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INTRODUCTION

Propane ammoxidation to acrylonitrile is one of the
promising processes of organic synthesis due to its low
cost, the accessibility of the starting materials, and the
broad commercial use of acrylonitrile [1]. Therefore,
for the last 30 years, a search for a highly efficient cat-
alyst for this process has been underway. From 1970,
many patents and research publications have been
devoted to the development and study of new catalysts.
It has been shown that antimony-containing catalysts
show high activities and selectivities in propane
ammoxidation [1–13].

Vanadium–antimony catalysts, binary or alumina-
supported, are the most studied. These are mixtures of
vanadium antimonate rutile phases and antimony oxide

 

α

 

-Sb

 

2

 

O

 

4

 

 [1, 3–13]. Structural studies of these catalysts
by high-resolution electron microscopy [13] showed
that antimony oxide, which is a component of vana-
dium–antimony catalysts, is a nanostructured material,
because a single particle of this oxide consists of alter-
nating regions of different modifications: 

 

α

 

-Sb

 

2

 

O

 

4

 

 and

 

β

 

-SbO

 

4

 

. The yield of acrylonitrile on these catalyst is
~20% (single pass) or ~35–39% (recycle).

It is known that Sn–Sb–O [14], Sn–V–Sb–O [15–
17], Ni–V–Sb–O [2], and Ga–Sb–O [18–22] catalysts
are also active in propane ammoxidation. The proper-
ties of multiply promoted Ga–Sb–Ni–P–

 

M

 

 (

 

M

 

 = La,
Mo, and W) catalysts were described in [23–25]. These
are active and selective in the ammoxidation of the pro-
pane–propylene mixtures containing 4.5% propane and
0.5% propylene. The highest acrylonitrile yield (~50%)
is achieved when the catalyst contains tungsten.
According to Burylin 

 

et al.

 

 [24], these catalysts are pre-
pared by coprecipitation with ammonia from the salts
of initial components and contain three phases: gallium

antimonate, nickel antimonate, and X-ray amorphous
P–Sb compound.

It is known that the preparation procedure substan-
tially affects the extent of interaction between the com-
ponents and the phase composition, especially in the
case of multicomponent systems. In connection with
this, it is interesting to study the phase composition and
structure of multicomponent Ga–Sb–Ni–P–W–O/SiO

 

2

 

catalyst prepared by the mixing method. This method is
promising for environmental reasons because it elimi-
nates sewage containing antimony and other heavy
metals involved in the catalyst composition.

This paper deals with the structure of the multicom-
ponent oxide Ga–Sb–Ni–P–W–O/SiO

 

2

 

 catalyst
obtained by the mixing method and its catalytic proper-
ties in propane ammoxidation.

EXPERIMENTAL

A 

 

Ga

 

1

 

Ni

 

1

 

P

 

2

 

W

 

0.5

 

Sb

 

6

 

O

 

x

 

/SiO

 

2

 

 catalyst containing
30 wt % 

 

SiO

 

2

 

 was prepared by mixing an X-ray amor-
phous P–Sb compound with a Sb : P ratio of 3 : 1 with
aerosil 

 

SiO

 

2

 

 and solutions of the following salts: gal-
lium nitrate, nickel nitrate, and ammonium tungstate.
The resulting suspension was dried in an Anhydro-type
spray drier to obtain powder, which was then pelletized
and ground to obtain a 1.0–0.5 mm fraction. The latter
was dried in air at 

 

110°C

 

 for 12 h and calcined in a muf-
fle furnace at 

 

750°C

 

 for 4 h.
A sample of pure gallium antimonate 

 

GaSbO

 

4

 

 was
prepared by coprecipitation from a solution of gallium
nitrate and antimony pentachloride with an ammonia
solution at constant pH 7 and 

 

70°C

 

. The precipitate was
washed with distilled water, dried in air to the air-dry
state and then in a desiccator at 

 

110°C

 

, and calcined in
air at 

 

750°C

 

 for 4 h.
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Abstract

 

—The structure of the multicomponent catalyst 

 

Ga

 

1

 

Ni

 

1

 

P

 

2

 

W

 

0.5

 

Sb

 

6

 

O

 

x

 

/SiO

 

2

 

 and its catalytic properties
in propane ammoxidation are studied. The catalyst is nanostructured and consists of noncoherently spliced
blocks of a multiply promoted phase with a structure of gallium antimonate, which covers 

 

SiO

 

2

 

 particles with
a thin layer. In the multiply promoted compound with a structure of gallium antimonate, 

 

Ni

 

2+

 

 ions partially sub-
stitute for 

 

Ga

 

3+

 

 and 

 

W

 

6+

 

 ions partially substitute for 

 

Sb

 

5+

 

. This leads to an increase in the crystalline lattice
parameters 

 

a

 

 and 

 

c

 

. Phosphate ions are stabilized in the region of block interfaces. The catalyst is characterized
by high efficiency in propane ammoxidation.
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P–Sb samples with different P : Sb ratios were pre-
pared according to the procedure described in [26].

