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Structure—activity relationship in Sb-V-oxide catalysts for the
direct synthesis of acrylonitrile from propane
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Abstract

The structure /composition and catalytic behavior in propane ammoxidation to acrylonitrile of Sb-V-oxides prepared by a
novel precipitation—deposition method is reported and the nature of the active components in these catalysts is discussed.
Results suggest that the active phase for the selective synthesis of acrylonitrile from propane is a trirutile-like V-antimonate
with Sb%*-oxide supported on it. Vanadium plays a catalytic role in the selective activation of propane and reoxidation of
antimony, but when present in large amounts on the surface catalyzes the unselective NH; — N, conversion with a lowering
in acrylonitrile selectivity. a-Sb,0, is instead a side phase, with a marginal or negligible role in the catalytic behavior.
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1. Introduction

The development of effective catalysts for
the selective functionalization of alkanes is one
of the challenges in the research on mixed-oxide
catalysts [1]. However, (i) the absence of spe-
cific centers on the alkane for its absorption and
selective activation and (ii) the considerably
higher reactivity of the possible
intermediates /products makes it very difficult
to find selective catalysts, especially using con-
versions of real interest for process develop-
ment. The conversion of n-butane to maleic
anhydride over (VO),P,0, catalysts [2] is the
only example of industrial use of an alkane
feedstock in an oxidation process, but the am-
moxidation of propane to acrylonitrile repre-
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sents a second example with a significant out-
look for industrial application [3,4]. Various
catalysts have been proposed in patent literature
for propane ammoxidation [5-7], but in several
cases an initial step of gas-phase homogeneous
propane to propene oxidehydrogenation occurs
with a consequent difficult scale-up of the data.
Sb-V-oxide catalysts, on the contrary, are able
to convert selectively first propane to propene
and then propene to acrylonitrile {7-11] due to
the contemporaneous presence of an element
active for the first step (vanadium is a key
element in all catalysts active in alkane oxide-
hydrogenation [5]) and of a structural oxide
matrix active for the second step (Sb-based
catalysts with a rutile structure are well known
catalysts for propene ammoxidation [12]). How-
ever, the more severe reaction conditions re-
quired for the first step of alkane activation
(higher reaction temperatures, longer contact
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times) enhance the possibility of side reactions
causing a significant lowering of the selectivity
to acrylonitrile from propane with respect to
that from propene [13]. The control of the rate
of the side reaction of NH, unselective oxida-
tion to N,, in particular, is a key factor in
determining the selectivity to acrylonitrile [7,8]
such that the catalytic performances of Sb-V-
oxide catalysts for propane ammoxidation de-
pend critically on the preparation methodology
and the reaction conditions.

Optimization of the behavior of Sb-V-oxide
catalysts thus requires a thorough analysis of the
relationship between structural /surface charac-
teristics and catalytic properties. Although some
general indications on this problem have already
been reported in the literature [8—18], a more
specific study is lacking.

The objective of the research reported here
was to analyze the composition and structural
characteristics of Sb-V-oxide catalysts prepared
with different V:Sb ratios and correlate the ob-
servations with the catalytic behavior of the
samples. Sb-V-oxide catalysts prepared by five
different methods were studied, but for the sake
of clarity and conciseness only data for a single,
most selective, preparation method are dis-
cussed in this work. However, the results pre-
sented on the structure /activity relationship are
those found also to be valid for the other prepa-
ration methods. Various characterization aspects
of the samples prepared by other methods have
been reported previously [15,18]. Limited atten-
tion is given in this work to the analysis of the
surface characteristics of Sb-V-oxide catalysts.
Sb-V-oxides before and after catalytic tests were
studied by X-ray photoelectron spectroscopy in
a previous work [11], and a poor correlation
with the catalytic behavior due to the presence
of a complex multiphasic system was observed.
Catalytic tests for this study were made using a
high propane concentration and having O, as
the limiting reactant. In fact, these reaction con-
ditions have been shown in several patents to be
the more interesting for the development of the
process using this kind of catalyst [5].

