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A multicomponent molybdate catalyst of the composition 509, NizCo;FesBiPK,.1Mo0150;2. 5—
50% Si0; was examined for structural and surface changes before and after its use in ammoxi-
dation of propylene at 480°C for 10 hr. The techniques employed were TG, DTA, X-ray
diffraction, ir spectra, ESR, Mossbauer spectra, and ESCA. TG and DTA show that the
catalyst is thermally stable up to 1000°C and it does not contain free metal oxides. X-Ray
data and ir spectra indicate that Fe, Co, and Ni are present as Fe;(M00,)3, 8-CoMoQ,, NiMoQ,
and Bi, as Bi;0;-MoO; and Bi;0;-3MoQs, respectively, in the fresh catalyst (I), while
Fe;(Mo0Q,), is reduced to FeMoO, in the used catalyst (II). Mossbauer and ESR spectra show
that Fe exists in the Fe** state in I and in the Fe?* state in II, the latter also being in two
different chemical environments. ESCA reveals the existence of Co, Mo, Ni, Fe, Bi, Si, Oy, and
O1r in the surface layer of I; the surface concentrations in II differ markedly : Mo, Bi, Fe, and
Or increase and Co, Ni, Si, and O; decrease upon exposure of the catalyst to ammoxidation

conditions,

INTRODUCTION

The industrial catalysts for ammoxida-
tion of propylenc are generally based on
bismuth phosphomolybdate (7, 2), uranium-
antimony oxide (3, 4) and bismuth-iron—
molybdate (§). In recent years, however,
more active and selective multicomponent
catalysts containing Ni, Co, Fe, Bi, P, K,
and Mo on silica support were described
in patents (6, 7) for oxidation and ammoxi-
dation of propylenc. In view of the com-
mercial significance of the above catalysts,
their physicochemical and structural prop-
erties were studied extensively. Batist ef al.
reported such studies on supported and
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unsupported bismuth molybdate and bis-
muth phosphomolybdate catalysts (8, 9).
Structural aspects of the U-Sb-oxide sys-
tem were studied by Grasselli and Suresh
(10). Batist et al. (11), Daniel and Keulks
(12), and Noterman et al. (18) carried out
detziled studies on the Bi-Fe-Mo system.
Recently Wolfs and others from Eindhoven
(14-17) published the structural properties
of various multicomponent molybdate cata-
lysts with the general formula Me,'TMe,, I11-
Bi.Mo04O., in which Me!! was Ni, Co, Mg,
or Mn, and Me!!"! was Fe, Cr, Al, or Ce,
and the influence of the various cations on
the activity and selectivity for oxidation of
butene. Their studies were all on unsup-
ported catalysts. Industrially used cata-
lysts are usually supported on silica (about
509% by weight in the catalyst). Therefore
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we undertook the physicochemical char-
acterization of a multicomponent catalyst
containing Ni, Co, Fe, By, K, P, and Mo on
silica support. We aimed our studies pri-
marily at investigating (a) whether thesc
clements in this catalyst arc present as their
respective oxides or molybdates, (b) the
structural properties of the compounds
existing in the system, (¢) the valency state
and coordination of the cations, and (d)
the physicochemical and surface changes
which take place after exposing the catalyst
to the ammoxidation reaction. The physico-
chemical techniques employed in the pres-
ent studies were X-ray diffraction, TG,
DTA, ir spectroscopy, ESR, Mossbauer
spectroscopy and electron spectroscopy for
chemical analysis (ESCA).

EXPERIMENTAL METHODS

(a) Fresh catalyst. The method of prepa-
ration of the catalyst was similar to that
reported by Wolfs (74) with some altera-
tions to incorporate silica, potassium, and
phosphorus.

Initially silica gel was precipitated from
sodium silicate solution (25.39 g of Na,SiOs;
in 250 ml of distilled water) by the addition
of 200 ml of 1 N HC], filtered, and washed
thoroughly till it was free of chloride ions.
Hot solutions (100°C) of Ni(NOj)e-6H.0
(8.79 g in 100 ml of water), Co(NO;):-6H,0
(6.32 g in 100 m! of water), Bi(NOjs);s-5H,0
(2.11 g in 100 m! of water, containing 5 ml
of concentrated HNOj;), and Fe(NO;);-
9H.0 (5.27 g in 50 ml of water) were added
slowly to the silica gel while stirring. Then
0.43 g of H;PO, (85%) and KNO; solution
(44 mg in 50 ml of water) were also added.
After stirring for 60 min, powdered MoO;
(7.51 g) was added very slowly. Vigorous
stirring was continued for another 45 min;
then 5 N NH,OH was added until the pH
was 5. A brownish precipitate was formed.
Further heating (100-110°C) with stirring
was continued until the water evaporated
and a viscous slurry with a pH of 3-4 was
obtained. The slurry was dried at 110°C

for 15 hr; then it was powdered and calcined
at 320°C for 5 hr and at 520°C for 5 hr.
All the reagents used were of analytical
reagent grade. The chemical composition
of the catalyst thus prepared corresponds
to the formula 509, Ni;Co;Fe;BilPKo -
Mo120;52.5, and the rest, 509, SiO.. Surface
area of the catalyst (BET-N; method) was
194 m?/g. A sample of this catalyst was
also heated at 600°C for 24 hr; this is
referred to as the heat-treated sample.

