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INTRODUCTION

Complex multicomponent oxide catalysts of various
compositions based on Bi, Fe, and Co molybdates cat-
alyze the partial oxidation of propylene to acrolein, the
oxidative ammonolysis of olefins, and the oxidation of
methanol to formaldehyde. Many researchers consid-
ered the nature of the activity and selectivity of com-
plex molybdate catalysts. At the Semenov Institute of
Chemical Physics, Russian Academy of Sciences,
Maksimov et al. [1] proposed a model for the action of
a Co–Mo–Bi–Fe–O catalyst for the partial oxidation of
olefins. According to this model, a multiphase system is
required for the operation of the complex catalyst. Each
particular phase is a catalyst for one of the steps of a
complex process: oxygen activation, olefin activation,
oxygen ion diffusion in the lattice, etc.

A relationship between the crystallographic struc-
ture and the catalytic properties of V–Mo oxide cata-
lysts was studied for the oxidative transformations of
olefins [2]. A number of phases based on molybdenum
oxide were detected. The phase composition changed
under the action of catalytic reaction and temperature.
A modifying additive of vanadium oxide stabilized the
active component—a hexagonal 
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 phase. Under
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phases were also formed. A monoclinic 
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phase, which participated in catalysis at 
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was detected. Nonstoichiometric 
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 phase nucle-

ation was also described by Kihlborg [3]. It is believed
that this nucleation occurs by the reaction
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 is lattice oxygen.
Previously [4, 5], we studied the crystal structure of

a multicomponent Co–Mo–Bi–Fe–K–Sb–O catalyst
and its activity and selectivity in the partial oxidation of
propylene to acrolein. The structure and activity of cat-
alysts from which some phases of the complex system
were absent (Fe or Bi molybdates) were also studied.
Because the role of the molybdenum oxide phase was
least known among various phases that constitute the
complex catalyst, we specially studied the effect of the
added amount of 

 

åÓé

 

3

 

 on the structure and activity of
this catalytic system. In general, the study provided
support for previous conclusions [1, 2] on the roles of
individual phases. The experimental results demon-
strated that molybdenum oxide in oxidized and reduced
forms was present in all of the catalysts; it is likely that
this oxide participated in the formation of an active sur-
face rather than serving as a simple buffer. The selectiv-
ity of the catalyst depended on bismuth molybdates,
whereas the activity depended on the oxidized and
reduced phases of iron molybdates. The reduction and
reoxidation of Bi and Fe molybdates and 

 

åÓé

 

x

 

occurred under conditions of catalysis.
In recent years, multicomponent catalysts based on

transition element molybdates have been studied in the
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Abstract

 

—The partial oxidation of isobutylene to methacrolein on a multicomponent multiphase Co–Mo–
Bi–Fe–Sb–K–O catalyst and on catalysts from which some components were absent was studied. Activity
and selectivity changes in the case of isobutylene oxidation were the same as in the oxidation of propylene;
however, the rate of propylene oxidation was higher than that of isobutylene oxidation. The X-ray diffraction
analysis of the catalysts before and after the reaction indicated the occurrence of a number of phases in the
samples: 
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 species. Under catalytic reaction conditions, redox phase transformations occurred. Iron molybdate
and molybdenum oxide phases underwent the largest transformations. Of two molybdenum oxide phases, a
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 phase with a structure of a crystallographic shift is formed in the course of catalysis, whereas the
second phase (

 

MoO
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) almost does not participate in catalysis and occurs in an excess.
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oxidative dehydrogenation of lower alkanes, the oxida-
tion of butane to maleic anhydride, and the oxidation of
methanol to formaldehyde rather than in the partial oxi-
dation of olefins to unsaturated aldehydes (see reviews
[6, 7]). The studies of crystal structure–catalytic activ-
ity relationships are in progress. A consideration of the
role of various bivalent metal (Co, Ni, and Fe) molyb-
date structures demonstrated that 

