.200 49.3 39.0 17.1 54.6 28.8
(350°C) 100-A’ 1.0 0.122 15.3 13.2 18.3 50.8 31.0
100-A’ 1.6 0.200 22.5 18.0 20.4 50.4 29.2

5. Effect of products. The additions of
6% N,O to the normal feed over LaMnOs
had no detectable effect on the catalyst and
N,O did not appear to react. The observed
conversion of N,O alone over the same
catalyst at 400°C in the absence of O, and
NH; was only 2.3%, so N,O will appear as
it 1s formed with almost no loss. A similar
addition to CaMnO; caused an immediate
and permanent deactivation of the catalyst.
The amount of N,O produced normally at
400°C over CaMnO; is only 10% of this
level but it may account for the slow deac-
tivation of CaMnQO;. Again, N;O decom-
poses very little on CaMnOs.

The effect of NO on the catalyst was
difficult to determine because it reacts
rapidly with ammonia and oxygen to form
N. cven in the absence of catalyst. When
1% NO was added to a stream of NH;
(125%), O, (15.5%) and Ar (71%) over
a Vycor filled reactor at 120°C, the con-
version of NO to N, was virtually quanti-
tative with trace amounts of NH.,NO.
dropping out on the walls. Nitric oxide also
reacted with O, in the lines to the extent of
88% conversion in the absence of NH; to
form NO,. Thus, if NO were formed in a
surface catalyzed reaction, it would react
further with ammonia and oxygen in a post-
catalyst zone to form some N, or drop out

as NH,NO, depending on the temperature
profile of the reactor and the moisture level.
Even though NH,NO, seemed to drop out
rather efficiently from a product stream, no
doubt some of the N, was produced from
these reactions and the yield of NO is not
quantitative. This does not seriously impair
the interpretation of results.

IV. DiscussioN

a. Catalytic properties of Mn** and Mn*,
A comparison of the catalysts LaMnO; and
CaMnO, demonstrates the ecatalytic activ-
ities of Mn®* and Mn** in concentrated
form. The validity of this is based on the
assumption that La®* and Ca®* are inert
ions, which scems reasonable since La,O;
and CaQ) are not nearly as active oxidation
catalysts as Mn,O; or MnO,. In these
model catalysts, the manganese ions are
situated as octahedral 0% complexes which
have very nearly the same dimensions and
are present in compounds which are stable
under the reaction conditions. The use of
Mn,0; or MnO. for such a comparison
would not be desirable because these are
readily oxidized or reduced and may pro-
duce a surface of completely different com-
position and structure. For example, results
by Krauss and Neuhaus (13) indicate that
both Mn,O; and MnO, give around 60%
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N.O with the remainder N,, very similar to
the present results on LaMnO;.

The results of this study indicate that
Mn?* is not very much different from Mn*
in reactivity. This is different from the re-
sults of Cimino and Indovina (4) who
found that highly diluted Mn®** in MgO is
more reactive than Mn* for N,O decom-
position. There is no reason to assume that
at high concentration Mn* and Mn* would
have this same relationship. However,
LaMnO; does give a product distribution
significantly different from that of Ca-
MnQ;. This may very well be due to dif-
ferences between Mn®*" and Mn** since the
surface complexes of either O, or NH,
would be energetically different for the two
ions.

b. Catalytic properties of mixtures of
Mn?** and Mn*. In the system Ca,La, .-
MnO; it is pessible within narrow limits to
obtain all mixtures of Mn* and Mn* in
nearly identical environments. If certain
activities were associated with Mn* and
Mn* as individual complexes, one might
expect a smooth change in catalytic be-
havior as Mn®* decreases and Mn** in-
creases. The results show that this is ob-
viously not the case. The addition of as
much as 30% Mn* to LaMnQ, either by
oxidation or by introducing Ca* produced
little or no change in aectivity and no de-
tectable change in selectivity. Likewise, ad-
dition of even 50% Mn* into CaMnO;
gives very little if any change in the activ-
ity or selectivity. The conclusion must be
that the essential nature of the surface does
not change within these regions.

c. [Ca*] vs cation vacancies as catalyst
promoter:. It was surprising to observe that
the excess oxygen taken up by LaMnO,
causes no inerease in activity. Such a proe-
ess might be represented by the following
equation (14)

34(02)y — 300 + V" + Vi’ + Gh,
Mot = h = 6(Van") = 6(V'"),
where

Vi’ = a La?* vacancy and Vy,'”’
= a Mn?** vacancy.

The oxygen associated with these vacancies
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might be expected to be more active than
normal lattice oxygen. Krauss and Neuhaus
(18, 15) have clearly shown that for oxides
such as MnO, NiO, and CoO which rapidly
pick up excess oxygen from the feed, the
selectivity to N,0 is directly proportional to
this excess lattice oxygen. In the case of
LaMnQs, this excess oxygen is incorporated
only at high temperatures and not from
the feed at 400°C to any degree. This oxy-
gen is not very reactive. The proposed va-
cancies at the 0-4% level do not affect the
surface processes. When Ca®* is present, the
activity is slightly reduced from that of a
similar ecatalyst without Ca?* at the same
level of Mn** and the activity increases
with oxidation. These differences may have
to do with the distribution of Ca* or Mn*
ions on the surface.

d. Ammonia oxidation. The oxidation of
ammonia was chosen primarily to indicate
catalytic behavior of the model catalysts.
It is obviously a complicated reaction and
it was not the purpose of this study to
probe this reaction. However, the reaction
has been studied rather extensively on a
variety of catalysts, and the mechanism
may give some indication of the nature of
the two types of surface. Most of the litera-
ture before 1950 was reviewed in a paper
by Zawadski (12) in which he proposed the
mechanism shown below involving the for-
mation of absorbed imide ions.

