Available online WWW.] OCPr.com

Journal of Chemical and Pharmaceutical Research

.C‘\a“d Pharh"ic
> i D)
ISSN No: 0975-7384
CODEN(USA): JCPRC5

S,

o o‘nal of ¢y,
D, \\3
€355y 1%

J. Chem. Pharm. Res,, 2011, 3(5):311-322

.

Ammoxidation of 3-picoline over antimony promoted VPO catalysts
and alumina supported Sb-VPO catalyst

Manohar Basude

Nizam College, Osmania University, Hyderabad, India

ABSTRACT

Ammoxidation of 3-picoline to nicotinonitrile was investigated on antimony promoted vanadium
phosphorus oxide (Sb-VPO) catalysts and antimony promoted alumina supported vanadium
phosphorus oxide (Sb-VPO/AI,O3) catalyst under atmospheric pressure and at 400 °C. The
catalysts were characterized by means of X-ray diffraction, electron spin resonance, infrared,
scanning electron microscopy, differential thermal analysis, ammonia chemisorption and BET
surface area methods. The catalytic activity is correlated well with the physicochemical
characteristics of the catalyst. Higher activity is observed for Sb-VPO-1 catalyst having lower
surface area, lower oxidation state of vanadium and higher surface acidity. In supported system
presence of VPO in highly dispersed state along with AlISbO, phase is responsible for higher
activity and selectivity. A redox cycle between (V**) and (V°*) species appears to be responsible
for the ammoxidation activity of VPO catalyst.

Key words:  3-picoline; nicotinonitrile; antimony promoted nedium phosphorus oxide;
ammoxidation.

INTRODUCTION

Selective oxidation and ammoxidation in vapor phasgenerally carried out over mixed oxide
based catalysts [1, 2]. In the formulation of cgtd one of the elements from V, Mo, W, Sbh, U
will be present as main components and the morepéed mechanism is redox one. Nicotinic
acid obtained by direct vapor phase air oxidatidr3-gicoline over suitable heterogeneous
catalyst theyield of nicotinic acid is limited through this press [3]. Nicotinic acid and

nicotinamide which are essential constituents damin B complex can be obtained by
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hydrolysis of nicotinonitrile [4]. Extensive studieof the ammoxidation of 3-picoline to
nicotinonitrile were carried out on various catalgystem mainly composed of vanadium,
molybdenum and antimony oxides supported on alumirglica [5-10]. Andersson and Lundin
[5] in their investigation found that®,3 is the most active and selective phase of thelesing
phase oxides. Furthermore, they noted that pressri¢gOs along with V60,3 is more active and
selective than any of the single phase oxides.@akd Zollinger [11] found that V\phase
was active and non selective of the multiple plasdes \LOs/V 4,09 and V,Oo/VO,, it showed a
selectivity comparable to the single phase oxidg3s\and V,Oo.

Supported vanadium oxide catalysts are used inatisiifammoxidation reactions because
support provides higher surface area, mechanicahgth and thermal stability when active
component is dispersed on the support. AnderssanLandin [12] reported the maximum
activity for V-Ti-O catalyst which can be attribdtéo maximum contact betweer®:;and the
TiO, phases, which could result in weakening of thdaser (V=0}" bond. Andersson [13]
found that in MOs/SnQ, catalyst the role of SnQvas to weaken the short V=0 bonds. This can
be due to incorporation of $in to V,Os lattice. The role of promoters in selective oxidatis
related to history of modifications of the puredes of the main elements. Promoters which are
present in relatively high amount will form well fdeed compound or solid solution but when
present in small amount identification of theiroaktion on the surface and in the bulk becomes
difficult.

Mixed antimony based oxides can be used in ammobaidaf olefins [14, 15]. A commoand
typical property of antimony based catalysts ishigh activation temperature which is essential
to obtain high selectivity in oxidation reactionufihg high temperature treatment there is no
formation of any compound, but of a solid solutafrantimony oxide in SngJ16]. Roginskaya

et al [17] stated that the activity of mixed oxidiescaused by the presence of SbFree
antimony oxide dispersed in mixed oxides exhibitsduction rate higher than pure Sb-oxides.

Vanadium antimonite based catalysts have drawniderable attention in recent years for their
catalytic behavior in propane ammoxidation. A langenber of patents have been filed claiming
vanadium antimonite as the active phase, but oimijtdd information is available in the
literature about its characterization [18-20]. dtknown that vanadium and antimony form a
rutile VSbQ, phase which is active and selective for propanenaxidation when excess of
antimony is present. Furthermore, it has been shfmwrvanadium antimonite samples with
excess of vanadia that some vanadium oxide canba&lgaresent supported on VSpeystals
[21]. V-Sb-O and VPO systems show the higher seigcs in acrylonitrile formation from
propane [22].In this ammonia transforms (1) total oxidation sit® selective sites for
acrylonitrile synthesis (2) reduces these sitestduis oxidation to nitrogen oxides.

