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The ammoxidation of propene and of acrolein has been studied over two catalysts,
one (UBM4) with Bi:Mo = 0.73:1 similar to commercial bismuth molybdate cata-
lysts and the other (GS1) consisting of the koechlinite phase Bi.Oy- MoOs. The rates,
reaclion orders, Arrhenius parameters, and selectivities of the ammoxidations and
of several selected reactions which appear in routes proposed by other workers were
studied in a static vessel at 400°C. The results show that oxides of nitrogen are not
realistic intermediates in the ammoxidations, nor is the main route for ammoxidation
of propene over UBM4 through gascous acrolein, even though the dissociative ad-
sorption of propene is probably the rate determining step. The ammoxidations over
GS1 show resemblances to the rveactions over UBM4 in rate laws, and in the rates
per unit area of the catalysts at 400°C. However, the selectivities are much higher,
being about 95% for both over GSI1 ecompared with 507% for propene and 70% for
acrolein over UBMA4. The rate of ammoxidation over GS1 is twice the rate of selec-
tive oxidation, suggesting that the adsorbing propene molecule reacts immediately
with a surface species containing nitrogen, rather than reacting first with the oxide

lattice to form allyl and hydroxyl radicals as it seems to do on UBM4.

INTRODUCTION

The heterogencous select’ve oxidation of
alkenes to unsaturated 1,3 conjugated prod-
uets over mixed-oxide ecatalysts has been
widely studied. Certain general conclusions
have emerged. For the lower hydrocarbons
over most catalysts the rate of oxidation 1s
proportional to the hydrocarbon pressure,
and independent of the oxygen pressure. It
iz thought that the rate-determining step of
the oxidation is the abstraction of an allylic
hydrogen which leads to a symmetrical
chemisorbed allylic intermediate (1-6). Bis-
muth molyvbdate eatalysts are also able to
oxidize alkenes selectively in the absence of
molecular oxygen (7, 8), although the se-
lectivity of the oxidation is maintained at
a high Jlevel for a much shorter time than
when oxygen 18 present. The decrease in
sclectivity is associated with the progressive
reduction of the catalyst, and it appears
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that the oxidation level of the catalyst must
be maintained at a high level for high se-
lectivity (8). These features have led to the
suggestion that the oxidation process is of
a ‘redox’ type in which chemisorbed hydro-
carbon is oxidized by lattice oxygens which
are then replaced by gas phase oxygen (9).
More recent studies (10, 11) using iso-
topically labeled oxygen have supported
this view of the overall mechanism and
have also shown that the oxygen ions within
the catalyst are highly mobile under the
catalytie conditions (10).

The seleetive ammoxidation of alkenes
to nitriles can also be earried out over the
same catalysts that are used for straight
oxidation (12), but less attention has been
given to the mechanism of the ammoxida-
tion proeess. One possible route involves the
partial oxidation of the ammonia to oxides
of nitrogen, followed by their reaction with
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propene, or with acrolein formed by selec-
tive oxidation of the propene, over the
catalyst to give acrylonitrile (13). Some
investigators have proposed that propene
and ammonia chemisorb under oxidative
conditions on the catalyst to give even-
tually surface radieals C;H, and NH,, and
these react to yield acrylonitrile by a direct
surface route (14, 15). Other investigators
favor an indirect route in which propene is
first oxidized to acrolein, which then reacts
with a surface species containing nitrogen
to give acrylonitrile (16-18).

