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Three samples of a catalyst with general formula Mo:Ni, sCosFe Bi Py s Tlp_0 6047 7-48.05115, Which
exhibits high activity and selectivity for oxidative butene dehydrogenation, have been studied by
X-ray analysis, ESR, ir, and diffuse-reflectance spectroscopy. Molybdates of the elements repre-
sented in the composition are shown to be present. In the catalyst containing 0.6 atom fraction Tl,
which displays the maximum activity and selectivity, changes in the structure have been estab-
lished. It is found that part of Mo and Fe3* ions are reduced to a lower valence state in the

deactivated catalyst samples.

INTRODUCTION

A great number of oxide catalysts exhibit
catalytic activity for partial olefinic oxida-
tion. The catalysts used are very varied,
and include the molybdates, phosphates
and tungstates of Bi, Ca, Co, Fe, Mn, Ni,
Sn-Sb oxides, and Fe-Mn oxides. Irre-
spective of the great diversity of catalysts,
Bi molybdate is most frequently employed.
It forms several phases, notably «-Bi;
Mo0;0,,, 8-BixM0,0s, and y-Bi;M0oQOg. The
comparison of their activities for 1-butene
oxidation shows that y-Bi,MoQs calcined at
500°C displays the highest activity (/). Cal-
cination at a higher temperature (680°C)
strongly reduces its activity, probably ow-
ing to a lower specific surface. 8-Bix-M0,0,
shows also a good activity, while a-Bi,
Mo;0;, is less active. Batist er al. (2) exam-
ined the effect of a small amount of BiPO,,
Fe;(Mo04);, and Cry(MoO4); on «o-Bi;
Mo;04; which as a free phase exhibits only
a moderate activity for oxidative dehydro-
genation of butene. According to these au-
thors, the promoting effect of these addi-
tives is probably attributable to an
inhibition of the a-phase formation. They
favor the formation of the y-phase, which is
more active, and its presence has been
found by X-ray analysis when BiPO, and
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Fe>(MoQy); are used as additives. This ef-
fect may be interpreted in terms of the rela-
tive preference of the trivalent cation for
02~ or (MoO,)*~ resulting in a shift of the
following equilibrium to the left or right:

Me3*(Mo0Qy);~ + (BiO)7 (M0O,)?~
2 (MeO); (M004)?~ + Bi}"(M00,)5".

Moreover, the rate of electron transfer
from the catalyst cations to the oxygen and
the ability of the catalyst to dissociate oxy-
gen from the gas phase are increased.

Most of the catalysts exhibiting high ac-
tivity and selectivity used in industry are
multicomponent systems. In view of their
great industrial importance, their physico-
chemical and structural properties merit de-
tailed study, in spite of the difficulties due
to the complex composition.

EXPERIMENTAL

The catalyst studied in this paper had a
general formula Mo ;Ni,sCosFe \BiPg s
T10_0_6047_7_43A()Si 15 and was prOduced
in the Department of Catalysis of the
Scientific Research Center of Sumitomo
Chem. Ltd., Japan. It displays high activity
and selectivity for oxidative dehydrogena-
tion of butene to butadiene. It was prepared
by coprecipitation of salts of the participat-
ing elements with silica gel. The resultant
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dispersion was evaporated to dryness and
the residue was calcined at 300°C. After
that it was cooled and crushed. The ob-
tained powder was tableted and calcined
again at 525°C.

Three samples differing in the content of
thallium, i.e., 0, 0.3, and 0.6 atom fractions
Tl, were studied as air-dried samples, as
samples activated with steam and air at
350°C, and as samples used for dehydro-
genation of butene in the absence of oxygen
at the above temperature.

In order to study the nature of the
changes in the catalyst as a result of the
reaction, each sample was investigated by
various physical methods before and after
dehydrogenation of butene. The samples
were placed in a quartz reaction vessel sup-
plied with stopcocks at the entrance and
exit side. The catalyst was activated with
air and steam at 350°C. For the reaction
studies the samples were heated in an air
flow to the above temperature. Then the air
was stopped and I1-butene pulses (1 ml)
were passed in a flow of nitrogen. After
each pulse a sample was taken from the re-
action mixture and analyzed by a gas chro-
matograph. The cis- and trans-2-butene and
butadiene were obtained as reaction prod-
ucts. The butene conversion and butadiene
yield decreased with successive pulses and
when only traces of butadiene were left, the
ESR spectrum of the catalyst sample was
recorded. It was compared with that re-
corded after activation and that recorded
before the reaction.

