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Point defects in the form of cation vacancies (¢) have been introduced into molyb-
dates, tungstates, and vanadates with the scheelite-type crystal structure according to
Ay _.$.MO;. Such defect phases have been examined as catalysts for many different reac-
tions, but the primary emphasis has been on olefin oxidation and ammoxidation. The
catalytic activity in the system Pb;_;.Bis,¢,M00; has been studied for the ammoxida-
tion of propylene to acrylonitrile. When z = 0, i.e., PbMoOQ,, there is essentially no
activity. However, good catalytic activity is observed for z = 0.005, and the activity
thereafter increases with increasing z. Conversions of propylene to acrylonitrile as high
as 769, were obtained, and this is significantly higher than obtained for bismuth molyb-
dates. The results were similar in other systems containing bismuth. Some other such
systems studied were Pb1_3zBi21¢xWO4, Cdl_axBizzd),MOOq, Bil_zd)zV)_axMOazO‘g, and
systems of the type Al , Bis,.¢2.M00s where Al* is Li, Na, or Ag. Defect scheelites
of the type A;_.¢.MQ, were also studied without bismuth present. In these cases, there
was generally a significant increase in activity as defects were introduced, but the ac-
tivity and selectivity were not as high as in the bismuth containing defect scheelites.
Systems with large concentrations of bismuth, but with no intentional defects, also

showed very low activity.

INTRODUCTION

Although there has been considerable dis-
cussion of defects as active sites for hetero-
geneous catalysis, little has been reported
on systematic studies relating -catalytic
properties to the type and concentration
of defects. The only study of which we are
aware is one by Simkovich and Wagner (1)
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on the decomposition of tertiary butyl chlo-
ride. They found that the rate of dehydro-
halogenation over AgCl increased by 1.5
orders of magnitude on doping with CdCl,
to produce point defects, i.e., cation vacan-
cies or anion interstitials.

The catalytic properties of semiconduc-
tors have frequently been related to p and
n type doping (2), but in these cases the
correlation with electronic properties may
be indirect and misleading. The p and n
type dopants may give rise to different
types of surface defects which might then be
active sites for catalysis. The bulk electronic
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properties may not be of any consequence.

Our purpose was to study the selective
oxidation and ammoxidation of olefins as a
funection of defect concentration (3). Starting
with a basically inactive material, point de-
fecte were introduced which might become
catalytically active sites on the surface. All
catalytic compositions studied were com-
pletely crystalline oxides with the scheelite-
type structure. The ideal formula for the
scheelite structure is AMO,;, and -cation
vacancies were introduced according to
Ay 9. MO, where ¢ represents a vacant A
cation site. A detailed report of the synthesis
and characterization of these new catalysts
is being presented elsewhere (4).

EXPERIMENTAL

Catalyst testing was performed in a fixed
bed reactor using }4-in. or 3¢-in. i.d. stain-
less steel tubing in a U-tube configuration.
The catalyst (30 em?) in the form of 14-in.
pellets was loaded to equal heights in both
sides of the U-tube. The reactors were
placed in fluidized sand baths. All runs were
made under essentially isothermal condi-
tions. The pressure was 1 atm (0 psig) unless
otherwise stated. On-stream analysis of the
reactor effluent was by vapor-phase chroma-
tography. Typical feed gas compositions for
propylene oxidation or ammoxidation were,
respectively: 59, CsHs, 109, O, and 859, N,
or 5% NHg, 4:% C3H5, 10% 02 and 81% Nz.
Reactor temperatures were in the range
400-500°C with contact times in the range
of 2-8 sec. Specific information may be found
in figure captions.

All catalyst compositions were prepared
by high-temperature calcination, and the
details are given elsewhere (4). When a
series of phases, e.g., the Pbi_3.Biz.¢.M0O,
series, was prepared, all reactants were from
the same batches; also, preparative proce-
dures, e.g., calcination temperature and
time, were identical. Since the catalysts of
this study sintered extensively during their
calcination, their surface areas were initially
very low. The surface areas were, in fact,
too low for us to measure but must have
been less than 0.1 m?/g. However, all prod-
ucts were ball milled for 10 hr, and this
produced phases with surface areas close

AYKAN ET AL.

to 1 m?/g. Thus, nearly all the final surface
was exposed during the grinding process.
Our initial studies involved the oxidation
of propylene over phases of the type
Aty s, Big sy.02.M00,. We found that con-
versions to acrolein were significantly higher
when SiC was used as a diluent, possibly due
to the high thermal conductivity of SiC.
Thus, some catalysts were mixed with 509,
SiC by weight before testing. However, am-
moxidation studies for other catalysts re-
vealed better conversions to acrylonitrile
without SiC. Thus, most studies were car-
ried out with no diluent and no support.

