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Abstract The effect of Mg as dopant on alumina-sup-
ported mixed Sb-V oxide catalysts during the ammox-
idation of propane reaction is evaluated. The Mg-doped
catalyst increases acrylonitrile selectivity compared to the
un-doped Sb—V-0O/Al,05 system. The presence of mag-
nesium facilitates the formation of a cationic vacancies
enriched rutile VSbO, phase, involved in C-N triple bond
formation. In addition, Mg increases isolation of V3t
structural site isolation, which may affect selectivity.

Keywords Sb-V-O/Mg-Al - Sb—V-0O/Al - Propane -
Ammoxidation - Acrylonitrile

1 Introduction

Acrylonitrile is worldwide used to make acrylic fibres,
ABS (acrylonitrile-butadiene-styrene) and SAN (styrene-
acrylonitrile) resins, acryl and polyacrylamides, elastomers
and other useful products. Nowadays, acrylonitrile is pro-
duced by ammoxidation of propylene using promoted
Fe-Bi-No-O (bp America) or promoted Fe—Sb—O (Nitto)
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[1, 2] catalysts, more recently, ammoxidation of renew-
ables would be a new route to acrylonitrile [3]. There has
been significant effort towards the direct conversion of
propane into acrylonitrile by reaction with ammonia and
oxygen as an alternative to the conventional propylene
ammoxidation since propylene is more expensive than
propane; however, the reaction conditions to activate the
C-H bond in propane are more energy demanding, which
has a negative effect on selectivity [4, 5]. Several catalytic
systems have been studied for this reaction; most promis-
ing results are achieved with the Mo—V-Nb system [6—8]
and with Sb-V based catalysts [9-11], in particular, the
alumina-supported Sb—V catalysts [12, 13].

Sb—V based oxide catalysts are being widely investi-
gated for selective partial oxidation processes. Methanol
TPSR profiles show that these materials exhibit highly
efficient redox character [14]. They show good perfor-
mances for the selective oxidation of H,S to elemental
sulfur [15, 16]; for the oxidation of isobutene into meth-
acrolein [17, 18]; for the methane selective oxidation to
formaldehyde [19]; for the dehydrogenation of alkylben-
zenes with carbon dioxide [20-22] and for the total
oxidation of nitrogen-containing organic volatile com-
pounds [23]. They have also been studied for the propane
selective oxidation to acrylic acid [24-27] and for the
propane ammoxidation to acrylonitrile [28, 29].

Mg-V-Sb bulk oxide catalysts are used during the
oxydehydrogenation of alkanes [30-32]. Addition of an
appropriate amount of magnesia (Mg/Al = 0.1) to alumina
support enhances the stability of Sb—V-O catalysts for the
dehydrogenation reaction of ethylbenzene into styrene
[33]. This is attributed to the rapid desorption of styrene
from MgAl oxide support compared to that of alumina,
facilitating desorption of olefins from the catalyst surface
which could minimize the carbon accumulation [34, 35]
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and coke formation. It was demonstrated that a high
amount of Mg leads to the formation of magnesium van-
adate(s) responsible of a decrease of exposed active
V-species and diminishes conversion values [31].

This communication studies the effect on propane am-
moxidation to acrylonitrile of doping Mg on alumina-
supported Sb—V oxide catalysts. Thus, a sample in which
Sb and V oxides were supported over an alumina support
modified with an appropriate amount of magnesia
(Mg/Al = 0.1) [31] was prepared and characterized. The
results were compared with those obtained with a Mg-free
sample.

2 Experimental
2.1 Preparation of Samples

MgO-modified alumina (MgAl) supports were obtained by
impregnation at room temperature during 2 h of alumina
(Aldrich, Sggr = 121 m2/g) with aqueous solutions of
Mg(NO3), - 6H,0 to reach an Mg/Al = 0.1 atomic ratio.
The MgAl support was calcined at 670 °C for 4 h in air.
Alumina (Al)-or MgAl-supported antimony-vanadium
oxide catalysts were prepared by impregnation for 2 h at
room temperature with the solutions of NH,VO;5 and SbCl;
along with tartaric acid; tartaric acid dissolves antimony
species completely, thus enabling better entanglement of
Sb sites than when the slurry method is used [36]. The
catalysts were dried at 120 °C and then calcined at 650 °C
for 4 h in air. The loading of the supported Sb-V-O
component (20 wt%) was the same for all samples, with an
Sb/V atomic ratio of 1.

