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Ammoxidation of propylene to acrylonitrile (ACN) was investigated using various (Te, Mo)O
catalysts at temperatures from 360 to 460°C. Binary oxides are significantly more active than the
component oxides and show a completely different product distribution. The reaction leads mainly
to ACN and acrolein (80-90%, in varying ratios) and to CH;CN (3%); the balance accounts for total
oxidation products. The active phase is Te,M0O;, which acts through activation of the hydrocar-
bon at Te sites and insertion of oxygen at Mo sites. Site isolation in the active phase accounts for
the high selectivity to ACN. The allotriomorphic texture of Te,MoO;, rationalizes variations in
catalytic activity of the TeO,~MoO, system as a function of the composition. Decay of the catalysts
by depletion of lattice oxygen was studied. Reactivation of a deactivated catalyst can be effected,
but in nonequilibrium conditions transport phenomena lead to a migration of the degradation
products, TeMo;0O,¢, Te, and reduced molybdenum oxides. The primary function of cerium in an
industrial (Ce, Mo, Te)O ammoxidation catalyst is its capacity to reoxidize its partners more

readily as compared to a (Te, Mo)O solid.
INTRODUCTION

As part of the development of an indus-
trial (Ce, Mo, Te)O catalyst for ammoxida-
tion of propylene (I-6) it was felt to be of
interest to consider the properties of the
(Te, Mo)O system. (Te, Mo)O catalysts are
very active in the oxidation of propylene
(C;7) with selectivity to acrolein easily ex-
ceeding 90% (7-9). A characteristic feature
of the system is that the ratio between the
components may vary extensively without
giving rise to substantial variations in cata-
lytic activity. Evaluation of the solid-state
chemistry of the (Te, Mo)O system (10, 11)
leads to identification of Te,MoO; as the
active phase. Comparison with the struc-
tural features of the component oxides
forms the basis for the understanding of the
enhanced catalytic activity of the binary
compositions.
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As multicomponent (Te, Mo)O-based ox-
idation catalysts, especially under stream
conditions, tend to suffer from the deterio-
rating effects of phase migration, in the
form of condensates at the outlets of cata-
lytic reactors, the solid-state relations in
the reduced (Te, Mo)O system have been
considered. The identification of a reduced
mixed oxide TeMos;O,6 (/1, I2) and the
knowledge of the three-phase boundaries in
the reduced (Te, Mo)O system at equilib-
rium conditions at 550°C (/1) have been
used in a microscopic investigation of
structural changes taking place under over-
all reducing reaction conditions. This leads
to valuable information about the sequence
and nature of the redox processes occurring
in (Te, Mo)O-based catalysts. The results
aid in the interpretation of the phenomena
of aging and catalytic decay of a multicom-
ponent industrial ammoxidation catalyst.

EXPERIMENTAL

Preparation of catalysts. (Te, Mo)O sam-
ples, including Te,MoO,, were prepared
according to Ref. (10). Catalysts containing

356
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25 wt% active phase were obtained by
standard methods, which involve mixing an
acidified aqueous solution of (NH,);Mo0,0,,
- 4H,0 (C. Erba, 82% MoO,) with aqueous
HiTeOg (Schuchardt, 98.5%). The volume
of the combined solution was taken equal to
the pore volume of the microspheroidal
Si0, to be impregnated and stable salt
solutions were formed over the full compo-
sition range, avoiding precipitation. After
impregnation, the samples were dried at
110°C for 8 h and calcined in air at 500°C for
8 h. The industrial (Ce, Mo, Te)O ammox-
idation catalyst was prepared according to
the specifications of Ref. (/). Further refer-
ence to compositions is made in terms of
molar ratios.

Testing of catalyst activity and selectiv-
ity. Catalytic activity was determined in a
combined flow microreactor and gas-chro-
matographic unit (Fractovap Model C, C.
Erba). The stainless-steel reactor (i.d. 1
cm, length 10 cm), provided with an axial
thermocouple well, was heated in a coaxial
oven. Precautions were taken to avoid con-
densation of products in the gas lines leav-
ing the reactor and in the sampling device
held at 140°C.

In a series of experiments of depletive
oxidation by the slug technique, pulses of
C;Hg¢ and NH; were injected into a stream
of the carrier gas (N,) flowing through the
catalyst bed held at 360°C.

In flow experiments catalytic activity
results were collected under the following
standard conditions: catalyst volume, 4.5
ml; feed (molar ratio) Cz;Hg: NHjy: air,
1:1:10; contact time 7, 2.5 s; temperature
400-440-460°C; pressure, 1 atm. The reac-
tants were fed into the microreactor after
admixing. Results reported below refer to T
= 440°C only, but in spite of this limitation
they are to be considered as representative
of the catalytic behavior.