REesvrrs

A s s Ad s .02.M O, Systems

The results for the oxidation of propylene
over Nag s_s,Bip.s.02,M004 compositions are
shown in Fig. 1. There are no intentional
defects for x equal to zero, i.e., Na sBi.sMoQO,;
and this phase has very low activity. A dra-
matic increase in activity occurs when 49
of the A cation sites are made vacant, i.e.,
z = .02. The consumption of propylene in-
creases somewhat more as the vacancy con-
tent is increased to 89, and again increases
slightly when the defect level is raised to
129%,. For higher values of x, we are dealing
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Fia. 1. Propylene consumption and conversion
vs 2z in the Nags_3:Bloss0::M004 system with
509, SiC at 450°C. The feed gas was 5.0% C;Hs,,
10.0%, O: and 85.0% N. with a 4.0 sec contact time.
Shaded area is two phase region: Bi:(MoQ,); +
Nay.26Bio.sa¢p0.16M0Os.
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Fra. 2. Propylene consumption and conversion
vs 2z in the Li0_5_31Bi0.5+z¢21M004 system With 50%
SiC at 485°C. Feed gas and contact time for Fig. 1
apply. Shaded area is a two phase region: Bi:(MoQ,);
~+ Lig.26Bio.sspo.1sM0O4.

with a two-phase mixture of Na Bl sep 16
MoO, and BieyMoO.. The selectivity for
conversion to acrylonitrile is somewhat bet-
ter at the 89 defect level than at the 49
or 129, level.

Very similar results were obtained in the
Lig 5-3.Big 54..¢02.M00; system (Fig. 2). The
Liy 5Bip sMoO;, phase, i.e., x = 0, appears to
be considerably more active than Nag;Big 5
MoO,. However, some defects may have
been inadvertently introduced into the nomi-
nal Li sBi ;MoO, phase. For example, a phase
with a defect level as low as 0.19 might well
introduce significant activity, and such
levels of defects are difficult to control in
this system.

Propylene oxidation was briefly examined
over three other Afs_s,Big 54:¢2. MO, systems
for two compositions each—one composition
with defects and one without. In the
Ago.s3.Bly s—.02:-M00, system with x equal to
0.05, acrolein yields of 659, could be pro-
duced with 909, consumption of the propyl-
ene. However, when the nondefect phase
(AgosBi0.sMo00O,s) was tested under the same
conditions, only 159, of the propylene was
consumed, and the yield of acrolein was only
49%,. Phases of the types Nags_s: Yo.5400. WO,
and  Ago.s_3.100.5;202.M00; were found to
have very low activity with and without
defects.
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Fig. 3. Propylene consumption and conversion
during ammoxidation vs z in the Pby_3,Bie,¢.MoO4
system with 509, SiC diluent. The temperature is
460°C, and the feed is 49, C;H,, 4.8, NH;, 47.7%
air, and 43.59%, N,, with a 6.0 sec contact time.

Propylene ammoxidation and 1-butene
oxidation were briefly examined over the
Nag 32Big s6¢0.12M00s catalyst. Yields of 659,
acrylonitrile and 679, 1,3-butadiene were
obtained, respectively.

A, A5 3¢, MO, Systems

The Pbi.s5.Bis.9.MoO, system was exten-
sively studied for the ammoxidation of
propylene. For x = 0, i.e., PbMoO,, the
activity was very low. However, the con-
sumption of propylene and the yield of
acrylonitrile increased rapidly with increas-
ing defect concentration (Fig. 3). The effects.
of NH;/C;Hs and O,/C:;Hg feed ratios on
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Fic. 4. NH;/C;H, ratio vs conversion to acrylo-
nitrile for PboAgsBio,og¢o‘uo41\4004 plus 50% SiC. The
temperature is 440°C, the feed contains 4.09, C;H,
with a O,/C;Hs mole ratio of 2.5, and the contact
time is 8.0 sec.
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Fie. 5. O/CsH; ratio vs conversion to acrylo-
nitrile for Phbo.ssBio.osBio.oso.0M00s plus 50% SiC.
The temperature is 440°C, the feed contains 4.0%
C;H;, and the contact time is 8.0 sec.

conversion to acrylonitrile are shown in
Figs. 4 and 5. The best acrylonitrile yields
are obtained with an excess of both NHj;
and O, over that stoichiometrically required.