2. Experimental
2.1. Preparation of the catalysts

Samples were prepared by a precipitation—
deposition method not previously reported in
the open and patent literature. VCl, is dissolved
in a 0.1 N aqueous HC! solution to give a dark
green transparent solution (solution A). SbCly is
dissolved in a 3-5 N HCI aqueous solution to
give an yellow solution (solution B). The drop-
wise addition of solution A to solution B leads
to the formation of a white precipitate (mainly
Sb-hydroxide) and a dark blue solution due to
VO?* jons. The latter derive from the oxidation
of V** to VO** due to the two electron redox
reaction of Sb>* with V3* and the rapid reac-
tion of VO** with V3* to form VO?*. vO?*
is then precipitated over the Sb-hydroxide by
adding dropwise a concentred aqueous solution
of ammonia up to basic pH. The precipitate is
filtered, washed three times with distilled water
and then dried at 140°C overnight. The resulting
solid is then calcined in a flow of air up to
600°C (3 h) using a constant rate of increase in
temperature (50°C h™'). The surface area of the
samples after calcination and steady-state cat-
alytic tests is 21, 17, 18, 10 m? g~ ! for samples
with an Sb:V atomic ratio of 0.8, 1.0, 2.0 and
3.0, respectively. Characterization of the sam-
ples by SEM-EDX mapping shows the absence
of any inhomogeneity in the samples (V:Sb
local ratio at the higher resolution was found to
be equal to the global ratio determined at low
magnification).

2.2. Characterization of the samples

X-ray diffraction (XRD) analysis was carried
out using the powder method and a Philips
PW1840 diffractometer with CuK  radiation.
TiO, (anatase) added in calibrated amounts was
used as an internal standard for quantitative
determinations and as a reference for the evalua-
tion of the unit cell parameters estimated on the
basis of the 8 more intense reflections of the
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rutile tetragonal cell. Infrared (IR) analysis was
carried out with a Perkin-Elmer FT-IR 1750
instrument using the KBr disc technique and
calibrated amounts of the samples. Spectra were
recorded in air using a 2 cm ™! resolution. Scan-
ning electron micrographs with mapping of the
V and Sb distribution using electron dispersive
X-ray analysis (SEM-EDX) were recorded with
a JEOL 32 instrument.

Catalytic tests were carried out in a conven-
tional plug-flow-type reactor with on-line gas-
chromatographic (GC) analysis (two GCs
equipped with a flame ionization and thermo-
conductivity detector, respectively). Ammonia
conversion and HCN formation were instead
detected by absorption in appropriate solutions
and titration [8—11]. Tests were made using 3—4
g of sample with particle dimensions in the
0.1-0.2 mm range and diluted in a 1:5 ratio
using an inert support in order to ensure an
homogeneous radial and axial temperature pro-
file. The axial temperature profile was continu-
ously monitored by a series of thermocouples
inserted into the catalytic bed. A continuous
fixed-bed stainless steel reactor was used for the
catalytic tests, after having checked the absence
of significant mass and heat transfer limitations
in the standard reaction conditions. Tests were
made using the following feedstock: 7.5%
propane and a O,/C; and NH,/C; ratio of
1.56 and 1.60, respectively. The gas-space
hourly velocity (GHSV) was 2800 h™'.

3. Results and discussion
3.1. Composition of Sb-V-oxide catalysts

Brief general aspects of the phase composi-
tion in Sb-V-oxide catalysts are initially dis-
cussed to provide a common background for a
more clear analysis of the specific data of the
preparation method used in this work.

The phase composition of Sb-V-oxide cata-
lysts depends on four main factors: (i) method
of preparation, (ii) temperature, (iii) gas phase

composition during the thermal treatment, and
(iv) Sb:V atomic ratio [15,18]. Various methods
of preparation have been cited in the literature
[18lwhich can be classified into two broad
classes: (a) solid state reaction between the two
oxides (V,0; and Sb,0,, usually) and (b) solid
state reaction between vanadium and antimony
in a mixed hydroxide, where V and Sb may be
present in different oxidation states depending
on the preparation methodology.

Solid state reaction between vanadium and
antimony occurs in the 350-500°C range [18]
and usually involves a two electron redox reac-
tion between V°* and Sb>* to form the VSbO,
rutile phase. In the rutile phase, antimony is
present as Sb>* as shown by '*'Sb Mdssbauer
analysis in calcined samples with an Sh:V ratio
of 1 [19], whereas based on the charge balance
vanadium is formally present as V3, However,
due to (i) the easy non-stoichiometry of the
rutile phase [15,18-22] and (ii) the possible
intergrowth of the isostructural V**-oxide, the
VSbO, may be better described as a (V3*—
V**)Sb,_,0, mixed-valence compound [15].
When the Sb:V ratio is higher than 1.0
(stoichiometric value to form VSbQ,), the ex-
cess of antimony is present as «-Sb,0, or
B-Sb,0,, the latter for calcination temperatures
higher than about 800°C [18]. In fact, the a —
B-Sb,0, transition is shifted to temperatures
about 150°C lower than in pure Sb-oxide due to
a catalytic effect of V on the phase transition,
possibly due to partial incorporation of V into
the B-Sb,0, lattice [18,22-24].

Other minor phases such as V,0s, SbO,,
and Sb,0; are sometimes detected by X-ray
diffraction (XRD) analysis, depending on the
preparation conditions [18], but usually these
side bands are absent for calcination tempera-
tures above about 600°C and proper preparation.
According to XRD characterization, Sb-V-oxide
catalysts may thus be described as mono-phasic
(VSbO,) or bi-phasic (VSbO, + Sb,0,) sys-
tems, depending on the Sb:V ratio.

