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Abstract

The interactions between Sb and V are studied by operando Raman—GC methodology during propane ammoxidation in order to
understand the effect of the preparation method and reaction conditions on the structure and activity/selectivity of alumina-supported Sb-V-O
catalysts. Dispersed V(V) species react with antimony species during propane ammoxidation to form VSbO,; partially reversible
transformations towards surface vanadium (V) species may account for the catalytic redox cycle. The catalytic performance is determined
by the interaction between Sb and V, which is affected by the preparation method and the reaction conditions.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The molecular understanding of the events taking place in
the catalysts during reaction is critical for the development
of structure—activity/selectivity relationships. The use of
techniques that analyze surface catalysts while the reaction
is taking place must allow a better understanding of the
nature of active species. To give an answer to this necessity
of assessing a reliable structure—activity relationship at a
molecular level, advanced in situ techniques that combine in
situ spectroscopy under genuine reaction conditions with
simultaneous activity measurement are appearing [1,2]. The
term ‘“‘operando” (working in Latin) was proposed to
express the methodology that simultaneously combines in
situ characterization and activity measurement in a single
experiment using a catalytically appropriate cell [2—6]. The
operando cell must be designed free of homogeneous reac-
tion contribution and free of diffusional limitations or any
profile; thus, it has to be designed as a reactor that is suitable
for in situ studies. Because operando methodology com-
bines two measurements in a single experiment, it is appro-
priate to indicate the techniques involved in such
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experiment. This work combines Raman spectroscopy with
on-line gas chromatography (GC); therefore, the study is
referred to as operando Raman—GC.

The direct conversion of propane into acrylonitrile by
ammoxidation is an alternative route to the conventional
propylene ammoxidation since propane is cheaper than
propylene. In this reaction, the activation of propane is
the limiting step. Acrylonitrile is widely used as intermedi-
ate for the preparation of synthetic rubbers, synthetic resins
and fibbers. Different catalytic systems have been investi-
gated for this reaction [7,8] Mixed Sb-V-O based catalyst
have been found to be one of the most promising formula-
tions [9-13], specially, the Sb-V-O-Al system [9,14-18]. In
order to develop more active and selective catalysts for this
process, much attention has been paid to elucidate the
molecular structure and mode of operation of V-Sb-Al-O
and V-Sb-O catalysts.

Mixed V-Sb oxides present different crystalline phases.
At stoichiometric composition or in excess of Sb; well-
defined antimony oxides (Sb,O5 and a-Sb,0,) are present.
[3-Sb,0, is only present when calcinations temperatures are
higher than 800 °C [19]. Crystalline vanadium pentoxide is
usually present when Sb/V is lower than 1. Vanadium and
antimony can react to form a rutile-like vanadium-antimo-
nate phases (VSbO,). Excess antimony oxide promotes
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the catalytic properties because antimony oxide migrates to
the surface of the VSbO, during propane ammoxidation
[12,20-22]; this would promote the isolation of V-centers,
which appear to be active and selective for acrylonitrile
formation [10,21]. A large excess of vanadium, in the form
of V,0s, appears to catalyze the undesired oxidation NHj to
N, [23]. The formation of VSbO, after calcination is
incomplete; it appears that this phase is further formed
during propane ammoxidation by reaction of vanadium
and antimony oxides that have not reacted during calcination
[9,11,24-27]. A previous paper monitors the structural
transformations of surface vanadia and surface antimony
oxide species by operando Raman—GC, it was possible to
follow how surface V and Sb oxides interact during reaction
to form the active VSbO, phase [3]. This contribution
studies the nature of such interaction by the use of different
preparation methods and by the operando evaluation of the
transformations during reoxidation and during ammoxida-
tion cycles. The activity and structural transformations
provide some understanding on the structure-activity rela-
tionships of Sb-V-O-based catalysts for propane ammoxida-
tion and the effect of the synthesis method.