ESR spectra were obtained using a 3BS-
X Jeol apparatus at room temperature using
Mn?" jons as a standard, not allowing air ac-
cess to the spent catalyst. X-Ray analysis
of the catalyst was carried out using a Philips
diffractometer with CoKa radiation. Dif-
fuse-reflectance spectra were recorded by
use of a Beckman 5270 spectrophotometer
equipped with a reflectance sphere, with
BaSO, as a standard of comparison in a
quartz vessel evacuated to 4 X 1073 Torr
pressure. For ir spectra the catalyst sam-
ples were pressed into Csl disks and spec-
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tra were obtained with a Perkin—-Elmer 180
spectrophotometer. Electron micrographs
were obtained in conditions of secondary
electrons and the distribution of compo-
nents was studied by an X-ray microanaly-
zer XMA-733. Differential thermal analysis
and thermogravimetric analysis were made
in an air atmosphere from 20 to 1000°C us-
ing a Derivatograph MOM Type 3427.

RESULTS AND DISCUSSION

X-Ray analysis showed that the molyb-
dates of the elements represented in the
catalyst composition were present. Com-
parisons were made with the interplanar
spacings of the separate phases taken from
the Powder Diffraction File (3). Bi molyb-
date was present as a mixture of two
phases: a-Bi-Mo0;0,, and y-Bi:MoOs. Bi-
valent and trivalent Fe ions were found as
FeMoO, and Fe»,(Mo00O,);. Evidence for the
presence of the crystalline hydrates of
nickel and cobalt molybdates was also ob-
tained and a small amount of free MoO;
was present as a crystalline hydrate.

The X-ray diagrams for the investigated
samples were identical, except for that with
0.6 atom fraction thallium content. Exam-
ples are shown in Fig. 1. The X-ray patterns
remained unchanged after deactivation of
the catalyst irrespective of the Tl content.
For the sample with 0.6 Tl, new peaks ap-
peared at d = 1.72 and 2.75 A, and peaks
normally present at d = 1.69, 1.75, 2.22,
2.30, and 2.64 A disappeared. The peaks at
d = 6.18 and 3.10 A sharply increased,
while at d = 3.52, 2.72, 2.07, and 1.91 A the
increase was not so pronounced. The inten-
sity was strongly lowered at d = 3.34 A,
while at d = 6.66, 3.78, 3.26, 2.77, and 2.00
A the decrease was more weak. Besides the
increase of the signal intensity for the thal-
lium molybdate owing to the higher TI con-
tent, the intensities for CoMoO, and Ni
MoOy and y-Bi;MoQOg4 were also increased.
This enhancement was compensated by a
decrease of the signals for the crystal hy-
drates of CoMoQ,, NiMoO,, and of the a-
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FiG. 1. X-Ray diffraction patterns of catalysts containing (a) 0.6 atom fraction Tl and (b) 0.3 atom

fraction TI.

Bi,Mo,0,, respectively. It can be inferred
that Tl in the higher amounts, i.e., 0.6 atom
fraction, favors mainly y-Bi;MoOg forma-
tion. The catalyst with 0.6 Tl content aiso
shows maximum selectivity and activity for
oxidative butene dehydrogenation (4).

For fresh catalysts as well as those acti-
vated with steam and air, only one broad
signal is obtained in the ESR spectrum and
is identified as Fe** with g = 2.0 (§). Six
lines of Mn?" ions, which are used as a stan-
dard, overlap the sample’s signals. The Fe**
ion’s signal diminishes after reaction and
disappears if the catalyst has not been acti-
vated before by steam and air. A new signal
then appears, close to the first for Co?** and
Ni2*(octahedral) with identical g factors
equal to 2.35 (6), which have been con-
cealed by the iron. Furthermore, a weak
and narrow signal characteristic of Mo’* (7)
appears at g = 1.93. In Fig. 2 are shown the
ESR spectra of a catalyst with average Tl
content 0.3 atom fraction before and after
use. Therefore, in the absence of air the
Fe3* ions are reduced to Fe?* and some of
the Mo%* ions to Mo’*, which affords the
narrow signal overlapping with that of iron.
Analogous results have also been obtained
by Prasado Rao and Menon (5) for a cata-
lyst with general formula Ni;CosFes;Bi P,
Ko.1Mo01;05,.5-50% SiO,, which displays

good activity and selectivity for propylene
ammoxidation. In both cases Fe’* and
Mo®* ions are reduced in the course of the
reaction.