(b) Used catalyst. The catalyst prepared
as described in section (a) was tested for
its activity and selectivity in a continuous-
flow reactor made of stainless steel. About
5 g of catalyst was taken. Tests were
carried out at atmospheric pressure with a
feed ratio of C;Hg/NH;/air = 1/1.5/11.
The feed rate was 200 ml/min and the
reaction temperature was 480°C. The re-
actants and products wcre analyzed (18)
by on-line gas chromatography. After at-
taining a steady state the test was con-
tinued for 10 hr and the average of test
results indicated that the catalyst had good
activity and selectivity (859, total pro-
pylene conversion and 75% selectivity).
After this activity test the catalyst was
taken out of the reactor and physico-
chemical studies were carried out on this
used catalyst (exposed to air during
handling). The surface area of this catalyst
was 246 m?/g.

(¢) Physicochemical measurements. X-Ray
diffraction patterns were recorded using a
Philips X-ray diffractometer with a Geiger—
Miiller counter and Ni-filtered CuKea radia-
tion. TG and DTA were carried out on a
Derivatograph (Paulik—Paulik-Erdey in-
strument made by MOM, Budapest, Hun-
gary) which gave TG and DTA simultane-
ously. a-Al,O; heated to 1250°C was used
as reference material for DTA. The heating
rate was 10°C/min. Infrared spectra were
recorded using the KBr disk method on a
Perkin-Elmer grating spectrometer. Moss-
bauer spectra were obtained at 300°K
using a 57Co source. The isomer shifts were
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measured taking Fe as standard. Eleetron
spin resonance spectra of the samples were
taken at 77°K on a Varian E400 X-Band
unit, using DPPH as the internal calibrant.
ESCA measurements were made at 300°K
on a DuPont 6530B eclectron spectrometer
with a Mg anode operated at 5 mA and
12 kV. Binding cnergics of the samples
were corrected for sample charging using
the Cy line as reference and were repro-
ducible to £0.3 ¢V. The measured intensity
(counts per sccond, cps) of the peaks of
photoelectron spectra of all the elements
were normalized using the standard inten-
sities compiled by Swingle and Scofield
(19).

RESULTS AND DISCUSSION

The physicochemical characteristics of
the fresh and heat-treated (600°C) cata-
lysts were practically identical. Hence only
the results for the fresh and used catalysts
are given here and the discussion is also
confined to them.

X-Ray and Infrared Results

The d values of the lines in the X-ray
pattern of the fresh catalyst and the rela-
tive intensity values, I, (in brackets), of
these lines are as follows: 2.01 (6), 2.24 (8),
2.30 (6), 2.44 (5), 2.65 (20), 2.79 (22), 2.88
(12), 2.95 (8), 3.13 (22), 3.26 (26), 3.33
(100), 3.48 (14), and 3.86 (24). Comparison
of these lines with the patterns for different
molybdates published by Erman et al. (20),
Batist et al. (8), Faghcrazzi and Perniconc
(21), and Wolfs (14) indicates that Fe, Co,
and Bi are present in the catalyst as
Fe:(MoOy); (d = 2.65, 2.88, 2.95, 3.48,
and 3.86) ; 3-CoMoO, (d = 2.24, 2.30, 2.44,
2.79, and 3.33); Biy0;-3Mo0O; (d = 2.01,
2.79, and 3.26) ; and Bi:03- MoQO; (d=3.13),
respectively. Wolfs (14) and Wolfs and
Batist (15) reported the presence of these
molybdates in an unsupported multicom-
ponent molybdate catalyst also.

X-Ray patterns of fresh and used cata-
lysts arc almost similar except for the

following changes: the intensity of the lines
at (a) d =230, 244 (B-CoMoQ,), and
3.13 (Bi,03-MoQy3) increased; the lines at
(b) d = 3.48, and 3.86 decreased; and the
lines at d = 2.88 and 2.95 [Fe;(MoQy);]
disappeared. Karlier, Batist et al. (9) found
that in silica-supported BigPMo4,0;, cata-
lyst the Erman phase (Bi.O3-2Mo0Q;) de-
composed to Bi,O;MoQ; (2/1) and Bi;O;-
3MoO; (2/3) on carrying out olefin oxida-
tion on the catalyst for 26 and 50 hr and
ammoxidation for 1 year. In the multi-
component molybdate catalyst investigated
by us, the 2/1 and 2/3 phases of bismuth
molybdate are present in the initial catalyst
itself and do not undergo any structural
transformation during ammoxidation.