2. Experimental and methods
2.1. Preparation of samples

Two alumina-supported mixed Sb-V oxide catalysts were
prepared with different methods, depending on the Sb pre-
cursor. In the first preparation method, named 1, Sb,O3
(Aldrich) was added to an aqueous solution of NH4VO;
(Sigma), this solution was kept under stirring at 80 °C for
50 min, then, y-Al,O3 was added. The resulting solution was
dried in a rotatory evaporator at 80 °C. The resulting solid
was dried at 115 °C for 24 h and then calcined at 400 °C for
4 h. For the second preparation method, named 2, the same
procedure was used but Sb was added as soluble tartrate
complex [28]. Both catalysts were prepared so that the total
coverage of V + Sb would correspond to 100% its dispersion
limit on alumina, determined by Raman spectroscopy to be
of nine atoms of Sb + V per nm? of alumina support [15,29].
The dispersion limit, understood as the maximum surface
loading of VO, units that remain dispersed, with no crystal-
line V,0s. The Sb/V atomic ratio was 1. The catalysts are
typically named as xSbyV/Al-z, where x indicates the number
of Sb + V monolayers, y indicates the Sb/V atomic ratio and z
indicates the preparation method (1 for the Sb,0O5 suspension
and 2 for the soluble Sb tartrate precursor).

2.2. Activity measurements

Activity measurements were performed using a conven-
tional microreactor with on-line gas chromatograph
equipped with a flame ionization and thermal conductivity
detector. The correctness of the analytical determinations

was checked for each test by verification that the carbon
balance (based on the propane converted) was within the
cumulative mean error of the determinations (£10%). To
prevent the participation of homogeneous reactivity the
reactor was designed to minimize gas-phase activation of
propane. Tests were made using 0.2 g of sample with particle
dimensions in the 0.25-0.125 mm range. The axial tem-
perature profile was monitored by a thermocouple sliding
inside a tube inserted into the catalytic bed. Test were made
using the following feedstock: 25% O,, 9.8% propane,
8.6% ammonia in helium. The total flow rate was 20 ml/
min corresponding to a gas-space velocity (GHSV) of about
3000 h™'. Yields and selectivities in products were deter-
mined on the basis of the moles of propane feed and products,
considering the number of carbon atoms in each molecule.

2.3. Raman spectroscopy

The Raman spectra were run with a single monochro-
mator Renishaw System 1000 equipped with a cooled CCD
detector (—73 °C) and holographic super-Notch filter. The
holographic Notch filter removes the elastic scattering. Such
Raman configuration is successfully used in many applica-
tions [4,30,31]. The samples were excited with the 514 nm
Ar line; spectral resolution was ca. 3cm™'. The in situ
Raman spectra were run under dehydrated conditions for the
fresh and used catalysts. The used catalysts have run propane
ammoxidation at 480 °C during 20 h, operating at steady
state [15]. The operando Raman—GC study during propane
ammoxidation were obtained under reaction conditions in a
home-made reaction cell. It was made using quartz tubing
connected to an optical quality quartz cuvette (Scheme 1).
Essentially, it is a fixed-bed catalytic reactor with walls that
are optically appropriate for in situ Raman spectroscopy. To
prevent the participation of homogeneous reactions, the
reactor was designed to minimize gas-phase activation of
propane (no void volume). Tests were made using 0.2 g of
sample with particle dimensions in the 0.25-0.125 mm
range. Test were made using the following feed: 25% O,,
9.8% propane, 8.6% ammonia in helium. The total flow rate
was 20 ml/min corresponding to a gas-space velocity
(GHSV) of ca. 3000 h™'. Thus, the reaction conditions were
identical to those used in the fixed-bed reactor and the
activity values obtained in the operando reactor were iden-
tical to those obtained in the fixed-bed reactor, within
experimental error. The activity in the operando reaction
cell was measured with an on-line gas chromatograph
equipped with a flame-ionization and thermal-conductivity
detector (Varian 3800). The correctness of the analytical
determinations was checked for each test by verification that
the carbon balance (based on the propane converted) was
within the cumulative mean error of the determinations
(£10%). The yield and selectivity values were determined
on the basis of the moles of propane feed and products,
considering the number of carbon atoms in each molecule.
The activity values did not significantly deviate from those
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Scheme 1. Operando Raman—-GC setup.

