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Abstract

Rutile-type Cr/V/Sb/Nb mixed oxides were prepared by coprecipitation from ethanolic solutions and calcination at 700 ◦C. They were then
tested as catalysts for the gas-phase ammoxidation of propane. The addition of increasing amounts of Nb to the rutile Cr/V antimonate led to
a considerable increase in the selectivity to acrylonitrile and to a lower selectivity to N2 derived from ammonia overoxidation. But this effect
was evident only when excess Sb was present with respect to the stoichiometric requirement for the formation of the rutile compound. Evidence
was obtained for the development of rutile-type mixed Cr/V antimonate/niobate; this multicomponent rutile had a highly defective structure, with
cationic vacancies in relation to excess Sb5+ with respect to the stoichiometric composition. The progressive increase of Nb concentration in this
mixed oxide with increasing Nb loading led to a partial segregation of Sb oxide in the form of Sb2O4. The excess Sb in rutile provided the active
sites for allylic ammoxidation on intermediate adsorbed propylene. The contemporaneous presence of Nb in the lattice improved the efficiency of
these sites and was responsible for the better catalytic performance with respect to the Cr/V/Sb/O systems.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of acrylonitrile is carried out by ammoxida-
tion of propylene, but interest exists in developing a process
that uses propane as the raw material, due to the lower cost
of paraffin compared with olefin [1–3]. BP and Mitsubishi
Chemical have developed processes for this reaction [4,5]
and have announced the startup of semicommercial units or
of pilot plants for the ammoxidation of propane. The cata-
lysts claimed are based on either rutile-type metal antimonates
(V/Sb/O, V/Al/Sn/Sb/O, Fe/Sb/O) [6–10] or mixed molyb-
dates (Mo/V/Te(Sb)/Nb/O for the Mitsubishi catalyst) [11–14].
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These catalysts are polyfunctional systems, with several com-
ponents aimed at different roles in the multielectron complex
transformation of the alkane, including propane activation and
oxidehydrogenation, and the allylic ammoxidation of the un-
saturated intermediate to acrylonitrile. With regard to this, the
rutile-type structure has the necessary flexibility to accommo-
date various elements in its framework, with formation of a
wide variety of solid solutions, and thus it represents the opti-
mal system for the development of multicomponent catalysts.

Nb is claimed to play an important role in catalysts aimed
at the oxidative transformation of hydrocarbons [15–17]. This
is particularly true in Mo/V/Te(Sb)/Nb/O systems for propane
oxidation to acrylic acid, in which the addition of Nb leads to in-
creased selectivity to the desired product [18–21]. Niobium not
only addresses the formation of specific crystalline structures,
but also may exert a synergetic action on Te. In the Mo/V/Nb/O
system, active and selective in the ethane oxidation to ethylene
or to acetic acid [22–25], originally reported by Union Car-
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bide [22] and then studied by others [23,24], Nb acts to enhance
the intrinsic activity of Mo/V/O and to inhibit the combustion
of ethane.

In the case of alkane ammoxidation, Nb is included in the
formulation of Mitsubishi catalyst [11,13], but no specific role
for this element in the reaction has yet been reported. The
Nb/Sb/O system is used for the ammoxidation of ethane to
acetonitrile [26], and the combination of Bi/Mo/O and alumina-
supported Nb2O5 gives good performance in the ammoxidation
of isobutane to methacrylonitrile [27]. Nb is one component of
the V/Nb/Sb/O catalyst for propane ammoxidation developed
by Nitto Chem Ind [28]. In recent work, Bañares et al. [29,30]
found that when used as the support for V/Sb mixed oxide,
Nb2O5 formed new phases by reaction with V and Sb under
catalytic reaction conditions; these phases, of unclear nature,
affected the catalytic performance in propane ammoxidation.

In previous work we studied the reactivity of Cr/Sb and of
Cr/V/Sb mixed oxides [31–34] and found that rutile-like Cr
antimonates were active and fairly selective for propane am-
moxidation; additing V considerably improved catalyst activity,
whereas the effect on selectivity to acrylonitrile was a function
of the (Cr + V)/Sb ratio. Two main drawbacks of these sys-
tems were (i) the low selectivity to acrylonitrile, which at best
was not more than 35% at total conversion of oxygen (the lim-
iting reactant under propane-rich conditions), and (ii) the high
activity in ammonia oxidation to molecular nitrogen.

In the present work, we analyze the effect of Nb addition on
catalytic performance of rutile-type Cr/V/Sb/O systems.

2. Experimental

Catalysts were prepared with the coprecipitation technique,
developed for the preparation of rutile SnO2-based systems
claimed by Rhodia [7]. The preparation involves the dissolution
of Cr(NO3)3·6H2O, VO(acac)2, SbCl5, and NbCl5 in absolute
ethanol, followed by dropping the solution into a buffered aque-
ous solution maintained at pH 7. The precipitate thus obtained
is separated from the supernatant liquid by centrifugation and
filtration. The solid is then dried at 120 ◦C and calcined in air at
700 ◦C for 3 h at a heating rate of 1 ◦C/min.

The X-ray diffraction (XRD) patterns of the catalysts were
obtained with Ni-filtered CuKα radiation (λ = 1.54178 Å)
on a Philips X’Pert vertical diffractometer equipped with a
pulse height analyser and a secondary curved graphite crystal
monochromator. Laser-Raman spectra were obtained using a
Renishaw 1000 instrument; the samples were excited with the
514-nm Ar line. Specific surface areas were measured by the
BET method with nitrogen adsorption (Thermo Instruments).

Sb L1-edge XANES spectra were collected at the ID26 sta-
tion (ESRF, Grenoble, France) using a pair of Si(220) crystals
monochromated for energy selection. The electron energy was
6.0 GeV, and the ring current varied between 150 and 200 mA.
Harmonic rejection was performed using two silicon mirrors at
2.8 and 4.3 mrad. Three spectra were recorded for each sam-
ple in the fluorescence mode during a 63-s scan from 4.66 to
5.60 keV in steps of 0.3 eV with a detector (Si diode) mounted
at 90◦ with respect to the incident beam. To compare the dif-
ferent Sb L1-edge XANES spectra, the absorption background
was first carried out using a linear law over the entire range,
and then the spectra were normalized in the middle of the first
EXAFS oscillation, at ca. 50 eV above the absorption edge.
SbPO4 (4702.5 eV for Sb3+) and FeSbO4 (4707.5 eV for Sb5+)
reference spectra were taken as model data for Sb3+ and Sb5+,
respectively [35]. After normalization and background subtrac-
tion, the spectra were fitted using the PEAKFIT program.