Infrared spectroscopy (IR) reveals, however,
that additional phases not detected by XRD are
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Fig. 1. Infrared spectra of calcined Sb-V-oxide samples prepared
by a precipitation—deposition method: (a) Sb:V = 0.8, (b) Sb:V =
1.0, {c) 8b:V=2.0 and (d) Sb:V =3.0.

present in Sb-V-oxide catalysts. Reported in
Fig. 1 are the IR spectra of samples with in-
creasing Sb:V ratios in the 0.8-3.0 range and
prepared by the precipitation—deposition method
used in this work. For the sample with Sb:V =
0.8, clearly evident bands of V°*-oxide are
detected at 1020 and 840 cm™' (vy_, and
dvoy, respectively), together with bands due to
Vgpo Modes of the antimonate group in the rutile
structure (675 and 545 cm™! [15,18,25]). The
XRD pattern of the same samples shows the
presence only of rutile. At the higher Sb:V
ratios, XRD indicates the formation of weak
reflections of «-Sb,0, only for Sb:V >2,
whereas IR spectroscopy (Fig. 1) already indi-
cates the presence of this phase in the sample
with Sb:V = 1.0 (shoulder at about 740 cm ™).

Bands due to V°*-oxide are still evident in
the sample with Sb:V = 3.0, showing that the
reaction of antimony with vanadium to form
V-antimonate is not complete even for a large
excess of antimony.

An evident shoulder at 890 cm™' is also
noted in all samples (Fig. 1). A mechanical
mixture of SbyO,; and VSbO, also shows a
clear shoulder at 890 cm™!. This band can thus
be assigned to Sb>*-oxide supported over
VSbO, crystallites; further aspects of this as-
signment are discussed later. This shoulder in-
creases in relative intensity as the Sb:V ratio
increases. The map of V and Sb distribution
obtained by X-ray dispersive analysis combined
with scanning electron microscopy (EDX-SEM)
does not indicate local dishomogeneities in the
Sb:V ratio in samples with Sb:V = 1.0 and 2.0,
whereas for higher ratios Sb-oxide crystallites
are detected.

In summary, data indicate that calcined Sb-
V-oxide catalysts may not be considered as only
monophasic VSbO, or biphasic VSbO, + Sb,0,
systems, but instead an overlayer of well dis-
persed V>*- and Sb’*-oxides is present over
former crystallites. With increasing Sb:V ratio,
there is a change in the relative amounts of
these overlying, XRD amorphous phases, in
addition to the change from a monophasic to
biphasic system. The disappearance of V°%-
oxide is not complete, even for samples with a
large excess of antimony.

3.2. Modification in phase composition after
catalytic tests

Reported in Fig. 2 are the IR spectra of the
same samples of Fig. 1, but after they had been
used to ammoxidize propane to acrylonitrile at
480°C (temperature of the maximum in acryl-
onitrile selectivity) up to reaching a steady-state
catalytic behavior after about 5—6 h of time on
stream. In comparison with fresh samples (Fig.
1), a drastic decrease in the relative intensity of
the band assigned to V>*-oxide is observed in
the samples after catalytic tests (Fig. 2). The
band, however, does not completely disappear,
but the maximum shifts from 1020 cm™ to
about 980 cm™'. The shift is analogous to that
observed in V,0,-TiO, catalysts [26] upon ther-
mal spreading of vanadium and formation of a
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Fig. 2. Infrared spectra of the same samples of Fig. 1, but after
catalytic tests in propane ammoxidation at 480°C for 6 h.

monolayer of hydrated V°*-oxide. It may be
concluded that during catalytic reaction most of
the V°*-oxide reduces, especially in samples
with low Sb:V ratio, but a thin film or patches
of V3*-oxide over V-antimonate crystallites is
still present after catalytic tests.

Vanadium, reduced during the catalytic reac-
tion, reasonably forms V** ions, because (i) a
rapid redox reaction between V3* and V3* to
form 2 V** was observed [15] and (ii) V3* is

Table 1

easily reoxidized in the presence of gaseous
oxygen. However, V** ions formed during the
catalytic reaction may (a) remain spread over
V-antimonate or Sb,0, crystallites or (b) react
with them to form a V,0,-VSbO, solid solu-
tion. Furthermore, in some cases the reaction
between reduced vanadium and antimony ox-
ides [27]:

Sb,0, + V,0, + Sb,0, — 2VOSb,0,

was observed [15,18], even though this phase
was always detected in small amounts. In order
to distinguish between these possibilities in the
samples of Figs. 1 and 2, various structural
aspects of the catalysts (a) before and (b) after
catalytic tests and (c) after catalytic tests and
consecutive oxygen treatment at S00°C for 3 h
were analyzed. Results for the sample with
Sb:V = 2.0 are summarized in Table 1. After
catalytic tests, reoxidation of the sample does
not lead to complete restoration of the initial
amount of V°*, even when calcination is pro-
longed for longer times. This suggests that the
reduction of V°* during catalytic tests leads
also to a change in its dispersion/interaction
with V-antimonate or antimony-oxide crystal-
lites. On the other hand, the amount of crys-
talline VSbO, does not change significantly be-
fore and after catalytic tests (Table 1), nor was
the formation of a side phase such as VOSb,0,
detected. The only modification observed re-
gards the cell volume of the rutile phase which

Comparison of the structural properties of Sb-V-oxide {Sb:V = 2.0, preparation by precipitation—deposition) (a) before and (b) after
catalytic tests in propane ammoxidation and (c) after catalytic tests and consecutive oxygen treatment at 500°C for 3 h

Type of treatment AR VSbO, b VSbO,, unit cell VOSb, 0, d
volume ¢ (A%)

Calcined sample 0.20 1.00 65.08 no

After catalytic tests 0.05 1.03 65.49 no

After catalytic tests and consecutive oxidation 0.09 0.98 65.46 no

* Relative intensity of the vys+ .o IR band with respect to the IR band at 675 cm™! of V-antimonate.

> Amount of crystalline VSbO, (relative to amount of VSbO, in the sample after calcination) determined by XRD analysis using TiO,
(anatase) as the internal standard and comparing the area of the {110} reflection of VSbO, with that of the {101) reflection of TiO,.

¢ Unit cell volume of the VSbO, phase (tetragonal} determined by fitting on the 8 most intense lines of the rutile structure.

¢ Presence of the side phase VOSb,0, determined by XRD and IR analyses; in the latter case the presence of this phase is indicated by a

sharp band centered at 980 cm ™! due to vysr _g-
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expands after catalytic tests with a reduction in
the c¢/a ratio. The cell volume for rutile V,0,
is 58.97 [28] and thus a decrease in the cell
volume is expected in the case of the formation
of a solid solution between V,0, and VSbO,
rutile phases, whereas the c¢/a ratio may
changes in a more complex way [29]. As dis-
cussed in more detail later, the expansion of cell
volume is instead consistent with a change from
a rutile to a trirutile structure as a consequence
of the dissolution of Sb>* into rutile and cation
ordering to form the trirutile superstructure
[30,31]. The results thus suggest that during
catalytic reaction V°>*-oxide reduces to V**-
oxide, but the dissolution of this into V-anti-
monate to form a solid solution is limited as
well as the reaction of reduced vanadium with
antimony oxide to form V-antimonate or side
phases (Table 1). Tentatively, the lower rate of
reoxidation of reduced vanadium-oxide after
catalytic tests may be interpreted as due to the
formation of a surface intergrowth of V**-oxide
patches over the V-antimonate phase or of a
stabilization of the latter on the reoxidation of
supported V** ions. Sb’*-oxide instead reacts

with the rutile V-antimonate phase leading to a
structural reorganization and formation of triru-
tile-like cation ordering. In agreement, it may be
noted from the comparison of Figs. 1 and 2 that
the shoulder at 890 cm ™' assigned to surface
Sb>*-oxide decreases to a more limited extent
as compared to the change observed for V°*-
oxide. A fast reduction to Sb,0O, is instead
observed using Sb,O,; only as catalysts. The
data of Figs. 1 and 2, on the contrary, indicate
that the amount of Sb,0, phase in the catalysts
(monitored from the IR band at 740 cm™')
before and after catalytic tests does not change
significantly.

3.3. Nature of rutile V-antimonate phase

In iron-antimonate, catalyst active for propy-
lene ammoxidation and isostructural with Sb-
V-oxide [12], an expansion of the rutile cell
volume has been observed with increasing Sb:Fe
ratio above 1.0 [12,32]. The effect was inter-
preted as due to the formation of a non-stoichio-
metric rutile phase by excess antimony. Berry et
al. [30,31] instead indicated by electron diffrac-
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Fig. 3. Cell volume and ¢ /a ratio in the rutile V-antimonate unit cell as a function of the $b:V ratio in samples after catalytic tests.
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tion studies the presence of cation ordering in
iron-antimonate with the formation of a
trirutile-like superstructure. Estimated diffrac-
tion maxima in the trirutile structure were anal-
ogous to those of the monorutile structure with
the absence of detectable superlattice reflections
[30]. Therefore, even in diffractograms obtained
by neutron diffraction on iron-antimonate [33],
the distinction between mono- and tri-rutile
cation ordering is difficult. On the other hand,
structural /electronic considerations on the rutile
cell {28,29,34,35] suggest that an expansion of
the rutile cell volume together with a contrac-
ton in the c/a cell dimensions may be ex-
pected in the change from mono- to tri-rutile
like cation ordering due to the incorporation of
Sb>* into antimonate.