Analysis of reaction products Reactants
and products issuing from the reactor were
analyzed by a chromatographic unit with
columns (4), (B), and (C), operated with
helium as a carrier gas. The characteristics
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of the chromatographic columns were as
follows: (A) i.d. 4 mm, length 2.5 m, ethyl-
hexyl sebacate 3% on silica; (B) i.d. 4 mm,
length 2 m, Carbowax 1500 30% on Celite;
(C) i.d. 4 mm, length 0.8 m, molecular
sieves SA, C. Erba. These columns achieve
separation of air, CO,, propylene, and pro-
pane at 100°C (4), of acetaldehyde, ace-
tone, acrolein, acetonitrile, ACN, and H,O
at 100°C (B), and of CO, N,, and O, at room
temperature (C). NH; and HCN could not
be detected by this analytical system. By
allowing the carrier gas to purge a sample of
the products into columns (B) and (A) sepa-
ration was achieved in the order CO,, pro-
pane, propylene; then, by excluding (A),
acrolein, ACN, and acetonitrile. A second
sample was analyzed for CO and air in
column (C).

Propylene (C;~) conversion was derived
from a comparison of the peak areas in the
chromatograms of reactants and products.
Conversions to CO, CO, were estimated
from relative peak areas (corrected for stoi-
chiometric and chromatographic factors)
and the peak area of propylene in the feed.
From the ratio of the conversions to CO,
CO, and of C;™ the corresponding selectivi-
ties were derived; the balance was ac-
counted for by the selectivities to ACN,
acetonitrile, and acrolein, as estimated
from their peak areas corrected for all fac-
tors. Conversion (C) and selectivities (S;)
were defined as follows:

wt C;~ fed — wt C;~ recovered
wt C;~ fed

C = - 100%

- 100%.

S = wt C;~ converted to product i
¢t wt C;~ fed — wt C;™ recovered

Since HCN could not be detected and
other minor oxygenated products (acetalde-
hyde, acetone) had not been taken into
account, the estimated selectivities re-
ported are slightly overestimated. How-
ever, as quantitative runs had indicated that
HCN never exceeded 2-4% yield for the
most selective catalysts, with other oxy-
genated products being almost absent, er-
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rors in the selectivities reported below are
quite small.

Catalyst characterization. BET surface
areas were measured using N, as the ad-
sorbate. Pore volumes and pore size distri-
bution were determined by means of a mer-
cury porosimeter, C. Erba Models AG 60
and 70H, for the 1000- and 2000-atm range,
respectively. Phase analysis was carried
out by means of X-ray powder diffraction
(CuKo radiation, A = 1.5418 A). Phase
distributions in the microreactor and the
surface topology of catalyst grains were
determined qualitatively by optical micros-
copy (Ortholux Leitz polarizing micro-
scope, magnification ~10%x), on the basis
of experience gained in the microstructural
and morphological characterization of the
MoO;-TeO, system (/3) and in the study of
the solid-state equilibrium relations in the
ternary systems MoO;-TeOQ,—-MoO, and
MoO;-TeO,-Te (11). High refractive in-
dexes were determined using a universal
stage by comparison with Merwin sulphur
and selenium mixtures (/4).

At the conclusion of activity tests in
which prevailing reductive conditions were
achieved during oxidation of propylene and
acrolein on a SiO,-supported Te,MoO; cat-
alyst at 360 and 420° by means of a low
C;3H; : air ratio, the catalyst was removed
from the reactor after cooling to room tem-
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Fic. 1. Surface areas and pore volumes of SiO,-
supported TeO,—MoO; catalysts calcined at 500°C for
8 h.
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FiG. 2. a, b Integral distribution of the pore volume
of SiO,-supported TeO,-MoO, catalysts calcined at
500°C for 8 h.

perature in an N, atmosphere and its phase
distribution was studied by optical micros-

copy.

RESULTS

Morphology

Phase analysis of fresh supported cata-
lysts indicates an amorphous or microcrys-
talline structure. Addition of TeO, to MoO,
causes drastic effects in the morphological
properties of the silica-supported system.
Surface areas reach low values (50-70
m?/g) above about 30 mole% TeQ,; corre-
spondingly, pore volumes vary in the oppo-
site direction (Fig. 1). Increase of tellurium
thus determines a progressive rise in mean
pore radius. This is in agreement with the
fact that the Kelvin equation indicates that
the observed variations in pore size distri-
bution (Fig. 2) are brought about by en-
largement of existing pores rather than by
blocking of the smallest ones.
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Catalytic Activity

Pulse experiments. Figures 3 and 4 show
the effect of progressive reduction by re-
peatedly passing slugs of C;~ and NH; over
SiO, supported (Te, Mo)O catalysts under
standard conditions at 360°C. The compo-
nent oxides and their interaction products
differ strongly in ammoxidation activity,
both with regard to C;~ conversion and the
product distribution. For MoO,-rich sys-
tems the conversion decreases sharply with
oxygen depletion as opposed to the almost
stationary but less active TeO,. Assuming
that equilibrium of oxidation state between
surface and bulk is obtained between suc-
cessive slugs, the results indicate that TeO,
is more easily reduced than MoO;; the
latter thus contains less active oxygen
atoms. On MoO; almost 50% of C,;~ is
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converted into waste products and CH,CN
is formed as the main organic ammoxida-
tion product (Fig. 4). TeO, is also quite
active toward total oxidation products but
ACN accounts for about 60% (Fig. 4).
Interaction products of MoO; and TeQ,, in
particuiar TeO,-rich compositions, show
high conversions (Fig. 3) and a combined
ACN-acrolein selectivity of over 80%. The
ACN fraction increases with the oxygen
depletion of the catalyst, as opposed to
acrolein. The amount of total waste prod-
ucts decreases with reduction of the cata-
lysts, in accordance with the expectations
(15). The by-product CH,;CN is totally ab-
sent on TeO,-rich catalysts. In the applica-
tion of (Te, Mo)O catalysts, low tempera-
tures are conducive to formation of