The feasibility of these routes has been
tested by low-pressure studies (19) of the
rates, reaction orders, Arrhenius param-
eters, and selectivities of the ammoxidation
of propene and of certain selected reactions
which appear to be involved in the various
proposed routes. It was decided to use cata-
lysts for which the oxidation mechanism is
well established, and most of the work was
done with an unsupported bismuth molyb-
date catalyst, UBM4, with a Bi:Mo ratio
of 0.73:1 which had been extensively stud-
ied for the oxidation of propene (8, 11, 20).
Catalyst UBM4 is similar in composition
to some commercial catalysts, but such
catalysts contain several phases, and the
identity and proportions of these seem to
depend on the method of preparation. Thus
there has been considerable controversy
over the occurrence and role of the
phases Bi,0;-3Mc0;, Bi,0;-2Mo0; (Erman
phase), and Bi,O;-MoO; (koechlinite
phase); after this work was completed
(19), three papers (21-23) were published
which have elarified, among other points,
the disputes over the Erman phase. How-
ever, it appeared earlier that studies similar
to those on UBM4 should be attempted
using a single, well-defined phase, and a
sample (GS1) of the koechlinite phase with
Bi:Mo = 2:1 was kindly supplied by Pro-
fessor Dr. G. C. A. Schuit. The mechanism
of sclective oxidation of the butenes over
this catalyst has been well-established (9),
and the results desceribed here show that the
oxidation of propene over GS81 is very
similar to that over UBM4. Quite unex-
pectedly, the ammoxidation of propene over
GS1 shows some marked differences from
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that over UBM4—in particular, the activa-
tion energy is much lower (9 kcal mol™
compared with 25 keal mol-'), and the se-
lectivity for formation of acrylonitrile is
much higher (95%, compared with 50%).
These discoveries (19) unfortunately make
it extremely unlikely that a single mecha-
nism can be found for the ammoxidation
of propene common to all active and rea-
sonably selective bismuth molybdate cata-
lysts, but they may be the starting point
for investigations of exceptionally selective
catalysts for the process, and for discover-
ing reasons for the exceptional selectivity.

EXPERIMENTAL

Propene, acrolein, and oxygen were ob-
tained and used as described previously
(11). Nitric oxide and ammonia (Cambrian
Chemicals, C.P. grade) were transferred
from cylinders to storage bulbs on the line
and then used as required. Aecrylonitrile
vapor was obtained from a reservoir of

liquid acrylonitrile (B.D.H., saturated
vapor pressure about 100 Torr at room
temperature).

The catalyst UBM4 was prepared by a
method described previously (20). Bi(NO;),
(9¢) (Merck) was mixed with 45¢g of
(NH,)sMo0;0,,-4H,0 (Merck) in a plati-
num crucible, and the green mixture was
slowly heated in air to 300°C. The result-
ing yellow solid was cooled, ground, and
heated in air at 600°C for 20 hr. Finally,
the sample was activated in a stream of
oxygen at 530°C for 20 hr. The Bi: Mo ratio
was 0.73:1, and the specific surface area
about 1 m?g*.

The ecatalyst GS1 supplied by the Dutch
workers had a Bi:Mo ratio of 2:1 and was
prepared as follows (9). Freshly precipi-
tated, thoroughly washed BiO(OH)H,O
and H.MoO, were allowed to react in boil-
ing water while the total mass was stirred
vigorously for 20 hr. After reaction, the
solid was filtered and dried at 110°C over-
night. The resulting yellow solid was cal-
cined in air at 500°C for 2 hr. On cooling,
it had a specific surface area of about
4 m3gt,

The gas mixtures were prepared as re-
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quired and, after a suitable time allowed
for thorough mixing, were admitted into a
thermostatted reaction vessel, about 45
em? in volume, containing a known mass of
the catalyst. Tests were made with differ-
ent masses of the catalyst to ensure that
all reported rates were measured under
conditions where the total rate in the vessel
was proportional to the mass of the catalyst
present. This ensures that the reactions
studied were genuine heterogeneous reae-
tions, or were some mixture of heterogene-
ous reactions plus a homogenecous gas-phase
reaction initiated by the catalyst surface.
The latter can be discounted at thesc low
pressures in the static system, because it
was found that the homogeneous oxidation
of acrolein, either in the presence or ab-
sence of propene, was more than forty times
faster in the absence of the catalyst for
similar reactant pressures. It 1s therefore
clear that the homogeneous oxidations are
severely inhibited by the catalyst under
the experimental conditions where the gase-
ous chain-propagating radicals can diffuse
easily to the surface; the effects might be
very different in fast flow systems where the
homogeneous oxidation might occur in any
empty posteatalyst volume (15). Without
such inhibition, it is difficult to sce how
high selectivity for formation of acrolein
from propene, or of acrylonitrile from aero-
lein, could ever be found. Similar observa-
tions have been made by Callahan et al.
(14).