Vanadium phosphorus oxide catalysts have been sixtdn studied because of their commercial
success for selective oxidation of butane to madaitydride [23, 24]. VPO’s are also reported to
be active for selective ammoxidation of 3-picolitee nicotinonitrile [25, 26]. According to
Hodnett [27] in VPO’s the P: V ratio and reducing agent mainlgtedmine the phase
composition of the catalysts. It is well known tH&O),P,O; is the active phase in VPO
catalysts and VOHP£0.5H,0 is the precursor of this phase.
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Hutchings [28] observed that the addition of proen@tom enhances the activity and selectivity
of the VPO catalysts by preventing the formatiordefeterious phases. Therefore, a systematic
study is required in order to understand the rbleromoter atoms on the phase composition and
their catalytic properties. L. Forni [28] observadtimony as one of the active components in
ammoxidation of 2-methylpyrazine to 2-cyanopyrazMBO’s are used in oxidation of n-butane
to maleic anhydride and V-Sb-O is used in ammoiodabf propane to acrylonitrile. Therefore,
the primary objective of this investigation wassee the effect of various contents of antimony
on the phase composition of VPO (P: V = 1:1.4 l@pistant) and the activity or selectivity of
the resulting phases for the ammoxidation of 34meato nicotinonitrile. The preparation of Sb-
VPO sample involves a two electron redox reactiomgueous solution between"Sand WV
starting from SO; and NHVOs, the formation of the mixed hydroxide containing .V

EXPERIMENTAL SECTION

2.1. Catalysts

An aqueous medium was used for making of variongpges. The P: V ratio was kept constant
(1: 1.4) and antimony content was varied. In adgpexperiment to obtain Sb-VPO-1 catalyst
(3% Sb) 13.78 g of ammonium metavanadate and Igl®6antimony trioxide were suspended
in 500 ml of distilled water. To the resulting saspion 15.81 g of O-40O, was added and
refluxed for 6 h and then excess water was evagobisibwly on water bath. The obtained light
green paste was oven dried at 21Dfor 16 h and finally calcined at 75CC for 4 h in an open
air furnace. Similar procedure was used to obtdimrerocatalysts Sb-VPO-2 (6% Sb) and Sb-
VPO-3 (9% Sb) in which 13.78 g of ammonium metadate, 29.92 g and 44.98 g of antimony
trioxide were suspended in 500 ml of distilled wafeo the resulting suspension 15.81 g of O-
HsPO, was added and refluxed for 6 h and then excessrwads evaporated slowly on water
bath. The obtained light green paste was oven a@riedl0° C for 16 h and finally calcined at
750° C for 4 h in an open air furnace.

To prepare alumina supported Sb-VPO catalyst, 4 gmmonium metavanadate and 60 g of
antimony trioxide were suspended in 500 ml watertie resulting suspension, 23.8 g of 85%
O-HsPO; was added and refluxed for 2 h. To this 74 g ofAI(SA = 174 mg?) fine powder
was added as carrier and further heated to coraterttne suspension to obtain a paste, which
was evaporated to dryness. The residue was calaingsD°® C for 4 h in an open air furnace.

2.2. Characterization methods

The phase composition of the samples was determiiyeX-ray diffraction method. X-ray
powder diffractograms were recorded on a Philipsl@ldiffractometer by using Ni-filtered
CuK, radiation. The decomposition patterns of ovendlgatalyst samples before cacination
were studied by differential thermal analysis tegha. Thermo grams were recorded on a Leeds
and Northap DTA unit with a heating rate of® min*. Average oxidation state of vanadium in
various catalysts was determined by double titnatwith KMnO, solution [30]. The ESR spectra
were obtained at liquid nitrogen temperature orE@L) FE3X X-band spectrometer with 100
kHz modulation. Self supporting KBr pellets contagithe catalyst samples were used to scan
the IR spectra on a Perkin Elmer 283 B spectronatambient condition.
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Conventional static volumetric high vacuum systemswsed to determine the BET surface
areas and ammonia uptake capacities of the sangligs surface areas were estimated by N
physisorption at -196 C and taking 0.162 rfmas the area of cross section ofmolecule.
Ammonia gas chemisorption measured by double isotineethod at 156C temperature.

