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Abstract

V2O5/CeF3 catalysts with 2.4–15.2 wt.% of V2O5 were prepared by wet impregnation method. The catalysts were characterized by BET
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urface area and pore size distribution, powder X-ray diffraction and FT-IR. It was found that the formation of Cerium Vanadate4)
ccurs during the stages of the catalyst preparation. The X-ray diffraction studies of the catalysts revealed the presence of crysta4
hase. The lines due to CeVO4 phase were found to increase in intensity with the increase in amount (wt.%) of V2O5 in the catalysts. Th
T-IR investigation also showed the formation of CeVO4 phase with increasing loadings of V2O5. The shift of pore-size distribution to low
ore range and increased pore volume confirmed the formation of CeVO4 structure in the catalysts. The catalytic activity for the ammoxida
f 3-picoline to nicotinonitrile on V2O5/CeF3 catalysts as a function of V2O5 loading on CeF3 has been studied. The continuous increas
eVO4 with V2O5 loadings is responsible for the higher ammoxidation activity of the V2O5/CeF3 catalysts.
2004 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that the TiO2, Al2O3, SiO2, SnO2 and
rO2 are conventional supports for the V2O5 catalysts for
xidation and ammoxidation reactions such as selective
xidation ofo-xylene to phthalic anhydride[1,2], ammox-

dation of propane to acrylonitrile[3–5], methyl benzenes to
orresponding benzonitriles[6,7], methyl pyrazine to cyano
yrazines[8] and methyl pyridines to corresponding cyano
yridines[9–11]. Due to stringent environmental legislations
ore active and selective catalysts are being sought. Hence,
eep insight in to selection of compatible catalysts and
upports is one of the research goals of the topic. As on
oday, V2O5-based catalysts are of prime importance in
he oxidation as well as ammoxidation of light paraffins,

∗ Corresponding author. Tel.: +49 30 6392 4306; fax: +49 30 6392 4350.
E-mail address:a.martin@aca-berlin.de (A. Martin).

olefins and aromatics as shown recently by Grasselli
review on advances and future trends in selective oxid
and ammoxidation catalysis[12]. Zhang et al.[13] have
prepared and used CeF3 supported rare earth oxide cataly
CeO2/CeF3, La2O3/4CeF3 and Sm2O3/4CeF3 for oxidative
dehydrogenation of propane. Zhang et al.[14] have also
prepared a highly active multivalent anion modified com
catalyst, Y2O3 + CeF3 and evaluated for selective oxidat
dehydrogenation of isobutane to isobutene. Sichkar e
[15] have found that CeF3 is a better support for Pd
hydrogenation of 1-heptene than NaF, CaF2, MgF2, BaF2
and AlF3, etc. CeF3 was also used as a support for prepa
highly dispersed Au catalysts with Au particle size <10
for oxidation reactions[16]. As it is evident from th
literature that the fluoride supported V2O5 catalysts ar
active and selective for the ammoxidation reactions[17–20],
CeF3 has judicially been selected as the support for
V2O5 catalysts for the ammoxidation of 3-picoline.

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.02.033
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Results of our recent study[9] on the CeO2 as a catalyst
for ammoxidation of picolines and the documented literature
[13–20] have prompted us to explore whether CeF3 can be
used as a novel support for vanadia catalysts and further in-
vestigate their physico-chemical characteristics and ammox-
idation activity for 3-picoline.

In the present study, we communicate the preparation
of cerium fluoride supported V2O5 catalysts and their
physico-chemical characterization in support of CeVO4 for-
mation. The catalytic performance of these catalysts for
the vapor phase ammoxidation of 3-picoline to nicotinon-
itrile has also been described as a preliminary investi-
gation.

2. Experimental

2.1. Catalyst preparation

CeF3 supported vanadia catalysts containing 2.4–
15.2 wt.% V2O5 content were prepared by wet impregnation
technique using required amounts of ammonium metavana-
date (Aldrich) dissolved in oxalic acid solution to impregnate
CeF3. The excess water in the impregnated samples was evap-
orated to dryness on a water bath, oven dried at 120◦C for
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2.5. FT-IR studies

FT-IR spectra of the catalysts were recorded on Nicolet-
740 FT-IR spectrometer. Self-supporting discs of the catalysts
were prepared with KBr by applying pressure. These discs
were used for recording FT-IR spectra.