obtained in the fixed-bed reactor. The laser power on the
sample was kept very low (below 6 mW) to prevent local
heating at the spot of spectral acquisition, which would have
made the spectra not representative of the catalyst bed. As a
consequence, the signal-to-noise ratio is low and acquisition
time was adjusted to compensate (30 scans of 60 s). There-
fore, it was possible to simultaneously measure both the
structure and the activity/selectivity data in the same experi-
ment.

Scheme 2 illustrates the temperature history of the
experiments. The first and third cycles correspond to oper-
ando Raman—GC studies during propane ammoxidation
reaction and the second cycle was an in situ re-oxidation
(TPO-Raman) experiment. During the Raman—GC studies,
each temperature was held long enough (ca. 100 min) to

First run

Fresh
catglyst

Temperature

Ammoxidation

allow, at least, two GC analyses of catalytic activity. Then, it
was cooled to 200 °C and the reaction feed is replaced by
oxygen—helium feed to run a TPO-Raman study, where the
catalyst is heated stepwise from 200 to 520 °C. Spectra are
taken at constant temperature. After the reoxidation, the
catalyst is cooled down to 200 °C and the second ammox-
idation Raman—GC study is carried out.

3. Results

Fig. 1 shows the catalytic results obtained during propane
ammoxidation for 1Sb;V/Al-1 and 1Sb,V/Al-2 catalysts.
The catalyst prepared with the tartrate method produces
higher amounts of acrylonitrile and lower amounts of pro-

Second run

Re-oxidaiton

Ammoxidation

Time =

Scheme 2. Temperature profiles during the first successive treatments on catalyst 1Sb1V/Al-1.
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Fig. 1. Yields to principal reaction products for alumina-supported catalysts
during propane ammoxidation. Reaction conditions: total flow 20 ml/min;
feed composition (% volume): C3Hg/O,/NH;3/He (9.8/25/8.6/56.6), 200 mg
of catalysts, temperature reaction 480 °C.

pylene, CO,, and acetonitrile, which makes this catalyst
more selective and efficient (acrylonitrile yield 32% versus
29%). The total conversion of propane is also higher for
1Sb1V/Al-2 (tartaric), 85% versus 63%. The BET areas of
1Sb,V/AI-1 and of 1Sb;V/AI-2 are 117 and 139 m%/g,
respectively. The variation in BET area is not very high.
Conversion increases 35% while BET area increases 18%,
which would indicate that the better performance is not due
to an increase of area. This normalization per area may not
be appropriate since the activity depends on surface vana-
dium oxide species [2,9], which are more difficult to quan-
tify. The preparation method and the reaction conditions
may determine the exposure of vanadium sites. Fig. 2 shows
the Raman spectra of fresh and used dehydrated catalysts.
Fresh 1Sb;V/Al-1 catalyst presents a broad Raman band
near 900 cm ', typical of the stretching V-O-V mode sur-
face polymeric vanadium oxide species [4]. Several tech-
niques evidence that antimony is present in the fresh sample
(element analysis, XPS) but it does not show Raman bands.

VSbO4
1Sb1V/AI-1
used ,//—
V-0-V

1Sb1V/AI-1

fresh \
1Sb1V/AI-2

used \’_\

/

1Sh1V/AI-2
fresh

1100 900 700 500 300 100

Raman Shift, cm-1

Fig. 2. Raman spectra of dehydrated fresh and used 1Sb1V/Al-1 and
1Sb1V/Al-2 catalysts.

