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New class of catalysts for the propane ammoxidation process based

on vanadium aluminum oxynitrides
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Amorphous high-surface-area vanadium aluminum oxynitrides (VAION) prepared by nitridation of an amorphous oxide precursor
exhibit a high acrylonitrile yield in propane ammoxidation at very low contact time, indicating the participation of ammonia
dehydrogenated species in the ammoxidation of alkanes. The productivity of the VAION catalysts (I of ACN/kg catalyst/h) was

markedly improved as compared with known oxide systems.
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1. Introduction

Acrylonitrile (ACN) is an important intermediate
product which is extensively used for the production of
acrylic fibers, nitrile elastomers, rubbers, plastics and
adiponitrile. Nowadays, about 95% of ACN production
is obtained by the propylene ammoxidation process
which gives ACN selectivities of more than 80% at
98% conversion per single pass [1].

Interest in the development of alternative processes
using propane as a feed gas compound has increased in
the last two decades. The main incentives are (i) the
differences in price between alkanes and olefins, (ii) the
increasing world demand for ACN and derived products
and (iii) the risk of propylene shortage due to its
increasing consumption. However, propane ammoxida-
tion represents a technological challenge for research
centers and catalyst companies due to the fact that
alkane activation is a more difficult process and requires
more severe operating conditions and very active and
selective catalysts.

As ammoxidation products are more reactive than
reactant molecules, they can be decomposed during the
reaction, leading to the formation of undesired oxygenated
compounds (CO,, NO,, organic acids, etc.), affecting in
this manner the ACN yield.

Different catalyst formulations have been investigated
in the literature and four catalytic systems have been
proposed for propane ammoxidation:

(i) rutile structures with V, Sb, W and Al as key ele-

ments [2-5];
(i) Bi-Mo-V scheelite structures [6—8];
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(iii) vanadyl pyrophosphate catalysts [9—11];
(iv) Ga—antimonate pure or modified with W, Ni and P
[12,13].

Most of these formulations contain vanadium oxides as
the main cation due to its redox properties. Among
these catalyst categories, V-Sb—W-Al oxide systems
[14] and V-Mo mixed oxides modified with Nb and Te
[15,16] have shown the best catalytic performance
(ACN yields of 35-55%).

The acid-base properties of these catalysts are very
important and several authors stressed their direct
relation with the activity in propane ammoxidation.
Osipova et al. [17] studied the activity behavior of a
series of metallic oxide systems and observed that ACN
formation is favored when the basicity of the catalyst
increases.

Sokolovskii et al. [18] suggested that propane
ammoxidation on catalysts such as V-Al,O3;, V-Sb-Bi—
O, V-TiO, and V-SiO, provides large amounts of
ammonia dehydrogenated adsorbed species, such as
NH5™ and NH?™ (NHY), which yield to the new strong
nucleophilic (basic) active sites. These species could
participate either in the processes of alkane activation
with carbanion formation or in nitrogen insertion
during the ammoxidation process. However, with acid
catalysts (such as those containing V-Sb—O, or V-Mo-
0O,) the heterolytic activation of C—H bonds occurs on
acid sites (V"" sites) with carbocation formation, and
propylene appears as an intermediate compound of the
reaction.

Previous investigations carried out in our laboratory
on the catalytic behavior of a family of oxynitride
systems such as aluminophosphate oxynitrides [19],
zirconophosphate oxynitrides [20,21], aluminogallo-
phosphate oxynitrides [22] and vanadium aluminum
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oxynitrides (VAION) [23,24] have shown that these
catalytic materials exhibit basic properties. These were
well evidenced by their activity in the Knoevenagel
condensation between benzaldehyde and malonitrile
and by different catalyst characterization techniques,
such as TPD-MS and SO, and CDCl; adsorption [24].
The catalytic performances of the oxynitride systems
are strongly affected by their composition and the
nitridation conditions. In the particular case of the V-
Al oxynitride system, it was demonstrated that the
modification of (i) the V/Al atomic ratio in the oxide
precursor, (i) the degree of nitridation of the catalyst
or (i) the nature and distribution of the nitrogen species
may cause important differences in the catalytic behavior
[24].