raductiva nhaces and have an adverse effect
requciive pnases and nave an adverse eect

on the formation of acrylonitrile. At T <
300°C almost no oxidizing activity exists.
Flow experiments. Catalytic perform-
ance of the SiO;-supported binary system
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(O) ammoxidation of propylene over SiO,-supported
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but differ in selectivities with MoQ; yield-
ing mainly acetonitrile and CO, CO, and
with TeQ, yielding mostly ACN. Binary
(Te, Mo)O compositions behave quite dif-
u‘:f&ﬁu‘y’, as aucauy noticed uy vugc and
Armstrong (16) for oxidation of propylene.
The C;~ conversion increases considerably
by adding small amounts of one component
to the other. In the intermediate range the
LOUVCT&IOﬂS are rdmcx umudm

Selectivities are more varied, with ACN
increasing considerably by doping of MoQO;,
with TeQ,; correspondingly, acetonitrile
and carbon oxides decrease to about 3 and
20%, respectively. The selectivity to acro-
lein is particularly noticeable in being nil at
the extremes and reaching a maximum at
the molar ratio MoQ4s/TeO, = 1

A comparison between pulse and flow
experiments is given in Fig. 6.

Catalytic activity of Te,MoO;. Oxidation
of propylene to acrolein using 7 cm® of an
unsupported Te,MoO, catalyst (S.A. 0.5
m?/g, particle size 150-270 mesh) at T =
420°C (r = 2.0 s, airt C;~ = 14.1, vapor
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TABLE 1
Catalytic Activity of Te,MoO;,

Conversion (%) Selectivity (%)

Propylene Acrolein Acrolein CO, CO Acetaldehyde
6.5 — 91.7 83 — —_
— 57 — 53.0 8.0 39.0

40%) and of acrolein (feed: acrolein 1.8%,
0, 6%, N, 52.2%, vapor 40%) gives results,
collected at¢t = 6 h, as summarized in Table
1. Using a 4.5 ¢cm® TeO,:MoO = 2:1
sample (activated at 400°C for 4 h; 100-150
mesh) ammoxidation of propylene at 440°C
(r = 2.5s,air:NH;:C;7 = 10.5:1.32:1)
converts 46% of C;~ (first slug) and yields
77.3% ACN, 3.4% acetonitrile, 8.0% acro-
lein, 8.0% CO,, and 3.2% CO.

Reductive Degradation

The structural and textural effects on
Te,MoQO, by oxidation of propylene and
acrolein at low oxygen content in the gas
feed were investigated to gain insight into
the nature of the reduction processses and
migration of matter (in particular tellu-
rium), observed in pulsed microreactor ex-
periments (cf. also (17, 18)). Interaction of
Te,Mo00,; with almost undiluted C;~ at
overall reducing conditions at 420°C leads
to dark-blue reduction phenomena of the
external surfaces of the crystallites com-
posing the grains; at 360°C only particles at
the entrance of the reactor are affected.
Interaction with acrolein at 360°C leads to
more extensive oxygen depletion and
causes blackening at grain boundaries and
internal surfaces (cleavage planes) mainly
for particles at the entrance to the reactor.
More homogeneous reduction along the re-
actor occurs at 420°C as indicated by an
extensive dark-blue color. Optical exami-
nation of sliced sections reveals red-violet
reflectance colors after oxidation of acro-
lein, typical of molybdenum in a lower than
maximum valence state; the crystallite size
of the reduced phases formed by interac-
tion with acrolein exceeds that due to pro-
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pylene. Net effects of birefringence and
optical anisotroy at crossed nicols indicate
nonisometric crystalline material; thin crys-
tallites have green-blue absorption colors
and are opaque otherwise.

Microstructural characterization shows
most intense but more localized reduction
at low temperature. The main differences
between catalysts used for oxidation of
acrolein and propylene consist in the distri-
bution of the reduced phases. Metallic tel-
lurium is easily detected by microchemical
analysis and its high reflecting power, espe-
cially after intense reduction of the solid
with acrolein at 360°C. Optical inspection
shows a close genetic and topological rela-
tion to reduced binary oxide(s), as invari-
ably the bluish-colored reduced layers on
top of Te,Mo0O; are covered with tellurium.
In spite of the nonequilibrium system ana-
lyzed, the observations conform to compat-
ibility range b of the phase diagram (Fig. 7).