Due to the structural analogies between Fe-
Sb-oxides and Sb-V-oxides, an analogous effect
of cation ordering in the latter catalysts may be
expected. Summarized in Fig. 3 are data regard-
ing the structural analysis of the cell parameters
of the tetragonal rutile cell in Sb-V-oxide cata-
lysts with an increasing Sb:V ratio; the data
refer to the samples after catalytic tests (the
same samples of Fig. 2). With increasing Sb:V
ratio, a change in the rutile cell parameters
consistent with that expected for an increasing
contribution of trirutile-like cation ordering was
found. Although not conclusive, the data sug-
gest that increasing the Sb:V ratio not only (a)
decreases the amount of V°>*-oxide overlayer,
(b) increases the amount of amorphous Sb3*-
oxide overlayer and (c) increases the presence
of crystalline «-Sb,0,, but also (d) changes the
structural characteristics of the rutile phase with
an increased contribution of long-range
trirutile-like cation ordering.

3.4. Catalytic behavior in propane ammoxida-
tion

As indicated in the introduction, catalytic
tests were carried out using a high propane
concentration and oxygen as the limiting reagent,
because in both the open and patent literature

70—
F —®— Shv=08
[ —— SbiV=1.0
60 r A= §hiV=2.0 ,,,—”x\\
[ v SOV=30 g AT
2 /// 7 ~
° 50k - e vy
© e
£ - 4
< v e
2 a0f Ve
< -
2 -7
» ~ -
% 30 & /// ——
g —
5 4 e A
» 20 L‘ -
L i
y :H /
Q Lo | - " i PR S | FURUP ISR SRS S )

440 460 480 500
Reaction temperature, °C

Fig. 4. Selectivity to acrylonitrile as a function of the reaction
temperature and Sb:V atomic ratio. Experimental conditions as
indicated in the experimental section.

these reaction conditions have been indicated as
preferable for process development using this
kind of catalyst [7,17]. It may be remarked,
however, that a dependence between optimal
catalyst composition and feedstock composition
was observed, although selected reaction condi-
tions lead to a higher selectivity to propene and
acrylonitrile. Care must be taken, therefore,
when extrapolating conclusions derived from
this work in discussing the behavior of catalysts
using different feedstocks.

Reported in Fig. 4 is the selectivity to acryl-
onitrile (moles of acrylonitrile formed with re-
spect to moles propane converted) as a function
of the reaction temperature for samples with
increasing Sb:V ratio. The data refer to the
steady-state behavior observed after about 5-6
h of time on stream. During the activation time
an increase in the selectivity to acrylonitrile
with a parallel decrease in the selectivity to
propylene and in the rate of side oxidation of
ammonia to N, was observed [16]. The selectiv-
ity to acrylonitrile passes through a maximum
for a temperature of about 480°C for samples
having a Sb:V ratio > 1.0. Throughout the
range of temperatures, the Sb:V ratio signifi-
cantly affects the selectivity to acrylonitrile.
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Fig. 5. Catalytic behavior of samples at 480°C as a function of the
Sb:V atomic ratio. Experimental conditions as indicated in the
experimental section.

Summarized in Fig. 5 is the effect of the
Sb:V ratio on the catalytic behavior using as a
reference for temperature that of the maximum
in acrylonitrile selectivity (480°C). As the Sb:V
ratio increases from 0.8 to 3.0 the selectivity to
acrylonitrile increases from about 15% to above
60% with a parallel decrease in the selectivity to
propene from about 55% to 20%. The selectiv-
ity to carbon oxides decreases only slightly
from about 20% to 15%, whereas the conver-
sion of propane is nearly constant. A drastic
decrease is instead noted in the side reaction of
unselective conversion of ammonia to N, and in
parallel to the total conversion of ammonia; the
trend with the Sb:V atomic ratio parallels closely
the decrease in propene selectivity. Due to the
decrease in the rate of this side reaction, the
conversion of oxygen (limiting reactant) also
decreases from 100% (Sb:V <1.0) to 80%
(Sb:V = 3.0).