XPS measurements were performed with a VG ESCALAB
200 R. Charging of the samples was corrected by setting the
binding energy of adventitious carbon (C1s) at 284.5 eV. De-
convolution of the Sb3d3/2 peak was accomplished using a Voigt
function. Because of its low intensity and overlapping by satel-
lite peak of O1s no attempt to deconvolute the V2p3/2 peak was
made. The experimental precision on the quantitative measure-
ments was considered to be around 10%.

Catalytic tests were carried out in a laboratory stainless steel
fixed-bed reactor operating at atmospheric pressure. A 1.8-g
sample of catalyst, with particles ranging in size from 0.42 to
0.55 mm, was loaded. 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 temperature was maintained 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 product identification: a Hay-sep T columns (ther-
mal conductivity detector [TCD]) for separation of CO2, NH3,
C3H8 + C3H6, H2O, HCN, acrolein, acetonitrile, and acryloni-
trile and a MS-5A column (TCD) for separation of O2, N2, and
CO. A Hay-sep T column was also used as a filter to avoid con-
tamination of MS-5A by CO2. The third column was a packed
one filled with Poropak QS (flame ionization detector) used to
separate propane from propylene.

3. Results

3.1. Characterization of Cr/V/Sb/Nb/O samples: Specific
surface areas

Table 1 reports the composition of catalysts prepared (atomic
ratios between components), along with their corresponding
specific surface areas. The samples prepared are grouped into
four different series, in which either the amount of Sb (series
with atomic ratios between components equal to Cr/V/Sb/Nb
1/0.2/x/1 and 1/1/x/1) or the amount of Nb (series with atomic
ratios between components equal to Cr/V/Sb/Nb 1/0.2/1/x and
1/0.2/5/x) has been varied. In the latter case, the amount of
Sb has been kept either close to the Cr + V sum (Cr/V/Sb/Nb
1/0.2/1/x) or in large excess with respect to it (Cr/V/Sb/Nb
1/0.2/5/x). In all cases, the compositions have been referred to
the atomic amount of Cr, fixed to 1.

Concerning the specific surface areas, the following effects
were observed:

(a) An increase in Sb content led to an increase in surface area,
which may be linked to the decreased crystallinity as in-
ferred from XRD patterns (see below).
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Table 1
Composition of catalysts, and specific surface area

Cr/V/Sb/Nb atomic ratios Specific surface area (m2/g)

Series Cr/V/Sb/Nb 1/1/x/1
1/1/0/1 11
1/1/1/1 24
1/1/3/1 31
1/1/5/1 32

Series Cr/V/Sb/Nb 1/0.2/x/1
1/0.2/0/1 20
1/0.2/1/1 34
1/0.2/3/1 80
1/0.2/5/1 87

Series Cr/V/Sb/Nb 1/0.2/1/x
1/0.3/1.1/0 59
1/0.2/1/0.2 51
1/0.2/1/1 34

Series Cr/V/Sb/Nb 1/0.2/5/x
1/0.2/5/0 51
1/0.2/5/0.2 83
1/0.2/5/1 87
1/0.2/5/1.7 88

(b) A decreased V content with a constant atomic ratio between
the other components led to higher surface area values; also
in this case, this could correspond to a lower crystallinity of
the samples.

(c) The effect of Nb on surface area was a function of the Sb
content in samples; in the case of catalysts of composition
Cr/V/Sb/Nb 1/0.2/1/x, which maintained good crystallinity
along with the variation of the Nb content, a decrease in
surface area was observed with increasing Nb content. The
opposite was true for samples of composition Cr/V/Sb/Nb
1/0.2/5/x, which exhibited lower crystallinity than those
containing less Sb.

3.2. Characterization of Cr/V/Sb/Nb/O samples: The effect of
varying Sb content

Fig. 1 shows the XRD patterns of samples belonging to the
series Cr/V/Sb/Nb 1/1/x/1 and 1/0.2/x/1. In Cr/V/Sb/Nb 1/1/0/1
(the Sb-free catalyst), the main reflections were almost coin-
cident with those of the stoichiometric tetragonal rutile-type
mixed oxide CrVNbO6 [36] containing V with a 4+ oxida-
tion state; in contrast, the peak positions differed from those
of stoichiometric CrNbO4 and of VNbO4 [37]. For instance,
the (2,1,1) reflection is positioned at 2θ 54.05◦ for CrVNbO6
(JCPDS file 36-0788), at 2θ 53.55◦ for CrNbO4 (JCPDS file
34-0366), at 2θ 53.0◦ for VNbO4 [37], compared with 2θ

53.9◦ for Cr/V/Sb/Nb 1/1/0/1. However, weak reflections at-
tributable to V2O5 (JCPDS file 41-1426) indicate that either
the formation of the mixed oxide was not quantitative or the
mixed oxide formed indeed had a slightly different, V-deficient
stoichiometry (e.g., Cr1+xV1−2xNb1+xO6). For Cr/V/Sb/Nb
1/1/1/1, the most intense reflections were once again attribut-
able to the tetragonal, rutile-type compound, with additional
weak reflections corresponding to V2O5 and VNb9O25 (JCPDS
file 18-1447). The presence of an increasing amount of Sb in
the 1/1/x/1 series led to an evident decrease in crystallinity of
the rutile-type mixed oxide with a shift of reflections toward
lower 2θ values, indicating increases in cell volume presum-
ably linked to the replacement of cations in the structure with
bigger ones.