The gas phase was analyzed continuously
by an M.S. 10 mass spectrometer (A E.I
Ltd.) via a capillary leak as described
previously (11). It was possible by this
means to follow the gas phase concentra-
tions of all the major products and reac-
tants, with the exception of NH; in pro-
penc—ammonia—oxygen systems for which
the ammonia concentration was determined
by gle (19). The reproducibility obtained
from experiment to experiment was better
than 99% for major products.

Orders of reaction were determined
throughout by initial rate measurements.
The reactant pressures used were typically
40, 20, and 10 Torr for each reactant in
turn, with about 45 mg of catalyst present.
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Feasibility of reaction routes via oxides
of nitrogen. Preliminary experiments
showed that the oxidation of ammonia over
UBM4, at pressures around 20 Torr of each
reactant and at temperatures around 400°C,
yvielded water and nitrogen almost exclu-
sively, in agreement with the results of
Aykan (24); oxides of nitrogen could not
have exceeded one part in 10* of the reac-
tion products under these conditions. How-
ever, during the reactivation of UBM4 after
each oxidation of ammonia, using higher
pressures of oxygen, nitrous oxide was
formed. This suggests that the oxidation of
ammonia at low oxygen pressures involves
a fairly stable surface species containing
nitrogen; it was also noticed that the rate
of ammonia oxidation fell off rapidly as the
reactants were consumed. The addition of
propene to the ammonia—oxygen mixtures
also reduced the rate of removal of the am-
monia, but again oxides of nitrogen were
not present in more than trace proportions
in the gas phase. Therefore, they could be
excluded as intermediates unless they
proved to be extraordinarily active and
selective reactants with propene or acrolein.

Nitric oxide did react with propene and
with acrolein to give acrylonitrile, the reac-
tions being first order in propene or acro-
lein and zero order in nitric oxide for all
nitric oxide pressures up to equality with
the other reactant. The rates of removal
of propene or acrolein were, however, much
slower than from corresponding mixtures of
pror.cne, ammonia, and oxygen or acrolein,
ammonia, and oxygen (Table 1). In addi-
tion, the selectivities for production of
acrylonitrile from propene or acrolein and
nitric oxide were much lower than the
values for the corresponding ammoxidation
mixtures. Finally, propene and nitric oxide
produced acrolein at a faster rate than they
produced aerylonitrile, whereas, with pro-
pene, ammonia, and oxygen, the rate of
acrolein production was less than 5% of
that of acrylonitrile. These differences ef-
fectively exclude nitric oxide as a realistic
intermediate.

Nitrous oxide did not yield any com-
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TABLE 1
RaTE CoONSTANTS AND SELECTIVITIES FOR REAcTIONS OvEr BismutH MovyrRparr CATALYSTS
AT 400°C

Initial gas

mixture % Selectivity for
composition
Catalyst Reaction mixture ratio k, at 400°Ce C;H;N C;H,O
UBM4 NH;/0, 1:1 3.1 £ 0.3 X107 (NH;) — —_
C3Hg/NO 1:1 7.7+ 0.7 X 1075 (C;Hs) 30-40 40-50
C;H,O/NO 1:1 2.0+ 0.2 X 10 (C;H,O) 10-25 —
C3;Hg/0. 1:1 2.9 £ 0.3 X 107 (C3Hy) — 95
CgHa/NHg/OQ 1:1:1 3.1 + 0.3 X 10— (CaHe) 50 1-2
CHO/NH;/0, 1:1:1 9 +1x10% (CH,0) 70 —
C;H,;/NH; 1:1 5.8 X 1078 (C3Hy) 35-40 —
C;H, — 6.4 £ 0.6 X 1075 (C;Hy) — 85-90
GS1 C;H, — 2.0+ 0.2 X107 (CHg) — 95
CyHg /0 1:1 9 + 1.0 X 107 (CsHy) — 95
C3;Hg/NH;/0, 1:1:1 1.7 £ 0.1 X 107% (CyHy) 95 —
C;H,0/NH; /0. 1:1:1 4.5 + 0.4 X 1072 (C;H,0O) 95 —
C;Hg/NH; 1:1 7 £ 0.7 X 10~* (C;Hg) 75-80 —