 

α

 

-molybdates can be
responsible for the high activity of molybdate catalysts
and 

 

β

 

-molybdates can be responsible for selectivity in
partial oxidation. The relative concentrations of 

 

β

 

-

 

 and

 

α

 

-molybdates affect the ratio between redox processes
in a complex system. An excess of the 

 

åÓé

 

3

 

 phase
increased the rate of a reoxidation step [8, 9]. Accord-
ing to Li et al. [10], the incorporation of molybdenum
oxides into the lattice of 

 

Fe

 

2

 

(MoO

 

4

 

)

 

3

 

 increases catalytic
activity; however, there are no direct data on the inser-
tion of 

 

åÓé

 

3

 

 into molybdate lattices. Electron-micro-
scopic data indicated that molybdate small crystals
occurred over larger 

 

åÓé

 

3

 

 crystals. Alkali metal
(K and Cs) additives also facilitated catalyst reoxida-
tion; however, unlike 

 

åÓé

 

3

 

, alkali metal ions remained
on the surface and did not enter into bulk phases in this
case.

The activity and selectivity of the Co–Mo–Bi–Fe–
K–Sb–O complex catalyst was studied in the oxidation
of isobutylene to methacrolein [11, 12]. It was found
that selectivity decreased as the iron molybdate phase
content of the catalyst was increased, that is, as the
amount of active oxygen increased. These phases are
responsible for the sorption and activation of oxygen.
Bismuth molybdate is a phase responsible for the
adsorption of isobutylene. The presence of this phase in
the complex catalyst resulted in hindered oxygen trans-
port; because of this, selectivity for acrolein increased.
The stepwise mechanism of partial isobutylene oxida-
tion was studied using a pulse technique. Methacrylic
acid, propylene, acrolein, CO, and acetic acid were
detected in reaction products in addition to methac-
rolein and 

 

ëé

 

2

 

.

In this work, we continued a study of the oxidation
of isobutylene to methacrolein on the Co–Mo–Bi–Fe–
K–Sb–O complex oxide catalyst, which was studied
previously [4, 5] as a catalyst for propylene oxidation to
acrolein. The final aim was to determine the roles of
individual phases of the multicomponent system in
catalysis. Along with the catalyst that contained all of
the components corresponding to the specified formula,
we also studied systems from which some of the com-
ponents (Fe or Bi molybdates) were absent, as well as
catalysts containing various amounts of molybdenum.
As a continuation of previous studies [11, 12], we spe-
cially examined the effect of the 

 

åÓé

 

3

 

 phase on the
activity, selectivity, and structure of the complex cata-
lyst. The experimental results were compared with data
for propylene oxidation [4, 5].

EXPERIMENTAL

Catalytic tests were performed in a quartz flow reac-
tor 12 mm in diameter and 120 mm in length with a
thermocouple well 5 mm in diameter. A catalyst frac-
tion of particle size 0.5–1 mm was placed on quartz
gauze at the bottom part of the reactor. The catalyst bed
volume was 1.5 cm

 

3

 

 (1.02–1.12 g). The free volume of
the reactor was filled with broken quartz. A gas mixture
was supplied with a gas flow controller, and electric
heating was controlled using a Minitherm 300 temper-
ature regulator. The flow rate of the initial mixture of
5% isobutylene in air was 10–30 cm

 

3

 

/min, which corre-
sponded to a contact time of 3–9 s.

The hot reaction flow passed through the catalyst
bed and immediately arrived at a six-way valve to
exclude the condensation of high-boiling components.
The six-way valve was arranged in a chromatograph
oven heated to 

 

140°ë

 

 in order to switch flows before
and after the reactor. Next, the reaction flow was dis-
tributed over three six-wave valves with sample loops,
which were arranged in the same oven. Analysis for
hydrocarbons was performed with the use of a flame-
ionization detector and a column 0.4 m in length and
5 mm in diameter packed with Porapak QS at 

 

140°ë

 

.
Oxygen and carbon monoxide were separated for anal-
ysis on a column 2 m in length and 3 mm in diameter
packed with molecular sieves 5A at 90

 

°

 

 and detected
using a thermal-conductivity detector; carbon dioxide
was determined on a column 3 m in length and 3 mm in
diameter packed with Porapak T at 90

 

°

 

 (thermal-con-
ductivity detector).

