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This paper describes the role of Sb and Nb, components of Sn/V/Nb/Sb mixed oxides catalysts for the gas-
phase ammoxidation of propane to acrylonitrile. In samples without Nb and with atomic ratios Sn/V/Sb 1/
0.2/x (x = 0 to 3), Sb in the form of amorphous oxide is necessary in order to obtain an active and selective
catalyst. However, during reaction the dispersed Sb oxide segregates to «-Sb,04, and the yield to
acrylonitrile decreases considerably. The addition of Nb gives rise to the formation of Nb-containing SbO,
and non-stoichiometric rutile-type V/Nb/Sb mixed oxides. The presence of these compounds enhances
the catalytic activity and the selectivity to acrylonitrile. Moreover, the catalyst shows a stable catalytic
performance, with no segregation of «-Sb,04.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

One of the most important challenges in the modern chemical
industry is the development of new processes allowing the
exploitation of alternative raw materials, in replacement of
technologies that make use of building blocks derived from oil
(olefins and aromatics). This has led to research for the valorization
of natural gas components, through catalytic processes of transfor-
mation[1,2]. Onereaction investigated since many years is the direct
ammoxidation of propane to acrylonitrile [3-5]. Different types of
catalytic systems have been described in the literature for this
reaction: (a) multicomponent rutile-type V-antimonates (e.g., V/Sb/
W/AI/O) [3,4], (b) monophasic multicomponent molybdates (Mo/V/
Nb/Te(Sb)/0) [6], (c) V/Al mixed oxynitrides [7,8], and Al/Ga/P/O-
supported vanadium oxide [9,10]. Multimetal molybdates, devel-
oped by Mitsubishi Kasei, give the highest yield to acrylonitrile
under propane-lean conditions. Rutile-type mixed oxides may
contain several elements aimed at different roles in the complex
transformation of the alkane [11-13]. In regard to this, the rutile
structure possesses the flexibility required to accommodate various
elements in its framework.

In previous works [14,15] we described a method for the
preparation of rutile-type Sn/V/Sb mixed oxides that includes the
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co-precipitation of the metal oxo-hydrates from an alcoholic
solution. The thermal treatment of the precipitate leads to the
development of nano-sized rutile crystalites, that compared to the
more crystalline rutile systems prepared with the conventional
“slurry” method are characterized by a greater structural defectivity,
a higher specific surface area and hence a higher catalytic activity in
propane ammoxidation.

In the present work, we report on the role of Sb and on the effect
of Nb addition in Sn/V/Nb/Sb/O catalysts. Niobium is known to be
an important component in catalysts for the selective oxidation
of hydrocarbons [16,17], and also enhances the selectivity to
acrylonitrile from propane in Cr/V/Sb/O [18] and V/Sb/O catalysts
[19,20].

2. Experimental

Catalysts were prepared with the co-precipitation technique,
developed for the synthesis of rutile SnO,-based systems claimed
by Rhodia [14]. The preparation involves the dissolution of
SnCly-5H,0, VO(acac),, SbCls and NbCls in absolute ethanol; the
alcoholic solution is then dropped into a buffered aqueous solution
maintained at pH 7. The precipitate obtained is separated from the
supernatant liquid by filtration. The solid is then dried at 120 °C,
and calcined in air at 700 °C for 3 h.

The X-ray diffraction patterns of the catalysts were obtained with
Ni-filtered Cu Ko radiation on a Philips X'Pert vertical diffractometer
equipped with a pulse height analyzer and a secondary curved
graphite-crystal monochromator. The crystal size of rutile samples
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was measured by applying the Sherrer equation to the three most
intense reflections in the XRD pattern.

Laser-Raman spectra were obtained using a Renishaw 1000
instrument; the samples were excited with the 514 nm Ar line.
Spectra were recorded at room temperature. Specific surface areas
were measured by the single-point, BET method with nitrogen
adsorption (Thermo Instrument).