3.5. Relationship between catalytic behavior and
catalyst structure / composition

The data of Fig. 5 show that with increasing
Sb:V ratio (i) the rate of the side reaction of
ammonia conversion to N, decreases consider-

ably and (ii) the sum of selectivities to propene
and to acrylonitrile remain nearly constant, but
their relative ratio changes. It was also previ-
ously observed that with increasing Sb:V ratio
various aspects of the phase composition in
Sb-V-oxide catalysts are modified: (a) the
amount of supported V>*- and Sb”*-oxides de-
creases and (b) the amount of «-Sb,0, in-
creases. Furthermore, the structural characteris-
tics of the rutile phase also change due to the
incorporation of Sb>* and formation of long-
range order (trirutile-like cation ordering). The
role of supported V°>*-oxide in catalyzing the
selective oxidation of ammonia to N, is known
(for example, in V-oxide supported over TiO,
[36]). 1t is thus reasonable initially to attribute
the decrease in the rate of the side reaction
NH, —» N, to the lowering in the amount of
unreacted surface V>*-oxide with increasing
Sb:V ratio. However, due to the change of other
sample characteristics at the same time, an un-
equivocal relationship cannot be established. In
order to obtain a better understanding of this
behavior, changes in the phase composition in
Sb-V-oxide samples as a function of the Sb:V
ratio were estimated by deconvolution of their
IR spectra. Although when a complex mixture
is present, care always must be taken in estimat-
ing phase composition by spectral deconvolu-
tion, the procedure may give a useful rough
estimation of the presence of possible relation-
ships between phase composition and catalytic
behavior.

Reported in Fig. 6 is an example of the
spectral deconvolution made for the Sb:V = 2.0
sample after catalytic tests. In this deconvolu-
tion the spectra of the individual crystalline,
pure phases (V,05, a-Sb,0,, Sb,O,; and
VSbO,) are used for the simulation. Good quali-
tative overall fitting is found with, however, a
clear lack of fitting in the 950—-800 cm™' re-
gion. Crystalline antimonate or antimony oxides
do not have bands in this region and, on the
other hand, the absorption in this region in
clearly present in samples before calcination
and increases for higher Sb:V ratios (see Fig. 1).
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Fig. 6. Simulation (spectrum b) of the IR spectrum of an Sb:V =
2.0 sample after catalytic tests {(spectrum a) on the basis of the
sum of IR spectra of pure crystalline phases: (c) VSbO,, (d)
b0, (€) @-Sb,0, and (f) V, 0.

An assignment of the absorption in the 950-800
c¢m~ ! region to reduced V-oxide species is thus
not consistent with the data. However, in a
sample prepared by gently mixing Sb’*-hydrox-
ide with pure VSbO, followed by calcination at
500°C (1 h) the presence of a broad shoulder in
the 950-800 c¢cm™' region was observed [18]
which clearly does not originate from the simple
overlap of the spectra of SbsO,; and VSbO,
{see Fig. 6). This suggests that the absorption
band centred at around 900 cm ™' may be tenta-
tively assigned to surface Sb>* ions dispersed
over the V-antimonate. It should be noted that a
shoulder centred at 890 cm ™' is present in the
IR spectrum of Sb,O,, or Sb,0s - nH,0 [37].
The relative intensity of this band may be en-
hanced by the structural modification of Sb”*-
oxide deriving from its spreading over the V-an-
timonate phase.

The change in the relative amount of the
various species in Sb-V-oxides may thus be
tentatively estimated as follows: (i) for V°>*-

oxide, by using the intensity of the band near
1000 cm~', (ii) for a-Sb,0,, by determining
the intensity of the band at 740 cm™' after
subtracting the contribution of the VSbO, phase
by deconvoluting the spectra and (iii) for Sb>*-
oxide, by using the band at 890 cm~' after
subtracting the contribution of VSbO, and V,0,
phases by deconvoluting the spectra. The rela-
tive amounts of these phases are expressed as %
after normalization of the spectra to the same
intensity of the band at 680 cm™'. For V>*-
oxide the amount is relative to that of V°*-oxide
in the calcined Sb:V = 0.8 sample, whereas for
a-Sb,0, and Sb’*-oxide the percentage is rela-
tive to the amount of these phases in the Sb:V
= 3.0 sample after catalytic tests.

Reported in Fig. 7a is the conversion of
ammonia to N, plotted as a function of the
relative amount of V°*-oxide in the sample
before and after catalytic tests. As discussed
above, it is reasonable to assume that the rate of
ammonia side conversion to N, is inversely
related to the amount of surface ammonia
species available for the step involving the
transformation of the propene intermediate to
acrylonitrile and thus to the acrylonitrile to
propene ratio (see Fig. 5). A good correlation
between the side conversion of ammonia and
the relative amount of V3* is observed (Fig.
7a), but only in the calcined sample. The rela-
tionship is negligible in the catalysts after the
catalytic tests (Fig. 7a). Catalytic data, however,
refer to the behavior observed in steady-state
conditions and thus in theory the relationship
should be observed with the phase composition
in the catalysts after catalytic tests.