The concentrations of isobutylene, carbon monox-
ide, and carbon dioxide were quantitatively evaluated
by comparing the chromatographic peaks of reaction
mixture samples and specially prepared reference mix-
tures for each of the above substances. Aqueous solu-
tions of pure acetic and methacrylic acids were used for
calibration with these substances. Because of the low
stability of methacrolein due to polymerization, a cal-
culation procedure was used based on the conversion of
isobutylene on a highly selective catalyst at a reactor
temperature that resulted in the practical absence of
other reaction products.

The catalysts were prepared in accordance with a
procedure described elsewhere [4]. The same catalysts
as those described previously [5] were prepared.

X-ray diffraction analysis was performed on a mod-
ified DRON-3 X-ray diffractometer (filtered 

 

ëu

 

K

 

α

 

 radi-
ation). The accuracy of measurements was 

 

±

 

3.5%

 

. Dif-
fraction spectra were compared with reference sam-
ples, ASTM data files for powder materials, and
published data and treated using a number of mathe-
matical programs. The measurements were performed
before and after catalytic activity tests.

The samples were placed in the same cell of amor-
phous silica 10 mm in diameter and 1 mm in depth. The
same catalyst volume was taken for measurements,
whereas the catalyst weight changed depending on both
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the elemental composition of the sample and the degree
of packing and dispersity. Crystallite sizes changed
only slightly, as judged from the halfwidths of corre-
sponding X-ray peaks.

All of the calculations were performed with refer-
ence to the base line of 

 

β

 

-ëÓåÓé

 

4

 

 (

 

d

 

 = 3.360–3.370 

 

Å

 

)

 

as the most intense line for all of the samples and stable
under catalysis conditions. It was noted previously [2,
13] that this phase has the polymorphic modification
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, which is formed from 
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 under
mechanical action. However, the heating of
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 resulted in the opposite effect, the conver-
sion of the 
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 phase to the 
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 phase:
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.

 

In some cases, normalization for calculating intensity
was performed using the total intensities before and
after catalysis. The total intensity was retained to within

 

±

 

3.5%.

RESULTS AND DISCUSSION

Of the tested catalysts, the
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 catalyst, which was stud-
ied previously in the partial oxidation of propylene [5],
was most active and selective in the partial oxidation of
isobutylene. Table 1 summarizes the results of a study
of the dependence of the activity and selectivity of this
catalyst on contact time and temperature. The total con-
version of isobutylene increased with temperature over
the range 

 

320–360°ë

 

 and changed only slightly with
contact time above 

 

340°ë

 

. The selectivity for methac-
rolein (

 

S

 

MA

 

) decreased with contact time. A maximum
value of 

 

S

 

MA

 

 was observed at 

 

340–360°ë

 

 (contact time
of 3–6 s), and a maximum yield of methacrolein (

 

Y

 

MA

 

)
was observed at 

 

360°ë

 

 and a contact time of 3 s.
Acrolein and acrylic acid were present in reaction prod-
ucts in addition to methacrolein, CO, 

 

ëé

 

2

 

, methacrylic
acid, and acetic acid; because of this, the overall bal-
ance on products was somewhat lower than 100%.

pressure

temperature

A comparison with analogous data obtained on the
same catalyst for the partial oxidation of propylene to
acrolein [4] demonstrated that (1) corresponding char-
acteristics for propylene oxidation were reached at a
temperature 20–30 K lower than that for isobutylene
oxidation and (2) the selectivity of propylene oxidation
to acrolein at 290–350°ë was higher than that for
isobutylene oxidation to methacrolein.