Therefore, it must be dispersed, since surface dispersed
antimony oxide species on alumina possess very weak
Raman bands [32]; while the corresponding crystalline
phases gives rise to strong Raman bands [15]. Thus, the
Sb and V oxides appear highly dispersed on the surface of the
alumina support for the fresh dehydrated 1Sb;V/AI-1 cat-
alyst; after propane ammoxidation, the dehydrated catalyst
presents a broad Raman band near 840 cm™', typical of
VSbO, phase. The Raman spectrum of the fresh 1Sb; V/Al-2
shows a band near 1024 cm ™', sensitive to hydration, typical
of VO, surface species. VSbO, presents two Raman bands,
800 and 840 cm™'; the Raman band near 800 cm ™! is more
intense than that near 840 cm ™! in bulk VSbO,. The for-
mation of VSbO,4 on alumina-supported Sb-V-O catalysts
after ammoxidation reaction has been observed previously
by several techniques [9]. The Raman band near 840 cm ™'
becomes more intense in supported VSbO, [33]. Thus, the
Raman band near 840 cm ™' reflects some distortion in the
VSbO, phase; therefore, it is more defective [33]. The shift
of the broad Raman band from 840 to 800 cm ™" in the used
catalyst must be indicative of a better definition of the Sb-V-
O phases. The used catalysts do not form AISbO4 phase [9],
which forms at temperatures significantly higher, 800-
900 °C [9]. The VSbO, phase is present in the fresh catalyst
prepared with tartrate complex (method 2) and in the used
catalysts prepared with method 1. Therefore, operando
Raman-GC studies were performed in order to understand
the mechanism of VSbO, formation during reaction in the
catalyst prepared with the method 1.

Fig. 3 shows the Raman spectra and simultaneous
ammoxidation activity results (i.e., the operando study) of
1Sb;V/Al-1. Under propane ammoxidation reaction condi-
tions at 200 °C, no important changes of the Raman band of
surface vanadium oxide species appear evident. However, as
propane conversion becomes measurable, the Raman spec-
trum shows the broad feature near 800-840 cm™' of the
VSbOy (rutile) phase (15); such band becomes sharper with
reaction temperature. At 460 °C, a feature near 190 cm ™'
evidences the presence of segregated a-Sb,0,4, which pos-
sesses sharp Raman bands at 190, 261, 399, and 459 cm_l,
the Raman band at 190 cm ™" is the most intense [15]. The
weak intensity and the broadness of the Raman band at
190 cm ™' suggest that the a-Sb,O, phase must be very
incipient and, thus, ill-defined (defective). At 480 °C, the
catalyst becomes more selective to acrylonitrile, which
corresponds to a transformation of surface vanadia species
into incipient VSbO, and «-Sb,O4. This VSbO, phase
generates no X-ray diffraction pattern (thus, its aggregates
should not be larger than 4 nm). At lower reaction tempera-
tures, CO, and propylene were the main products. As
reaction temperature increases, two Raman features near
1060 and 620 cm™' assigned to the V-OC and VO-C
stretching vibrations of alkoxy species adsorbed on surface
vanadia species, respectively, become apparent [4,34].
Those surface vanadium oxide species appear to be related
to propane activation for ammoxidation reaction [2].
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Fig. 3. Operando Raman spectra with product yields of 1Sb1V/Al-1 catalyst during propane ammoxidation (A, first run), under oxidizing conditions (B, O, +
He) and during propane ammoxidation (C, second run). Reaction conditions: 200 mg of catalyst and total flow 20 ml/min.

The structural transformations observed during propane
ammoxidation indicate that, during ammoxidation, surface
vanadium (V) species reduce to V(III) into VSbO,. The
ammoxidation reaction feed is not reducing, but it does not
have a net oxidizing character either; heating under such
conditions affords some reduction by generation of oxygen
defects. The reduction of mixed Sb-V-O phases in inert
atmospheres upon heating has been described elsewhere
[11,24-26]. To see how reversible such transformation is,
we run an in situ reoxidation. Thus, after reaction in the
operando Raman system, the 1Sb;V/Al-1 catalyst was
cooled to 200 °C. The ammoxidation feed was replaced
by an oxidizing feed (oxygen in helium) and the catalyst