Catalytic tests were carried out in a laboratory glass fixed-bed
tubular reactor operating at atmospheric pressure. 1.8 g of
catalyst was loaded, shaped into particles with size ranging from
0.42 to 0.55 mm. The following reaction conditions were used:
feed composition 25 mol.% propane, 10% ammonia, 20% oxygen,
remainder helium; residence time 2.0 s. The reactor outlet was
kept at 170 °C. On-line sampling of a volume of either the
feedstock or effluents was obtained by means of three heated
valves. Three different columns were used for the product
identification. Two of these were: a Hay-sep T column (TCD
detector) for the separation of CO,, NH3, C3Hg + C3Hg, H,0, HCN,
acrolein, acetonitrile and acrylonitrile, and a MS-5A column (TCD
detector) for separation of O, N, and CO. Hay-sep T was also used
as a filter to avoid the contamination of MS-5A by CO,. The third
column was a packed column filled with Poropak QS (FID
detector), which is used for the separation of propane from
propylene. Selectivity and yield to each reaction product were
calculated considering the reaction stoichiometry. Temperature
gradients in the catalytic bed along the axial direction were
measured; the maximum temperature difference was 8 °C. The
temperatures reported in Figures were those recorded in
correspondence of the hot spot in the catalytic bed.

Catalytic measurements were taken after approximately 10 h
reaction time (equilibration period); with all catalysts, the
performance was stable after this initial period. In most cases,
there were negligible deactivation phenomena during equilibra-
tion; with some catalysts, however, deactivation phenomena were
evident (see Section 3.4).

3. Results and discussion
3.1. Characterization of calcined Sn/V/Nb/Sb 1/0.2/0/x catalysts

Table 1 reports the theoretical atomic composition of samples,
calculated on the basis of the amount of each precursor used for
the preparation, the corresponding experimental composition for
a few of them (as determined by X-ray fluorescence) and the
values of specific surface area. Two series of samples were
prepared with composition Sn/V/Nb/Sb 1/0.2/0/x (0<x <3,
atomic ratios between components) and Sn/V/Nb/Sb 1/0.2/y/3
(0 <y <3). The XRF analysis was in good agreement with the
theoretical compositions; this was true for both samples having
low and high Sb content. Therefore, theoretical compositions
were assumed to correspond to the real ones for all samples
prepared. The atomic ratio between Sn and V was fixed at 1/0.2

Table 1
Theoretical and experimental (X-ray fluorescence) bulk atomic composition, and
specific surface area of catalysts prepared

Atomic composition
(theoretical)

Atomic composition
(experimental)

Specific surface
area (m?/g)

Sn/V/Nb/Sb 1/0.2/0/0 1.00/0.19/0/0 40
Sn/V/Nb/Sb 1/0.2/0/1 1.00/0.20/0/0.95 55
Sn/V/Nb/Sb 1/0.2/0/2 nd 63
Sn/V/Nb/Sb 1/0.2/0/3 nd 35
Sn/V/Nb/Sb 1/0.2/1/3 1.00/0.20/1.16/2.81 74
Sn/V/Nb/Sb 1/0.2/3/3 nd 33

nd: not determined.
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Fig. 1. XRD patterns of calcined Sn/V/Nb/Sb 1/0.2/0/x samples.

because this ratio was found to be the optimal one in Sn/V/Sb
mixed oxides [14].

The surface area of samples was remarkably higher than that one
typically reported for rutile-type mixed oxides prepared with
conventional methodologies like the slurry-redox, leading to surface
areas systematically lower than 10 m?/g. There was no significant
effect of the composition on the surface area; for all samples, the
latter was higher than 40 m?/g, with the exception of the sample
without Nb and containing the greater amount of Sb (Sn/V/Nb/Sb 1/
0.2/0/3, 35 m?/g), and of the sample containing the greater amounts
of both Sb and Nb (Sn/V/Nb/Sb 1/0.2/3/3, 33 m?/g).