Next, it was of interest to study the oxidation of
isobutylene on catalysts that do not contain a base com-
ponent of the multicomponent catalyst (Bi or Fe molyb-
dates) and thus to change the conditions of formation of
various phases. The removal of bismuth oxide from the
catalyst caused a dramatic decrease in methacrolein
selectivity: from 80–88 to 24–26% at 320°ë and from
54–60 to 8–12% at 380°ë. In this case, the conversion
of isobutylene increased from 8–10 to 17% at 320°ë
and from 68 to 92–95% at 380°ë. The removal of iron
oxide resulted in opposite effects: at 380°ë, the selec-
tivity increased to 59–63% and the conversion
decreased to 60%. Qualitatively, analogous regularities
were also observed in the oxidation of propylene to
acrolein: molybdenum oxide and iron molybdate are
responsible for activity, whereas bismuth molybdate is
responsible for selectivity for unsaturated aldehydes.

We studied activity and selectivity changes in the
oxidation of isobutylene to methacrolein depending on
the åÓé3 content of the catalyst at 340 and 360°ë. The
ratio between molybdenum oxide and the other compo-
nents in the samples was retained equal to that in the
most selective Co–Mo–Bi–Fe–O catalyst additionally
containing Sb and K (see Table 1). As can be seen in
Fig. 1, a maximum selectivity in the oxidation of isobu-
tylene to methacrolein was observed at a molybdenum
content of 11–12 atoms (in terms of the empirical for-
mula). The selectivity dramatically increased at a
molybdenum content of greater than 12. A maximum
activity in the oxidation of isobutylene and the highest
yield of methacrolein were found in the åÓ11 system at
340°ë and in the åÓ12 system at 360°ë. The changes

Table 1.  Dependence of selectivity on temperature and contact time in the oxidation of isobutylene on the multicomponent
catalyst Co6Mo12Bi0.75Fe3Sb0.1K0.1Ox

Contact
time, s T, °C , % SCé, % , % SMA, % YMA, % SMAA, % SAA, % Balance, %

9 320 32.1 0.0 7.6 71.5 23.1 1.0 1.5 94.1
340 57.4 0.0 11.7 46.5 81.0 1.3 0.1 97.4
360 93.0 2.5 23.0 66.5 61.8 1.7 1.5 96.2
380 94.1 4.1 25.6 57.7 54.3 1.6 2.2 91.8

6 320 23.7 0.0 20.8 65.3 15.5 0.7 1.1 96.3
340 63.8 0.0 8.1 87.7 55.9 1.1 1.1 99.9
360 96.8 2.5 13.6 79.5 77.0 1.8 1.9 99.4

3 320 13.7 0.0 17.2 85.9 11.7 0.0 1.7 98.5
340 40.5 0.5 5.7 95.0 36.1 1.3 0.7 99.2
360 97.8 4.3 5.6 86.0 84.1 1.6 1.7 99.1

Note: X is conversion, S is selectivity, Y is yield, MAA is methacrylic acid, MA is methacrolein, and AA is acetic acid.

XC4H8
SCO2
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in activity and selectivity were approximately the same
as those in the oxidation of propylene on the same cat-
alysts. However, the overall activity and selectivity
were several percent lower and the temperature at
which corresponding characteristics for isobutylene
oxidation were reached was 10–30 K higher than those
for propylene oxidation.