was heated under such oxidizing atmosphere (TPO-Raman).
Fig. 3B shows representative spectra. The VSbO, phase is
stable during reoxidation; however, segregated vanadium
and antimony species undergo transformations. The appear-
ance of the Raman band at 1020 cm ™' shows that surface
vanadium oxide species are progressively restored. The
weak Raman feature at 190 cm ™' (a-Sb,O,) decreases as
surface vanadium (V) species are restored. Such trend for
surface vanadium and a-Sb,O4 species is opposite to the one
observed during ammoxidation reaction (Fig. 3A). There-
fore, the changes that occur on the catalyst during propane
ammoxidation appear partially reversible upon reoxidation,
which restores dispersed V(V) species.
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To obtain additional insight about the catalytic species
involved in the reaction cycle, a second ammoxidation run
was carried out in the operando Raman—GC system, Thus,
propane ammoxidation is run again on the 1Sb,V/Al-1cat-
alyst, Fig. 3C shows representative Raman spectra and
simultaneous activity results, measured on-line. During this
run, the molecular structures of surface species are different
since VSbO, phase is present before the catalytic reaction
becomes measurable. It is interesting to compare the per-
formance during the first and second run at 420 °C since
neither VSbO, nor a-Sb,0, are present during the first run at
420 °C (Fig. 3A). Both systems are active for propane
ammoxidation, but the conversion to acrylonitrile is higher
during the second run (6.1% versus 4.9% yield). This would
be indicative of the role of VSbQ,, which would account for
the better propane ammoxidation performance. The acrylo-
nitrile yields at 440 °C and above are equivalent to those
recorded during the first run. This is consistent with the
similar molecular structures present in both runs under such
conditions. However, it is interesting to underline that the
production of propylene is lower during he second run.
Propylene yield decreases by 18% at 480 °C, while CO,
yield increases nearly by 17% at 480 °C.

4. Discussion

The ammoxidation reaction feed (NH; + C3Hg + O, + He)
composition does not have a net reducing or oxidizing char-
acter. Such feed may promote partial reduction of the system
by defect generation as temperature increases. These phenom-
ena promote the interaction between Sb and V species [11,24—
26]. Surface vanadium (V) reduces to V(III) under such
conditions and stabilizes into VSbQOj,. This is consistent with
the oxidation states in VSbO,, where Sb(V) and V(II) have
been identified by Mossbauer and EPR spectroscopy, respec-
tively [35,36]. The presence of Sb in VSbO, as Sb(V) only has
also been determined by XPS [33]. a-Sb,O4 is a mixed-
valence oxide that possesses Sb(III) and Sb(V) sites
[35,36]. The conversion of surface V(V) oxide species into
VII) species in VSbO,4 during propane ammoxidation and the
restoration of V(V) species upon reoxidation is in agreement
with the enhancement of the redox properties of vanadium
oxide when combined with antimony oxide [37-39] and with
the dynamic character of VSbO, phases [26,27] and may
facilitate a redox cycle for vanadium.

4.1. Catalytic cycle

V(V) species integrate in VSbO,4 as V(III) and Sb species
segregate as a-Sb,O4 during ammoxidation and vice versa
during reoxidation. This trend is consistently observed for the
alumina-supported Sb-V oxide catalyst with different total Sb
+ V coverage on alumina and at different Sb/V atomic ratios
[15,32]. VSbO, appears to facilitate those transformations
since it accepts many stoichiometries around V;Sb;04

Structural Redox
cycle cycle
Sb,0,

Scheme 3. Possible catalytic redox cycle of vanadium and migration cycle
of antimony during propane ammoxidation in V-Sb-O catalysts.

[26,27]. Thus, V sites may undergo a redox cycle involving
surface vanadium (V) species and bulk vanadium (III) species,
which is facilitated by the reversible migration of Sb(V)
species to and from segregated Sb oxide phase (Scheme 3).
Accordingly, the incorporation of V(III) into VSbO, results in
higher amount of segregated a-Sb,O,4. The presence of surface
V(V) species on the surface, will create a deficit of cations
(V(III)) that is compensated by the incorporation of Sb(V)
cations. Such promotion of the redox properties of V species
by segregated Sb results from the interaction between VSbQO,
and Sb,04. The operando Raman—-GC study provides an
evidence of the proposed role of supra-surface antimony
migrating between a-Sb,0, and VSbO, in working catalysts
[13]. Such cooperation must endow the vanadium sites with
rather unique redox properties.