Although MoO, volatilizes only above
about 780°C (/9) and requires about 55
kcal/mol (20), MoO,rich condensates
were normally observed in the high-temper-
ature regions (reaction zones) of the reactor
with reduced (Te, Mo)O in colder parts
next to MoQO; and tellurium toward the
outlet of the apparatus. Dark lamellar con-
densates were observed on grains at the top
of the microreactor after oxidation of acro-

Te

FiG. 7. Ternary phase system TeO,—MoQO;-Te at
550°C. Compatibility ranges are: a = TeO, + Te,MoO;
+ Te; b = Te;MoO; + TeMosOy + Te; ¢ = TeMosOye
+ Te + M0O,;d = TéeMo;0,4 + MoO, + Mo,0,,;e =
TeMo;0,6 + MoO; + Mo,0Oyy; f = TeMo;0, +
Te,MoO; + MoO,.
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Fic. 8. Microphotograph of a grain of a Te;MoO;,

catalyst after reduction, showing migration of
TeMos0,s along reaction paths in the bulk; %600,
transparent light.

lein at 420°C. Grains sliced parallel to faces
of the prismatic translucent Te,MoO; crys-
tallites showed preferred reaction paths as
evidenced by reduced phases which per-
meate through the mass. Mobility of matter
in the reactant flow is also evident from
accumulation of violet condensates on top
of catalyst grains in correspondence with
reduction paths in the bulk (Fig. 8). In our
conditions transport by intergrain contacts
is negligible.

In partial agreement with our results and
those of Zhiznevskii et al. (18), the oxida-
tion of propylene at low-oxygen gas feed
over Te,MoO; has been reported to cause
formation of Te and MoO, (9, 21).

The increase in reducibility of MoO; un-
der our reaction conditions is also noticed
in MoO;-rich (Te, Mo)O systems. This is
connected with the reductive degradation
of Te,MoO; and subsequent migration of
metallic tellurium; reduction of MoO; crys-
tallites sets in only in correspondence to the
deposition of Te transported by the gas
phase (Fig. 9). The chemical incompatibil-
ity of Te and MoQ; is also apparent from
Fig. 7 and leads to (TeMos;O,4 + MoO, +
Te), (TeMo0;0,4 + Mo0,0,; + Mo00O,), or
(TeMo;0, + M0oO; + Mo,0,,) in equilib-
rium conditions depending upon the com-
position.

Under the conditions used for reductive
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degradation of (Te, Mo)O catalysts no ap-
parent reduction phenomena are observed
in (Ce, Mo, Te)O catalysts, apart from
incidental blackening of some isolated
grains at the entrance of the reactor (acro-
lein, 420°C) and no phase separation of
metallic tellurium from the catalyst parti-
cles is noticed. Nevertheless, when aged,
(Ce, Mo, Te)O catalysts show a tellurium
gradient in the solid increasing from bulk to
surface (22). This is in accordance with the
observation that the (irreversible) migration
of tellurium involves both bulk and surface

9).

DISCUSSION
Nature of the Active Phase

In recent years various structural models
for (Te, Mo)O have been proposed (7, 8,
10, 17, 18, 23) and physicochemical and
morphological evidence is available for
Te;MoO,; and TeMosO,; (10-13, 24-27).
The binary compound o-Te;MoO; (mp
551°C), with Te and Mo being in the (IV)
and (VI) valent states, respectively, is con-
sidered by us to be the catalytically active
phase in the (Te, Mo)O system. The com-
pound is monoclinic (P2,/c) with a =
4.2555, b = 8.6035, ¢ = 15.927; A, and 8 =
95.6;. Dark-yellow glass (8-Te,MoO;) is
formed by quenching of a melt of the crys-

F1G. 9. Microphotograph (x 600) of a crystallite of an
MoQ; catalyst containing 5% TeO, showing reduction
phenomena in correspondence to deposition of metal-
lic tellurium from the gas phase.
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talline a-form. The reduced (Te, Mo)O sys-
tem, studied at 550°C, consists of at least
six compatibility ranges, each character-
ized by the thermodynamic equilibrium of
three phases and separated by binary phase
boundaries (I1). The coexisting phases rel-
evant to reduction of TeO,: MoO; in any
molar composition are (Fig. 7): (@) TeO, +
Te,MoO, + Te; (b) Te;MoO; + TeMo;044
+ Te; (f) Te;MoO; + TeMo;0,6 + MoOs.
The compound TeMo;0,, (mp 748°C in N,),
the only reduced binary phase of the (Te,
Mo)O system, is incompatible with the co-
existing phases (TeO, + Te;:MoO; + Te)
due to interaction with TeO,. Above about
300°C in air TeMosO,¢ is susceptible to
oxidation to Te,MoQ; and MoO; (cf. Fig. 4
of Ref. (11)), according to 2TeMo0s0,6 + O,
— Te;Mo0O; + 9IMoO;.