Table 2 summarizes the results of the X-ray diffrac-
tion analysis of samples before and after the reaction of
isobutylene oxidation performed on these samples. It
can be seen in Table 2 that the initial samples consisted
of the α and β phases of cobalt molybdate, trivalent iron
molybdate Fe2(MoO4)3, and rhombic-system bismuth
molybdates Bi2O3 · xMoO3, where x = 1–3. The forma-
tion of a nonstoichiometric β-åÓ4é11 oxide occurred
only in the course of the catalytic reaction in samples
with Mo contents of no higher than 12. The formation
of this phase almost did not occur as the Mo content
was increased. The most detectable amount of this
phase was observed in the samples containing 11–12
Mo atoms. These samples exhibited the highest activity
in isobutylene oxidation. Under reaction conditions, the
phase transformations of Co, Bi, and Fe molybdates
occurred along with the reduction of åÓé3.

The experimental data on the redox rearrangement
of catalyst phases under catalytic reaction conditions
are consistent with the results of our previous studies
and with published data [1–12]. The trivalent iron
molybdate Fe2(MoO4)3 can be converted into bivalent
β-FeMoO4, and cobalt molybdate α-ëÓåÓé4 can be
converted into β-ëÓåÓé4 [1, 11]. The β-FeMoO4
molybdate is isostructural to β-ëÓåÓé4. The former
molybdate is difficult to detect in a complex catalyst by
X-ray diffraction analysis because the lattice parame-
ters of both of the molybdates are similar: they are ‡ =
10.21 Å, b = 9.27 Å, and c = 7.02 Å and β = 106°56' for
β-FeMoO4 and a = 10.29 Å, b = 9.39 Å, and c = 7.07 Å
and β = 106°31' for β-FeMoO4 [14]. Therefore, we can-
not separate a signal due to β-FeMoO4. Complex struc-
ture rearrangements occurred in bismuth molybdates.
Under conditions of catalysis, the following three
phases were observed: Bi2O3 · MoO3, Bi2O3 · 2MoO3,
and Bi2O3 · 3MoO3. In this case, the molybdate with
one åÓé3 molecule can be converted into the molyb-
dates with two and three åÓé3 molecules under reac-
tion conditions.

A special feature of the three bismuth molybdates is
that the most intense reflections occur within a narrow
range of interplanar spacings d = 3.17–3.19 Å. These
molybdates were identified with consideration for other
interplanar spacings for each particular phase. In the
presence of the iron molybdate Fe2(MoO4)3, the ternary
compound Bi2Fe2Mo2O12 can be formed.

Rhombic and hexagonal molybdenum oxides and
many nonstoichiometric molybdenum oxide phases,
which are absent from the initial samples, play an active
role in the redox rearrangements of the catalyst. The
simple calcination of the rhombic phase in air resulted
in its reduction to åÓé2 at 550–650°ë, whereas the
β-åÓ4é11 phase was formed at a temperature lower by
200 K under catalytic reaction conditions. This was
likely due to the fact that, in the structure of rhombic
åÓé3, the coordination of the Mo atom is intermediate
between octahedral and tetrahedral with four neighbor-
ing atoms at a distance of 1.67–1.95 Å and two atoms
at longer distances of 2.25 and 2.33 Å, which supple-
ment the coordination to an octahedron. The rhombic
phase of åÓé3 is considered as a structure consisting
of åÓé4 tetrahedrons bound by oxygen vertexes to the
nearest tetrahedrons. As a result, chains are formed
along the c axis. In the structure of åÓé3, these chains
are assembled in layers to increase the coordination
number of Mo to five. In turn, the layers are arranged in
pairs to form infinite packets with an increase in Mo
coordination to six in a distorted octahedral structure
[1, 11, 15].

Nucleation on reduction is characteristic of nonsto-
ichiometric molybdenum oxides with the general for-
mula MonO3n – 1 in the order åÓé3  åÓé2; this
nucleation leads to crystallographic shift structures
rather than to the formation of vacancies [3]. Polyhe-
drons are joined with compression in a certain direc-
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Table 2.  Phase composition of multicomponent catalysts for isobutylene oxidation to methacrolein