a ki is the specifie first order rate constant in the equation — dngr/dé = k Pr, where R is the reactant
indicated; values in mole min™ (g catalyst)™!(atm R)™1. UBM4 has a specific area of about 1 m? g~! and

(GS1 of about 4 m? g1,

pounds with C-N bonds when mixed with
propene or acrolein over UBM4. It is well
known that nitrogen dioxide and higher
oxides of nitrogen yield nitric oxide rapidly
at the catalytic temperatures, both by de-
composition and by oxidizing hydrocar-
bons (25), and so are also excluded as
intermediates.

It therefore seemed very unlikely that
oxides of nitrogen are reaction intermedi-
ates in the ammoxidation of propene or
acrolein over UBMA4.

Comparison of ammoxidation and oxida-
tion reactions over UBM4. The results of a
typical experiment with C,H,:NH.:0, =
1:1:1 are shown in Fig. 1. Tt will be seen
that the selectivity for production of acryl-
onitrile was about 50% throughout the re-
action. Experiments showed that aeryloni-
trile itself was stable when exposed to the
catalyst under the reaction conditions. The
remainder of the nitrogen during the run
could be aecounted for as CH CN and
HCN in equal amounts, as others have
found (14, 26}, the amounts of CO plus N,
being small although the background peak
at 28 prevented accurate determ’nation of
CO and N,; with this assumption, the

carbon in the products was always within
5% of that in the reactants. An important
point is that acrolein formed only a small
proportion of the products, though rela-
tively more after the oxygen was all
consumed.

In agreement with the results of other
investigations, the rate of removal of pro-
pene was first order with respect to propene
and zero order with respect to oxygen
and to ammonia for all mixtures with
C:H4;:NH; > 1:1. The specifie first order
rate constant 1n Table 1 ean be compared
with that for the selective oxidation of pro-
pene, which was shown to be first order in
propene and zero order in oxygen. Not only
were the rates very close to 400°C, but the
activation energies are very similar. The
activation energy for the rate constant for
the oxidation reaction over the range 400-
500°C, was 25 = 2 keal mole . The activa-
tion energy for the ammoxidation reaction,
determined from the rate constant for the
rate of appearance of acrylonitrile at tem-
peratures between 375 and 450°C, was also
25 £ 2 keal mole? (Table 2); vunless the
selectivity changes markedly over this tem-
perature range, the activation energy for
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FiG. 1. Lower parl. Amounts (umoles) present in reaction vessel during the reaction of CyHg:NH;:0,
(1:1:1) over UBM4 at 400°C. (O)C;Hs, (@ )NH;, (@)0,, (P)C:HO, (©)C;H;N. Upper part. Selectivity
for the conversion of NH; to C;H;N () and of C;Hs to C;HN (@).

propene removal in the ammoxidation reac-
tion will be eclose to this value. The only
realistic interpretation of these results is
that the two reactions have a common
rate-determining step, which in the case of
the oxidation has been identified with the
rate of dissociative chemisorption of the
propene (1-6).

To obtain information about the route of
the ammoxidation reaction following the
initial step, comparisons were made of the

rates of ammoxidation of acrolein and of
propene. Typical results for the ammoxida-
tion of acrolein are shown in Fig. 2. Initial
rate measurements showed that the reaction
was first order with respect to acrolein and
zero order with respeet to ammonia and to
oxygen. The specific rate constant at 400°C
is about thirty times greater than that
for the ammoxidation of propene over
this catalyst under comparable conditions
(Table 1).