As salts of heteropolyacids such as
3(NH),O0 - TeO; - 6MoO; - 7TH,O and
3(NH,),O - 2TeO; - 6Mo0O; - 10H,O are
formed by interaction of (NH )sMo0;0,4 -
4H,0 and HgTeO4z (28), a substitutional
solid solution (Mo"!, Te")O;, stereochemi-
cally possible, may eventually be formed as
the first stage in the decomposition to (Te!V,
Mo")O. It is known, in fact, that thermal
degradation of HgTeOq4 to TeO, stabilizes
TeO, in a suitable temperature range (29—
31). However, as direct oxidation of TeO,
to TeO; does not occur, it is less likely to
form (MoY, Te")O, starting from TeO,, as
reported by Andrushkevich et al. (7). Inde-
pendent preparations of (Te, Mo)O compo-
sitions with H¢TeOg (8, 10) at T > 450°C
invariably lead to mixtures of Te,MoO,,
MoO;, and/or TeO,. The absence of Te(VI)
is not surprising, since Te'' is usually
formed at 400-700°C in the presence of
more basic cations (Al', Co™, Fe™, Ga™,
Cu®, Mg, Mn", Pb?, Ni", and Zn") and no
such stabilization is expected in the case of
molybdenum. By analogy with the system
MnO, - AlL,O; (32), valence change may
then be invoked to rationalize formation of
(MoVY!, Te")O,. However, this possibility is
equally doubtful as TeO; and MoO; are not
isomorphous, contrary to y-Mn,O; and v-
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AL, O,. Nevertheless, let us consider the
reduction of the solid solution
Tep.0sM0p.9201,0. It is known that partial
replacement of molybdenum in related
structures occurs; in fact, such events en-
hance the stability of Mo;O,, (33). How-
ever, as Ekstrom has pointed out (34),
tellurium does not form Teg :M0g 9505 50,
quite irrespective of the ionic size of the
cation and its disposition to assume a pen-
tagonal bipyramidal coordination. There-
fore, the reduced (Mo, Te")O; solid is
likely to lead to stabilization of an alterna-
tive structure in the phase field near to
Teo.0sM0g.9203.0— - It appears that
Tey.16M00.5402.67 Or TeMo;0,6 is a quite ac-
ceptable solution. It is obvious then that
MoV, Te")O, is not to be considered as a
stable oxidation catalyst as reduction leads
to a system which upon reoxidation yields
MoV, Te")O. It is likely that this holds
true also for MoO; - TeOs-based catalysts
(39).

It is finally to be mentioned that (Mo"!,
Te™)O,_, solid solutions have not been
reported although their formation has been
suggested (/7). Similarly, stabilization of
the MoO, rutile structure in the TeO,
pseudorutile lattice (23) lacks experimental
evidence.

Structure and Activity

Catalytic activity. The general character
of the results depends upon the preparative
route, Te/Mo ratio, and reaction condi-
tions. Table 2 compares reported condi-
tions for catalytic (amm)oxidation over (Te,
Mo)O systems. According to Arnaud et al.
(9) samples in the ranges Te/Mo = 1/9-0
and 2-9 show high critical temperatures for
achieving standard conversions. Selectivity
to acrolein is high (>95%) in the intermedi-
ate composition range but lower at the
extremes. Using catalysts prepared by acti-
vation of HgTeOg and (NH,¢Mo0,0,,
4H,0 at low temperatures (/8), the selec-
tivity to methacrolein at 400°C is fairly
constant over the whole composition range
(90%) but drops to 40% for MoO;; conver-
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sion of isobutene is maximum at about 70
at.% Mo. A similar selectivity—composition
relationship is found by Andrushkevich et
al. (7) in the oxidation of C,~ at 390°C with
maximum activity at TeO,/MoO; = 0.08.
TeO, is inactive at 390°C whereas MoO,
converts 8% of C;Hg to 50% total oxidation
products and 35% acrolein (r = 35 s). Low
ammoxidation activity of MoQO; has also
been reported by Gel’bshtein et al. (36).

Figure 5 shows maximum activity and
high ACN selectivity over a wide range of
binary compositions with the component
oxides being much less active. Comparison
of (Te, Mo)O with other systems, such as
(Bi, Mo)O and (U, Sb)O, shows similar
synergetic effects by combination of two
different cations in a suitable configuration.
As commonly found, in ammoxidation ca-
talysis the C;~ conversion into waste prod-
ucts is less than in the oxidation process
(without NHj), indicating that NH; inhibits
the destructive oxidation of propylene.

The observed variations in the rates of
the main and side reactions in the process
of ACN formation are rationalized by the
change in catalyst surface properties. Par-
tial reduction of the surface of TeO, and
(Te, Mo0)O catalysts (as opposed to MoO;)
apparently does not greatly alter the active
oxygen distribution in the surface layers of
the lattice, as the total selectivity to partial
oxidation products remains constant.

The increase in ACN yield with reduc-
tion of the catalysts apparently contrasts
with the proposed mechanism of ammox-
idation of propylene over cerium-doped
bismuth molybdate catalysts which indi-
cates Mo"! active sites for ACN formation
(37). However, in agreement with the con-
cepts of Callahan and Grasselli (/5), oxy-
gen depletion leads to a less favorable ac-
tive oxygen topology for the highly
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oxygen-demanding total oxidation, thus fa-
voring more selective processes. Clearly,
this simple picture may require amend-
ments if oxygen diffusion processes are to
be taken into account. The opposed trends
of ACN and acrolein as the reaction pro-
ceeds and the practically identical reaction
rates of oxidation and oxidative ammonol-
ysis also suggest that acrolein could be a
minor intermediate in the formation of
ACN, in accordance with earlier sugges-
tions (36). It is of interest to notice that
acrolein is a trace product on (Bi, M0o)O
and (U, Sb)O.