2.3. Catalytic tests

Ammoxidation of 3-picoline to nicotinonitrile wasuslied at 40°C on a previously described
fixed bed flow micro reactor operating under norrathospheric pressure [31]. For each run
about 3 g of catalyst sample was used and liquatiymts were collected after establishing
steady state conditions (2-3 h). Liquid productsensnalyzed by gas chromatograph with a 10%
OV-17 column on chromosorbG-AW (2m long) kept aD & and with a flame ionization
detector. The feed was consisting of 1: 5.45: 1718544 mole percent of 3-picoline, steam, air
and ammonia respectively was passed through taéysabed at a space velocity of 3976 h

In activity studies the optimum temperature obsgérfer the maximum production of
nicotinonitrile is 400PC. Above this temperature formation of carbon osjdar and pyridine is
observed. From the results obtained maximum comrerd 3-picoline is observed at mole ratio
of ammonia to 3-picoline is 3.1and mole ratio oftai 3-picoline is 8.7. At a value higher than
this the conversion of 3-picoline is decreased.af$pace velocity higher than 3978 the
conversion of 3-picoline decreases and selectiatyicotinonitrile increases. At lower space
velocities formation of tar and carbon oxide inceEa

RESULTSAND DISCUSSION

3.1. XRD

e - (VOLP,0, % - V,0, y- G-VOPO,  o- SbO,

| | | ] | |
66 56 46 36 26 16

- 20

FIG. 1 - X-Ray Diffraction Patterns of Sb-VPO Catalysts
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X-ray diffraction patterns of various samples amespnted in figure 1. Various crystalline phases
identified include (VO)P,O7, a-VOPQ,, SbVQ, ShOs; and \4Os respectively with varying
intensities depending on the concentration of(gbin the case of Sb-VPO-1, Sb-VPO-2 and
Sb-VPO-3 samples at lower antimony contard¢OPQO, and (VO}P,0O; are the major phases
identified. As the antimony content increases #®),P,O; phase dominates probably due to
reduction of V° to V™ by antimony. In supported system AlSp@hase is observed and
vanadium is present in highly dispersed state theesupport surface.

32.1IR

Sb - VPolALO,

i
1040
| 1 1

14600 1500 500

Fig. 2. FTIR Spectra of Sb-\VPO Catalysts

Infrared spectra of Sb-VPO-1, Sb-VPO-2, Sb-VPO-8 8h-VPO/A}O; samples are recorded
in the region 500-2000 cfand given in the figure 2. Pure®s shows two characteristic bands
at 1020 critand 820crit corresponding to V=0 stretching and V-O-V deforimratmodes
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respectively. P-O stretching vibrations of orthogbtwates fall in the region of 1000-1060tm
pyrophosphates in the region of 1060-1170"ciriphosphates in the region of 1085-1250%cm
and linear metaphosphates show absorption in th®rrel265-1400ci{32]. In Sb-VPO-1
sample an intense band is observed at 1120 and bassds at 920, 725, 560 and 500tm
These values correspond to V-O, P-O stretching swade(VO)LP,O; which is dominating
phase along with weak bands corresponding to ohibgphates i.ea-VOPQO, , B-VOPQ, at
1040, 640 cril are observed. In all other samples also peaksesmonding to V-O, P-O
stretching of (VO)P,O; and orthophosphates are observed. With the iser@a antimony
content a peak corresponding to Sb=0 stretchiogserved at 860 cm

-]
EXO
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'l' Sb-VPO-3
ENDO B8O
1
458
! Sb-VPO-2
540
1
1 1 1
150 450 750
TEMPERATURE °C
FIG. 3. Decomposition Patterns of Sb-VVPO Catalysts
3.3.DTA

Differential thermal analysis helps to study phasenposition and establish the temperature
boundaries of existence of different compounds. &brthe catalysts exothermic peaks are
observed with the increase in antimony contenpteks have shifted towards lower temperature
which can be seen in figure 3. Vanadium phosphoriges obtained from aqueous and organic
media exhibit endothermic peaks at 420 By addition of antimony a shift in thermal betwav
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from endothermic to exothermic is observed by ttigitaeon of promoter. In the preparation of
VPO’'s VOHPQ.0.5 HO is the precursor for obtaining vanadyl pyroph@éphand vanadyl
phosphate phases. Upon heating VOHBG HO transforms to various phases lik&/ OPQ, ,
B-VOPQ, andy-VOPQ,. This change of phases can be seen in DTA results.