Infrared spectra of fresh and used cata-
lysts show the following bands (b = broad,
s = strong, and m = medium) :

Fresh (cm™1) Used (em™1)
1100 (b) 1100 (b)
945 (s) 945 (s)
830 (m) —
— 790 (m)
710 (m) 710 (m)

The band at 1100 em™! is due to Si-O,
while that at 945 cm™ can either be due
to a metal-terminal oxygen bond (22) or
be specific for CoMoQO;4 (23). The band at
830 em™! is reported (11) to be character-
istic for Fea(MoO4)s. The bands at 945 and
830 cm™! have also been assigned to BiyOs
-3Mo00; and Bi03- MoO; by Trifird et al.
(24). Hence it is difficult to make exact
assighments based only on the infrared
bands to identify individual molybdates.
The band at 790 e¢m™ has been assigned
(26) to B-FeMoO,. The disappearance of
the 830 em™' band and the emergence of a
new band at 790 em™ in the spectrum of
the used catalyst may thus be taken only
as an indication of the reduction of Fe3* to
Fert during the ammoxidation reaction,
which is, however, further confirmed by
the X-ray, Moassbauer, and ESR results.
The bands characteristic of free MoQO; and
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Fra. 1. Mosshauer spectra of fresh (A) and used (B) catalysts.

other metal oxides (26) are absent in our
catalyst samples.

Thermal Analysis

TG and DTA data did not show any
significant thermal changes. The TG curve
recorded about 0.8 weight loss in the tem-
perature range of 50-200°C due to loss of
residual moisture. Between 20 and 1000°C
the TG eurve indicated no weight loss and
the DTA did not show any exothermic or
endothermic cffect. This shows that the
catalyst is thermally quite stable and no
free MoQj; or other metal oxides are present
in it. The thermal behavior of the used
catalyst is very similar to that of the fresh
one.

Massbauer and ESR Studies

Méssbauer spectroscopic and ESR studies
were carried out to find out the valeney
state and chemiecal environment around the

iron cations in fresh and used catalysts.
Maéssbauer spectra are presented in Fig. 1.
The spectrum of the fresh catalyst gives a
single line with an isomer shift value of
0.43 £+ 0.01 mm/see. No quadrupole split-
ting is observed. The used catalyst, on the
other hand, gives a four-line spectrum with
two doublets. Each doublet is attributed to
quadrupole splitting. Isomer shift values
for the outer and inner doublets are 1.23
+ 0.12 and 1.19 & 0.12 mm/sece, respee-
tively. A low isomer shift value of 0.43
mm/sce for the fresh catalyst indicates the
presence of iron as Fedt, This is consistent
with our findings from X-ray and infrared
data that iron is present as Fea(MoO,)s.
The four-line speetrum of the used cata-
lyst with two quadrupole splittings shows
that the iron in it is situated at two differ-
ent chemical sites with different chemical
environments. The exaet nature of these
iron sites 1s yet to be understood. The
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larger isomer shift values indicate the pres-
ence of iron in the Fe** state, showing that
iron is reduced from Feft to Fe?t in the
used catalyst. Similar reduction of iron in
other iron-containing catalysts has been
reported during oxidation of propylene by
Wolfs (14), of methanol by Pernicone (27),
and of butene by Pasquon et al. (28), and
during ammoxidation of propylene by
Kriegsmann et al. (29). Hence this seems to
be a general phenomenon occurring in iron-
containing catalysts during both oxidation
and ammoxidation reactions.

The ESR spectrum of the fresh catalyst
showed only a moderately broad signal
with a ¢ value of 2.016 and a natural line
width of 720 G. The g value for Fes(MoO4)s
and Mgy sFe; ;BiMo0,:0, has been reported
to be 2.104 by Wolfs (14). The signal with
g = 2.016 disappeared in the spectrum of
the used catalyst indicating that iron was
reduced from Fe*t to Fe*t. The used cata-
lyst also gave a weak signal with a g value
of 1.926, indicating the presence of Mo®**
species (30). Divalent ions like Fe*+, Co*F,
and Ni?* could not be detected since they

PRASADA RAO AND MENON

give ESR signals only at very low tempera-
tures (4°K). The ESR studies thus cor-
roborate the results obtained from Moss-
bauer spectra regarding the oxidation state
of iron in the fresh and used catalysts.