In the previous section it was reported that
V3 *-oxide reduces to V**-oxide during the cat-
alytic reaction, but with a limited dissolution of
V** inside the rutile phase, at least within the
time on stream studied. V** was suggested to
be present mainly as small domains of V**-
oxide on the surface intergrown with the V-anti-
monate rutile phase. Reasonably, this phase al-
though stabilized with respect to redox reoxida-
tion to V>*-oxide, may also be active in ammo-
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Fig. 7. (a) Correlation between relative amounts of V**-oxide
before and after catalytic tests (see text) and conversion NH; — N,
at 480°C in samples with different Sb:V ratios. (b) Correlation
between c /a ratio in the unit cell of the rutile phase (samples after
catalytic tests) and conversion NH; — N, at 480°C in samples
with different Sb:V ratios.

nia side conversion to N,. The amount of V°*-
oxide in the calcined sample is thus an index of
the total amount of vanadium present on the
surface of the V-antimonate crystallites that has
not reacted with antimony to form a Sb-V mixed
oxide. The data reported in Fig. 7a therefore
suggest that the rate of the side conversion of
ammonia to N, should be correlated to the total

amount of supported vanadium-oxide in Sb-V-
oxide samples after catalytic tests (amount pro-
portional to V>* in calcined sample) more than
directly to the amount of residual V’*-oxide
after catalytic tests.

Parallel to the change in the amount of unre-
acted vanadium-oxide with increasing the Sb:V
ratio, a change in the structural characteristics
of the V-antimonate phase was also observed.
Reported in Fig. 7b is the relationship between
the change in these characteristics using the
¢ /a ratio of the rutile cell after catalytic tests as
the index and the conversion of NH; — N,. As
discussed above, the decrease in the c¢/a ratio
in the rutile cell may be associated with long-
range cation ordering from the mono- to tri-rutile
unit cell due to the reaction of excess surface
Sb>* with rutile V-antimonate. This also im-
plies a surface reconstruction of the V-anti-
monate phase with a possible change in its
reactivity towards the unselective conversion of
ammonia to N,. The data reported in Fig. 7b
show that a rough correlation exists between
long-range trirutile-like cation ordering and de-
crease in the conversion of NH,; — N,. This
suggests that the decrease in the side conversion
of ammonia with a consequent increase in the
acrylonitrile /propene ratio with increasing Sb:V
atomic ratio may be attributed not only to the
decrease in the total amount of vanadium not
stabilized by formation of a Sb-V mixed-oxide,
but also to the change in the surface reactivity
properties of the rutile phase due to its long-
range cation ordering.

Reported in Fig. 8 is the correlation between
selectivity to acrylonitrile and the amount of
supported Sb>*-oxide and of «-Sb,0, esti-
mated as described above. The results suggest a
roughly linear relationship between selectivity
to acrylonitrile and amount of supported Sb>*-
oxide, whereas correlation with the amount of
a-Sb,0, may be considered negligible. This
suggests that the latter phase may be considered
as a side phase with limited, or negligible func-
tionality in the mechanism of propane ammoxi-
dation to acrylonitrile. Supported Sb>*-oxide
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plays instead a catalytic role in determining the
selectivity to acrylonitrile. This confirms the
data of Fig. 7b suggesting that the surface modi-
fication of the rutile V-antimonate phase due to
the reaction with supported Sb>*-oxide is a key
aspect of the surface reactivity of Sb-V-oxides
and determines the ratio of the rates of ammonia
side conversion to N, and of ammonia used for
propene conversion to acrylonitrile.

The analysis of the structure/composition
and activity relationship thus suggests that the
active phase for the selective synthesis of acryl-
onitrile from propane is a trirutile-like V-anti-
monate with Sb>*-oxide supported on it. Vana-
dium probably plays a catalytic role in the
selective activation of propane in agreement
with the selective formation of propene for
Sb:V < 1.0. However, when present in large
amounts on the surface vanadium catalyzes the
unselective NH, — N, conversion with a lower-
ing in acrylonitrile selectivity. In addition, vana-
dium is probably necessary to facilitate reoxida-
tion of antimony [11,17]. «-Sb,0, is instead a
side phase, with a probably marginal or negligi-
ble role on the catalytic behavior.

References

[1] G. Centi, in R.W. Joyner and R.A. van Santen (Editors),
Elementary Reaction Steps in Heterogeneous Catalysis,
NATO Symposium Series, Kluwer Academic, Dordrecht,
The Netherlands, 1993, p. 93.

[2] G. Centi, Catal. Today, 16 (1993) 5.

{3] Chem. Eng., 8 (1990) September 13.

{4] A. Pavone and R.H. Schwaar, PEP Rev., 2 /4 (1989) 88.

[5} F. Trifird and F. Cavani, Catal. Stud., (1994) 419350.