2.6. BET-analysis

BET surface areas of the catalysts were estimated using an
all glass high vacuum system capable of attaining pressures
as low as 10−6 Torr by the adsorption of N2 at liquid nitrogen
temperature (−196◦C).

2.7. Catalytic activity tests

3-Picoline ammoxidation runs were carried out in a fixed
bed micro catalytic reactor. The reactor was built in-house
with pyrex glass and heated in an electric furnace with
temperatures ranging from 300 to 410◦C. The reaction
was performed at an atmospheric pressure with a molar
ratio of 3-picoline: H2O:NH3:air = 1:13:6:44, at WHSV of
5.33 gmol/h. The organic feed (3-picoline) mixed with water
(1:13 molar ratio) was injected by means of an infusion
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6 h and finally calcined at 450◦C for 6 h.

.2. Atomic absorption spectrometer

The vanadium contents in the catalysts were estimat
sing Perkin-Elmer-2380 Atomic Absorption Spectrome
he catalyst samples were decomposed in aquaregia a
esultant solution was diluted with double distilled wate
nown concentrations.

.3. Pore size distribution measurements

Measurements for specific surface areas and pore siz
ributions of the catalysts were made using Quantachr
utoscan-92 Porosimeter (U.S.A) by taking 300–500 m
ample. Accurate data acquisition was made with on
omputer analysis.

.4. Powder X-ray diffraction studies

X-ray diffraction patterns of V2O5/CeF3 catalysts wer
ecorded on a Philips PW-1140 X-ray diffractometer u
i filtered Cu K� radiation. In this technique a fixed wa

ength is chosen for the incident radiation and Bragg p
re measured by observing the intensity of the scattered
tion as a function of scattering angle of 2θ, the inter plana
istances ord-spacings are calculated and compared the
ith the available ASTM cards to identify the phase com
ition in the catalysts.
ump. About 2 g of catalyst was loaded in the reactor
hen reduced in H2 flow at 450◦C for 2 h. Steady-state cond
ions were obtained after a few hours of reaction. An act
un was made without catalyst using diluents (glass be
nd found that the 3-picoline has not been converted, r
ut the surface volume reaction. The product stream
ollected and analyzed by gas chromatograph, equipped
ID module with a column of 10% OV-17 on chromosorb
he products were also analyzed and confirmed by GC

. Results and discussion

.1. Catalyst preparation and characterisation

The formation of CeVO4 compound was found in th
alcined catalysts due to the interaction of V2O5 with the
erium atoms of CeF3 support during the course of t
alcination. Several authors have prepared this comp
y solid-state reaction of CeO2 and V2O5 in air [21–23].

t has also been reported that CeVO4 was obtained by th
eaction between Ce3+ salts or its oxide and V2O5 under
n inert atmosphere because of the instability of Ce3+ in air
t high temperatures[24,25]. Several studies regarding t
xidation state of cerium in the CeVO4 has been reporte
nambiguously it is as Ce3+ [25–29]. CeVO4 crystallizes in
tetragonal zircon (ZrSiO4) type structure[30] and it is a

-type semiconductor[25,31,32]. The studies of Abi-Aa
t al. revealed the Ce3+–V4+ segregates formation wh

reated at 800◦C and their concentration became signific
fter a reduction treatment under hydrogen flow[33].
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Table 1
Variation of surface area and pore volume with V2O5 loading on CeF3
support

Catalyst V2O5

(wt.%)a
Surface areab

(m2 g−1)
Surface areac

(m2 g−1)
Pore volumec

(cm3 g−1)

2.4 26.0 19.5 0.223
5.4 25.0 17.8 0.307
7.8 23.4 15.8 0.318

10.7 19.3 11.3 0.319
15.2 19.1 12.2 0.293
Pure CeF3 33.9 29.0 0.410
Pure V2O5 6.0 – –

a Estimated by atomic absorption spectrometer.
b Surface area by BET method.
c Surface area and pore volume by mercury penetration method.