X-ray analyses of the samples were carried out
using a URD-63 diffractometer (

 

Cu

 

K

 

α

 

 radiation)
equipped with a graphite monochromator. XRD pat-
terns were obtained by scanning with a step of 

 

0.05°

 

and a signal accumulation time of 20 s in the range of
angles 

 

20°–90°

 

. Lattice parameters were refined by the
least-squares method (10 signals) using a program [27].
The size of coherent scattering regions (CSR) was esti-
mated according to the Selyakov–Shearer formula [28]
using diffraction peak 1.1.0.

Electron microscopic studies were carried out using
a JEM-2010 instrument with a resolution of 0.14 nm
and an accelerating voltage of 200 kV.

IR spectra were recorded with a BOMEM MB-102
spectrometer. The sample for IR measurements were
prepared according to the standard procedure: pellets
were prepared that contained 2 mg of the catalyst and
500 mg KBr.

Diffuse-reflectance electron spectra were recorded
using a two-beam UV-2501 PC spectrophotometer
(Shimadzu) at wavelengths of 190–900 nm.

ESR spectra were recorded using a JES-3BX instru-
ment at 77 and 300 K using DPPG as the standard.

The samples were tested in propane ammoxidation
to acrylonitrile in a U-shaped Pyrex reactor with a
height of 190 mm and a diameter of 5 mm. The catalyst
sample (a 0.50–0.25 mm fraction) with a bed length-to-
diameter ratio of 20–25 was heated in the flow of the
reaction mixture to 

 

550°ë

 

. The reaction mixture
contained (vol %): 

 

4.5 C

 

3

 

H

 

8

 

, 0.5 C

 

3

 

H

 

6

 

, 12 NH

 

3

 

,
0.04 C

 

2

 

H

 

5

 

Br, 18.6 O

 

2

 

,

 

 and 64.3 He. The components of
the reaction mixture were analyzed by chromatogra-

phy. Hydrocyanic acid was analyzed by titration with
silver nitrate.

RESULTS AND DISCUSSION

According to XRD data, the

 

Ga

 

1

 

Ni

 

1

 

P

 

2

 

W

 

0.5

 

Sb

 

6

 

O

 

x

 

/SiO

 

2

 

 catalyst consists of one
phase. This is a gallium antimonate compound with a
rutile structure [29]. Figure 1 shows the XRD pattern of
the catalyst, and it can be seen that there are no peaks
corresponding to other phases.

Measurements of the lattice parameters of the stud-
ied catalyst showed that parameters 

 

a

 

 and 

 

c

 

 are higher
than the corresponding parameters of gallium anti-
monate (Table 1). This can be due to the fact that 

 

Ga

 

3+

 

or 

 

Sb

 

5+

 

 cations in the gallium antimonate are replaced
by other cations with larger radii or to the formation of
intercalation solid solution. The size of CSR of the mul-
ticomponent catalyst is 11 nm.

Figure 2 shows the diffuse-reflectance electron
spectra of the studied catalyst and pure 

 

GaSbO

 

4

 

. Two
regions of absorption can be seen in the spectrum of the

 

Ga

 

1

 

Ni

 

1

 

P

 

2

 

W

 

0.5

 

Sb

 

6

 

O

 

x

 

/SiO

 

2

 

 catalyst: weak bands in the
low-frequency region at 13000 and 15000 cm

 

–1

 

(Fig. 2a) and a band in the margin of the UV region at
31000 cm

 

–1

 

. The bands at 13000 and 15000 cm

 

–1

 

 are
characteristic of 

 

d

 

–

 

d

 

 transitions of 

 

Ni

 

2+

 

 ions in the octa-
hedral coordination [30]. According to [30], the ground
state of the free Ni

 

2+

 

 ion (

 

d

 

8

 

) is the term 

 

3

 

F

 

, whereas in
the crystalline field of the octahedral coordination, the
main term is 

 

3

 

A

 

2

 

g

 

. Therefore, three spin-allowed transi-
tions are observed: 

 

3

 

A

 

2

 

g

 

  

 

3

 

T

 

2

 

g

 

, 

 

A

 

2

 

g

 

  

 

3

 

T

 

1

 

g

 

,

 

3

 

A

 

2

 

g

 

  

 

3

 

T

 

1

 

g

 

 (

 

P

 

). These transitions are superim-
posed on spin-forbidden transitions 3A2g  1Eg and
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Fig. 1. XRD patterns of the Ga1Ni1P2W0.5Sb6Ox/SiO2 catalyst.
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3A2g  1T2g. The valence transition 3A2g  3T2g is in
the region of frequencies below 10000 cm–1 and cannot
be observed in our experimental conditions, whereas
the transition 3A2g  1T2g is weak and cannot be seen
distinctly. Analysis of experimental data for the d–d
transition for metal ions in an octahedral oxygen envi-
ronment [31] shows that the apparent absorption bands
of the Ni2+ ion are due to the transitions 3A2g  1Eg

(13000 cm–1) and 3A2g  3T1g (15000 cm–1). The tran-
sition 3A2g  3T1g (P) is in the UV range for this cata-
lyst and is superimposed on the margin of rutile absorp-
tion range.