TABLI 2
AcCTIVATION LENERGIES FOR Rreacrions ovir Bismura MoLyppaTe CATALYSTS

Activation energies/keal mole™?

Over UBM4

Reaction Over GS1
C,He CHO 18 + 1 (95%,) 29 + 2 (959)
O,
C;H, L GHO 20 + 2 (959 2% + 2 (959,)
NH
SHe o GH,N 21 + 2 (80%) 30 + 3 (35-409)
NH:/O: ‘
CHg —— GH,N 9 + 1 (95%) 25 + 2 (50;)
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Fic. 2. Lower part. Amounts (umoles) present in reaction vessel during the reaction of C;H,0:NH;:0,
(1:1:1) over UBM4 at 400°C. (()GH,LO, (@)0;, (©)CsHsN, (X )CH;CN. Upper part. Selectivity for the

conversion of C;H,0 to C;H;N (@).

Experiments were carried out to deter-
mine the mutual effects of acrolein and pro-
pene on their rates of removal in ammoxi-
dation mixtures. It was found that the rate
of ammoxidation of propene was not altered
by adding acrolein, and the selectivity re-
mained about 50%; this can also be seen
from Fig. 1. It was also found that the rate
of removal of acrolein was decreased some-
what by the addition of propene, but the
selectivity for acrolein — acrylonitrile fell

*eSelectivity

as shown in Fig. 3. To derive this plot, the
acrylonitrile formed was corrected for that
formed from the propene, using the experi-
mental fact that the rate and selectivity
for propene is unaffected by addition of
acrolein. Unfortunately, the experimental
accuracy became less satisfactory at ratios
of propene:acrolein in excess of 10:1 but
the most reasonable assumption is that the
selectivity is about 40% in propene-rich
mixtures.

100~

50

-05 0o

Lo
9

[C3H6] 05

°F

Fic. 3. Effect of added C;Hs on the percentage selectivity for the conversion of C;H,0O to C;H;N.
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These results can now be used to test
the proposal that the route for production
of acrylonitrile from propene, ammonia and
oxygen mixtures is

propene(g) — allyl(chemisorbed) — acrolein(g)
- - - - — acrylonitrile(g)

If this were the sole route, the steady-state
concentration of acrolein must be capable
of yielding acrylonitrile at the rate ob-
served for the ammoxidation of propene.
At 400°C, using the data in Table 1, the
rate of production of acrylonitrile 1s 0.50 X
3.4 X 10* X Peu,,.

The production of acrylonitrile from a
steady-state value of acrolein ((Pc,u,0)ss)
in the presence of propene must be less than
the rate from the same pressure of acrolein
in the absence of propene, ie., < 0.40 X
9.0 X 107* X (P¢,m,0) ss. Therefore,

overall rate of production of acrylonitrile =
rate of produetion of acrylonitrile
from C;H,O(ss)

and

*eSelectivity
100 T
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0.50 X 3.0 X 107 X Py, <
040 X 9.0 X 103 X (ch}{‘())ss.

Therefore,
(PC:xH‘lo)ss/I)C‘;HG > 004

It can be seen from Fig. 1 that the experi-
mentally-found ratio is initially very much
lower, and even after 40 min it is not larger
than 0.03. Examination of the original data
from many runs confirmed that the acrolein
pressure was far too low in the early stages
of the reaction for it to be a realistic in-
termediate for the conditions used over
UBMA4.

Experiments were also carried out to test
whether propene and ammonia, in the ab-
sence of oxygen, can produce acrylonitrile.
Some was produced but at a slower rate
than for the same mixtures with equal par-
tial pressure of oxygen present (Table 1).
The activation energy (Table 2) was close
to that for the reaction of propene with the
catalyst UBM4.