3.2. Catalyst characterization

3.2.1. Surface area and pore size distribution studies
Surface areas estimated by both BET and mercury

porosimetric methods are compiled inTable 1. The surface
areas estimated by mercury porosimetric method are fewer
than that of BET method, which may be due to unesti-
mated micropore surface areas of the catalysts by mercury

F
(

porosimetric method. The BET surface area of pure CeF3 is
33.9 m2 g−1, which has continuously been decreasing with
increased V2O5 loading, which may be due to blockage
of pore mouths. Similar decreasing trend with increase in
V2O5 loading has also been observed in both the surface
area determination methods.

The pore volume distributions of V2O5/CeF3 catalysts
are presented inFig. 1. Pure CeF3 has a surface area of
33.9 m2 g−1 and pore volume of 0.41 cm3 g−1. This material
has a narrow pore volume distribution in the pore radius range
from 6 nm to 12 nm, the highest pore volume distribution
occurring at the dominant pore radius of 8 nm (Fig. 1).

Pore volume distribution curves of the catalyst reveal that
V2O5 loading has highly pronounced effect on the pore-size
distribution of these catalysts. When 2.4–7.8 wt.% V2O5 is
deposited on CeF3, the resulting catalysts are observed to
exhibit pore volume distribution in the pore radius range
form 10 nm to 20 nm, which is entirely different from the
pore volume distribution from 6 nm to 12 nm of pure CeF3.
When V2O5 loading has been increased to 10.7 wt.%, the
pore volume distribution shifts further to the higher pore
radius range from 12 nm to 50 nm. When V2O5 content of the
ig. 1. Pore size distribution curves of V2O5/CeF3 catalysts with different V2O5 loa
f) pure CeF3.
dings: (a) 2.4 wt.%, (b) 5.4 wt.%, (c) 7.8 wt.%, (d) 10.7 wt.%, (e) 15.2 wt.%,
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catalysts is further increased to 15.2 wt.% the pore volume
distribution is observed to shift to lower pore radius range,
9–20 nm. The variations in the pore size distributions of the
catalysts are reflected in the change of total pore volumes
with variations in V2O5 loading. Pore volume increases from
0.223 to 0.319 cm3 g−1 when the V2O5 content is increased
from 2.4 to 10.7 wt.% due to increase in pore size. When
V2O5 content is further increased to 15.2 wt.%, the pore vol-
ume is reduced to 0.293 cm3 g−1 due to decrease in pore size.
The total surface areas and the total pore volumes of pure
CeF3 and V2O5/CeF3 catalysts are given below inTable 1.

The pore volume distributions of pure CeF3 and the cata-
lysts clearly reveal that these materials have pore structures
in very narrow pore radius range. The contributions of indi-
vidual pores to the total pore volume and surface area of the
catalysts go on decreasing with increase in V2O5 loading.
V2O5/CeF3 catalysts have exhibited a unimodel distribution
of pore sizes.

When V2O5 reacts with CeF3 support to form the com-
pound CeVO4 the bonds of cerium atom to other atoms in
CeF3 are broken and the isolated CeVO4 molecules form
tiny crystallites. V2O5 might have reacted with and removed
the surface layer or even sub-surface layer of cerium atoms
and thus bring about an increase in the radii of the pores of
the catalyst. This explains the shift of the pore-volume spec-
t
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Fig. 3. X-ray diffractograms of V2O5/CeF3 used catalysts with different
V2O5 loadings: (aI ) 2.4 wt.%, (bI ) 5.4 wt.%, (cI ) 7.8 wt.%, (dI ) 10.7 wt.%,
(eI ) 15.2 wt.%.