2.2 Characterization

The catalysts were characterized by nitrogen adsorption,
X-ray diffraction (XRD) and Raman spectroscopy. Nitro-
gen adsorption isotherms were measured at liquid nitrogen
temperature with Tristar 3000 model from Micrometrics.
Samples were previously degassed at 300 °C for 2 h.
Surface area was obtained by BET linearization in the
pressure range 0.05-0.2 p/py. The average pore sizes were
calculated by the BJH method. XRD patterns were recor-
ded with a Miniflex diffractometer from Rigaku using

monochromatic Cu Ko radiation. Raman spectra were
recorded with a single monochromator Renishaw System
1000 equipped with a cooled CCD detector (—73 °C) and
holographic super-Notch filters. The holographic Notch
filters remove the elastic scattering while the Raman signal
remains high. The samples were excited with the 514 nm
Ar line; spectral resolution was ca. 4 cm™' and spectrum
acquisition consisted of 20 accumulations of 30 seconds.
The spectra were obtained under dehydrated conditions (ca.
120 °C) in a hot stage (Linkam TS-1500). Hydrated sam-
ples were obtained at room temperature after and under
exposure to a stream of humid synthetic air.

2.3 Activity Measurements

Activity measurements were performed using a conven-
tional microreactor with on-line gas chromatograph
equipped with a flame ionization and thermal conductivity
detectors. 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 participation of homogeneous reactivity the reactor
was designed with minimum void volume upstream and
downstream the catalyst bed. Tests were made using 0.2 g of
sample with particle dimensions in the 0.25-0.125 mm
range. The axial temperature profile was monitored by a
thermocouple sliding inside a tube inserted into the catalyst
bed. Catalytic measurements were made using the following
feedstock: 25% O,, 9.8% propane, 8.6% ammonia and
helium. The total flow rate was 20 ml/min corresponding to
a gas hourly-space velocity (GHSV) of about 3,000 h™"'. The
amount of catalysts and total flow were determined in order
to avoid internal and external diffusion contributions [37].
Yields and selectivities in products were determined on the
basis of the moles of propane fed and products obtained,
considering the number of carbon atoms in each molecule.

3 Results

Table 1 shows the BET surface area values obtained for
both Sb-V samples as well as for bare alumina and
Mg-doped alumina. The BET surface area and the pore
volume values decrease with Mg addition for both alumina

Table 1 Physicochemical

BET surface area (mzlg)

Pore volume (ml/g) Average pore size (nm)

properties of VSb/Al and VSb/  SomPle

MgAl catalysts Al support 121
MgAl support 116
VSb/Al 87
VSb/MgAl 67

0.28 79
0.26 7.9
0.23 5.2
0.20 7.2
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and VSb/Al catalyst. It has been shown [31] that the spe-
cific surface areas of the catalysts decrease with an increase
of Mg content. This effect is attributed to the formation of
magnesium vanadate phases; thus, in the present work only
a small amount of Mg was added to the catalysts. The
average pore size remained similar for both alumina and
Mg-modified alumina supports whereas for the catalysts
VSb/MgAl showed higher average pore size than VSb/Al.

The XRD patterns are shown in Fig. 1. Both V-SbO/
Mg-Al and V-SbO/Al samples showed patterns charac-
teristics of alumina support (JCPDS file 37-1462). Since
the patterns for Al,05 and MgAlgO;( phases are almost the
same [31], the formation of MgAl¢O;, phase in VSb/MgAl
catalyst cannot be excluded. Additionally a peak near 27.8°
is observed for both samples. Such peak can be associated
with the most intense peak of Sb,O3 (JCPDS file 11-689)
or VSbO, (JCPDS file 16-0600) patterns. Sb,O,4 possesses
intense Raman bands [12, 38], which are not observed in
these samples (Fig. 2); thus, such diffraction pattern must
correspond to VSbO, phase.