The oxidation and ammoxidation reac-
tions over GS1. The oxidation of 1:1 mix-

sof o2 ° e
80
20
15|
Mmoie
10
©

5F

1 | L
Q 10 20

Time(Ming

Fic. 4. Lower part. Amounts (umoles) present in reaction vessel during the reaction of C;Hg:NH;:0,
(1:1:1) over GS1 at 400°C. (O)C;Hs, (@)0:, (©)C;H;N. Upper part. Selectivity for the conversion of

C;H; to CyHeN (@).
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Fia. 5. Lower part. Amounts (umoles) present in reaction vessel during the reaction of C;H,0:NH;:0,
(1:1:1) over GGS1 at 400°C. (P)CHLO, (©)C:H;N, (@)0.. Upper part. Selectivity for the conversion of

C;H,O to GGHN (@).

tures of propene and oxygen over GS1 pro-
duced acrolein with a very high selectivity
(~95%), the reaction being first order in
propene and zero order in oxygen, with an
activation energy of about 20 keal mole?
(Table 2). The rate constant at 400°C was
about three times that for the oxidation
over UBM4 on a mass basis, but as the
specific area of GS1 is about four times that
for UBM4, on an area basis the two cata-
lysts have about the same activities. The
reaction of propene alone with GS1 also
produced acrolein with about 95% selec-
tivity, with an activation energy of about
18 keal mole.

Some typical results for the ammoxida-
tion of propene using 1:1:1 mixtures are
shown in Fig. 4 for 0.045 g of GS1 at 400°C.
A notable feature of these results is the
extremely high selectivity for formation of
acrylonitrile which was close to 95%
throughout the range of conversion studied,
although there was a sharp fall in rate when

the oxygen was consumed. From the initial
rates, the reaction was found to be first
order in propene and zero order in ammonia
and in oxygen. The specific rate constant at
400°C was nearly twice that for the oxida-
tion reaction over GS1 (Table 1). The ac-
tivation energy for production of acrylo-
nitrile was 9 + 1 keal mole™".

Investigation of the ammoxidation of
acrolein over GS1, using various mixtures,
showed initial rates which were first order
in acrolein and zero order in the other re-
actants. Results for a 1:1:1 mixture are
shown in Fig. 5, and the selectivity found
was again extremely high (Table 1). It will
be noticed that the oxygen is not consumed
as rapidly as with propene, and correspond-
ingly the rates do not fall off sharply at any
point during the run. The rate constant is
about thirty times that for the ammoxida-
tion of propene over the same catalyst.

The reaction of 1:1 mixtures of propene
and ammonia with GS1 produced acrylo-
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nitrile with a selectivity of about 75-80%
at an initial rate about a half that of the
normal ammoxidation mixture at 400°C,
though the activation energy was consider-
ably higher (Table 2).

Discussion

Some fairly definite conclusions have
emerged from the experiments upon the
ammoxidation of propene over UBM4. It
seems highly unlikely that oxides of nitro-
gen are realistie intermediates when using
C,H,/NH, /0, mixtures. The identity of
rates of removal of propenc in the oxidation
and ammoxidation reactions over UBM4 at
400°C, together with the activation energies
m Table 2 point to a common rate-
determining step. IFrom the carlier work on
the oxidation (1-6), this identifies the rate-
determining step for the ammoxidation of
propene under the conditions used here as
the  dissociative  ehemisorption  of  the
propene.