Analysis of the UV range of the spectrum of the
Ga1Ni1P2W0.5Sb6Ox/SiO2 catalyst and pure GaSbO4
(rutile) shows that the proper absorption edges practi-
cally coincide for these samples near 31000 cm–1,
which is typical of all rutile compounds [30]. These
data confirm the results of XRD analysis suggesting
that a rutile compound is formed in the multicompo-
nent catalyst.

The ESR spectrum of tungsten ions did not contain
signals from W5+ ions. Therefore, tungsten is in the
state of W6+.

Based on diffuse-reflectance electron spectroscopic
and ESR data, we assume that the Ni2+ ions are in octa-
hedral coordination in the multicomponent catalyst and
substitute for the Ga3+ ions, which also have an octahe-
dral environment in the structure of gallium anti-
monate. Because the ionic radius of Ni2+ (0.69 Å) is
larger than the radius Ga3+ (0.62 Å) [32], the substitu-
tion of 0.62 Å for gallium ions leads to an increase in
the lattice parameters of gallium antimonate. This
agrees with XRD data. Proceeding from the fact that
Sb5+ and W6+ have similar octahedral oxygen environ-
ments and their radii are the same (0.62 Å) [32], we
assume that the W6+ ions partially substitute for Sb5+ in
the structure of gallium antimonate. Moreover, the
above substitutions in the structure of a compound
based on gallium antimonate preserve the overall elec-
troneutrality of the system.

Figure 3 shows the IR spectra of the initial
Ga1Ni1P2W0.5Sb6Ox/SiO2 catalyst (spectrum 2), SiO2
calcined at the same temperature as the catalyst (spec-
trum 1), the difference spectrum of the catalyst and sup-
port (spectrum 3), and the spectrum of GaSbO4. In the
difference spectrum (3), the absorption bands of SiO2 at
1110, 807, and 474 cm–1 are nearly compensated, and
we can reliably determine bands at 1006, 966, 883, 733,
700, 644, 562, and 331 cm–1. Bands at 1162 and
480 cm–1 were determined less reliably, because an
error in spectrum subtraction increases at the contours
of intense bands. The difference spectrum (3) compared
to the spectrum of pure gallium antimonate (4) shows
that the main bands shift toward higher frequencies in
the range of 500–780 cm–1. This fact may point to a
change in the M–O bond length in the multiply pro-
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Fig. 2. Diffuse-reflectance electron spectra of (1) the Ga1Ni1P2W0.5Sb6Ox/SiO2 catalyst and (2) GaSbO4. (a) The region of spectrum 1 at

12000–16000 cm–1.

Table 1.  Crystalline lattice parameters of for GaSbO4 and
the Ga1Ni1P2W0.5Sb6Ox/SiO2 catalyst

Sample a, Å c, Å

GaSbO4 4.600 3.034

Ga1Ni1P2W0.5Sb6Ox/SiO2 4.658 3.052
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moted catalyst with a structure of gallium antimonate
compared to pure gallium antimonate.

The difference spectrum also shows rather intense
bands at 1162, 1006, 966, and 883 cm–1 in a range that
is not typical of the structural type of gallium anti-
monate. Note that these bands do not coincide with
those observed in the spectra of gallium and nickel
phosphates [33]. To identify these bands, we recorded
the spectra of model P–Sb–O samples with different
Sb : P ratios. Figure 4 shows that a group of bands at
1250–890 cm–1 is certainly assignable to the stretching
vibrations of the PO4 tetrahedron. The band at
1250 cm–1 for the sample with substantial phosphorus
excess (Sb : P = 1 : 2, spectrum 1) suggests that the PO4
tetrahedron is strongly distorted like HPO4. Many
bands in the range 1250–890 cm–1 and comparable
intensities of bands at 1117–1082 and 1030–1040 cm–1

for P–Sb samples point to the presence of PO4 tetrahe-
drons of two types (with longer and shorter P–O
bonds). The low-frequency component (950–1070 cm–1)
can be assigned to antimony phosphate with a high
probability.