The reduction of Fe** was confirmed by
the ir spectra (Fig. 3) in which at 790-870
cm™! the signals for Fe;(MoO,); at 830 cm™!
(5), Mo®* in a tetrahedral oxygen surround-
ing at 800-830 cm™! (2, 8), and FeMoO, at
790 cm™! (5) are overlapping. In the used
catalyst the spectrum in this region changes
and the peak maximum is shifted to 790
cm™!, which indicates the reduction of Fe3*
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Fic. 2. ESR spectrum of a catalyst containing 0.3
atom fraction Tl before use as a catalyst (curve 1) and
after use (curve 2).
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Fi1G. 3. Infrared spectrum of a catalyst with 0.3 atom
fraction Tl before use (curve 1) and after use (curve 2).

to Fe?*. Two peaks attributed to Fe?* in an
octahedral oxygen surrounding (9) appear
at 266 and 303 cm™'. They increase in the
deactivated catalyst in accordance with the
results obtained.

Furthermore, the ir data show the pres-
ence of water molecules, inasmuch as
peaks at 3480 and 1620 cm~! (10) are ap-
pearing. A high peak at 1130 cm™! attrib-
uted to the amorphous SiO, support is ob-
served (9). It can be inferred on the basis of
the ir spectra that the following two bis-
muth molybdate phases are present in the
catalyst, a-Bi;M0;0;; and y-Bi;Mo0Qg, as
shown also by the X-ray analysis. The trip-
let observed at 420-490 cm ™! is probably to
be ascribed to the peaks of a-Bi,Mo03;0;; at
465 and 430 cm™! and y-Bi;MoOg at 450
cm~! (11). Venyaminov (/1) has reported
some other absorption bands for both
phases but in our case the peaks are over-
lapping there. An intense signal is obtained
at 600-720 cm™! and attributed to the Co?*
ion in a tetrahedral oxygen coordination
(12). Besides cobalt, an «-Bi;M0;0;, dou-
blet at 665 and 715 cm™! and y-Bi;MoQOs
peaks on both sides of the signal at 545 and
740 cm™! (11) can appear. The peak at 340
cm~! is most probably to be attributed to
both Co?* ions (9) and y-Bi;MoOg (11). Mo-
lybdenum in a octahedral oxygen sur-
rounding gives a signal at 900-1000 and at
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960 cm~! according to Batist ef al. (2) and
to Forzatti et al. (13), respectively, and in
our spectrum there is a peak at 950 cm™!.
Therefore molybdenum is present both in
tetrahedral (800-830 cm™') and octahedral
(950 cm~!) oxygen surrounding.

Diffuse-reflectance spectra for the 0.3
atom Tl sample before and after use as a
catalyst are shown in Fig. 4. The presence
of tetrahedral and octahedral molybdenum
is confirmed by the unusually broad peak at
260 to 380 nm in the diffuse-reflectance
spectra of all samples of the catalyst (8,
14, 15). The spectra show the presence of
tetrahedral cobalt by a shoulder at 550-600
nm, an intense peak at 1350 nm and a weak
one at 2400 nm (/6). Some information is
possibly obtained about Ni, which as Ni2*
ion in an octahedral oxygen surrounding
produces signals at 700-725 nm (/6) and at
1350 nm, the latter overlapping with that of
Co?*. Ni?* ion in tetrahedral configuration
also gives a signal at 1350 nm, so because of
the overlapping we cannot infer whether
tetrahedral nickel is present in the catalyst
or not. Peaks attributed to O-H bonding in
the water molecule appear at 1380, 1850,
and 2100-2300 nm.

The used catalyst blackens when the re-
action occurs in the absence of air and
steam, probably due to reducing some of
the metal oxides. As a result, the diffuse-
reflectance spectra background increases
and the signal intensity is lowered for all
components. The decrease is very strong at
1350 nm, which indicates that Co?™ or Ni*™,
or both of them, are reduced to the mono-
valent state or to metallic Co and Ni.
Rushala et al. (17) have found reduction of
cobalt and appearance of Co,MoQ, for a
catalyst with general formula Ni(Co)
Mo, -3,,P, O, on treatment with propylene at
a high temperature in the absence of air.

DTA demonstrated the presence of two
exothermal effects at ca. 300 and 700°C,
and a small endothermal one at ca. 600°C
which is probably due to a sublimation of
free MoO; (14). The weight losses in TGA
varied from 2 to 4%. The decrease in weight
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FiG. 4. Diffuse-reflectance spectra of a catalyst containing 0.3 atom fraction T! before use (curve 1)
and after use (curve 2). {(a) Ultraviolet and visible region and (b) near-ir region.

occurs mainly up to 400°C, and is probably
due to dehydration.