intense XRD peaks with characteristicd-values of 3.20, 2.01,
2.06, 1.81, 3.64, 3.58 and 1.75Å belonging to the crystal
planes (1 1 1), (1 1 3), (3 0 0), (3 0 2), (0 0 2), (1 1 0) and
(2 2 1) of CeF3 support (ASTM card no: 8-45). The intensity
of the XRD peaks of CeF3 support has remained more or less
the same with increase in V2O5 loading from 2.4 to 15.2 wt.%
(Fig. 2). This observation suggests that the surface of the
support is not getting covered progressively with increasing
V2O5 content of the catalysts. The XRD patterns of 2.4 wt.%
V2O5 catalyst exhibited very weak peaks of the compound,
CeVO4 (d = 2.76 and 2.57̊A). Very weak XRD peaks with
d-values of 3.70 and 2.76̊A belonging to crystal planes
(2 0 0) and (1 1 2) of CeVO4 phase appear in the catalyst with
5.4 wt.% V2O5. The intensity of the XRD peaks of CeVO4
with d-values of 3.70, 2.76 and 1.90Å belonging to crystal
planes (2 0 0), (1 1 2) and (3 1 2) (ASTM card No: 12-751)
increases gradually with increase in V2O5 loading up to
15.2 wt.%. One can visualize an interesting phenomenon
occurring on the catalyst surface as a result of interaction of
increasing V2O5 content with atoms on the surface of CeF3
support. Deposited V2O5 is interacting with the surface of
the support generating CeVO4 species which agglomerate to
form CeVO4 crystallites and the crystallanity of these species
is increasing with increase in V2O5 loading. Absence of XRD
peaks of any of the oxides of vanadium in the diffractograms
o e
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ra of the catalysts to higher pore radius range till the V2O5
oading reaches 10.34 wt.% (Fig. 1). When V2O5 loading is
ncreased to 15.2 wt.%, the pore volume distribution s
o lower pore radius range from 9 nm to 20 nm. This shi
ore-size distribution to lower pore range is occurring

o decrease in the pore size as a result of formation o
ost a close packed layer of CeVO4 compound on the wal
f cylindrical pores. The dominant pore-size distribution
5.2 wt.% V2O5 catalyst is around 13 nm.

.2.2. X-ray diffraction
The X-ray diffractograms of fresh and used V2O5/CeF3

atalysts are presented inFigs. 2 and 3respectively. The X
ay diffractograms of the fresh catalysts contain moder

ig. 2. X-ray diffractograms of V2O5/CeF3 calcined catalysts with differe

2O5 loadings: (a) 2.4 wt.%, (b) 5.4 wt.%, (c) 7.8 wt.%, (d) 10.7 wt.%,
5.2 wt.%.
f these catalysts upto 10.7 wt % V2O5 indicates that entir
2O5 has interacted with the cerium atoms of the suppo

orm CeVO4 species. The CeVO4 species might have seg
ated and crystallized. The exposed CeF3 support appears
ave more open structure with CeF3 in lower layers being ex
osed. A shift in the pore size distribution and an increa
ore volume has been observed with increase in V2O5 load-

ng of the catalysts, which would lend support to the ab
xplanation. The interaction of vanadia would have occu
ot only with surface Ce atoms but also with Ce atoms in
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sub-surface layers of the CeF3 support. When the V2O5 con-
tent has been increased to 15.2 wt.% traces of free V2O5 have
been identified in the X-ray diffractogram of the catalyst.

Careful examination of the results of the X-ray diffraction
studies of the used V2O5/CeF3 catalysts would reveal that
the surface characteristics of the catalysts have been drasti-
cally modified during the course of ammoxidation reaction
of 3-picoline (Fig. 2). The most striking feature of the X-
ray diffractograms of used catalysts is that they contain the
XRD peaks of support which are much more intense than the
corresponding peaks in the diffractograms of fresh catalysts
(Fig. 3)