The aim of this study was to extend the investigation
of the catalytic behavior of VAION in the ammoxidation
of propane.

2. Experimental

A vanadium—aluminum oxynitride catalyst, with a V/
Al=0.25 atomic ratio, was prepared by thermal nitrida-
tion of a co-precipitated V—Al oxide precursor. Nitrida-
tion of the samples was carried out in a tubular rotating
reactor under a flow of pure ammonia (301/h) at 773K
for 5h. Starting from amorphous non-calcined precursor,
the system was subsequently cooled to room temperature
under a flow of pure nitrogen.

Catalytic tests were performed in a fixed-bed quartz
micro-reactor at atmospheric pressure and a temperature
of 773K, with 0.1g of catalyst and W/F=8gh/mol
of CsHg. The feed composition was 1.25:3:1 of
C;3;Hg:0,:NHj;. The activity results are reported after
24h on stream. Feed and products were analyzed on-
line using a gas chromatograph, equipped with FID
and TCD detectors and an on-line mass spectrometer
was used to check the NO, formation.

The BET surface area corresponding to oxynitride
catalysts before and after reaction was evaluated using
a Micromeritics Flow Sorb IT 2300 apparatus.

XRD lines were recorded using a Siemens D-5000
powder diffractometer equipped with Ni-filtered CuKa
radiation (A =1.5418 A).
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The principle of the chemical analysis of nitrogen is
based on the reaction of the nitride ion N>~ with a
strong base, KOH, at 450°C and the formation of
ammonia which is then titrated [25]. In the Kjeldahl
method, the alkaline attack occurs in the KOH solution
at water vapor temperature. Bulk nitrogen does not react
under these conditions. The ammonia titrated is evaluated
from the superficial NH, (NH and NH,) species.

3. Results and discussion

Figure 1 shows the variation of propane conversion
and the ACN, acetonitrile (AcCN) and CO,
(CO, 4+ CO) selectivities as a function of the time on
stream. The propane conversion remained stable at
59% after 4h on stream. The VAION catalyst shows
an ACN selectivity and yield of about 50 and 29.5%,
respectively. The selectivities to AcCN and CO, are 3
and 38%, respectively.

No propylene, nitrogen, nitrogen oxides (NO,), HCN
or oxygenated hydrocarbons were detected during the
catalytic reaction. The oxygen conversion was total
even when the oxygen to propane ratio was higher than
that of the stoichiometric reaction (O,:CsHg=2:1).

The XRD analysis indicated that both the co-
precipitated V—Al oxide precursor and the V-Al
oxynitride catalysts are amorphous.

Specific surface area, total nitrogen and surface
nitrogen contents before and after the catalytic tests
are presented in table 1. The surface area value corre-
sponding to the V-Al oxide precursor was 250m2/g.
After the nitridation process, the surface area of the
solid decreased to 153 m?/g, which represents a surface
area loss of about 39%. After reaction, the surface area
of the VAION catalyst decreased by about 13%. Assum-
ing that during the reaction a continuous replacement of
the surface nitrogen by ammonia occurs, the slight
decrease of surface may be explained. However, the
nitrogen content of the samples before and after reaction
remains almost the same. Evidence of nitrogen species on
the vanadium aluminum oxynitrides has been reported
elsewhere [26].