[6] Y. Moro-oka and W. Ueda, in Catalysis, Vol. 11, The Royal
Society of Chemistry, Cambridge, UK, 1994, p. 223.

[7] G. Centi, R.K. Grasselli and F. Trifird, Catal. Today, 13
(1992) 661.

[8] G. Centi, R.K. Grasselli, E. Patané and F. Trifird, in G. Centi
and F. Trifirdo (Editors), New Developments in Selective
Oxidation, Elsevier, Amsterdam, 1990, p. 515.

[9] G. Centi, D. Pesheva and F. Trifird, Appl. Catal., 33 (1987)
343,

[10] R. Catani, G. Centi, F. Trifird and R K. Grasselli, Ind. Eng.
Chem. Res., 31 (1992) 107.

[11] A. Andersson, S.L.T. Andersson, G. Centi, R.K. Grasselli,
M. Sanati and F. Trifird, Appl. Catal. A, 113 (1994) 43,

[12] G. Centi and F. Trifird, Catal. Rev., Sci. Eng., 28 (1986)
165.

[13] R. Nilsson, T. Lindblad and A. Andersson, J. Catal., 148
(1994) 501.

[14] R. Nilsson, T. Lindblad, A. Andersson, C. Song and S.
Hansen, in V. Cortes Corberan and S. Vic Bellon (Editors),
New Developments in Selective Oxidation I1, Elsevier, Ams-
terdam, 1994, p. 281.

[15] G. Centi, E. Foresti and F. Guarneri, in V. Cortes Corberan
and S. Vic Bellon (Editors), New Developments in Selective
Oxidation I, Elsevier, Amsterdam, 1994, p. 281.

[16] G. Centi and S. Perathoner, Appl. Catal. A, 124 (1995) 317.

[17] A. Andersson, S.L.T. Andersson, G. Centi, R.K. Grasselli,
M. Sanati and F. Trifird, in L. Guczi et al. (Editors), New
Frontiers in Catalysis, Elsevier, Amsterdam, 1993, p. 691.

[18] G. Centi, S. Perathoner, in G. Poncelet et al. (Editors),
Preparation of Catalysts VI, Elsevier, Amsterdam, 1995, p.
59.

[19] T. Birchall and A.E. Sleight, Inorg. Chem., 15 (1976) 868.

[20] E.J. Berry, M.E. Brett and W.R. Patterson, J. Chem. Soc.,
Dalton Trans., (1983) 9.

[21] F.J. Berry, ME. Brett and W.R. Patterson, J. Chem. Soc.,
Dalton Trans., (1983) 13.

[22] R.G. Teller, M.R. Antonio, J.F. Brazdil and R.K. Grasselli, J.
Solid State Chem., 64 (1986) 249.

[23] F.J. Berry, M.E. Brett, R.A. Marbrow, W.R. Patterson, J.
Chem. Soc., Dalton Trans., (1984) 985.

[24] F.J. Berry and ML.E. Brett, J. Catal., 88 (1984) 232.

[25] C. Rocchiccioli-Deltcheff, T. Dupuis, R. Frank, M. Harmelin
and C. Wadier, C.R. Acad. Sci. Paris B, 270 (1970) 541.

[26] G. Centi, D. Pinelli, F. Trifird, D. Ghoussoub, M. Guelton
and L. Gengembre, J. Catal., 130 (1991) 238.

[27] B. Darriet, J. Bovin and J. Galy, J. Solid State Chem., 19
(1976) 205.

[28] D.B. Rogers, R.D. Shannon, A.W. Sleight and J.L. Gillson,
Inorg. Chem., 8 (1969) 841.



362 G. Centi, P. Mazzoli / Catalysis Today 28 (1996) 351-362

[29] H. Baur and A.A. Khan, Acta Crystallogr., B27 (1971) 2133. [33] R.G. Teller, J.F. Brazdil, R.K. Grasselli and, W. Yelon, J.
[30] FJ. Berry, J.G. Holden and M.H. Loretto, J. Chem. Soc., Chem. Soc., Faraday Trans. 1, 41 (1985) 1693.

Faraday Trans. 1, 83 (1987) 615. [34] P.I. Sorantin and K. Schwarz, Inorg. Chem., 31 (1992) 567.
[31] F.J. Berry, J.G. Holden and M.H. Loretto, Solid State Com- [35] J.K. Burdett, Inorg. Chem., 24 (1985) 2244.

mun., 59 (1986) 397. [36] F. Cavani and F. Trifird, Catal. Today, 4 (1989) 253.
[32] M. Carbucicchio, G. Centi and F. Trifird, J. Catal., 91 (1985) [37] C.A. Cody, L. DiCarlo and R.K. Darlington, Inorg. Chem.,

85. 18 (1979) 1572.