According to Zhiznevskii et al. (18),
apart from TeQ,, oxidation of isobutene
over (Te, Mo)O catalysts at 360°C proceeds
chiefly by an associative reaction between
the olefin and oxygen adsorbed by the
catalyst surface rather than by the stepwise
oxidation-reduction scheme of (Bi, M0)O,
(Co, M0)O, (Fe, Sb)O, and (Sn, Sb)O cata-
lysts (38). However, at slightly higher tem-
peratures (390-410°C) oxidation over (Te,
Mo)O also takes place by the redox mecha-
nism (7) and only a certain contribution to
CO, formation can be ascribed to the asso-
ciative mechanism. Similarly, at 500°C se-
lective oxidation of C;~ to acrolein pro-
ceeds by reduction of the (Te, Mo)O lattice
followed by reoxidation of the oxygen-de-
pleted catalyst by interaction with gaseous
oxygen (9).

Consideration of the wusual reaction
mechanism (involving allylic oxidation), in
conjunction with the inorganic chemistry of
the catalyst, allows tentative identification
of the site of adsorption. Since Te** can 7r-
adsorb olefins (cf. oxidation activity of
TeQ,), it seems reasonable to suggest that
adsorption centers about this ion, with elec-
tron transfer to molybdenum ions.
Schematically:

CH,—CH=CH, + catalyst » CH;—CH==CH, -

—Te**—Mo®* + (0,7)
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CH,==CH==CH, "
—Tett*—Mob* + (O,H)

The similarity of the results in flow experi-
ments at 440°C with O, and slug experi-
ments at 360°C without O, (Fig. 6) clearly
confirms the role of lattice oxygen in the
reaction. After the rate-determining step of
ar-allyl adsorption of the olefin with abstrac-
tion of hydrogen, removal of oxygen atoms
from distorted molybdenum octahedra is
facilitated by the fact that the bond
strengths vary over a wider range than in
the case of tetrahedral or trigonal bipyrami-
dal M-O structures (e.g., oxo-Te!V envi-
ronments). Bond valence values in
Te,MoO; vary from 0.15 to 1.8 v.u. for Mo-
O and from 0.5 to 1.2 v.u. for Te-0, against
0.3-2.0 v.u. in MoOj; (39). Not surprisingly,
therefore, Andrushkevich et al. (7) as-
cribed the change in catalytic properties of
MoO; on introduction of tellurium to the
influence of this cation on the bond energy
of the oxygens taking place in the oxida-
tion. However, according to Grzybowska,
Haber, and Janas (40), the main reason for
the poor performance of MoQO; lies in its
inability to activate the hydrocarbon.
Noteworthy is the selectivity of acrolein,
especially for tellurium-rich (Te, Mo)O cat-
alysts and TeO,. Acrolein formation is
highest with fully oxidized (Te, Mo)O cata-
lysts and drops sharply with reduction.
Production of waste products is low for the
fully oxidized state and decreases with re-
duction. Yet, selectivities to CO, CO, ex-
ceed those to acrolein beyond certain re-
duction levels (higher for teliurium-rich
binary oxides), suggesting that there are
actually two types of lattice oxygen in-
volved in the ammoxidation over (Te,
Mo)O. One type of oxygen is primarily
active in selective oxidation, the other in
producing waste products. As the former
are most easily depleted they are less nu-
merous and probably the less tightly bound.
The enhanced activity is in accordance
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- C H2==C H=C H2

—Te**—Mo®* + (O,H)

with the fact that introduction in the lattice
of an n-type oxide (d° cations) of low-lying
accepter levels (reducible cations) lowers
the Fermi level (and n-type character) and
raises the work function (4/); the reducibil-
ity increases and consequently the overall
activity. In a different view, the increased
reducibility is on account of stabilization of
a well-defined intermediate valence state as
a result of the very high electronegativity of
tellurium (42). In this respect, it is notewor-
thy that other often used variable valence
state cations in ammoxidation processes
(Sb, Sn) also have high electronegativity
values. The greater reducibility of Te,MoO;
than MoO; is also clearly seen from the
compatibility range f in the TeO,-MoO;-Te
phase diagram (Fig. 7), where MoQO; co-
exists together with reduced molybdenum
chemically combined to tellurium in the
binary oxide TeMo0;0,.

It is noticed that MoV ions are already
formed after evacuation of (Te, Mo)O
solids at 350°C or higher or after treatment
with a reaction mixture (C;Hgs + O,) at
380°C (43). The appearance of tellurium at
the (sub)surface, along with stabilization of
the MoV ions, promotes structural changes
under the reaction conditions. Blocking of
the MoO; surface by Te,MoO, and TeO,
with increasing Te contents leads to a de-
crease in MoV ions. Other paramagnetic
centers, resulting from abstraction of
weakly bonded surface oxygen followed by
redistribution of the MoY bond valences to
form a square-pyramidal structure with ap-
proximate C,, symmetry and bond orders
of 0.75(4x) and 2.0 v.u., appear at 550°C for
Te/Mo > 0.5 and increase sharply toward
higher Te contents (43). Similar EPR sig-
nals are found in partially reduced MoO; -
SiO, and (Bi, Mo)O catalysts (44, 45).