Catalysts based on Sn/V/O prepared by co-precipitation were
studied in previous works [21,22]. It was found that the solubility
of V** in cassiterite is low; the maximum value of z in the
Sn;_,V,0, substitutional solid solution was approximately 0.10.
The rest of vanadium was dispersed in the form of polymeric
species over tin oxide [21-23]. The XRD patterns showed the
reflections of cassiterite, with a slight contraction of the crystal-
lographic parameters for the tetragonal cell with respect to SnO,
(z = 0), because of the incorporation of V4* [21]. The crystal size of
sample Sn/V/Nb/Sb 1/0.2/0/0 calcined at 700 °C was 17 &+ 3 nm. In
samples prepared with an atomic Sn/V ratio lower than 1/0.2, also
crystalline V,0s formed [21,22].

The X-ray diffraction patterns of samples Sn/V/Nb/Sb 1/0.2/0/x
are reported in Fig. 1. All patterns show the reflections typical of
rutile SnO, cassiterite (JCPDS 005-0467). The addition of Sb led to a
decrease of the crystallinity of samples; the crystal size of samples
having x > 0 was 8 & 2 nm. This can be attributed to the dissolution
of Sb>" in the cassiterite lattice [24,25], and to the generation of
cationic vacancies.

Before discussing the Raman spectra of samples Sn/V/Nb/Sb 1/
0.2/0/x (reported in Fig. 2), it is worth reminding the typical Raman
features of reference single and binary oxides. Tin oxide, when
prepared with the same precipitation procedure adopted for multi-
component samples, has a strong Raman band at 625-630 cm !
and weaker ones at 770 and 685 cm™', all corresponding to bulk
vibration modes [26,27]. Aband is at 555 cm™! (surface mode), the
relative intensity of which is a function of the sample surface area,
and hence of the temperature of thermal treatment. The Raman
spectrum of hydrated Nb oxide, when calcined at temperatures
between 500 and 700 °C, shows a broad band at 680-690 cm~' and
less intense bands at 140, 220 and 310cm~'. The thermal
treatment of Nb oxide at temperatures higher than 700 °C yields
to a completely different spectrum, with a strong band at
1000 cm ™!, assigned to terminal niobyl species, two intense bands
between 700 and 800 cm™! and one below 300 cm~! [28-30].
After calcination at 1000 °C, the monoclinic form of niobium oxide
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Fig. 2. Top: Raman spectra of calcined Sn/V/Nb/Sb 1/0.2/0/x samples. Bottom:
Raman spectra of used Sn/V/Nb/Sb 1/0.2/0/x samples.

(H-Nb,05) shows bands at 992, 674, 623, 261 and 236 cm ™. The
Raman spectrum of rutile VNbO, has bands at 990, 920 and
620 cm~! [31,32]; however, this compound is stable at tempera-
tures higher than 500 °C only under O,-free atmosphere. Nb-rich
V/Nb mixed oxides, e.g., VNbgO,5 or V4Nb,30ss, are obtained by
thermal decomposition in air at 700 °C of orthorhombic VNbOs5
[31,32]. The spectrum of SbNbO, exhibits bands at 845, 685, 620
and 380 cm™~! [19,20], whereas the spectrum of quasi-VSbO,4 has
very broad features [11].

The Raman spectrum of sample Sn/V/Nb/Sb 1/0.2/0/0 (Fig. 2)
shows marked differences with respect to that of SnO,. In
literature, a broad band between 900 and 1000 cm ™! in dehydrated
Sn/V/O samples is assigned to the v (V=0) stretching mode of the

polymeric VO, [27], while a band at 840 cm™! is assigned to the
specific V-0-Sn stretching mode in an interfacial region, and an
intense band at 480 cm~! to polymeric species. In our Sn/V/O
sample, all bands are attributable either to the polymeric vanadia
species, or to the bulk modes of tin oxide. The intense broad band
between 720 and 750 cm ™! is attributable to the polymeric species
in hydrated supported vanadium oxide catalysts [33,34].