In the literature, different nitrogen species are proposed
to be active in the ammoxidation reaction depending on
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Figure 1. Time on stream behavior over VAION catalyst (V/Al=0.25): GHSV = 16 800 ml/g/h, propane : oxygen : ammonia = 1.25:3:1, W/F= 8 gh/mol
C;3Hg; 773K, 24 h (A, propane conversion; B, selectivity to ACN; A, yield of ACN; O, selectivity to AcCN; @, selectivity to CO,).
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Table 1
Surface area and nitrogen content of VAION catalyst (V/Al=0.25)

VAION Surface area Np? N ® XRD
(m’/g) (Wt%)  (Wt%)

Before catalytic test 153 3.15 1.8 Amorphous

After catalytic test 133 3.05 2.1 Amorphous

# Nt = total nitrogen content.
Y N =nitrogen determined by Kjeldahl method.

the nature of the catalyst. These nitrogen species have
been identified on the catalyst surface during the catalytic
reaction. NH; groups would be active in nitrogen
insertion on Ga-Sb oxides [17]. NH;, NHs,q,, NH5
and NH groups are supposed to be active on vanadyl
pyrophosphate [10]. If we compare the performance in
propane ammoxidation of the vanadium aluminum
oxynitride catalyst (ACN yield of 29.5%) with the
catalytic results obtained on a vanadium aluminum
oxide catalyst [27] (ACN yield of 1.5%), we can conclude
that the catalytic activity is strongly related to the nitrogen
species from the oxynitrides and that these species play a
very important role in the ACN formation. Nevertheless,
no nitrogen insertion was found for the vanadium
aluminum oxide system [27] because once the oxide
precursor is calcined and the AIVO, crystalline phase is
formed, nitrogen insertion in the network is almost
impossible [23].

The advantages of the VAION system with respect to
conventional oxide ammoxidation catalysts are not
based on the level of ACN selectivity and yield. Some
studies published in the literature showed ammoxidation
catalysts that present, in some cases, an ACN selectivity
up to 90% and yields between 35 and 45% [28].

In our case, ACN selectivity and yield are less than
these values. However, the great difference is in the
space time value (W/F), which is much smaller for
the VAION catalyst (8 gh/mol of C;Hg) than for the
conventional ammoxidation systems, as presented in
table 2. We have estimated the ACN productivity (I of
ACN/kg of catalyst per hour) from the W/F value and
the ACN yield.

As indicated by the above results, the formation of
propylene intermediate was not observed for the

VAION system. This observation, together with the fact
that the VAION system shows a high ACN selectivity at
very low space time value, suggests a different reaction
mechanism as compared with conventional metallic
oxide ammoxidation systems. Presumably, alkane activa-
tion takes place via a carbanion, followed by allyl surface
ion formation and subsequent transformation to ACN. In
the case of VAION, the activity behavior can be explained
by a combination of different simultaneous effects: (i) a
better efficiency in the activation of C—H bond in the
alkane due to the basic character of the catalyst and a
balanced redox capacity of vanadium species, (ii) a high
NH, surface concentration, which enhances the nitrogen
insertion rate in the activated allyl surface species and
(iii) an adequate texture of the catalyst.