Analogous effects were observed when the amount of Sb
was increased within the series Cr/V/Sb/Nb 1/0.2/x/1; the shift
toward lower 2θ values was evident, as was the decrease of
crystallinity. The main difference with patterns of samples of
composition Cr/V/Sb/Nb 1/1/x/1 appeared to be the absence
of the weak reflections relative to V2O5; this was clearly due to
the lower V oxide content.

It is noteworthy that the cation of octahedral Nb5+ (0.64 Å)
is larger than that of Sb5+ (0.60 Å); this implies a smaller vol-
ume of the tetragonal crystallographic cell for rutile CrSbO4

than for rutile CrNbO4 (64.978 Å3 for CrNbO4 vs 64.308 Å3

for CrSbO4). Therefore, the shift in reflections observed with
increasing Sb cannot be explained by the replacement of Nb5+
with smaller Sb5+. One possible explanation for these two phe-
nomena (i.e., the increased unit cell volume and the decreased
crystallinity) is the formation of a nonstoichiometric rutile com-
pound, in which Sb5+ substitutes smaller cations (e.g., V4+, the
cation size of which is 0.58 Å) or develops interstitial solid so-
lutions. In both cases, the presence of excess positive charges
might be compensated for by either the generation of cationic
vacancies (see the discussion on Raman spectra, Fig. 2) or the
reduction of an equivalent amount of V4+ to V3+. Another pos-
sible explanation is the incorporation of excess Sb in the form
of Sb3+ cation (0.76 Å), into those positions normally occupied
by Cr3+ (0.69 Å) or V. However, XANES results (see below)
will not support this hypothesis; the large size of Sb3+ com-
pared with the other cations also makes its introduction inside
the rutile lattice unlikely.

Raman spectra of samples are shown in Fig. 2. The spectra of
Cr/V/Sb/Nb 1/1/0/1 and 1/0.2/0/1 (the Sb-free samples) showed
an intense broad band at Raman shift 800 cm−1, corresponding
to no band in either chromium oxide or any niobium or vana-
dium oxide, and a less intense band at 920 cm−1 that was more
evident in Cr/V/Sb/Nb 1/1/0/1. The spectrum of Cr/V/Sb/Nb
1/0.2/0/1 was the same as that of tetragonal CrNbO4 [37],
whereas rutile CrSbO4 had an intense band at 760 cm−1 and
a less intense one at 670 cm−1 [31]; moreover, the spectrum
of Cr/V/Sb/Nb 1/0.2/0/1 was different from that of any V/Nb
mixed oxide, including rutile-type VNbO4 [37,38].

For Cr/V/Sb/Nb 1/1/x/1, the addition of Sb modified the
spectrum with respect to the Sb-free catalyst. In Cr/V/Sb/Nb
1/1/1/1, besides bands attributable to V2O5 (the presence of
which had also been identified by XRD; Fig. 1), bands rela-
tive to rutile vibrations were weaker than those in Cr/V/Sb/
Nb 1/1/0/1, although falling at the same wavenumbers. The
spectra of samples with excess Sb (x = 3 and 5) were con-
siderably different; a broad band attributable to Sb6O13 ap-
peared in the 450–480 cm−1 range, whereas bands attributable
to V2O5 disappeared. The band at 900–920 cm−1 was very in-
tense, whereas that at 800 cm−1 was no longer present (or at
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Fig. 1. X-Ray diffraction pattern of samples Cr/V/Sb/Nb 1/1/x/1 and 1/0.2/x/1, calcined at 700 ◦C. (*) V2O5. (F) VNb9O25.
least was overlapped by the former). Bands at 740–750 and
670 cm−1 were also observed in almost stoichiometric rutile-
type CrSbO4 [31].

Quite similar spectra were recorded in the case of Cr/V/Sb/O
samples, when the (Cr + V) atomic amount was much lower
than the Sb one [34] (e.g., in Cr/V/Sb 1/1/5); bands were ob-
served at 990, 890, 740, 660, 575, and 465 cm−1 that clearly
correspond with bands observed in the spectrum of Cr/V/Sb/Nb
1/1/5/1. In the former case, evidence was obtained for the for-
mation of a mixed V3+/Cr3+ antimonate.

Raman spectrum of Cr/V/Sb/Nb 1/0.2/1/1 was similar to
that of Cr/V/Sb/Nb 1/1/0/1, while the spectrum of Cr/V/Sb/Nb
1/0.2/3/1 resembled that of Cr/V/Sb/Nb 1/1/5/1. Specifically,
bands at 660–670, 740–750, and 900–920 cm−1, which were
very weak in the spectra of samples with x = 0 and 1, be-
came evident in the sample with x = 3. Therefore, for these
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Fig. 2. Raman spectra of samples Cr/V/Sb/Nb 1/1/x/1 and 1/0.2/x/1, calcined
at 700 ◦C.

samples many analogies exist with catalysts belonging to the
Cr/V/Sb/Nb 1/1/x/1 series. More relevant differences were ob-
served between spectra of Cr/V/Sb/Nb 1/0.2/5/1 and 1/1/5/1;
in the former case, besides the band at 460–465 cm−1 relative
to Sb6O13, others attributable to α-Sb2O4 were present at 195
and 400 cm−1 that were not observed in Cr/V/Sb/Nb 1/1/5/1.
Moreover, two bands at 790 and 830 cm−1 were clearly evident
in Cr/V/Sb/Nb 1/0.2/5/1; the latter are discussed in reference
to spectra of Cr/V/Sb/Nb 1/0.2/5/x (see below). They seem to
derive from a progressive modification of the main band of
CrNbO4 at 800 cm−1.

From the literature [39], the spectrum of nonstoichiomet-
ric rutile V/Sb/O of composition V0.92Sb0.92O4 is badly re-
solved and shows a broad band at 880 cm−1, assigned to vibra-
tion modes involving 2-coordinated O species. In the absence
of cationic vacancies, when only 3-coordinated O species are
present, the Raman spectrum has only diffuse features, with a
very broad band centered at approximately 720 cm−1.