The addition of Sb (Sn/V/Nb/Sb 1/0.2/0/x with x = 1-3) caused the
formation of new features in the Raman spectrum. In fact, new bands
appeared at 180-200 and 455 cm™!, attributable to 3-Sb,0, and
SbgO13, respectively. However, the 100% intensity band of SbgOq3
should fall at470 cm™!; the relevant shift observed with our samples
(455vs.470 cm~ ') might be due to the dissolution of Sn** ions inside
the Sb oxide lattice. Also the shift from 630 to 640 cm~! of the band
assigned to SnO, can be attributed to the formation of a Sn/Sb mixed
oxide. In fact, the Raman spectrum of a reference Sn/Sb/O sample,
prepared by calcination of an Sn/Sb 1/1 precipitate, had two strong
Raman bands at 640 and 455 cm™'. The decrease of intensity of the
bands attributed to the dispersed vanadium oxide indicates that
vanadium likely formed a rutile-type V/Sb/O.

3.2. Catalytic performance of Sn/V/Nb/Sb 1/0.2/0/x catalysts

The catalytic performance of samples Sn/V/Nb/Sb 1/0.2/0/x is
summarized in Fig. 3, showing the conversion of propane and
oxygen, and the selectivity to acrylonitrile as functions of the
reaction temperature. The distribution of products is also reported,
obtained in correspondence with the highest acrylonitrile yield.

The sample with composition Sn/V/Nb/Sb 1/0.2/0/0 (not
reported) was very active, but gave exclusively propylene and
carbon oxides. The progressive increase of the Sb content led to a
decrease of catalytic activity; the catalyst with x=1 gave 21%
propane conversion and 100% oxygen conversion at 440 °C, while
the catalyst with x = 3 reached the same conversion at 525 °C.

In the case of the catalyst with x = 1, the maximum selectivity to
acrylonitrile was obtained at total oxygen conversion, whereas with
the catalyst having x = 2, the selectivity to acrylonitrile declined
slightly when the conversion of oxygen reached the 100%. The fall
of selectivity was dramatic when the temperature was increased
from 490 to 525 °C with the catalyst having x =3. At the latter
temperature, i.e., at conditions of 100% oxygen conversion, the
catalyst underwent irreversible changes. In fact, when the per-
formance was tested again at 490 °C, the selectivity to acrylonitrile
measured was lower than that one formerly obtained at the same
temperature (15% vs. 45%), whereas the conversion of propane was
the same (20%). Interestingly, the variation of selectivity was
negligible when the maximum reaction temperature was kept lower
than that one at which oxygen conversion was total.

On the opposite, the catalyst with x=1 showed a stable
catalytic performance, even when the reaction was carried out at
conditions of total oxygen conversion. On the other hand, Fig. 3
(bottom) shows that the greater was the amount of Sb in the
catalyst, the higher was the maximum selectivity to acrylonitrile,
and the lower the formation of CO, and HCN. In literature, it is
reported that in order to be selective in propane ammoxidation, a
V/Sb/O catalyst should have amorphous antimony oxide dispersed
over the rutile VSbO4 [4]. In fact, antimony oxide contains the Sb-
0-Sb sites that in the presence of gas-phase ammonia are
converted into Sb—-NH-Sb species [4]. These sites perform the
(NH)2~ insertion onto the allylic intermediate.

3.3. The reaction network in propane ammoxidation

The catalytic performance of sample Sn/V/Nb/Sb 1/0.2/0/2 is
shown in Fig. 4 as a function of the reaction temperature. At low
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Fig. 3. Catalytic performance of Sn/V/Nb/Sb 1/0.2/0/x samples. Top: propane
conversion (full symbols) and oxygen conversion (open symbols) as functions of
temperature. Middle: selectivity to acrylonitrile as a function of temperature.
Symbols: Sn/V/Nb/Sb 1/0.2/0/1 (e<), 1/0.2/0/2 (M) and 1/0.2/0/3 (AA).
Bottom: selectivity to each product at the temperature of maximum
acrylonitrile yield (CO,: carbon dioxide; CsHg: propylene; HCN: cyanhydric acid;
ACN: acetonitrile; AN: acrylonitrile; CO: carbon monoxide).

temperature, the main reaction products were cyanhydric acid,
propylene and carbon dioxide. The selectivity to acrylonitrile at
355°C was less than 10%; CO and acetonitrile formed with
selectivity lower than 5%.