References

[1] J.F. Brazdil, Catal. Sci. Technol. 1 (1991) 3.
[2] G. Centi, F. Trifiro and R.K. Grasselli, Chim. Ind. (Milan) (1989) 617.
[3] R. Nilsson, T. Lindblad and A. Andersson, J. Catal. 148 (1994) 501.
[4] O. Ratajczak, H.W. Zanthoff and S. Geisler, Stud. Surf. Sci. Catal. 130
(2000) 1685.
[5] G. Centi, R.K. Grasselli, E. Patane and F. Trifiro, Stud. Surf. Sci.
Catal. 551 (1990) 515.
[6] Y.C.Kim, W. Ueda and Y. Moro-oka, Stud. Surf. Sci. Catal. 55 (1990)
491.
[7] J.S. Kim and S.I. Woo, Appl. Catal. A 110 (1994) 207.
[8] US Patents 4,760,154 (1988); 4,835,125 (1989); 4,837,191 (1989);
4,843,055 (1989).
[9]1 G. Centi, D. Pesheva and F. Trifiro, Appl. Catal. A 33 (1987) 343.
[10] G. Centi and S. Perathoner, J. Catal. 142 (1993) 84.
[11] G. Centi, T. Tosarelli and F. Trifiro, J. Catal. 142 (1993) 70.
[12] A.A. Davydov, A.A. Budneva and V.D. Sokolovskii, Kinet. Katal.
(1979) 179.
[13] S.Yu. Burylin, Z.G. Osipova, V.D. Sokolovskii and I.P. Olenkova,
React. Kinet. Catal. Lett. 18 (1981) 7.
[14] J. Nilsson, A.R. Landa-Cédnovas, S. Hansen and A. Andersson,
J. Catal. 186 (1999) 442.
[15] K. Asakura, K. Naakatani, T. Kubota and Y. Iwasawa, J. Catal. 194
(2000) 309.
[16] T. Ushikubo, K. Oshima, A. Kayou and M. Vaarkamp, J. Catal. 169
(1997) 394.
[17] Z.G. Osipova and V.D. Sokolovskii, Kinet. Katal. 20 (1979) 420.
[18] V.D. Sokolovskii, A.A. Davydov and O.Yu. Ovsitser, Catal. Rev. Sci.
Eng. 37 (1995) 425.
[19] A. Massinon, J. Odriozola, P. Bastians, R. Conanec, R. Marchand,
Y. Laurent and P. Grange, Appl. Catal. A 137 (1996) 9.

Table 2
Acrylonitrile productivity for different catalytic systems used in propane ammoxidation

Catalyst Reaction Conv. Select. Yield W/|F Productivity Reference
temperature C;Hg ACN ACN (gh/mol C3Hg) (IACN/kg/h)
(Q®) (%) (%) (%)
Mo-V-Nb-Te-O 440 89.1 60.0 53.5 384.6 31.16 [29]
V-Sb-W-Al-O 500 77 48 37 53 164 [14]
V-Sb-O (Sb/V =5) 425 30 26.6 8 2036 0.9 [5]
Fe-Sb-O (Fe:Sb=1:2) 500 22 23 5 740 1.51 [30]
Ca-Bi-Mo 510 15 63 9.5 12 177 [31]
VAION (V/A1=0.25) 500 59 50 29.5 8 812 This work




66 M. Florea et al. | New class of catalysts for the propane ammoxidation process

[20] N. Fripiat, V. Parvulescu, V.I. Parvulescu and P. Grange, Appl. Catal. ~ [26] H. Wiame, L. Bois, P. L’'Haridon, Y. Laurent and P. Grange, Solid

A 181 (1999) 331. State Ionics 101-103 (1997) 755.
[21] N. Fripiat, R. Conanec, A. Auroux, Y. Laurent and P. Grange, [27] J. Nilsson, A.R. Landa-Canovas, S. Hansen and A. Andersson,
J. Catal. 167 (1997) 543. J. Catal. 160 (1996) 244.
[22] S. Delsarte, V. Peltier, Y. Laurent and P. Grange, Stud. Surf. Sci.  [28] R.K. Grasselli, in: Handbook of Heterogeneous Catalysis, Vol. 5, eds.
Catal. 118 (1998) 869. G. Ertl, H. Knozinger and J. Weeitkamp (1997) p. 2302.
[23] H. Wiame, L. Bois, P. L’'Haridon and P. Grange, J. Eur. Ceram. Soc.  [29] M. Vaarkamp and T. Ushikubo, Appl. Catal. A 174 (1998) 99.
17 (1997) 2017. [30] M. Bowker, C.R. Bicknell and P. Kerwin, Appl. Catal. A 136 (1996)
[24] H. Wiame, C. Cellier and P. Grange, J. Catal. 190 (2000) 406. 205.

[25] J. Guyader, F.F. Grekov, R. Marchand and J. Lany, Rev. Chim.  [31] J.S. Kim and S.I. Woo, Appl. Catal A 110 (1994) 173.
Miner. 15 (1978) 431.