Catalyst
Before operation After operation

phase composition d I I1 phase composition d' I2 I3

Co8Mo9Fe3Bi0.75Ox α-CoMoO4 3.130 55 21 α-CoMoO4 3.143 54 21
β-CoMoO4 3.356 100 39 β-CoMoO4 3.371 100 39
Fe2(MoO4)3 3.857 38 14 Fe2(MoO4)3 3.870 31 12
Bi2O3 · MoO3 3.167 35 15 Bi2O3 · 2MoO3 3.180 36 14
MoO3 3.805 30 11 MoO3 3.831 31 12

β-Mo4O11 3.831 5 2
Co8Mo10Fe3Bi0.75Ox α-CoMoO4 3.128 62 23 α-CoMoO4 3.143 84 27

β-CoMoO4 3.368 100 37 β-CoMoO4 3.173 100 32
Fe2(MoO4)3 3.870 32 12 Fe2(MoO4)3 3.877 28 9
Bi2O3 · 2MoO3 3.178 52 19 Bi2O3 · MoO3 3.180 56 18
MoO3 3.818 28 9 MoO3 3.811 34 11

β-Mo4O11 3.931 8 3
Co8Mo11Fe3Bi0.75Ox α-CoMoO4 3.127 79 27 α-CoMoO4 3.138 76 23

β-CoMoO4 3.358 100 34 β-CoMoO4 3.371 100 30
Fe2(MoO4)3 3.867 38 13 Fe2(MoO4)3 3.873 43 13
Bi2O3 · MoO3 3.169 48 17 Bi2O3 · MoO3 3.178 49 15
MoO3 3.831 25 9 MoO3 3.824 35 11

β-Mo4O11 3.991 25 8
Co8Mo12Fe3Bi0.75Ox α-CoMoO4 3.125 78 25 α-CoMoO4 3.136 76 22

β-CoMoO4 3.358 100 31 β-CoMoO4 3.368 100 29
Fe2(MoO4)3 3.863 60 19 Fe2(MoO4)3 3.873 54 16
Bi2O3 · 3MoO3 3.180 55 17 Bi2O3 · 3MoO3 3.193 60 17
MoO3 3.776 25 8 MoO3 3.831 38 11

β-Mo4O11 4.003 18 5
Co8Mo13Fe3Bi0.75Ox α-CoMoO4 3.132 57 22 α-CoMoO4 3.138 280 24

β-CoMoO4 3.361 100 39 β-CoMoO4 3.368 100 31
Fe2(MoO4)3 3.853 35 14 Fe2(MoO4)3 3.870 49 15
Bi2O3 · 3MoO3 3.178 39 15 Bi2O3 · 2MoO3 3.178 57 17
MoO3 3.818 26 10 MoO3 3.821 41 13

β-Mo4O11 0 0 0
Co8Mo15Fe3Bi0.75Ox α-CoMoO4 3.127 55 19 α-CoMoO4 3.136 56 19

β-CoMoO4 3.361 100 35 β-CoMoO4 3.368 100 37
Fe2(MoO4)3 3.870 45 16 Fe2(MoO4)3 3.877 38 13
Bi2O3 · 3MoO3 3.182 49 17 Bi2O3 · 3MoO3 3.191 48 16
MoO3 3.798 34 13 MoO3 3.834 35 11

β-Mo4O11 3.987 0 0
Co8Mo12Fe3Bi0.75Ox + K, Sb α-CoMoO4 3.140 39 17 α-CoMoO4 3.145 60 20

β-CoMoO4 3.358 100 43 β-CoMoO4 3.373 100 34
Fe2(MoO4)3 3.857 34 15 Fe2(MoO4)3 3.870 42 14
Bi2O3 · MoO3 3.171 31 13 Bi2O3 · 3MoO3 3.195 38 13
MoO3 3.808 29 12 MoO3 3.811 31 11

β-Mo4O11 4.004 24 8
Co8Mo12Fe3Ox α-CoMoO4 3.136 45 20 α-CoMoO4 3.145 53 20

β-CoMoO4 3.366 100 45 β-CoMoO4 3.371 100 37
Fe2(MoO4)3 3.870 46 20 Fe2(MoO4)3 3.880 47 17
MoO3 3.821 33 15 MoO3 3.824 37 14