The increase of temperature led to a decrease of the selectivity
to propylene and to cyanhydric acid, and to the concomitant
increase of the selectivity to acrylonitrile; the latter reached a
maximum value at 460 °C. These data suggest that the catalyst
transforms propane into propylene by oxidative dehydrogenation;
then, the olefin is converted into the allylic intermediate by H*®
abstraction. At low temperature, however, the latter is preferen-
tially transformed into lighter radical fragments, which either yield
CO, or react with activated ammonia to generate HCN. When the
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Fig. 4. Effect of temperature on catalytic performance of Sn/V/Nb/Sb 1/0.2/0/2
sample. Top: conversion of propane (@), ammonia (A) and oxygen (). Bottom:
selectivity to acrylonitrile (@), acetonitrile (O), carbon dioxide (), carbon
monoxide (M), propylene ([J) and cyanhydric acid (A). Residence time 2 s.

temperature is increased, the ammoxidation to acrylonitrile
becomes the preferred pathway of transformation of the allylic
intermediate, and the selectivity to HCN decreases. It is possible
that the key factor for the control of the two competing reactions is
the generation of the active species Me = NH, favoured at high
temperature. At low temperature, the low concentration of these
sites makes the desorption of propylene or its cracking into lighter
compounds become the preferred reaction pathway.

Fig. 5 shows the effect of the residence time on the conversion of
reactants and the distribution of products, at 440 °C, i.e., at
conditions that are kinetically more favourable for the formation of
acrylonitrile and less for cyanhydric acid. The data clearly indicate
that the primary reaction products are propylene, CO,, CO and
acetonitrile. Acrylonitrile and cyanhydric acid are both secondary
products, formed by transformation of propylene. Moreover, CO
and CO, are also formed by consecutive reactions occurring on
propylene. For residence time higher than 0.5-1.0 s, a consecutive
reaction to CO, is responsible for the decline of the selectivity to
acrylonitrile.

Fig. 6 summarizes the reaction scheme at 440 °C; the network is
similar to that one found for rutile-type Cr/V/Sb/O catalysts [35].

These data confirm that the main reactions leading to the CN-
containing compounds start from the intermediate olefin. The
relative contribution of the two parallel reactions leading either to



268 N. Ballarini et al./Catalysis Today 141 (2009) 264-270

80
X
S—
‘D 40
()
>
c
8
residence time, s
50
Bl \/,/'\4\
® a9
=
=
3]
KOl]
L e
—aA
10
—u
0 1 N 1
0 0,5 1 15 2

residence time, s

Fig. 5. Effect of residence time on catalytic performance of Sn/V/Nb/Sb 1/0.2/0/2
sample. Top: conversion of propane (@), ammonia (A) and oxygen (). Bottom:
selectivity to acrylonitrile (@), acetonitrile (O), carbon dioxide (), carbon
monoxide (M), propylene ([J) and cyanhydric acid (A). Temperature 440 °C.

acrylonitrile or to HCN+CO,, is a function of the reaction
temperature. Therefore, the key-factor for the control of the
selectivity to acrylonitrile is the availability of surface allylic
ammoxidation sites, the latter being a function of the temperature
and of the amount of Sb oxide in catalysts. In general, higher
temperatures and higher amounts of Sb oxide are parameters in
favour of the selectivity to acrylonitrile. The most selective Sn/V/Sb
1/0.2/x catalyst is that one having x = 3, and Sb oxide dispersed
over the rutile; however, this catalyst is unstable under reaction
conditions that lead to total oxygen conversion (Fig. 3).

3.4. Characterization of used Sn/V/Nb/Sb 1/0.2/0/x catalysts

Fig. 2 (bottom) reports the Raman spectra of Sn/V/Nb/Sb 1/0.2/
0/x catalysts after reactivity tests. Raman spectra of used samples

Fig. 6. Reaction scheme for propane ammoxidation at 440 °C. Co-reactants (NH3 and
0;) and co-products (H,0, N;) have been omitted.
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Fig. 7. XRD patterns of calcined Sn/V/Nb/Sb 1/0.2/y/3 samples.

with x = 1 and 2 were very similar to the spectra of corresponding
fresh samples (Fig. 2 top). On the contrary, the spectrum of the
used catalyst with x =3 was different from that one of the fresh
sample. In fact, new Raman bands were present, attributable to
vibrations of «-Sb,04. Therefore, the fall of selectivity to
acrylonitrile shown at high temperature (Fig. 3) was due to the
transformation of dispersed Sb oxide into a-Sb,04.