Electron micrographs revealed porous
structure, which remained unchanged in
the used catalyst. Some particles (5-10 um)
of the catalyst were examined for distribu-
tion of the elements included in the catalyst
composition by an X-ray microanalyzer. It
was found that all elements were uniformly
distributed in the examined layer (up to 3
um depth) of the catalyst particles.

It can be concluded that a mixture of Ni
MOO4, COM004, FCMOO4, Fez(MOO4)3, -
Bi2MO30|2, ‘y-BizMOO(,, and T12M03010 1S
present on an amorphous SiO, support. No
data referring to phosphorus have been ob-
tained, owing to the fact that its amount in
the catalyst is very low and it is concealed
by the other components. Very probably
phosphorus is present as phosphate ions.
As compared to the other oxides in the cat-
alyst, the molybdenum and phosphorus ox-
ides show acidic properties and may serve
as centers of negative charge, while the re-
maining oxides serve as positive charge
centers. Since the phosphate ion possesses
more strongly acidic properties than the
molybdate ion, it will be neutralized before
the neutralization of the molybdate ions.
The electric charge balance will be given by
the sum of the positive Tl, Co, Ni, Fe, and
Bi charges, multiplied by the corresponding
amounts, this being set against that of the
negative (PO4)*~ and (MoO,)?~ ions. This
balance points to a surplus of negative
charge. The electric charge balance for the

catalyst with maximum activity and selec-
tivity (0.6 atom fraction T1) is as follows:

TI(+1)0.6 = 0.6

Co(+2)4 = 8 (PO,*~(—3)0.08 = —0.24
Ni(+2)45= 9 MoO)* (=2)12 = -24
Fe(+3)1 = 3 —24.24
Bi(+3)t = 3

23.6

Since no free charges can exist in the cata-
lyst, the surplus of negative charge indi-
cates that all oxides are present as phos-
phates and molybdates. A small part of
molybdenum is present as MoQOs.
Bielanski and Haber (18) in a study of the
catalytic properties of transition metal ox-
ides distinguish three groups of oxide cata-
lysts. The first group comprises oxides
characterized by a high concentration of
electron donor centers, which can supply
electrons for oxygen adsorption. The sec-
ond group of oxides has low concentration
of electron donor centers. The third group
is formed by mixed oxides in which oxygen
is present as an oxyanion with transition
metal ion in its highest oxidation state as
the central atom. The oxides of the first two
groups activate oxygen and adsorb it as
ionic radicals O~ and O3, forming peroxy
and epoxy-active complexes with the hy-
drocarbons and resulting in a complete oxi-
dation. The hydrocarbon molecules ad-
sorbed on oxides of the third group are
activated by the cations acting as oxidizing
agents. The lattice oxygen ion from this
group has the ability to be inserted into the
hydrocarbon. This is particularly favorable
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for selective hydrocarbon oxidation. Ac-
cording to the above classification our cata-
lyst belongs to the third group of oxide cat-
alysts in which the metallic cations are
situated in a tetrahedral or octahedral oxy-
gen surrounding. Layers of ions are formed
with those of oxygen anions and metallic
cations alternating.

Small amounts of Tl additives have a pro-
moting effect in the present catalyst. When
the Tl amount reaches 0.6 atom fraction,
some changes appear in the catalyst struc-
ture. X-Ray analysis shows that the amount
of v-Bi;)Mo0Qg increases, and this is accom-
panied by maximum activity and selectiv-
ity. There are already data in the literature
about various substances promoting the
formation of y-Bi:MoQg, namely BiPO,,
Fe,(M00y);, and Cry(MoQOy); (2). It was
found for Fe,Os;, Cr,0;, CuO, TeO,, and
Se0, that they promote the crystallization
of y-Bi;Mo0QO¢ and 8-Bi;M0,0 during cata-
lyst preparation (/9). In addition to the ef-
fects previously found for thallium, such as
lowering of the surface acidity, increase of
the amount of oxygen with optimal bond
energy for partial olefinic oxidation (4) and
formation of defects in the lattice (20), it
also probably favors the crystallization of
‘y-BizMOO6.

CONCLUSIONS

The elements listed in the catalyst com-
position are present as molybdates on an
amorphous SiO; support. A small amount
of molybdenum exists as free MoOs. Addi-
tion of 0.6 atom fraction thallium leads to
structural changes in the catalyst. During
the oxidative dehydrogenation of butene in
the absence of air some of the MoS* and
Fe3* ions are reduced.
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