4.2. Surface vanadium sites

VSbO, is necessary for propane ammoxidation. The
presence of surface vanadium oxide species during ammox-
idation reaction accounts for higher propane activation
[9,13,40]. An operando Raman—GC study in alumina-sup-
ported Sb-V-O catalyst suggests that the surface vanadium
oxide species account for better conversion of propane to
acrylonitrile, despite a lower selectivity due to propylene
formation [2]. Propylene is a reaction intermediate in pro-
pane ammoxidation and its formation is related to surface
vanadium oxide species [9,40,41]; thus, a large excess of
surface vanadium oxide species may shift the reaction
towards propylene formation [2]. For a given Sb/V atomic
ratio, the use of a tartrate soluble Sb precursor (method 2)
affords a more efficient Sb-V interaction than the use of an
Sb oxide suspension (method 1). It is interesting to compare
catalyst 1Sb;V/Al-1 at 420 °C during the first and second
ammoxidation run (Fig. 3A and C). The conversion to
acrylonitrile is higher in the second run, where VSbO, phase
is present. The poor formation of VSbO, phase in the first
run at 420 °C must account for its lower performance for
propane ammoxidation. At 480 °C both runs afford nearly
the same conversion to acrylonitrile (ca. 29% yield). The
lower conversion to propylene during the second run (18%
versus 22% yield) could be due to a more extensive Sb-V
interaction that would result in a lower proportion of surface
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vanadium oxide species. This is consistent with the oxidative
dehydrogenation activity of Sb-V-O catalysts with excess of
vanadium [40]. Such trend underlines the relevance of Sb-V
interaction, which is maximum when a soluble Sb precursor
is used. Therefore, the catalyst 1Sb,V/Al-2 affords a better
conversion of propane to acrylonitrile (31.3% versus 28.1%
yield) with a significantly better selectivity (51.1% versus
33.3%), mainly due to the lower conversion to propylene
(11.6% versus 20.6 % yield), when compared to 1Sb; V/Al-
1. Thus, the total conversion is lower in 1Sb; V/Al-2 (61.3%)
versus 1Sb;V/Al-1 (84.4%); but it is due to a lower forma-
tion of undesired acetonitrile, propylene, CO and CO,,
which makes 1Sb;V/Al-2 highly selective. A large excess
of Sb would afford a selective system, but total activity
would be low. Excess of surface vanadium oxides species
would afford higher conversion of propane, but conversion
to propylene and CO, would compete with the conversion to
acrylonitrile. An appropriate amount of surface vanadium
oxide species on VSbO, affords the most efficient conver-
sion of propane to acrylonitrile. At Sb/V = 1/1 atomic ratio,
method 1 forms VSbO, during ammoxidation, but the feeble
Sb-V interaction affords and excessive population of surface
vanadium oxides species; on the other hand, method 2
maximizes the Sb-V interaction, thus allowing a number
of surface vanadium oxide species that must be in equili-
brium with bulk vanadium species in VSbO,. These sites are
highly efficient for propane ammoxidation.

5. Conclusions

The use of a soluble Sb precursor instead of a Sb,O;
suspension maximizes the Sb-V interaction and the VSbO,
phase is formed during calcination. In the former, the
amount of surface vanadium oxide species must be in
equilibrium with bulk vanadium in VSbQO,, which makes
the catalyst more selective and efficient for acrylonitrile
production. The operando Raman—-GC study shows coop-
eration between surface vanadia, segregated antimony oxide
and VSbO,. Surface V(V) oxide species in equilibrium with
V() species in bulk VSbO, account for the redox cycle,
which is facilitated by a migration cycle of Sb(V) species
from segregated antimony oxide phase to VSbQOy.
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