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The roles of bismuth and cation vacancy defects in the selective ammoxidation of propylene to
acrylonitrile were investigated. Based on kinetic and spectroscopic studies of several scheelite
molybdate catalysts, it is concluded that bismuth, and not cation vacancies, is responsible for the
formation of the allylic intermediate from propylene. Cation vacancies generate molybdenyl-type
functionalities in the vicinity of the defects which are responsible for the insertion of oxygen or
nitrogen into the allylic intermediate in the selective oxidation or ammoxidation of propylene,

respectively.

INTRODUCTION

Several types of defects have been sug-
gested to play important roles in determin-
ing the catalytic behavior of metal oxides in
the selective oxidation and ammoxidation
of olefins. Their exact mechanistic role in
the catalytic cycle was however, not well
understood. For example, it has been re-
ported (1) that cation vacancies are respon-
sible for the rate-controlling a-hydrogen ab-
straction from olefins during catalytic
oxidation and ammoxidation over scheelite
molybdate catalysts. Subsequently (2, 3),
several researchers have proposed that cat-
ion vacancies have a similar function in
other types of metal oxide catalysts. Recent
mechanistic studies (4) on bismuth-contain-
ing oxide catalysts, however, lend substan-
tial credence to the realization that bismuth
(specifically surface lattice oxygen bound
to bismuth) is responsible for the formation
of the allylic intermediate via a-H abstrac-
tion.

In order to resolve this question we have
reexamined the catalytic behavior and the
solid state structural aspects of some doped

! Presented at the Gordon Research Conference on

Solid State Chemistry, Plymouth, New Hampshire, 27
July 1982.

0021-9517/83 $3.00
Copyright © 1983 by Academic Press, Inc.
All rights of reproduction in any form reserved.

scheelite molybdate catalyst systems
wherein the bismuth and cation vacancies
in a PbMoO, host have been independently
varied in a systematic manner.

EXPERIMENTAL

Four series of unsupported catalysts
were prepared by coprecipitation: Pbgsgs
Lag o5 Bi,p0sM0O, with 0 = x =< 0.08,
Pbyg 34+ .Bio 0s1:Nag 0s—2.M00O,, Pbo.g4-3«
Bio_osNao_osLay_,DxMOO‘g and Pbl_ngaszx
MoO, with 0 = x < 0.04 where O repre-
sents a vacant cation site in the PbMoO,
structure. After drying, the catalysts were
heat-treated at 290, 425, and 500°C for 3, 3,
and 16 h, respectively.

Propylene ammoxidation experiments
were conducted at 430°C using 2.5 g of cata-
lyst in a fixed bed, plug flow U-tube (¢ in.
diameter) stainless-steel microreactor and a
gaseous feed mixture consisting of propyl-
ene/ammonia/air/water = 1/1.2/10.5/4.0
with a contact time of 3.0 s. Propylene con-
version in all cases was less than 60%.

RESULTS AND DISCUSSION

The catalytic behavior of the Pbggs
Lag g3_Bi,[g.04M0Oy, Pbg g4+ xBio gsx
Nag.0s-2:M00y4,  Pbyg g4—3,Big 0sNag osLaz, 0,
MoO,, and Pb;_;La, O0Mo0O, solid

142



ROLE OF BISMUTH AND CATION VACANCIES

100 100

Acrylonitrile Yield (%)
Acrylonitrile Selectivity (%)

0 1 I L ) 1 1 ]
0 0.02 0.04 0.06
X

]
0.08
(Bi)

FiG. 1. Catalytic activity and selectivity for propyl-
ene ammoxidation for the Pbyggsl.ages_Bi.[lpoM0O,
system as a function of bismuth content.

solutions in the ammoxidation of propylene
at 430°C is summarized in Figs. 1, 2, 3, and
4, respectively. Powder X-ray diffraction
showed all these materials to be single
phase over the entire composition range
studied. For the Pbyg gl ag 05— Bi:o.0sM0O;
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FiG. 2. Catalytic activity and selectivity for propyl-
ene ammoxidation for the Pbyggss Bigoel1Naggs—2.
MoO, system as a function of cation vacancy concen-
tration.
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F1G. 3. Catalytic activity and selectivity for propyl-
ene ammoxidation for the Pbygs_3,BigesNagglay [,

MoO, system as a function of cation vacancy concen-
tration.

system where the bismuth level is varied
with constant cation vacancy concentra-
tion, both the catalytic activity and selec-
tivity to acrylonitrile increase with increas-
ing bismuth content (Fig. 1). The incease is
greatest with the initial addition of bismuth
to the solid. For systems in which the cat-
ion vacancy level is varied with a constant
bismuth level, only the catalytic activity in-
creases with increasing vacancy concentra-
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Fi6. 4. Catalytic activity and selectivity for propyl-
ene ammoxidation for the Pb;_3,La;,[J,MoO, system
as a function of cation vacancy concentration.
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tion (Figs. 2 and 3). The selectivity to acry-
lonitrile, however, changes only slightly as
the cation vacancy level is increased. The
selectivity remains high for all catalysts
containing bismuth, irrespective of the cat-
ion vacancy content. Figure 4 shows that
the catalytic activity and selectivity of the
bismuth-free Pb,_3,La, [1,MoO, system are
substantially less than for the bismuth-con-
taining catalysts. Substitution of La’* for
Pb2* has no effect on the acrylonitrile yield
and results in a decrease in selectivity in the
absence of bismuth.