Little can be said about the later steps,
except that 1t seems very unlikely that
gaseous acrolein is an effective intermediate
over UBM4. The experimental results
showed that the concentration of acrolein in
the gas phase was always much less than
the steady-state value required if the route
were mainly through gascous acrolein. Thus
most of the acrylonitrile must be formed
from C,Hs(ads) or C,H,(ads} by reaction
with NH,(ads), but it is impossible at this
stage to say when the hydrogen atoms are
oxidatively removed.
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Thus Callahan et al. (14) have found the
ratio 2:1 at 430°C. Shelsted and Chong
(16) suggest a value of at least 10:1 at
390°C. Cathala and Germain (15) found
5:1 at 460°C (with higher values in the
presence of steam). There 1s no steady trend
with  temperature, although the higher
ratios occur at lower temperatures. With
the highest ratio reported (30: 14, the pres-
cnt results show that there is not enough
acrolein present in the carly stages of the
reaction to make the indireet route through
acrolein feasible. With lower ratios, even
more acrolein should be present in steady
state conditions, and in the absence of
published reports of such amounts it scems
likely that a direet route is generally
favored.

With the catalyst GSI1, the experiments
on the oxidation of propene show, as ex-
pected, that the mechanism is extremely
likely to be the same as over GTBM4. The
rate laws are the same, the specific rate
constants per unit arca of catalysts are
roughly the same at temperatures around
400°C (over GS1, 1.75 X 10* compared
with 2,90 X 10"* mole min™' m= (atm R)"!
over UBM4), and the activation encrgies
are similar. Tn addition, both catalysts react
with propene alone to give aerolein very
selectively, at very similar rates per unit
area (Table 1). All these results point to
the dissociative adsorption of propenc as
the rate-determining step for the oxidation
to acrolein over GS1 as well as over UBM4,

If comparisons arc made between the

e
§oC
WO

CHO

catalyst
C3H6(g) —— CH (ads) other products
r.d.s. 3 5 "/V
\(9* 'm’%}
CaHaN(g)

Over other bismuth molybdate catalysts,
considerably different values have been re-
ported for the ratio (rate of ammoxidation
of acrolein) /(rate of oxidation of propene
to acrolein) for similar reactant pressures.

results for the ammoxidation of propene
over the two catalysts, some results are
remarkably similar. Thus, the rate laws are
the same, and the specific rate constants
per unit area are roughly the same at
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400°C (over GSI1, 3.75 X 10* compared
with 3.0 X 10* mole min? m2 (atm R)™
over UBM4. In addition, the ratios (rate
constant for ammoxidation of propene)/
(rate constant for ammoxidation of acro-
lein) are about 30 for each catalyst (Table
1). At first sight, these results seem to indi-
cate very similar mechanisms for the am-
moxidation of propene over the two cata-
lysts. However, there are four very
significant differences that point to different
rate-determining steps for the ammoxida-
tion of propene over GS1 and over UBM4.

(1) The significantly greater selectivity
over GS1 compared with UBM4. (95%
compared with 50% at 400°C).

(2) The rate of ammoxidation over GS1 is
about twice the rate of oxidation over
GS1 at 400°C; over UBM4 at 400°C
these reactions have the same rate.

(3) The activation energy for ammoxida-
tion over GS1 is much lower than over
UBM4, measured from the temperature
dependence of the rate constants for pro-
duction of acrylonitrile.

(4) Mixtures of propene and ammonia give
higher selectivities for acrylonitrile over
GS1 than over UBM4, in the absence of
gaseous oxygen (75-80%, compared with
35-40%).

Observation (2) must mean that the first
step for the ammoxidation over GS1 is
faster than the chemisorption of propene
on to the catalyst in the absence of am-
monia. Together with (3) and (4), it sug-
gests that the ammonia may form an active
intermediate (such as NH,(ads)) over
(GS1 that reacts with propene upon chemi-
sorption; the difference between GS1 and
UBM4 may lie in the coverage of NH.(ads)
or the nature of NH,(ads). Unfortunately,
these possibilities could not be pursued in
the present study, but it is clearly desirable
to investigate further the causes of the ex-
ceptionally high selectivity found over GS1.

After this study was completed (19),
Batist informed us that he had studied the
ammoxidation of propene over the koechlin-
ite catalyst using a flow system and had
also found a very high seleetivity to aerylo-
nitrile using this catalyst in a high oxida-

WRAGG, ASHMORE, AND HOCKEY

tion state. This work has since been

published (27).
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