The band at 880–810 cm–1 is most likely due to the
stretching vibrations of the P–O–Sb groups. The bands

at 660–460 cm–1 belong to the deformational vibrations
of PO4 groups and to the stretching and deformational
vibrations of Sb–O bonds. Note that, the sample with
Sb : P = 15 : 1, which contains a significant excess of
antimony, has absorption bands at 290, 367, 447, 498,
528, 610, 670, 745, and 762 cm–1, which correspond to
the spectrum of Sb2O4 [33].

Comparison of the spectra for the catalyst, pure gal-
lium antimonate, and model P–Sb samples shows that
the multicomponent catalyst contains a compound with
a structure of gallium antimonate in which the lengths
of M–O bonds are changed compared to pure gallium
antimonate. The presence of PO4 and P–O–Sb groups
suggests the stabilization of phosphate ions in the cata-
lyst structure.

The electron microscopic images (Fig. 5a) made
with low magnification to determine the shape and size
of catalyst particles show that the catalyst particles have
a round form and a size of 20–25 nm. At a higher mag-
nification (Fig. 5b), we observed the catalyst micro-
structure in more detail. The catalyst is nanostructured.
The particles of SiO2 (20–25 nm) are almost com-
pletely and uniformly coated with noncoherently
spliced crystalline particles with lattice parameters that
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are close to the structure of gallium antimonate. The coat-
ing layer thickness is about 10 nm. We clearly saw the
boundaries of blocks between noncoherently spliced par-
ticles with a structure of gallium antimonate. The size of a

separate block is 5–7 nm according to electron micros-
copy, which is close to the size of CSR determined by
XRD. We did not find any other crystalline or X-ray amor-
phous phases in the catalyst by electron microscopy.

50 nm
(‡)

(b)
10 nm

Fig. 5. Electron microscopic patterns of the Ga1Ni1P2W0.5Sb6Ox/SiO2 catalyst with different magnifications.

Table 2.  Catalytic properties of the Ga1Ni1P2W0.5Sb6Ox/SiO2 and Ga1Ni3P2W0.5Sb6Ox systems in propane ammoxidation

Catalyst Conversion, %
Selectivity, %

C3H3N 
yield, %

CO2 CO C2H3N C3H3N HCN

Ga1Ni1P2W0.5Sb6Ox/SiO2 90.4 15.6 14.6 1.5 60.7 7.7 54.9

Ga1Ni3P2W0.5Sb6Ox 83.4 18.0 14.6 1.6 60.1 5.7 50.2
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Comparison of these data with IR spectroscopic and
XRD data allows us to assume that phosphate ions are
stabilized in the region of block boundaries with the
formation of the fragments of P–Sb molecular-size
compounds. This is possible because the noncoherent
splicing of blocks in the region of block boundaries
makes the crystalline lattice of a gallium antimonate-
based compound irregular and stabilizes phosphate
ions in the tetrahedral coordination.

Note that attempts to obtain a single-phase sys-
tem in massive catalysts that were prepared by the
precipitation method with a similar elemental com-
position but a slightly different component ratio
(Ga1Ni3P2W0.5Sb6Ox) have been unsuccessful. Accord-
ing to [24], a mixture of phases was observed for this
catalyst. These phases were assigned to gallium and
nickel antimonates and an X-ray amorphous P–Sb
compound. This is probably due to the fact that an
increase in the concentration of nickel in such a multi-
component catalyst leads to a change in the stability of
the phase with the gallium antimonate structure. Our
catalyst preparation method probably provides better
binding of all catalyst components.

Table 2 shows the catalytic properties of
Ga1Ni1P2W0.5Sb6Ox/SiO2 in the reaction of propane
ammoxidation. Similar data for the Ga1Ni3P2W0.5Sb6Ox
catalyst [24, 25] are given for comparison. It is seen that
the former catalyst shows somewhat higher activity and
selectivity to acrylonitrile, and the yield of acrylonitrile
is higher. These differences can be due to different
phase compositions and structural properties of these
two catalysts. The nanostructured catalyst with a single
phase of gallium antimonate structure is more efficient
than the catalyst consisting of mixed phases (gallium
and nickel antimonates and a P–Sb compound).

CONCLUSION

Thus, the Ga1Ni1P2W0.5Sb6Ox/SiO2 catalyst
obtained by mixing a P–Sb compound, the solutions of
other components, and SiO2 becomes nanostructured
after drying and thermal treatment at 750°C, because it
consists of noncoherently spliced crystallites of a com-
pound with a gallium antimonate structure. In the struc-
ture of the multiply promoted compound based on gal-
lium antimonate, the Ni2+ ions partially substitute for
the Ga3+ ions, and the W6+ ions substitute for the Sb5+

ions. The phosphate ions are stabilized in the region of
block boundaries. The blocks of the compound uni-
formly cover the SiO2 particles. The resulting catalyst is
rather efficient in propane ammoxidation.
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