The X-ray diffractogram of used 2.4 wt.% V2O5/CeF3 cat-
alyst contains the most intense XRD peaks withd-values
of 3.20, 2.01, 2.06, 3.64, 3.58, 1.81, 1.75 and 2.55Å be-
longing to the crystal planes of (1 1 1), (1 1 3) (3 0 0), (0 0 2),
(1 1 0), (3 0 2), (2 2 1), and (1 1 2) of the support CeF3 (curve-
a). When V2O5 loading is increased to 5.4 wt.% the intensity
of the CeF3 XRD peak has decreased and a weak XRD peak
with ad-value of 4.89Å belonging to CeVO4 phase appears
in addition to the XRD peaks of the support (curve-b). When
the V2O5 loading is increased to 15.2 wt.% the intensity of
XRD peaks of the support, CeF3 is reduced gradually while
the intensity of XRD peaks of CeVO4 phase (d = 3.70, 4.89,
2.76 and 1.90̊A) has increased further (curves c–e).
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Fig. 4. FT-IR spectra of V2O5/CeF3 calcined catalysts with different
V2O5 loadings: (a) 2.4 wt.%, (b) 5.4 wt.%, (c) 7.8 wt.%, (d) 10.7 wt.%, (e)
15.2 wt.%.

in the spectra of used catalysts at and above 7.8 wt.% V2O5
loading. The band at 1386–1407 cm−1 appears in the spectra
of all the used catalysts. The band at 1006 cm−1 is occurring
in the spectra of fresh catalysts at and above 7.8 wt.% V2O5
content.

The band at 780–802 cm−1 is weak in the spectrum of
2.4 wt.% V2O5 catalyst (Figs. 4 and 5). Its intensity has
abruptly increased when the V2O5 loading is increased to
5.4 wt.% and persists in the spectra of all the catalysts. A
band at 780 cm−1 is also found in the spectrum of pure CeF3
(spectrum not shown here). The increase in the intensity of
the band at 780–802 cm−1 with addition of 5.4 wt.% V2O5
may be ascribed to the formation of CeVO4 by the interaction
of V2O5 with CeF3. Wachs et al.[36,37] have assigned the
laser Raman band at 805 cm−1 to the stretching vibrations of
V–Ce–O species formed on V2O5/CeO2 catalysts.

The three bands occurring at 3429 cm−1, 2927 cm−1 and
2837 cm−1 appearing in the spectra of all the catalysts can be
attributed to strongly adsorbed water on the surface of CeF3
support. The spectrum of pure CeF3 is found to contain highly
intense bands at 2927 cm−1 and 2837 cm−1. These bands are
highly suppressed when 2.4 wt.% V2O5 is deposited on the
The changes in surface characteristics of the
2O5/CeF3 catalysts can be attributed to modifications
ccur in the surface structure of these catalysts under th
ere reaction conditions. These results suggest that und
nfluence of water vapor, basic molecules and oxygen
urface CeVO4 species would have diffused on the surf
f the catalysts, coalesced and segregated into bigger C4
rystallites. When this has happened these species le
arge surface of the support uncovered and the extent o
overed surface decreases with increasing V2O5 content o
he catalysts. This explains the decreasing intensities o
upport XRD peaks and the increasing intensities of the p
f CeVO4 crystallites in the used catalysts (Fig. 3).

Consequently the structural modification and surfac
onstruction accompanying catalysis on the support m
ave occurred to a greater extent in low V2O5 catalysts an

his accounts for the higher intensities of XRD peaks of
2O5 catalysts (Fig. 2). The observed results of XRD stud
f V2O5/CeF3 catalysts seem to be reasonable and val

he phenomenon of surface modification and reconstru
uring adsorption and catalysis is well established[34,35].

.2.3. FT-IR studies
The FT-IR spectra of the fresh and used V2O5/CeF3 cat-

lysts are given inFigs. 4 and 5respectively. It is evi
ent that the bands occurring at 3429, 2914, 2837, 2
611–1639 cm−1 and 773–801 cm−1 are common in th
pectra of both fresh and used catalysts. The ban
724–1731 cm−1 is present in the spectra of used catal
ith V2O5 loading from 2.4 to 5.4 wt.% and in the spec
f all the fresh catalysts. The band at 3196 cm−1 is presen
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Fig. 5. FT-IR spectra of V2O5/CeF3 used catalysts with different V2O5

loadings: (aI ) 2.4 wt.%, (bI ) 5.4 wt.%, (cI ) 7.8 wt.%, (dI ) 10.7 wt.%, (eI )
15.2 wt.%.