Figure 2 shows the Raman spectra of catalysts before
and after ammoxidation reaction. There are no Raman
bands characteristics of crystalline V,0s, Sb,O,4 or Sb,O3
[12]. The Raman band at 1,027 cm™!, sensitive to hydra-
tion, is present in all the samples except in the aged VSb/
MgAl. This Raman band is characteristic of surface dis-
persed vanadium oxide species [39]. Fresh VSb/Al sample
presents a Raman band near 850 cm_l, which shifts to
800 cm ™" in the aged sample. The broad Raman band near
800 cm ™' have been assigned to the rutile VSbO, phase
[12]; it appears to be constituted by two Raman bands at
835 and 795 cm™!; these peaks are well resolved with UV
Raman spectroscopy [40]. The Raman band near 850 cm™'
must present the lineal combination of the Raman band of
the stretching mode of bridging oxygen of dispersed
polymeric vanadium species [36] near 900 cm ™', with the
above described bands of VSbO,. During propane am-
moxidation vanadium species tends to disappear and the

Raman band near 800 cm™' becomes increasingly
X Al,05
X
X
X VSb/MgAl
VSb/Al
20 30 40 50 60 70 80

2 Theta (degree)

Fig. 1 XRD patterns of VSb/Al and VSb/MgAl samples
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Fig. 2 In situ Raman spectra of fresh and used VSb/Al and
VSb/MgAl samples in the dehydrated state

important, this is consistent with previous studies [41-43]
with operando Raman-GC analyses that showed that
activity increases concomitantly to the formation of the
rutile VSbO, phase.

Fresh SbV/MgAl exhibits a broad Raman band near
960 cm~' that has been assigned to pyrovanadate
(Mg,(V,07)) [44, 45]. Tt also possesses a broad feature near
380 cm™' that can be assigned to the bending modes of
V-0 bonds in magnesium orthovanadate (Mg3(VQOy),) [44,
45]. Magnesium orthovanadate presents Raman bands near
825 and 860 cm™', which must overlap with the broad
Raman band of the rutile VSbO, structure. The presence of
V-Mg oxide phases must be very little, since their Raman
bands are less intense than those of the rutile VSbO, phase,
which possesses much weaker Raman section [29]. In
addition, magnesium orthovanadate Raman bands tend to
be sharper and do not overlap. The Raman band of rutile
VSbO, is more intense in Mg-containing samples com-
pared to Mg-free series, thus Mg appears to promote the
formation of the rutile VSbO, phase. It has been described
that the differences in the Raman shift of the VSbO, bands
are due to the distortion of the structure due to the inter-
action of the alumina support with the supported Sb—V-O
phase that is related with the number of Sb vacancies at the
surface (29). In present paper the interaction with the
alumina support is related with the presence of Mg, which
appears to promote the formation of these defects.

Both catalysts are stable during time on stream for at
least 8 h and the activity results remained stable. Figure 3
shows the propane conversion and selectivity to main
products obtained for both catalysts. At 450 °C, both
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Fig. 3 Catalytic conversion (%) and selectivity during propane
ammoxidation on VSb/Al and VSb/MgAl catalysts. Reaction
conditions: temperature: 450 °C, total flow 20 ml/min; feed com-
position (% volume): C3Hg/O,/NH;/He (9.8/25/8.6/56.6), 200 mg of
catalysts

samples are selective to acrylonitrile formation. It should
be noted that the Mg containing sample affords higher
acrylonitrile selectivity due to a lower propane conversion
and a lower selectivity to carbon oxides. At higher tem-
peratures (not shown), the VSb/Al sample presents a very
high conversion and it is selective to total oxidation com-
pounds whereas VSb/MgAl sample is still selective to
acrylonitrile. The Mg-containing catalyst exhibits a broader
temperature range in which is selective to acrylonitrile.