3.3. Characterization of Cr/V/Sb/Nb/O samples: The effect of
varying Nb content

The XRD patterns and Raman spectra of Cr/V/Sb/Nb
1/0.2/5/x and 1/0.2/1/x are presented in Figs. 3 and 4, respec-
tively. Samples with higher amounts of Sb were much less
crystalline than those of the series Cr/V/Sb/Nb 1/0.2/1/x, in
agreement with patterns reported in Fig. 1. Weak reflections
attributable to Sb6O13, in the pattern of the Nb-free sample
Cr/V/Sb/Nb 1/0.2/5/0, disappeared in the Nb-containing sam-
ples; apart from this, the only reflections relative to the rutile-
type structure were evident for all samples of both series. In this
case, the increase in Nb content led to a very small variation in
peak position.

Raman spectra provided further information. The spectrum
of Cr/V/Sb/Nb 1/0.3/1.1/0 (a Nb-free catalyst) was very sim-
ilar to that of CrSbO4 [31], with two main bands at 760
and 670 cm−1. The addition of increasing amounts of Nb in
the series Cr/V/Sb/Nb 1/0.2/1/x led to the displacement of
the main bands toward higher wavenumbers; the spectrum of
Cr/V/Sb/Nb 1/0.2/1/1 shows two main bands at 910–920 and
800 cm−1.

In the case of Sb-richer samples, the increasing amount of
Nb led to the following:

(a) Increased intensity of bands relative to α-Sb2O4; this may
indicate that Nb5+ replaced Sb in the rutile-type mixed ox-
ide, and, consequently, excess antimony formed Sb2O4.

(b) Increased intensity of bands at 830 and 790 cm−1 (already
mentioned in reference to Cr/V/Sb/Nb 1/0.2/5/1), which
are not related to any Nb or Sb oxides. Attributing these
bands is difficult; VSbO4 [10] and CrNbO4 [37] each had
a broad band falling in this range, whereas orthorhombic
VNbO5 was characterized by a band centered at around
730–750 cm−1. α-Sb2O4 itself had bands at 820, 750, and
710 cm−1, but these were much weaker than the most in-
tense ones at 190–200 and 400 cm−1 [40]. The formation
of SbNbO4, a mixed-oxide isostructural with α-Sb2O4, can
be excluded; in fact, this compound yielded broad bands at
850, 690, and 620 cm−1 [29,30].

(c) Increased intensity of the band at 900–920 cm−1.

Samples belonging to the series Cr/V/Sb/Nb 1/0.2/5/x were
characterized by means of XANES spectroscopy at the Sb L1
edge (Fig. 5) and XPS (Table 2). In the XANES spectra, the
deconvolution of the Sb L1-edge peak allowed us to determine
the relative amounts of Sb3+ (4703.2–4703.5 eV) and of Sb5+
(4707.4–4707.5 eV). Sb was found to be present mainly as
Sb5+, with the relative amount of Sb3+ species close to 5%
in all cases. More specifically, the Sb3+/(Sb3+ + Sb5+) was
equal to 6% when x = 0.2, to 5% when x = 1, and to 4%
when x = 1.7.

The low amount of Sb3+ despite the large excess of Sb
indicates that the major fraction of this element was present
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Fig. 3. X-Ray diffraction pattern of samples Cr/V/Sb/Nb 1/0.2/5/x and 1/0.2/1/x, calcined at 700 ◦C.
in the rutile framework as Sb5+, rather than dispersed over
the rutile surface in the form of Sb3+-containing Sb oxides,
that is, Sb6O13 and/or Sb2O4. This agrees with the indications
in previous work on the formation of Sb5+-enriched rutile-
type solid solutions in Cr/(V)/Sb mixed oxides [31,34]. This
excess Sb5+ generated a corresponding amount of cationic
vacancies and thus was responsible for the low crystallinity
of these samples. On the other hand, positive effects were
the high specific surface areas (much higher than those of
V/Sb/O samples calcined under the same conditions) and the
development of surface sites specific for allylic ammoxida-
tion.

Table 2 reports the main results of XPS measurements. The
table also compares the atomic ratios between elements and Sb
for the bulk, as inferred from the catalyst composition, and for
the surface, as determined from XPS data. It also reports the
fraction of Sb3+ as calculated from the relative intensity ratio
of peaks obtained from the deconvolution of the broad Sb3d3/2
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Fig. 4. Raman spectra of samples Cr/V/Sb/Nb 1/0.2/5/x and 1/0.2/1/x, calcined
at 700 ◦C.

peak into the two components at 540.6 and 539.8 eV. It is clear
that this type of operation has a great degree of uncertainty,
however. The small peak relative to V2p3/2 did not allow such
a deconvolution, also because it was superimposed to a satel-
lite peak of O1s; therefore, attributing it to a specific oxidation
state for V was not possible. However, the BE was lower than
that typically observed for V5+, and therefore the average ox-
idation state for V was likely lower than 5+. The Nb energy
corresponded to Nb5+; the Cr energy, to Cr3+.

The Cr/Sb and V/Sb surface ratios were slightly lower and
higher than the corresponding bulk surface ratio, respectively,
suggesting either a slight surface enrichment of V or intracrys-
talline gradients of each one of the two elements in the rutile
lattice. In the case of V, moreover, the surface ratio increased
with increasing Nb content, suggesting the possible formation
Fig. 5. XANES spectra of samples Cr/V/Sb/Nb 1/0.2/5/x, calcined at 700 ◦C.
(a) Reference SbPO4; (b) reference FeSbO4; (c) x = 0.2; (d) x = 1.0;
(e) x = 1.7.

Table 2
Results of XPS characterization of samples Cr/V/Sb/Nb 1/0.2/5/0.2, 1/0.2/5/1
and 1/0.2/5/1.7

Catalyst
Cr/V/Sb/Nb

Element
M

Binding
energy
(eV)

M/Sb
atomic ratio

Sb3+/

(Sb3+ +Sb5+)
Bulk XPS

1/0.2/5/0.2 Cr2p3/2 577.6 0.2 0.10
Sb3d3/2 540.6,539.8 – – 0.04
O1s5/2 530.8 2.00
Nb3d5/2 207.3 0.04 0.02
V2p3/2 517.8 0.04 0.06

1/0.2/5/1 Cr2p3/2 577.4 0.2 0.11
Sb3d3/2 540.6,539.8 – – 0.12
O1s5/2 530.7 2.51
Nb3d5/2 207.4 0.2 0.11
V2p3/2 517.8 0.04 0.09

1/0.2/5/1.7 Cr2p3/2 578.1 0.2 0.12
Sb3d3/2 540.6,539.8 – – 0.13
O1s5/2 530.5 2.29
Nb3d5/2 207.5 0.34 0.22
V2p3/2 517.7 0.04 0.10

of V/Nb mixed oxides spread at the surface of the rutile phase. It
is worth mentioning, however, that due to the very low amount
of V and the corresponding low intensity of the V2p peak,
any consideration regarding this element as inferred from XPS
spectra was not fully certain.