CeF3 support and exists with very low intensities in the spec-
tra of all the catalysts. The intensity of the broad band at
3429 cm−1 and the intensity of the narrow band at 2337 cm−1

have increased upto 7.8 wt.% V2O5 and decreased above this
loading. However, the intensity of the bands at 2927 cm−1

and 2837 cm−1 has continuously increased with V2O5 load-
ing of the fresh (calcined) catalysts (Fig. 4). The band at
1611–1639 cm−1 that exists on the surface of all the fresh cat-
alysts may be assigned to deformation vibrations of strongly
adsorbed water[38,39]. The band at 1006 cm−1 can be at-
tributed to asymmetric stretching vibrations of VO bonds
and the intensity of this peak increases with increase in V2O5
loading from 7.8 wt.% to 15.2 wt.%.

The intensity of the band at 3429 cm−1 increases when
the V2O5 loading is increased from 2.4 wt.% to 5.4 wt.% and
decreases above this loading in the spectra of used catalysts
(Fig. 5) indicating decrease in OH group concentration on
the surface of the used catalysts. The intensity of the band
at 1618 cm−1 decreases with increase in V2O5 loading. The
band at 1386–1407 cm−1 increase in intensity continuously
with V2O5 loading. This band and the band at 3196 cm−1

in the spectra of used catalysts with 7.8, 10.7 and 15.2 wt.%
V2O5 loading may belong to adsorbed NH4

+ ions[20]. The
narrow band at 2330 cm−1 is prominent in the spectra of

fresh catalysts (Fig. 4) and become weak in the spectra of
used catalyst (Fig. 5).

3.3. Catalytic activity studies

Ammoxidation of 3-picoline over all V2O5/CeF3 catalysts
at different temperatures ranging from 300 to 410◦C at at-
mospheric pressure in the vapor phase at the mole ratio of
3-picoline:H2O:NH3:air = 1:13:6:44 (W/F = 5.33 gh/mole)
produced mainly nicotinonitrile along with small quantities
of pyridine, COx and a trace amount of pyridine amide.

Pyridine and COx are produced directly from 3-picoline
by oxidative demethylation or via nicotinonitrile and pyri-
dine amide, in which nicotinonitrile gets converted in to pyri-
dine amide by acid hydrolysis, hydrolysis of pyridine amide
leads to the production of pyridine and COx at the applied
reaction conditions on the surface of the V2O5/CeF3 cata-
lysts (Scheme 1). In order to find out the major reactant for
the formation pyridine and COx by-products in the system
an experiment was conducted mixing the 3-picoline, nicoti-
nonitrile, pyridine amide and water in accordance with the
molar ratios of reaction effluents under similar reaction con-
ditions and observed only a trace amounts of pyridine and
COx, which clearly indicates that the demethylated prod-
ucts are mainly from 3-picoline by oxidative demethylation.
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here is a striking balance (1:1 mole ratio) between
ormed pyridine and COx, which is an indication of COx
roduction, is only from the methyl group of 3-picolin
ot from the total oxidation of 3-picoline (Scheme 1).
ondareva et al.[8] put similar observation forward

he ammoxidation of 2-methylpyrazine over V–Ti ox
ystem.

Nicotinonitrile is the ammoxidation product of 3-picolin
n which one molecule of 3-picoline and one molecule of

onia, and one half dioxygens are consumed for the pro
ion of one molecule of nicotinonitrile and three molecu
f H2O, which indicates that the ammoxidation of 3-pico

s a six-electron redox process. It is reported that the
oxidation of methyl aromatics or methyl heteroarom

cs starts from the H-abstraction from the methyl gr
nd forms a methylene-like (benzyl) species, which
erts in to benzaldimine (RCH2 NH) intermediate either b
ehydrogenation of intermediately generated benzyla
R CH2 NH2 produced from benzyl species) or by de
ration of ammonia condensed-benzaldehyde[6,40]. Busca
t al. reported that the nitrile could also be formed from b
aldehyde intermediate by its oxidation to corresponding
ith subsequent acid amide (RCONH2) formation and de
ydration[41].