4 Discussion

Additives significantly promote ODH activity [46]. The
additions of Mg to the alumina-supported V-Sb oxide
catalyst clearly promote selectivity to acrylonitrile.
Mg-modified catalysts present better results during the
dehydrogenation reactions due to olefins from the catalyst
surface due to the lower surface acidity [20, 31]. Thus, the
production of total oxidation compounds (carbon oxides)
decreases Such an effect must promote the chances of
propylene to undergo selective ammoxidation to acryloni-
trile, which is consistent with the significant increase of
acrylonitrile selectivity, and the decrease of COx and
propylene production upon addition of Mg. This would
account for the higher performance to acrylonitrile.
Figure 2 shows that the broad Raman band of the VSbO,
phase is more intense and shifts to 800 cm™' when Mg is
added. This band is described to consist of two bands at 835
and 795 cm ™! [40], these Raman bands are related to cation
vacancies [43] and underline the highly defective character
of the rutile VSbO, phase. Vanadium antimonates exhibit a
continuous non-stoichiometric series [40], with a general
formula SbyoVoo 4 xOp2 — xO4. This facilitates ion
mobility in VSbOy4-based catalysts [41-43]. The presence

of support provides a site for vanadium ions to disperse as
surface V> sites that interact with lattice reduced vana-
dium sites in the rutile VSbQy structure, this account for the
redox cycle during reaction [41]. Actually, the importance
of cation vacancies on the catalytic performance of the
rutile structure has been reported before [47-49]. Mg has a
high affinity for vanadium; thus, it appears that a higher
fraction of vanadium species may detach from the VSbOy,
lattice structure due to the interaction of vanadium with Mg
species, increasing the amount of vacancies, this would be
consistent with the higher intensity of the Raman bands of
cation vacancies in the rutile VSbO, phase (Fig. 2). The
presence of such structural changes would account for the
better selectivity to acrylonitrile.

Grasselli and co-workers studied the oxydehydrogena-
tion of propane [28, 29] and n-butane [30]. They studied
Mg-V based catalysts modified with several metals being
Sb the best promoter, which is consistent with our obser-
vation on Mg-promoted V-Sb-O catalysts. Those results
are related to the high selectivity with the formation of a
ternary Mg, _ SbV,,3,03 5 oxide that would contribute to
the structural site isolation of the paraffin activating
vanadium sites. Our data cannot confirm the formation of
ternary Mg, _ ,SbV,3:035 oxide phases; however, the
Raman spectra confirm a more extensive formation of a
defective rutile VSbO, phase, linked to the addition of Mg.
Reduced V sites are located into the rutile VSbO,4 phase
[50, 51], the presence of Mg facilitates cationic (vanadium)
vacancies. Dispersed vanadium sites are directly involved
in propane activation since Raman bands corresponding to
V-OC and VO-C bond vibrations, corresponding to
adsorbed alkoxy species on surface V' species are
increasingly important for better performing Sb—V-O cat-
alysts during propane ammoxidation [41]. The redox cycle
associated to the ammoxidation of propane is based on the
interaction between V> species dispersed at the surface
and reduced V sites in the lattice of VSbO, [43, 52]. Thus,
an enhancement of cation vacancies in the rutile phase
would promote the selective ammoxidation of propane to
acrylonitrile, which is consistent with its higher selectivity
values upon addition of Mg.

5 Conclusions

This work shows that alumina-supported Mg—V-Sb-oxide
catalysts are highly promising for the production of acry-
lonitrile during propane ammoxidation. Mg species
contributes to the formation of vanadium cation vacancies
in the rutile VSbO, phase. The stabilization of vanadium
cation vacancies would promote an efficient activation for
propane ammoxidation to acrylonitrile. In addition, Mg
would reduce the number of acidic sites at the catalyst

@ Springer
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surface. This would minimize the non-selective oxidation
of olefins to CO and CO,, which in turn, would facilitate
N-insertion to form acrylonitrile.
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