Oxygen replenishment probably occurs
by transfer of O%*~ from the environment of
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Te to that of Mo followed by reoxidation of
Te. Schematically:

2Mo5t + Tett — 2Mo®* + Te?+ 5 Te4+.

(Eventually Te®** may be visualized, but
Te?* is preferred here as it is known to give
relatively stable complexes (46)). Details
concerning reoxidation of the oxygen-de-
pleted catalytic system (Te, Mo)O are not
available, in contrast to the case of partially
reduced MoQ; (47). By analogy with this
system, a substantial difference may be
expected between the properties of the
surface pentavalent molybdenum ions in
the composition of Te,M0O; and those de-
posited on silica gel (cf. MoO; and MoO, -
Si0, (44). The observation that the catalyst
tends to degrade in the absence of oxygen
leads to the conclusion that the passage of
0% from Te to Mo might lead to decompo-
sition unless reduced Te is quickly regen-
erated by interaction with O,.

Nature of the active sites Higher mobility
and accessibility to gaseous reactants of
three tellurium-bound oxygens of Te;MoO,
has been invoked (9) to explain the greater
catalytic activity of this compound as com-
pared to MoQOj3, with reduction of tellurium
both at the surface and in the bulk. How-
ever, from a structural point of view, a-
Te,MoQ; should not be regarded as having
preferred reaction paths in the form of
pores or tunnels, comparable to, e.g.,
Mo;0,,. Namely, the structure consists of a
close-packing arrangement of oxygen
atoms and tellurium lone pairs (25). There-
fore, we feel that the more critical differ-
ences between Te,MoO, and MoQO; with
respect to oxidation catalysis are: (i) Mo
site isolation in Te,Mo0OQ, as opposed to the
regular array of such cations in the layer
structure of MoOj; (ii) lower bond strengths
of weakest Mo-O bonds in Te,Mo0O;; (iii)
the allotriomorphic nature of Te,MoO, as
compared to the idiomorphic MoQ;; (iv) the
olefin-activating properties of Te** cations.

Te,MoO; appears as a typical example of
a compound where application of the topo-
chemical site isolation concept (15)
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explains the high selectivity for
(amm)oxidation of propylene. This can be
seen by comparison of the crystal struc-
tures of a-Te;MoQ; (25) and MoO; (48).
The former is composed of (1 x 2) blocks of
edge-sharing, symmetry-related molybde-
num octahedra, forming [Mo0,04J*~ units
polymerized to [Mo,04)3" stacks linked
by corner sharing to puckered [Te,Oq]i"~
strings. MoO; has a typical layer struc-
ture and thus provides a completely dif-
ferent distribution of active oxygen
atoms. As the building blocks and metal—
oxide bond energies in Te,M0QO, are es-
sentially those of TeO, (trigonal bipyra-
mids) and MoOQO,; (octahedra), it follows
that Te,MoQ; contains active oxygens in
a field of less active atoms. If we assume
that the rate of diffusion from bulk to sur-
face is slow relative to contact times,
then the overall higher level of selectivity
to CO, CO, on MoO; indicates a more
favorable geometry for total oxidation
than on Te,Mo0O,, in agreement with the
expectations based on the layer-type
structure. Instead, the increased site iso-
lation in Te,M0O, compared to MoQ, de-
termines a beneficial effect on the selec-
tive heterogeneous catalytic (amm)-
oxidation of propylene. The improved
conversion is related primarily to the acti-
vation of propylene on Te sites and fur-
ther to the lower bond strength of the
weakest Mo-O bonds in Te,MoO, (2.534
A, 0.17 v.u.) as compared to MoQO, (2.332
A, 0.28 v.u.), as also expressed by the
difference in (Mo-O) lengths, namely,
1.996, and 1.9805 A, respectively.
Morphology of the active phase. On the
basis of the nature of the active phase,
catalytic activity might be expected to vary
linearly with the phase distribution accord-
ing to the phase diagram TeO,—MoO;.
However, at first sight the conversion of
propylene at 440°C in the ammoxidation
reaction (Fig. 5) is suggestive of doping in
the (Te, Mo)O system rather than com-
pound formation. In order to explain this
anomaly, textural changes accompanying
chemical interaction in the (Te, Mo) system
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should be taken into account. The allotrio-
morphic solid Te,MoQ; has been shown to
act as an interparticle ligand. As a result of
this cementing function the catalytic activ-
ity of TeO,—MoO; binary mixtures is very
similar to that of the pure phase Te,Mo0O,,
as observed. The (Te, Mo)O system thus
presents typical features of ‘‘adlineation’
promotion (13).