There was an excess of Sb with respect to Cr and Nb that was
larger than the bulk one; this indicates a surface enrichment of
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Fig. 6. Selectivity to acrylonitrile (F), to cyanhydric acid (Q), to propy-
lene (2), to carbon dioxide ("), to carbon monoxide (1) and to acetonitrile
(!) as functions of the reaction temperature. Catalyst: Cr/V/Sb/Nb 1/0.2/5/1.7.
Reaction conditions: feed composition 25 mol% propane, 10% ammonia,
20% oxygen, remainder He; residence time 2.0 s.

Sb that might correspond to the spreading of Sb oxide over the
rutile surface. However, it is worth mentioning that the large
amount of Sb in samples should lead to much lower M/Sb sur-
face ratios than the experimental ones, if all Sb in excess with
respect to the stoichiometric requirement for rutile formation
segregated at the surface in the form of Sb oxide. This supports
the view that indeed the rutile phase was nonstoichiometric and
contained excess Sb5+ in the bulk with respect to the stoichio-
metric formula.

An increase in Nb content led to an increase in the Nb/Sb
surface ratio (approximately half of the bulk one for all sam-
ples), but this ratio remained proportional to the Nb content.
This indicates that there was no preferential segregation of Nb
oxide at the surface of rutile, confirming the hypothesis of dis-
solution of Nb5+ in the rutile lattice. Moreover, a slight increase
in the relative amount of surface Sb3+ (while the same amount,
as calculated from XANES spectroscopic data, apparently re-
mained constant) supports the view that the replacement of
Nb5+ for Sb in the rutile led to the segregation of Sb2O4 at
the surface.

3.4. Reactivity of Cr/V/Sb/Nb/O catalysts in propane
ammoxidation

Fig. 6 plots the effect of temperature on the selectivity to
the different products for Cr/V/Sb/Nb 1/0.2/5/1.7, which gave
the highest selectivity to acrylonitrile among all of the Nb-
containing catalysts described in the present work. Fig. 9 shows
the corresponding propane conversion and compares it with that
of the other samples in the Cr/V/Sb/Nb 1/0.2/5/x series. In-
creasing temperature had a remarkable effect on the selectivity
to acrylonitrile, which increased mainly at the expense of cyan-
hydric acid; the latter was the prevailing product at low reaction
temperatures. The relative amounts of the other byproducts (i.e.,
carbon dioxide, carbon monoxide, propylene, and acetonitrile)
were not substantially affected by temperature.

Fig. 7 compares the catalytic performance of samples of
composition Cr/V/Sb/Nb 1/0.2/x/1. The figure plots the con-
version of propane, selectivity to acrylonitrile, and selectivity
to molecular nitrogen, calculated with respect to ammonia con-
verted, as functions of the reaction temperature; it also reports
the selectivity to the products at 405–425 ◦C. The catalyst with-
out Sb (Cr/V/Sb/Nb 1/0.2/0/1) was extremely active (with total
conversion of oxygen reached already at 390–400 ◦C), but was
Fig. 7. Effect of temperature on propane conversion (top left), on selectivity to acrylonitrile (top right) and on selectivity to N2 from ammonia combustion (bottom
left). Distribution of products at ≈405–425 ◦C (bottom right): AN acrylonitrile; C3= propylene; ACN acetonitrile; CO2 carbon dioxide; CO carbon monoxide;
HCN cyanhydric acid. Catalysts Cr/V/Sb/Nb 1/0.2/x/1: 1/0.2/0/1 (F), 1/0.2/1/1 (2), 1/0.2/3/1 (Q), and 1/0.2/5/1 ("). Reaction conditions as in Fig. 6.
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Fig. 8. Effect of temperature on propane conversion (top left), on selectivity to acrylonitrile (top right) and on selectivity to N2 from ammonia combustion (bottom
left). Distribution of products at ≈385–405 ◦C (bottom right): AN acrylonitrile; C3= propylene; ACN acetonitrile; CO2 carbon dioxide; CO carbon monoxide;
HCN cyanhydric acid. Catalysts Cr/V/Sb/Nb 1/1/x/1: 1/1/0/1 (F), 1/1/1/1 (2), 1/1/3/1 (Q), and 1/1/5/1 ("). Reaction conditions as in Fig. 6.
nonselective to acrylonitrile (with most ammonia oxidized to
N2); the main products were propylene, CO, and CO2. This
catalytic behavior was similar to that of the Cr/V/Sb 1/x/1 cata-
lysts, which in general were very active and poorly selective to
acrylonitrile and in which the increasing content of V led to a
higher selectivity to propylene [33,34].

The addition of increasing amounts of Sb caused a decrease
in activity. The selectivity to acrylonitrile and HCN increased,
with a correspondingly lower selectivity to propylene and CO;
the degree of ammonia oxidized to N2 decreased. The catalyst
with the greatest amount of Sb (Cr/V/Sb/Nb 1/0.2/5/1) had a
maximum selectivity to acrylonitrile, which was achieved well
below the temperature at which total conversion of oxygen was
reached.