β-Mo4O11 3.927 32 12
Co8Mo12Bi0.75Ox α-CoMoO4 3.123 62 26 α-CoMoO4 3.140 66 24

β-CoMoO4 3.356 100 40 β-CoMoO4 3.371 100 37
Bi2O3 · 3MoO3 3.178 48 20 Bi2O3 · 3MoO3 3.191 53 19
MoO3 3.795 33 14 MoO3 3.821 39 14

β-Mo4O11 3.931 20 7
Note: d and d' are interplanar spacings corresponding to the most intense main line for samples before and after the reaction, respectively;

I and I1 are the intensities of the main line before and after operation, respectively, as percentages of the line intensity of β-CoMoO4;
I2 and I3 are the intensities of the main line before and after operation, respectively, as percentages of the total intensity.

* In this sample, the occurrence of an additional phase of a ternary compound like Bi2Fe1Mo2Fe1O12 with d = 3.193 Å cannot be excluded.

Oy*
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tion. The appearance of a crystallographic shift con-
serves the phase with high structural organization but
with a considerable deviation from stoichiometry. In
this case, the neighboring octahedrons share not only
vertexes but also edges. In the course of reduction, a sit-
uation occurs when the plane of oxygen ions disappears
from the oxide surface and the neighboring rows of cat-
ions collectively migrate to octahedral holes. As a
result, a plane of crystallographic shift appears on the
surface of åÓé3 crystals and the subsequent coopera-
tive diffusion results in the penetration of this plane
from the surface deep into the crystal.

Knorr and Müller [16] supported the occurrence of
mixed-valence Mo ions in the monoclinic phase of
β-åÓ4é11. In this structure, four independent molybde-
num sites were detected; they are surrounded by both a
tetrahedron (åÓ1) with similar Mo–O bond lengths
(on average, 1.76 Å) and octahedral åÓ2−åÓ4. In the
octahedral structure, bond lengths vary over a consider-
able range of 1.75–2.10 Å. This makes it possible to
form a layered structure with molybdenum valence
from five to six.

Distortions of this kind were also observed in
another nonstoichiometric oxide modification—orthor-
hombic γ-åÓ4é11, which also has four independent
sites [17]. In this phase, distances in a tetrahedron, on
average, are retained equal to 1.75–1.76, whereas the
Mo–O bond length in an octahedron increases to 1.75–
2.15 Å. The above suggests a labile structure of the
main phase of åÓé3, which can easily lose oxygen, for
example, for the formation of catalytic reaction prod-
ucts and a labile reduced oxide depending on condi-
tions. Mixed-valence molybdenum and shear deforma-
tions facilitate the migration of molybdenum deep into
the structure and the removal of oxygen in the course of
a catalytic act. In our experiments on isobutylene oxi-
dation, the nonstoichiometric β-åÓ4é11 phase was
formed at much lower temperatures (as compared with
the calcination of åÓé3) of 350–450°ë, at which the
catalytic reaction of olefin oxidation actively occurs.

Thus, a multiphase structure, which is required for
the appearance of catalytic activity, is formed in the
samples under the reaction conditions of olefin oxida-
tion on complex Co–Mo–Bi–Fe catalysts. The β-
ëÓåÓé4 phase occurs in combination with iron and
bismuth molybdates and molybdenum oxides. The
experimental results support our previous hypothesis
[5] that the following two molybdenum oxide phases
are formed under conditions of oxidative catalysis:
reduced (åÓ4é11) and oxidized (åÓé3) phases. The
former phase, a crystallographic shift structure, can

participate in the formation of an interface (plane) with
iron molybdates on which catalysis takes place; the lat-
ter phase is in excess and does not participate in cataly-
sis.
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