From an examination of the catalytic be-
havior of the Pb,_;Bi,,00,M0oQ, system,
where both cation vacancy and bismuth
levels are varied simultaneously, Sleight (1)
concluded that cation vacancies are respon-
sible for the formation of the allylic inter-
mediate by hydrogen abstraction from the
olefin. However, if a cation vacancy is nec-
essary for a-hydrogen abstraction, and bis-
muth is responsible only for catalyst reox-
idation and high oxygen mobility as sug-
geSth by Slelght (1), the Pb().ggBi().ogNa().()g
MoO, catalyst would be expected to be
active but not selective. In addition, the
bismuth-free Pb,_;La, 0Mo0O, catalysts
would be expected to show increasing se-
lectivity with increasing cation vacancy
content. This however is not the case.
Since only the bismuth-containing molyb-
date systems are selective, it is apparent
that bismuth and not cation vacancies are
necessary for a-H abstraction and the for-
mation of the allylic intermediate from pro-
pylene.

It is clear that the overall activity of the
bismuth-containing PbMoQ, catalyst in-
creases with increasing cation vacancy con-
tent. The role of the cation vacancy in the
mechanism of selective olefin oxidation and
ammoxidation can be discerned from the
vibrational spectra of these catalysts. Ex-
amination of the Raman and infrared spec-
tra of the Pb()_g4+xBi0.ongNa().()g_ZXMOO4 Sys-
tem, shown in Figs. 5 and 6, clearly reveals
the formation of higher order Mo-O bonds
in the PbMoOQ; lattice when cation vacan-
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Fi1G. 5. Raman spectra of the Pbyg g4+ Bip 0s03,Nag g2,
MoO, system: (A) x = 0; (B) x = 0.02; (C) x = 0.03; (D)
x = 0.04.
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Fi6. 6. Infrared spectra of the Pbyg, Bigeel;
Nagg-2,M00, system: (A) x = 0; (B) x = 0.02; (C) x =
0.03; (D) x = 0.04.

cies are introduced in the structure. This is
evidenced by the appearance of a high-fre-
quency band at about 893 cm~! in the Ra-
man and bands at 902 and 889 cm™! in the
infrared. Examination of the vibrational
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spectra of the other systems shows that the
appearance of these high-frequency bands
is only a direct function of the cation va-
cancy concentration.

Justification for the assignment of the
new high-frequency band to a local mode
involving higher order Mo-O bonds is de-
rived from an examination of the vibra-
tional spectra and crystal structure of Pb
MoQO,. Lead molybdate has the ideal ABO,
scheelite structure (space group Iy, — Ca®)
(5) in which all Mo atoms are tetrahedrally
coordinated by oxygen at a distance of
1.772 A. In addition, all of the oxygens
bridge the Pb and Mo cations. There are no
terminally bound oxygens in the structure,
This is manifested in the Raman spectrum
of pure PbMoO, which shows the highest
Mo-0 stretching frequency (the symmetric
vi(Ap) mode) at 869 cm~! (6) whereas the
stretching frequencies associated with ter-
minal Mo=0 moieties in MoO; (7) and Bi,
(Mo0Q,); (3) appear at 997 and 955 cm™,
respectively. In order to estimate vibra-
tional frequencies in lead molybdates con-
taining defect cation vacancies, a molecular
cluster calculation (8) was performed for
both MoO, tetrahedra (Cy, symmetry) and
the postulated MoO, cluster in which the
bond order of one of the Mo-O bonds is
increased (Cs;, symmetry). The valence
force field calculation was performed by
first determining a set of force constants
from the observed modes of MoQ, tetrahe-
dra in PbMoO,. For purposes of compari-
son, the shortest Mo-O bond (1.68 A) in
Bi,(M0o0O,); (9), which has a calculated
bond order of 1.98 (10), was used to repre-
sent a higher order Mo—O bond in the de-
fect lead molybdate. Using the general rela-
tionship between force constants and bond
order given by Gordy (I/), the modes of
this new local cluster were calculated. The
result of increasing the bond order of one of
the Mo-O bonds is the emergence of a
mode at 916 cm~1, This indicates that the
Mo-0 bonds located next to the cation va-
cancies have bond orders greater than one
but probably less than that of the molyb-
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denyl groups in Bi;(M0O,);. In addition, it
should be noted that the appearance of the
high-frequency band in both the Raman and
infrared spectra is consistent with the pro-
posed model since the A; mode in the Cj,
point group is both Raman and infrared ac-
tive.

Thus, our results support the general
mechanistic scheme for bismuth molybde-
num oxide catalysts (4) in which the impor-
tant role of bismuth in the selective oxida-
tion and ammoxidation of olefins is the
formation of the allylic intermediate by the
abstraction of an a-hydrogen from propyl-
ene. Defect cation vacancies in a scheelite
PbMoO, structure are not directly involved
in this rate-determining hydrogen abstract-
ing step. Instead, these defects generate
higher order Mo-O centers in the structure
making lattice oxygen available for the par-
tial oxidation reaction. These molybdenyl-
type functionalities are the centers for ole-
fin chemisorption and selective oxygen, or
in the presence of ammonia selective nitro-
gen insertion into the allylic intermediate
(4). Cation vacancies also improve lattice
oxygen diffusion and thereby further en-
hance catalytic activity by facilitating the
replenishment of oxygen ions in the redox
cycle of the catalyst and by maintaining the
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oxygen insertion centers in an optimum
high oxidation state.
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