For the catalysts with higher V content (series Cr/V/Sb/Nb
1/1/x/1; Fig. 8), all samples were very active. Cr/V/Sb/Nb
1/1/1/1 was more active than the corresponding Sb-free sam-
ple (Cr/V/Sb/Nb 1/1/0/1), but a further increase in Sb content
(x = 3 and 5) led to decreased activity. Moreover, the two for-
mer compounds were unselective to acrylonitrile, as was the
Nb-free catalyst Cr/V/Sb 1/1/1 [33]. They had comparable ac-
tivity in ammonia conversion (not shown), which was almost
completely converted to N2, but had differing product distri-
butions. Cr/V/Sb/Nb 1/1/0/1 was more selective to propylene
and HCN, whereas Cr/V/Sb/Nb 1/1/1/1 was more selective to
CO2 and CO. Excess Sb led to an increased selectivity to acry-
lonitrile and cyanhydric acid at the expense of selectivity to
propylene and carbon oxides.

These data indicate that CrVNbO6 (Cr/V/Sb/Nb 1/1/0/1)
and CrVNbSbO8 (Cr/V/Sb/Nb 1/1/1/1) are active catalysts for
propane ammoxidation but are quite unselective to acryloni-
trile; prevailing products were either propylene or carbon ox-
ides, depending on catalyst composition. The same applies for
Cr/V/Sb/Nb/O catalysts with a (Cr + V)/(Sb + Nb) atomic ra-
tio close to 1. Catalysts in which this ratio was largely < 1, due
to the presence of excess Sb, were instead selective to acryloni-
trile.

The relevant formation of N2 and the very low selectivity to
products of partial (amm)oxidation observed for Cr/V/Sb/Nb
1/1/0/1 and 1/1/1/1 can be related to the presence of crys-
talline V2O5, as evident from both XRD patterns (Fig. 1) and
Raman spectra (Fig. 2). It is noteworthy that besides these two
catalysts, other samples giving high selectivity to N2 were
Cr/V/Sb/Nb 1/0.2/0/1 (Fig. 7), 1/0.3/1.1/0, and 1/0.2/1/0.2
(Fig. 10); these were the catalysts in which the presence of
V2O5, although detected in very small amounts, was identi-
fied by means of Raman spectroscopy; see, for example, the
very weak band at ≈1000 cm−1 in the spectrum of Cr/V/Sb/Nb
1/0.2/0/1 (Fig. 2) or in that of 1/0.3/1.1/0 (Fig. 4).

Fig. 9 compares the effect of Nb in catalysts Cr/V/Sb/Nb
1/0.2/5/x. Increasing values of x led to a slight increase
in propane and ammonia conversion; in general, these cat-
alysts were less active than those with lower Sb content.
The main effect, however, was on the selectivity to acry-
lonitrile, which was 10–15% higher in the samples with the
highest Nb content. The selectivity to carbon dioxide was
correspondingly lower. Other byproducts (e.g., propylene,
carbon monoxide, cyanhydric acid, and acetonitrile) formed
with selectivity <10%. One important characteristic of Nb-
containing catalysts was the low extent of ammonia combus-
tion to molecular nitrogen; whereas Cr/V/Sb/Nb 1/0.2/5/0 and
1/0.2/5/0.2 converted most ammonia to N2, in Cr/V/Sb/Nb
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Fig. 9. Effect of temperature on propane conversion (top left), on selectivity to acrylonitrile (top right) and on selectivity to N2 from ammonia combustion (bottom
left). Distribution of products at ≈493–503 ◦C (bottom right): AN acrylonitrile; C3= propylene; ACN acetonitrile; CO2 carbon dioxide; CO carbon monoxide;
HCN cyanhydric acid. Catalysts Cr/V/Sb/Nb 1/0.2/5/x: 1/0.2/5/0 (F), 1/0.2/5/0.2 (2), 1/0.2/5/1 (Q), and 1/0.2/5/1.7 ("). Reaction conditions as in Fig. 6.

Fig. 10. Effect of temperature on propane conversion (top left), on selectivity to acrylonitrile (top right) and on selectivity to N2 from ammonia combustion (bottom
left). Distribution of products at ≈415–417 ◦C (bottom right): AN acrylonitrile; C3= propylene; ACN acetonitrile; CO2 carbon dioxide; CO carbon monoxide;
HCN cyanhydric acid. Catalysts Cr/V/Sb/Nb 1/0.2/1/x: 1/0.3/1.1/0 (F), 1/0.2/1/0.2 (2), and 1/0.2/1/1 (Q). Reaction conditions as in Fig. 6.
1/0.2/5/1 and 1/0.2/5/1.7, the fraction of ammonia burnt was
�65%.

The same positive effect due to Nb addition was not ob-
tained in samples with low Sb content; this is shown in Fig. 10
for the series Cr/V/Sb/Nb 1/0.2/1/x. A low content of Sb
led to very active catalysts, with the total conversion of oxy-
gen reached already at 420–440 ◦C. Increasing amounts of
Nb caused a slight decrease in activity. Furthermore, cata-
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lysts were poorly selective to acrylonitrile (maximum selec-
tivity of 20%), due to the relevant formation of CO2. The
addition of Nb did not lead to noticeable changes in product
distributions, apart from an increase in carbon monoxide se-
lectivity, with a corresponding decrease in carbon dioxide. No
clear effects were observed on the selectivity to N2. There-
fore, obtaining a selectivity improvement effect from the ad-
dition of Nb required an excess of Sb with respect to the
amount required for the development of the rutile-type com-
pound.

4. Discussion

In previous work, it was found that in Cr/V/Sb systems the
atomic ratio (Cr + V)/Sb was the main compositional parame-
ter affecting the nature of these crystalline compounds [33,34].
When almost equiatomic ratios were used (e.g., in Cr/V/Sb
1/1/1), the corresponding XRD pattern showed the presence
of a well-crystallized rutile-type compound. Because the Ri-
etveld analysis of the diffraction profile indicated that an al-
most equiatomic composition of the rutile compound was most
likely (when the Cr/Sb ratio was fixed to 1), formation of the
compound CrVSbO6 was hypothesized [33], which in practice
corresponds to an equimolar solid solution between CrSbO4
and VO2 (both characterized by the rutile-type structure). In
Cr/V/Sb/O samples with atomic ratios of Cr/V/Sb 1/x/1, the
general formula Cr1VxSb1O4+2x was extrapolated. Alterna-
tively, the replacement of Cr3+ with V4+ would generate an
excess of positive charges, compensated for by either the forma-
tion of cationic vacancies or the reduction of Sb; indeed, very
weak bands at 910 cm−1 developed, indicating the existence of
cationic vacancies [33]. However, the absence of Cr oxide sug-
gested that nondefective structures, with composition ranging
from CrSbO4 to CrVSbO6, formed, rather than substitutional
oxides with replacement of Cr3+ by either V3+ or V4+. In ad-
dition, the replacement of Sb5+ with V was excluded, due to the
absence of any Sb oxide in samples with increased V content.
In these catalysts, V was present mainly as V4+, and samples
were extremely active in propane ammoxidation but poorly se-
lective to acrylonitrile, leading to the prevailing formation of
propylene and carbon oxides.