The Pby_3.Bix,¢,.Mo0O, system was then
examined without SiC or any other diluent
or support. In contrast to our results in the
Af 5 _3.Bigsi202:M00, systems, we found that
the conversion to acrylonitrile was in fact
improved (Fig. 6). Thus, all subsequent
studies were performed on pure single
phases—undiluted and unsupported. Fig-
ure 6 shows that there is also an increase in
ammonia consumption as the defect con-
centration is initially increased. The effects
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Fic. 6. Propylene and ammonia consumption and
conversion vs z in the Pbi_3,Bis¢.MoO, system
without diluent or support. The temperature is
440°C, and the feed is 4.09% C;H,, 4.89, NH,,
47.7%, air, and 43.59% N,, with a 6.0 sec contact
time.
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Fia. 7. Propylene and ammonia consumptions
and conversions vs contact time for pure Phy gBio.os-
$0.04Mo00O; at 0 psig and 10 psig. The temperature is
450°C, and the feed is 4.09, C;H;, 4.89, NH,,
47.79%, air, and 43.5%, N,. Consumption of NH; (1)
and of C;Hs (2). Conversion to acrylonitrile (3),
acetonitrile (4), acrolein (5), CO; (6), and CO (7).

of increasing the pressure from 0 psig to
10 psig are shown in Fig. 7. Although the
consumption of propylene does not change
significantly, there is a change in selectivity.
The effect of temperature at 10 psig is
shown in Fig. 8.

The specific activity for the consumption
of propylene during ammoxidation was de-
termined at 450°C for x values of 0.000,
0.005, 0.010, 0.020, 0.030, 0.040, and 0.060.
The results are given in Fig. 9. Data for
Bi;(Mo00Q,); are also given for comparison.
All data have been normalized to unit sur-
face area. The activity increases steadily
with z up to at least 0.060, but the activity
has dropped sharply for z equal to 0.333.
However, for the phase with z equal to
0.333, the cation vacancies are ordered;
therefore they are no longer defects.

Similar results were obtained in the other
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CONTACT TIME {sec)

Fia. 8. Propylene and ammonia consumptions
and conversions vs contact time at 0 psig for pure
Pbo.ssBig ospo.04M0Qy. Feed composition and numbers
on this figure are the same as for Fig. 7.

A, Bisp. MO, systems. PbWO,, CdMoO,,
and CaMoQ, were all inactive for propylene
ammoxidation; however, when defects and
bismuth were introduced, good catalytic
activity and selectivity were observed.
Cdo.&:Bo.os7990.0sM 004, Cag 1Big a9 1M0Oy, and
Pby.sBig.1200.06 WO, gave conversions to acry-
lonitrile of 57%,, 529, and 639, respectively.

The results were quite different when the
phases were free of bismuth. Although
Cag g0 Y o.05190 03M0Os gave a propylene con-
sumption of three times that of CaMoO,
under the same conditions, the activity is
still very low compared to the bismuth con-
taining defect scheelites. Furthermore, most
of the propylene consumed was converted
to COg Pbg_smLao,087¢0_o43MOO4 is deﬁnitely
a better catalyst than PbMoO,. Still only
a 59, conversion of propylene to acrylo-
nitrile was obtained, and again this is very
poor compared to the bismuth containing
phases. Cerium containing phases which
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F1a. 9. Rate constant for propylene consumption
vs defect concentration in the Pbi_3,Biy¢.MoO,
system. No diluent or support was used, and the
feed gas was 5% NH,;, 49, C;Hs, 109, O, and
819 N..

were nominally PbygCe 01pg.0eM0QO4, and
Pby ssCe gs00.0sM00, gave conversions to ac-
rylonitrile of 109, and 139, respectively.