Initial reaction step:

NH; + O —» NH + H,0. (1)
Reactions leading to N,O:

NH + 0 — HNO, @)
2HNO — N0 + H.0. (3)
Reactions leading to NO:
NH + 0, — HNO,, 4)
HNO, — NO + OH, (5)
20H — H,0 + O. (6)

Reactions leading to N,:

NH 4+ NH — N, + H,, (7)
NH + NH; —» N.H, — decomp, (8)
NH + HNO — N, + H:0, )

NH; + HNO, —» N, + 2H,0. (10)
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Although certain features such as the pres-
ence of NH as an intermediate are con-
troversial, there seems to be good agree-
ment that N,O results from an atomic form
of adsorbed oxygen. By “atomic” oxygen
is meant adsorbed or lattice oxygen atoms
which very likely are partially charged but
are nevertheless very reactive. Examples
of this are the work of Krauss and Neuhaus
cited above on excess oxygen in MnO and
also their observation that ammonia reacts
directly with MnQ, to give the same prod-
ucts as NH; and gaseous O; in the presence
of MnQ,. If the atomic oxygen is sufficiently
concentrated, almost 100% yields of N.O
ean be obtained; at lower levels the NH
can react further to form N, as well.

Nitrie oxide results from a molecular
form of oxygen, cither adsorbed or gaseous,
although the evidence for this is not direct.
Oxygen atoms generated from its formation
can contribute to N,O formation, and of
course N, is a possible produet.

From this mechanism one can conclude
that the lanthanum rich region of catalysts
have a high concentration of atomic oxy-
gen on their surfaces and this concentration
is fairly constant throughout the region.
This can be visualized either as adsorption
of oxygen atoms on Mn®** ions or capture
of free electrons by oxygen; however, the
sites for this adsorption are not limited to
surface Mn®* but involve oxidation of bulk
Mn* as well.

In the calcium rich region the surface
may act as an electron acceptor rather than
donor. This means that oxygen would not
be adsorbed as atoms and that the lattice
oxygen assoclated with Mn** is not reae-
tive. Under these conditions ammonia
would absorb as a donor which would
weaken the N-I bond and allow it to react
with molecular oxygen, either gaseous or
adsorbed, to generate NO. According to the
mechanism, NO will produce atomic oxy-
gen (step 6) to account for the observed
N,O. The selectivities in this region are
similar to those reported by Zawadski (12)
on Pt gauze at the same temperature and
flows. Results by Krauss and Neuhaus (13)
show that 15% K.,O added to MnOQO,
changed the selectivity at 350°C from 60%
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N.O for the pure MnO, to 60% NO. The
effect of K,O in this case is similar to that
of Ca®, namely converting the labile oxy-
gen of MnO, to the more stable oxygen
present in a potassium manganite.

The possibility exists that certain ions
are favored on the surface by the treatment
at high temperatures. For example, Mn**
and Ca** might be preferred on the surface
by an oxidizing atmosphere and Mn3* and
La®* might be preferred by a reducing or
neutral atmosphere. While this cannot be
completely ruled out, it is true that the
high temperatures used would favor a ran-
dom distribution. Experimentally, the evi-
dence is that sample 50-N treated in nitro-
gen gave the same products as 75-A and
100-A treated in air, and likewise samples
with 0-30 Ca®* calcined in air or in nitro-
gen gave the sample products.

It is of interest to note that electrical
conductivity and magnetic susceptibility,
which are also sensitive to Mn*-Mn*
interaction, also divide this series into two
parts (10, 16). From 0 to 50% Mn** the
series is ferromagnetic with a maximum
saturation magnetization at around 30%
Mn#* and electrical conductivity reaches a
maximum also at around 30% Mn**. From
50 to 100% Mn** the system is antiferro-
magnetic and the conductivity is constant
and low. Although this does not directly
correlate with catalytic properties, the sim-
ilarity is striking and there may be a real
relationship. It would be particularly useful
to know the conductivity type in the two
regions.

SUMMARY

In the system Ca,La, ,MnO;, Mn* and
Mn** do not behave as isolated sites for
catalysis in the oxidation of ammonia. Al-
though coordination on an atomic scale
may occur, electronic properties of the
whole group of ions define the nature of
the adsorbed species. Thus, this series is
divided into only two types of catalyst
rather than a whole series of gradually
changing catalysts. It is therefore not
meaningful to consider the activity of Mn3*
vs Mn* but rather one must consider the
properties of Mn?* rich or Mn** rich mate-
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rial. Mixed perovskites of many other tran-
sition metals exist and may be useful for
examining more complex interactions of
transition metal ions in a well-characterized
form.
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