When instead samples were prepared with an atomic ra-
tio (Cr + V)/Sb < 1, V was present mainly in the rutile
mixed oxide as a V3+ species [33,34]. The main peculiar-
ity of these Cr-based antimonates was found to be the abil-
ity to host excess Sb in the structure [31], thereby devel-
oping nonstoichiometric compounds, especially in samples
with lower V content. Another peculiarity was the forma-
tion of cationic vacancies, as evidenced by the intense Raman
band at 880–920 cm−1, especially in samples with very low
(Cr + V)/Sb ratio (i.e., a large excess of Sb) but higher rel-
ative amounts of V (e.g., a Cr/V ratio close to 1). In agree-
ment with literature reports [39], this band is attributable to
Sb–O–V stretching involving 2-coordinated O atoms adjacent
to the cationic vacancies. This indicates the ability of the rutile
compound to host excess Sb in the form of Sb5+, with a corre-
sponding generation of vacancies to compensate for the excess
positive charge introduced in the structure. The intensity of this
band can be correlated with the concentration of vacancies [41].

In the V/Sb/O, the nonstoichiometry originates from the ex-
istence of stable valence states higher than 3+ for V, with for-
mation of mixed oxides in which the V4+/V3+ ratio determines
the amount of cationic vacancies while the overall V/Sb ra-
tio remains close to 1 [41–44]. In some cases, in contrast, the
overall V/Sb ratio may become >1; no cationic vacancies de-
velop, because the V3+/Sb5+ ratio remains equal to 1, and the
presence of additional V4+ species is compensated for by the
required amount of O2− ions [45]. In rutile-type CrSbO4, non-
stoichiometry develops when Cr/Sb ratios <1 are used, with
accommodation of excess Sb in the structure; this causes a de-
crease in crystallinity of the rutile [31].

The data obtained with Cr/V/Sb/Nb/O samples confirm in-
dications formerly obtained with Nb-free catalysts. In general,
samples with a large excess of Sb with respect to the (Cr + V)
sum were less crystalline than those with an atomic (Cr+V)/Sb
ratio closer to that required for stoichiometric rutile formation.
The same samples were also those with the most intense band
at 880–920 cm−1. Excess Sb accommodated inside the rutile
framework in the form of Sb5+, replacing metal cations of
lower charge; in such a way, cationic vacancies were generated.

The high intensity of the band at 880–920 cm−1 was
also evident in those samples that, even with a relatively
low Sb content, had a sufficient Nb content to develop a
(Cr + V)/(Sb + Nb) atomic ratio <1. This provides an in-
dication that Nb5+ replaced Sb in the rutile lattice, and that
a mixed antimonate/niobate of Cr/V developed. Other indica-
tions supporting this hypothesis were (i) the presence of a single
crystalline phase, but with a progressive shift of the X-ray re-
flections with increasing Sb content, and (ii) the modification
of those Raman bands attributable to vibrations in the rutile
structure. Specifically, a progressive increase of Sb led to a
modification of features in the Raman spectrum from those typ-
ical of CrNbO4 toward those of CrSbO4, but with additional
bands not typical of either of the two compounds. To the best
of our knowledge, rutile-type compounds containing the four
elements Cr, V, Sb, and Nb have not yet been described in the
literature. In this compound, Nb5+ replaces both V and Sb5+,
causing an increased concentration of cationic vacancies and
the segregation of antimony oxide, with an increased surface
concentration of Sb3+.

Our results also support an important role for vanadium. In
those samples with lower V content, segregation of Sb oxide
occurred in the presence of a large excess of Sb, whereas in the
presence of increased amounts of low-valent V and Cr cations
(e.g., in the Cr/V/Sb/Nb 1/1/x/1 series), the rutile had a greater
amount of Sb, in large excess with respect to the stoichiometric
requirements, with no segregation of Sb oxide (see, e.g., the
Raman spectra of Cr/V/Sb/Nb 1/1/3/1 and 1/1/5/1).

Therefore, the data indicate that one compositional parame-
ter affecting the rutile characteristics is the (Cr + V)/(Sb + Nb)
atomic ratio. When this ratio is between 0.5 and 1–1.2, the
rutile-type mixed oxide was well crystallized, and the Ra-
man spectrum was similar to that of Cr/V/Sb samples with a
(Cr + V)/Sb ratio �1. When the (Cr + V)/(Sb + Nb) ratio
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is <0.5, due to the large excess Sb, the crystallinity was lower
and the Raman spectrum was similar to that of Cr/V/Sb samples
with a low (Cr + V)/Sb ratio.

Another important point concerns the negative effect of
small amounts of crystalline or amorphous V2O5 on catalytic
performance. In those samples in which V2O5 was present,
most of the ammonia was burnt to N2, and, correspondingly,
the selectivity to products of partial ammoxidation was very
low. Bulk vanadium oxide formed in samples with the higher
V/(Sb + Nb) ratios. Crystalline V2O5 formed in those cata-
lysts with the highest V content, such as Cr/V/Sb/Nb 1/1/0/1
and 1/1/1/1, as inferred from XRD patterns. However, small
amounts of vanadium oxide were also found by Raman spec-
troscopy in samples with low V content but V/(Sb+Nb) atomic
ratio �0.2 (e.g., Cr/V/Sb/Nb 1/0.2/0/1 and 1/0.3/1.1/0).