ESCA Studies

The X-ray photoelectron spectra of the
elements detected on the surface of the
fresh and used catalysts are shown in Fig.
2. The elements Fe, Co, Ni, Bi, Mo, Si, and
O are present on the catalyst surface, but
K and P are not detected probably due to
their very small concentrations. Compari-
son with the published binding energy
values (31) for these elements indicates
that Mo is present as Mo®t, Bi as Bi*t, Si
as Sitt, Fe as Fedt or Fert, Co as Co®t or
Co?t, and Ni as Ni**. In the case of Fe and
Co, whether it is the 24 or 34 oxidation
state could not be determined since their
chemical shift ranges overlap. Two distinet
types of oxygen are detected: the higher
binding energy (532.6 eV) oxygen, Og, is
associated with the silica support, and the
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F1a. 2. X-Ray photoelectron spectra of the elements present on the surface of fresh (

used (- - - -) catalysts,

) and
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lower one, Oyr (530.4 e¢V), with metal
oxide species.

The ESCA results of Wolfs and co-
workers (14, 16, 17) on unsupported
multicomponent catalysts of compositions
CO&FOgBiMOlz()z, Ml’lsFGaBiMOmO;, and
MgsFe; ;BiMo120, are worth discussing
here in the context of our results. They
found that only Bi, Mo, and O were present
on the surface of the above catalysts. After
a single sputtering of the surface with Art
ions, they observed that the concentration
of Bi and Mo decreased and Fe appcared
on the surface. After a second sputtering,
Bi disappeared completely from the surface
while the concentration of Mo further de-
creased and those of Fe increzsed to a
significant extent. Based on these ESCA
results and on surface area and X-ray
studies, Wolfs el al. (14-17) suggested a
shell and core model for the multicompo-
nent molybdate catalysts. In this model,
Bi is present as a thin shell of bismuth
molybdate on the surface of the catalyst
particle while the core of it contains a
mixture of Fes(MoOy)s; and Me'"MoO,
where Melt = Co, Mg, or Mn. Our ESCA
results, however, show that all the cle-
ments present in the catalyst (Fe, Co, Ni,
Bi, Mo, Si, and O) except K and P are
present on the surface of the catalyst.
Henee the above shell model proposed by
Wolfs et al. is not valid in the case of our
supported catalyst. Wolfs et ol. also at-
tributed the high activity and selectivity
of the multicomponent molybdate cata-
lysts to their surface structure in which the
whole surface of the catalyst particles was
covered with so-called active bismuth mo-
lybdates. But our studies indicate that such
catalysts are still active and selective even
when elements like Fe, Co, Ni, and Si arc
also present on the surface along with Bi
and Mo.

The ESCA studies on the used catalyst
show that the surface of the catalyst con-
tains all the clements that are present on
the surface of the fresh catalyst (Fig. 2),
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Fre. 3. Percentage change in surface composition
of the used catalyst relative to the fresh one, calcu-
lated from ESCA results,

but the surface compositions of the ele-
ments change very radically. The surface
compositions were assumed to be propor-
tional to the normalized intensities of the
peaks. The relative changes in the surface
composition are shown in Fig. 3. The sur-
face of the used catalyst is enriched with
Mo, Bi, Fe, and Or; and is depleted of Co,
Ni, Si, and Or. The depletion may probably
result when these elements are relatively
“buried”’ as the enriching ones migrate
from the interior to the surface of the
catalyst particles. The increase in concen-
tration of Fe on the surface is much more
than that of Bi and Mo. The significance
of this migration of the cations from the
bulk to the surface during the ammoxida-
tion reaction must be studied in greater
detail. For the present we are only able to
report that the surface composition of the
catalyst changes radically during the am-
moxidation reaction, and hence studies on
the eatalyst surface in its virgin state do
not scem to have much relevance to the
realities of the surface under actual reac-
tion conditions. Investigations to under-
stand the implications of these surface
changes are in progress in our laboratory.
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TABLE 1

Summary of the Results for the Fresh and Used Catalysts

Technique used

Conclusion

Fresh catalyst

Used catalyst

TG and DTA

X-Ray and ir

Free metal oxides absent;
thermally stable up to 1000°C

Fe, Co, and Ni present as
Fez(M004) 3y ﬂ-COMOO.}, and

Thermal behavior similar to
that of fresh catalyst

Same as for fresh catalyst
except that Fe;(Mo0,); is

NiMoO,; Bi present as

reduced to FeMoQ,

BizOg . M003 and Bi203 . 3M003

Méssbauer and ESR

ESCA

Fe present as Fe3*

Co, Mo, Ni, Fe, Bi, Si, Oy, and
Oq1 present on the surface

Fe present as Fe?* in two
different chemical
environments

Surface concentrations of
Mo, Bi, Fe, and Oy
increase and those of Co,
Ni, Si, and O decrease

The conclusions drawn from our studies
using the various techniques are summa-
rized in Table 1.
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