These data indicate that in order to obtain a catalyst offering the
best performance, it is necessary to stabilize the amorphous Sb
oxide phase, the key-component for the selectivity to acrylonitrile.

3.5. Characterization of calcined Sn/V/Nb/Sb 1/0.2/y/3 catalysts

Samples were prepared by keeping the Sn/V/Sb atomic ratio
fixed (1/0.2/3), and by adding increasing amounts of Nb. Nb was
chosen as a promoter, because of its positive effect on selectivity
observed with the rutile-type Cr/V/Sb/O catalysts [18].
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Fig. 8. Raman spectra of calcined Sn/V/Nb/Sb 1/0.2/y/3 and used Sn/V/Nb/Sb 1/0.2/
1/3 samples.
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X-ray diffraction patterns and Raman spectra of samples with
composition Sn/V/Nb/Sb 1/0.2/y/3 are reported in Figs. 7 and 8,
respectively. The XRD pattern for these samples corresponds to
that one of the rutile structure; additional lines observed for the
sample with the higher Nb content (y=3) are attributed to
orthorhombic Nb,Os5 (JCPDS 27-1013).

For what concerns the Raman spectra, the presence of Nb led to
the decrease of the intensity of the band at 455 cm™!, attributed to
the Sn-doped Sb oxide; this suggests the preferential formation of a
Nb/Sb oxide. An analogous behavior was observed in the case of Cr/
V/Nb/Sb/O systems [18], in which the development of a mixed
vanadium antimonate/niobate was the reason for the presence of
lower amounts of dispersed Sb oxide than in Cr/V/Sb/O catalysts.

A peculiar property of rutile-type oxides is the ability of
hosting large concentration of cationic vacancies, and developing
defective structures. This occurs, for instance, in rutile-type mixed
oxides such as quasi-VSbQO,, Fe/V/Sb, Cr/V/Sb and Mo/V/Sb mixed
oxides [11,12,18,36], in which vacancies are formed because of
either the excess positive charges generated by oxidation of V3*-
V4 and V°*, or the incorporation of altervalent cations in rutile
lattice. The development of a band at 920 cm™! (Fig. 8) in samples
containing Nb suggests the formation of cationic vacancies in Sn/
V/Nb/Sb/O samples. Vacancies may develop by formation of a
mixed V antimonate/niobate and replacement of either Sb>* or
V3* V4 for Nb>* [37].

In samples having the higher Nb content (y = 2 and 3), bands at
670-680 and 250-260 cm™! can be attributed to orthorhombic
Nb,0s [28-30].

3.6. Catalytic performance of Sn/V/Nb/Sb 1/0.2/y/3 catalysts

Fig. 9 reports the results of catalytic tests with Sn/V/Nb/Sb 1/
0.2/y/3 samples. The activity of catalysts with y=0 and y =1 was
similar; both samples gave total conversion of oxygen at 520-
530 °C (Fig. 9 top). However, in the former case the selectivity to
acrylonitrile decreased considerably when the temperature was
increased from 490 to 525 °C; in the case of the catalyst withy =1,
the decline of selectivity was less evident. Catalysts having the
higher amount of Nb (y =2 and 3) were even more active; both
gave total oxygen conversion at 480-490 °C. However, the
selectivity to acrylonitrile at total oxygen conversion was lower
than that obtained with the catalyst having y = 1.

Fig. 9 (bottom) shows the distribution of products, obtained at
the temperature of the highest acrylonitrile yield. The addition of
Nb led to an increase of the selectivity to CO, propylene and
acetonitrile, and to a relevant decrease of the selectivity to CO,, but
it did not affect the formation of HCN. The selectivity to
acrylonitrile reached a maximum in correspondence with the
intermediate Nb content (y =1). Therefore, as long as Nb was
present in a relatively low amount, it improved the selectivity of
sites responsible for the allylic ammoxidation of propylene. At
higher Nb content, crystalline Nb,Os formed and this led to a
further slight decline of the selectivity to CO,, but also to a higher
formation of CO and to a lower efficiency in allylic ammoxidation.