Concerning the reason why Nb has a positive effect on the
catalytic performance in propane ammoxidation to acryloni-
trile, literature reports indicate that the development of crys-
talline SbNbO4 lowers the activity [29,30]. In our case, ad-
diting Nb caused a decrease in activity only in samples with
lower Sb content (Cr/V/Sb/Nb 1/0.2/1/x series), whereas the
effect on activity was positive (albeit very low) in samples
with higher Sb content. Mimura et al. [28] proposed the for-
mation of SbNb1−xVxO4 compound (with x < 0.2), in which
the replacement of V4+ for Nb5+ led to the oxidation of Sb3+
(the species in stoichiometric SbNbO4) to Sb5+. In contrast,
Bañares et al. [29,30] attributed the positive effect of Nb in
V/Sb/Nb/O systems on selectivity to either the formation of
sites with higher acid strength or a dopant effect on the catalytic
properties of V/Sb/O. In rutile antimonates, it is well known
that the major role in providing a high selectivity to acryloni-
trile in propane ammoxidation is played either by the Sb oxide
spread over the rutile surface [2,39,46–49] or by the incorpora-
tion of excess Sb in the outer atomic layers of rutile crystallites,
as in Cr/V/Sb mixed oxides [31,33]. For our samples, the data
suggest that this element does not play a direct role in allylic
ammoxidation, but does improve the performance of Sb in this
step. The most likely hypothesis for this effect is a modification
of the properties of Sb sites at the surface of rutile crystallites,
with generation of species with improved catalytic properties in
allylic ammoxidation.

Cationic vacancies play an important role in the catalytic
performance of rutile-type mixed oxides [41,44,50–53]. For in-
stance, it was found that an increase in the concentrations of
cationic vacancies and of isolated V4+ species in V/Sb/O sys-
tems due to introduction of increasing amounts of Fe in the
lattice led to a proportionally higher activity [51]. The forma-
tion of V4+ in Cr/V/Sb mixed oxides had an analogous effect
of a considerable increase in propane conversion [33,34].

In our samples, we found a progressively higher concen-
tration of cationic vacancies, as inferred from the intensity of
the band at 880–920 cm−1 in Raman spectra observed for the
Cr/V/Sb/Nb 1/1/x/1 and 1/0.2/x/1 series, for increasing Sb con-
tent. However, the increase of cationic vacancies did not lead to
a higher activity; on the contrary, the activity decreased. This
can be explained by the fact, reported previously [42], that the
introduction of excess Sb5+ in the rutile lattice led not only to
an increase in the cationic vacancies, but also to a decrease in
the V4+content, which may be hypothesized to be a key to the
activity. In contrast, an increase in Sb concentration led to con-
siderably improved selectivity to acrylonitrile; hence, cationic
vacancies might play a role in favoring the formation of this
product.

The effect of Nb5+ on vacancy concentrations and V4+ con-
tent in the rutile phase and consequently on activity was less
evident than that of Sb. One important effect of Nb addition
was the increase in extrarutile Sb oxide, which is known to
play an important and positive role in the selective formation of
acrylonitrile [3,8,51]. But this cannot be the only reason for the
improved selectivity. In fact, an increase in dispersed Sb oxide
in the Nb-free samples led to better selectivity, albeit still lower
than that achieved in the Nb-containing samples described in
the present work. Also in this case, cationic vacancies may
play an additional role in selectivity; their concentration also
increased when the amount of Nb was increased. The neigh-
boring of vacancies by Nb cations rather than Sb cations may
generate sites in the rutile phase specific for the selective acti-
vation of ammonia and the generation of –N=H species. This
implies a higher rate for the transformation of the unsaturated
intermediate to acrylonitrile rather than to CO2, and hence a
greater selectivity with respect to converted ammonia, because
the ammoxidation is in competition with the parallel reaction
leading to the formation of N2.

Catalysts containing Nb amounts comparable to those of Sb
and a (Cr + V)/(Nb + Sb) ratio <1 were not tested; however,
large amounts of Nb would be expected to cause the forma-
tion of relevant amounts of Nb oxide or of metal niobates
(Cr/Nb/O and V/Nb/O). Tests on V/Nb/O have demonstrated
that the rutile-type VNbO4 is not stable in the reaction environ-
ment under hydrocarbon-lean conditions [38,54]. The structural
stability of the catalyst in rutile-type Cr/V/Sb/Nb mixed oxides
is provided by the presence of Cr and Sb, and thus by the for-
mation of a Cr-based rutile-type antimonate, stable under the
conditions for propane ammoxidation and inside which Nb dis-
solves with formation of the mixed antimonate/niobate. Vana-
dium also plays an important role, contributing to the improved
catalytic activity; however, Cr/V ratios >1 are preferred, to
avoid the formation of V2O5 and of V niobates and to limit
the formation of propylene [33,34].

5. Conclusion

Adding Nb to rutile-type Cr/V/Sb mixed oxides led to a con-
siderable improvement in the catalytic performance of propane
ammoxidation to acrylonitrile. Specifically, a higher selectiv-
ity to acrylonitrile (up to 12% greater) and a small increase
in propane conversion were obtained, with a corresponding re-
markably lower combustion of ammonia to N2. For Nb to have
a positive effect on the catalytic performance of Cr/V/Sb/Nb
mixed oxides, the following composition is required:

(a) A (Cr + V)/Sb ratio largely <1; this is related to the need
for excess Sb to develop a Sb-enriched rutile mixed anti-
monate/niobate of Cr and V.
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(b) A Nb/Sb ratio largely <1 but >0.05–0.1 (e.g., equal to
0.2–0.3); low amounts of Nb have a negligible effect on
catalytic performance.

The positive effect of Nb was attributed to the formation
of defective multicomponent rutile mixed oxides, containing
the four elements in the same structure. These systems were
also characterized by Sb5+ enrichment with respect to the sto-
ichiometric composition, which provided efficient surface sites
for allylic ammoxidation of the unsaturated intermediate. The
data that we obtained in this study indicate that the concomi-
tant presence of Nb and Sb in the rutile structure improved the
efficiency of sites devoted to the insertion of activated ammo-
nia, with a decrease in the rate of ammonia transformation to
molecular nitrogen.
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