.3.1. Influence of V2O5 loading on the ammoxidation
ctivity

The influence of V2O5 loading on 3-picoline conversio
he yield of nicotinonitrile and the pyridine over V2O5/CeF3
atalysts is depicted inFig. 6. The conversion and the yield
icotinonitrile have continuously been increasing with V2O5
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Scheme 1. Reaction pathways of 3-picoline over V2O5/CeF3 catalysts.

loading, whereas the yield of pyridine has shown decreasing
trend. The conversion at 2.4 wt.% V2O5 loading is 57.9% and
it attained a maximum value of 89.18% at 15.2 wt.% V2O5
loading. The yield of nicotinonitrile is 37.87% at 2.4 wt.%,
which has steadily been increased to 81.92% as the loading of
V2O5 increased to 15.2 wt.%. The yield of pyridine decreased
from 10.13 to 3.63% as the loading of V2O5 increased from
2.4 to 15.2 wt.%, similar trend has also been observed in the
case of COx yield.

The increase in the selective ammoxidation activity of the
catalysts with increase in V2O5 loading can be attributed to
the formation of more active phase, CeVO4. X-ray diffraction
study of these catalysts has detected the formation of CeVO4
phase in the catalysts (Fig. 2). The intensity of the XRD peaks
of CeVO4 phase is found to increase with increase in V2O5
loading. These results show that selective ammoxidation of
3-picoline may be occurring to a greater extent on CeVO4
phase.

Pyridine formation is due to demethylation, which nor-
mally takes place on the acidic sites of the catalysts; since
CeF3 is a strong Lewis acid its contribution towards dealkyla-
tion is inevitable at lower loadings. The progressive coverage
of V2O5 on the surface of CeF3 decreased pyridine yields.

The formation of CeVO4 phase modifies the base
V2O5/CeF3 composition. The modification in general will
h s, but

F of
n

in the present case Ce3+ species exists leaving V5+ species
in the CeVO4 phase[25,31]. Hence, isolation of V–O moi-
eties by interposing of CeVO4 phase between V–O–V chains
(site isolation at work) may be responsible for the high yields
of nicotinonitrile at higher loadings of V2O5 on CeF3 sup-
port. Roussel et al.[42] reported that at higher loadings of
Fe in the Fe1−x SbVxO4 structure, Fe substitutes V3+ by
creating a vacancy which enhanced the selectivity to acry-
lonitrile in the ammoxidation of propane by isolating the ac-
tive vanadia site and they also reported that the Fe3+/Fe2+
couple was not directly involved in the reaction mechanism
but that Fe intervenes by changing the relative valence state
of vanadium and the cationic and anionic assessment in the
structure.

3.3.2. Influence of reaction temperature on the activity
over15.2wt.% V2O5/CeF3 catalyst

Temperature is found to have highly pronounced effect
on 3-picoline conversion and the yield of nicotinonitrile and
pyridine (Fig. 7). The increase in selective 3-picoline ammox-
idation activity and the increase in pyridine yield with temper-
ature can be ascribed to the increase in the intrinsic activity of
the active sites on the CeVO4 phase and the acidic sites on the
bare surface of the support, respectively. At 410◦C, the cat-
alyst has shown 84.78% nicotinonitrile and 5.13% pyridine
y

F ields
o

ave both electronic as well as structural consequence

ig. 6. Influence of V2O5 loading on 3-picoline conversion and yields
icotinonitrile pyridine, COx and others.
ield respectively at a 3-picoline conversion of 91.3%.

ig. 7. Effect of reaction temperature on 3-picoline conversion and the y
f nicotinonitrile, pyridine, COx and others.
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4. Conclusions

It is concluded that the non-conventional CeF3 supported
V2O5 catalysts exhibit high conversions and selectivities in
the ammoxidation of 3-picoline to nicotinonitrile. This high
performance of these catalysts is ascribed to the formation
of CeVO4 species during the catalyst preparation. The re-
sults of our preliminary investigation gives an impression that
highly reactive V2O5/CeF3 or CeVO4-based ammoxidation
catalysts can be prepared.
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