Other Systems

We have also prepared (4) defect scheelites
of the type Bi_.¢.V1_3,M03,0s and Bi_,¢.-
V1-3:W3,0s. The former, but not the latter,
type have also been prepared by Cesari

TABLE 1
ComrLEX PHASES

Conversion® to

acrylonitrile
Composition (%)
Pho.s1Bio.0sbe.0sM00.6 Wo.504 73
Pho.455Ca0.45:B1o.0sb0.0a M 004 60
Pbo.455Ca0.456 Bl osb0.03M00.5s Wo 504 62
Phi.uCao.aBio cs$0.04M004 73
Pby.44Sro.uBio ospo.0sM0O,4 67
Phby.ssBio.ospo.04M00.s Wo.504 76
Pbo.esAgo.10Bio.18¢0.04M004 70
Phbo.ssaNao.0sBlo.0ssM0oOs 10
Phy.ss2N a0.02B10.0850.02: M0O, 64
Pb0‘425NaO.19Y0.24Bi0.08¢0.065M004 50
Nao.3s Yo.sBio.osdo.0sM0Os 33
Pbg.sBio.sVo.sMoo 504 1.6
Phy.7Bio.173¢00.051M00.9V0.104 41
Bio.sso.02Vo.47A50.41M00.0604 35

¢ Conditions were 450°C, 4.0 sec time constant,
and a feed gas of 4.09%, C;Hs, 4.89, NH,, 47.7%, air
and 43.59, N..
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et al. (5). We find that BiVO,, i.e., 2 = 0,
is relatively ineffective as a propylene
ammoxidation ecatalyst to produce acrylo-
nitrile; however, Big.gr0.03V0.01M0g.0904 is 2
very active catalyst giving conversions to
acrylonitrile as high as 719,.

The conversions to acrylonitrile of several
more complex phases are presented in
Table 1. Good yields are obtained when bis-
muth and defects are present; otherwise, the
vields are low.

Discussion

We have studied many different defect
scheelite systems for the oxidation and am-
moxidation of propylene. Catalytic activity
has consistently increased with increasing
defect concentration. This, of course, does
not necessarily indicate that such defects are
required for selective oxidation over other
catalysts. For example, the bismuth molyb-
date catalysts presumably do not have large
concentrations of such defects. However, the
defect scheelites are systems where the cata-~
Iytic properties can be systematically varied
by varying the concentrations of bismuth
and defects. Such systems should then be of
great value for future mechanistic studies.
Furthermore, such studies might lead to a
rational approach to superior catalysts.

Bismuth must be present in these defect
scheelites for high activity and selectivity.
Very small amounts, e.g., as in Pby ¢s5Biy. 010
¢o.0:M00y, have a big effect. However, the
bismuth concentration at the surface may be
significantly greater than in the bulk. This
is in fact, probable for a defect phase.
Scheelites with high Bi concentrations but
no defects (e.g., Na sBi;MoO, and BiVO,)
are generally not good acrylonitrile catalysts.
The active site for catalysis would therefore
appear to be a defect in the vicinity of a
bismuth cation. From electrostatic consid-
erations, bismuth cations should tend to
prefer to be neighbors of a defect. The roles
of bismuth and molybdenum in selective
oxidation catalysts have been discussed at
great length (6), and we will not add to that
discussion at this time. The possible role of
the cation vacancy would be to extract a
proton from an olefin to form the well-
established allyl intermediate. Such a defect
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should offer considerable stabilization to a
surface hydroxyl group.

We find that tungstate defect scheelites
are nearly as good catalysts as the molyb-
dates. This is in sharp contrast to the bis-
muth tungstates which are very inferior to
the bismuth molybdates as selective oxida~
tion catalysts (7, 8). The reason for this
contrast may be that bismuth molybdates
generally contain tetrahedral molybdenum
whereas the bismuth tungstates contain oc-
tahedral tungsten. In the scheelites, how-
ever, the molybdenum and tungsten are
tetrahedrally coordinated by oxygen, and
this seems to be favorable for selective oxi-
dation. This would suggest that part of the
mechanism for the oxidation or ammoxida-
tion involves an expansion of the Mo or W
coordination. Such a coordination change
would be easy for tetrahedral Mo or W, but
very unlikely for octahedral Mo or W. (Low-
temperature Bi;MoQs is an excellent olefin
oxidation catalyst where the Mo in the bulk
is octahedral but where the surface coordi-
nation of Mo might be tetrahedral.)
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