Decay of catalytic activity. An important
difference between the ammoxidation cata-
lysts (Bi, Mo)O, (U, Sb)O, and (Te, Mo)O
lies in the sensitivity to reduction. (Bi,
Mo)O can be reduced to a considerable
extent without losing its properties, due to
fast diffusion through the bulk. Instead, in
(U, Sb)O catalysts mainly surface oxygen
ions are involved in the process, leading to
a great sensitivity to reduction and easy
decomposition of the system. In (Te, Mo)O
solids migration of reduced phases is a
limiting factor in technical application (16).

(Te, Mo)O catalysts can be reduced to a
considerable extent by the olefin in the
absence of oxygen sometimes even with a
positive effect on the oxidation properties
in certain reaction conditions (/7). If we
consider that the promotional effect of tel-
lurium on molybdenum consists in estab-
lishing conditions of higher reducibility of
the catalyst toward olefins, then the (Te,
Mo)O system is only catalytically stable if
the reoxidation rate can be made to balance
the increased reduction rate. This is not
always achieved in practice and slow reox-
idation (k,, < k.q) occurs frequently. Al-
though no thorough study of the oxidation—
reduction rates of (Te, Mo)O has been
made, k,, =~ 4k, at 360°C (18). Therefore,
during reduction at this temperature oxy-
gen diffusion to the surface is not a limiting
stage. Reduced molybdenum oxides are
often reoxidized with some difficulty, espe-
cially at low temperature. In certain in-
stances (49), full reoxidation of depleted
molybdenum oxide is accomplished only at
T = 500°C.

In overall reducing conditions or at inher-
ently slow oxygen diffusion in the catalyst,
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degradation processes lead to reduced
phases, among which Te and MoO, (2 <
x < 3). This follows from the coverage of
Te,MoO; grains with layers of a dark-blue
compound and Te and by phenomena of
pseudomorphism. Lamellar cogrowth of Te
and molybdenum oxides in the habit of
reduced (Te, Mo)O crystallites has been
observed in reactor condensates. As to the
nature of other reduced phases, TeMo0;05
is strongly indicated and also appears in
Russian work (7, 17, 18). Namely, the un-
known phase X in the (Te, Mo)O system of
Andrushkevich et al. (7), characterized by
sparse X-ray data (d = 3.96, 3.35, 3.05,
2.92, 2.57 A), is either Te,MoO; (d = 3.78,
3.32,3.04, 2.91, 2.89, 2.63 A) or, in view of
its preferential formation in reducing me-
dium, TeMo;O,s (d = 4.07, 3.34, 2.93 A).
Whereas the former is active, the latter
compound apparently has low selective ox-
idizing power in the reaction with propyl-
ene (7). This is probably related to the
absence of propylene activating centers,
the fairly regular array of MoO; octahedra
in TeMo;0,¢ and the more strongly bonded
oxygens. Further, as is well known, selec-
tive ammoxidation requires Mo"!' sites
whereas MoV sites are responsible for
HCN, acetonitrile, CO and CO, (37). How-
ever, the phase ] of Fedevichet al. (17)(d =
4.0, 3.35, 3.32, 2.90, 2.59, 2.41, 2.04, 1.75,
and 1.73 A), present in a partially reduced
(Te, Mo)O catalyst (to 6%), is also
identified by us with TeMo;0,4; neverthe-
less, this catalyst shows considerable oxi-
dation activity toward isobutene at 340°C.
Flow conditions in the reactor are partic-
ularly favorable for reduction to cause
structural and textural changes. Formation
of reduced (Te, Mo)O and metallic tellu-
rium from Te,MoO; (cf. compatibility range
b in Fig. 7), phase separation from the
grains, migration with the reactant gas mix-
ture, and chemical interactions after depo-
sition (e.g., further reduction of TeMo;0,,
to Te and MoQO, or interaction of Te with
the support) are responsible for the tellu-
rium gradient and phase distribution ob-
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served in pulsed microreactor experiments
using (Te, Mo)O-based oxidation catalysts.
Obviously, once phase separation of the
components of the oxidation catalyst has
occurred, the initial composition and origi-
nal catalytic activity can no longer be re-
stored by reoxidation.

Oxygen regeneration may be achieved
either by modification of the experimental
conditions (e.g., higher reaction tempera-
ture, insofar as compatible with the require-
ments of catalytic activity and selectivity;
cf. also Fig. 4 of Ref. (/1)) or by introduc-
tion of other active elements. For the cata-
lytic ammoxidation of propylene to ACN a
steady state involving matching of the re-
dox rates has been achieved in (Ce, Mo,
Te)O solids (1), The third component coun-
teracts the reductive degradation of the
(Te, Mo)O subsystem by its high reoxida-
tion capacity (k,, = k.4). Details of this
industrial catalyst are given in papers by
Caporali (4-6).

CONCLUSIONS

Experimental evidence supports the view
that selective heterogeneous oxidation of
propylene to acrylonitrile over (Te, Mo)O
solids is catalyzed by Te,MoO;. The high
catalytic activity is explained by activation
of propylene on Te sites and oxygen inser-
tion at isolated and highly distorted MoOQO
octahedral sites. Instability of (Te, Mo)O-
based catalysts derives from migration of
reduced phases due to transport phenom-
ena but the reductive degradation of
Te,M00); is suppressed in (Ce, Mo, Te)O
catalysts.
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