The maximum yield to acrylonitrile achieved with the Sn/V/Nb/
Sb 1/0.2/1/3 catalyst, 11%, falls in the range typically obtained with
rutile-type catalysts under hydrocarbon-rich conditions, but is
lower than the yield obtained under propane-lean conditions with
the Mo/V/Nb/Te/O system [6].

The Raman spectrum of the used Sn/V/Nb/Sb 1/0.2/1/3 catalyst
is shown in Fig. 8; the comparison with the spectrum of the fresh
sample confirms that in this case the segregation of «-Sb,04 during
reaction was minimal. Therefore, the incorporation of Nb>* in the
dispersed Sb oxide improved the structural stability and the
efficiency in allylic ammoxidation of the latter compound.
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Fig. 9. Catalytic performance of Sn/V/Nb/Sb 1/0.2/y/3 samples. Top: propane
conversion (full symbols) and oxygen conversion (open symbols) as functions of
temperature. Middle: selectivity to acrylonitrile as a function of temperature.
Symbols: Sn/V/Nb/Sb 1/0.2/0/3 (@ ©),1/0.2/1/3 (<), 1/0.2/2/3 (M1)and 1/0.2/3/
3 (AA). Bottom: selectivity to each product at the temperature of maximum
acrylonitrile yield (CO,: carbon dioxide; C3Hg: propylene; HCN: cyanhydric acid;
ACN: acetonitrile; AN: acrylonitrile; CO: carbon monoxide).

The characterization by Raman spectroscopy indicates that Nb is
not only incorporated in to the Sb oxide, but also generates a
defective, rutile-type V/Nb/Sb mixed oxide. The Nb content affects
the concentration of vacancies in the latter compound. It is known
that vacancies may affect the H-abstracting properties of V4* in rutile
and the N-insertion properties of Me = NH sites [11,12,18,36,38].
Therefore, in our catalysts an increasing concentration of vacancies
may be the reason for the enhancement of catalytic activity.

The stability of the Sn/V/Nb/Sb 1/0.2/1/3 catalyst was also
confirmed by medium-term lifetime measurements carried out
over 25 h reaction time. The morphological features were also
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maintained, i.e.,, the nano-size of rutile crystalites remained
unchanged during catalytic measurements.

4. Conclusions

Sn/V/Sb mixed oxides are efficient catalysts for the ammoxida-
tion of propane to acrylonitrile under hydrocarbon-rich conditions.
The catalysts, when prepared by co-precipitation from an alcoholic
medium and calcined at 700 °C, consist of nano-sized crystals with
surface area higher than 40 m?/g. Tin dioxide incorporates Sb
cations, and provides the rutile matrix for the dispersion of the
active components. In these catalysts, an excess Sb is necessary in
order to form an amorphous Sb oxide (probably also containing
sn*"), that is highly efficient in the allylic ammoxidation of the
intermediately formed propylene. However, the most selective
catalyst is also the least stable, since the amorphous Sb oxide
segregates into the inactive a-Sb,04 when reaction conditions are
used that lead to the total conversion of the limiting reactant,
oxygen. With rutile-based catalysts, the latter are the conditions of
maximum acrylonitrile yield under propane-rich conditions.

The addition of Nb>* to the Sn/V/Sb/O system gives a remarkable
improvement of catalytic performance and of catalyst stability.
The best yield to acrylonitrile is obtained with the catalyst
having composition Sn/V/Nb/Sb 1/0.2/1/3. This catalyst gives the
highest selectivity to acrylonitrile under conditions of total oxygen
conversion.

The incorporation of Nb°" into the Sb oxide considerably
improves the selectivity to acrylonitrile and the structural stability
of the catalyst under reaction conditions, limiting the generation of
the unselective a-Sb,04. Moreover, the development of cationic
vacancies in the rutile V/Sb/Nb mixed oxide is proposed to be the
reason for the better activity of Nb-containing catalysts.
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