sp-vPO -1

1 1 1 1 1 1
3100 3300 3500 3700 3900 4100

Gauss —

FIG. 4. ESR - Spectra of Sb-VPO Samples

3.4.ESR

All the antimony promoted VPO catalysts have showell resolved ESR spectrum with
hyperfine splitting which can be seen in figureTdis can be attributed to presence of ESR
actives lower vanadium oxide"¥in good quantity. The good resolution of this spen and the
absence of exchange narrowed spectra indicatevifigyO®") ions are sufficiently separated
from each other and dispersed both on the surfadeémthe bulk of the VPO compound. For
Sb-VPO-3 there is good hyperfine splitting and ameder the curve is maximum which is
proportional to number of unpaired electrons. gsgal are calculated for various catalysts as
reported in literature [34]. The g-values of the¢abgts are given in table 2. The parameter
Agu/AgL is a measure of the overall distortion of an agtate. The largekg,/Age the higher is
the distortion, in other words , the shorter theO/bond and the longer the~D bonds in the
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basal plane of the VW octahedron. The g and A parameters can be atdhatisolated sites
connected via oxygen bridges to P. For Sb-VPAy{AgL is smallest.

3.5. SEM

Sb - VPo/Al, O, Sb-VPo- 1

Sb-VPO-2 Sb-VPO-3

Fig.5. Scanning Electron Micrographs of Sb-VPO Calalysts
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Figure 5 gives scanning electron micrographs ofctitalysts. Sb-VPO-1 has lower surface area
and has plate like structure. In this the catgbgsticle size is 12m large enough compared to
size of the patrticles in other catalysts. In Sb-V®@resence of antimony particles over the
surface of vanadium phosphate particles is obsetae8b-VPO/AbO; sample agglomeration of
antimony and VPO patrticles over the surface-d&l,O;can be seen.

3.6. Catalytic activity

In oxidation/ammoxidation reactions catalytic aitids are governed by acid-base properties of
the catalyst and reactants. VPO'’s are solid actdlysts having oxidizing power. Trifiro et
al[35] reported that butane can be activated ¥irlsyl the coordinative unsaturated vanadium ion
which is acidic situated on the (100) surface plahévO),P,O; and then oxidized to maleic
anhydride by the oxygen double bonded with the rogared V-ion on the cleavage plane of
(100) crystal face of (VQIP.O; are present. Pair of vanadium ions, each congistf a V-ion
double bonded with oxygen having oxidation propaityg a coordinative unsaturated V-ion and
coordinative unsaturated phosphorus ions projedtmm the surface plane. These coordinative
unsaturated v-ion and P-ions are thought to prozaieé sites in such a manner that V-ions act as
Lewis acid and P-ions through taking water in thamprotonic acid (B.

Ammonia uptake measurements at P80of various catalysts are given in table 1. Amraoni
uptake at 158C is a measure of surface Bronsted acidity of #talgsts. Catalytic activity can
be correlated with surface acidity. VPO/Si€xhibits greater catalytic activity due to higher
surface acidity [25, 26]. Incorporation of antimommyo vanadium phosphorus oxides modifies
their surface acidity. In Sb-VPO-1, Sb-VPO-2 and\&0D-3 catalysts the P: V = 1:1.4 ratio is
kept constant and content of antimony increasead f8atom percent to 9 atom percent.

Table 1 Physico-chemical and catalytic properties of various Sh-VPO catalysts

BET surface area Ammonia Conversion Selectivity

Average oxidation number

Catalyst (m*g? uptakefi-moles ¢ (percent)  (percent)
Sh-VPO-1 2.0 33 4.5637 83 90
Sb-VPO-2 3.1 27 4.6472 80 90
Sb-VPO-3 6.2 16 4.7685 51 90

Sb-VPO/ALO; 16 22 4.6374 89 93
Conversion =

Number of moles of 3-picoline reacted
x 100

Number of moles of 3-picoline introduced
Selectivity =

Number of moles of nicotinonitrile produced
x 100

Number of moles of 3-picoline reacted

Yield = Conversion % x Selectivity %

From the table 1 it can be seen that with the am®ein antimony content surface acidity is
decreasing. The oxidation activity for reactarke [B-picoline is controlled by the activation of —
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CHs group and this is performed at the acidic sitethefcatalyst. The greater catalytic activity is
observed for Sb-VPO-1 which is having higher swfacidity in unsupported system.

Vanadium phosphorus oxides are characterized bysloface area. Incorporation of antimony
has not shown appreciable change in surface afethe aatalysts. There is slight increase in
surface area with the increase in the content dimamy which is almost negligible. The
presence of vanadium in excess will increase seivanadyl species their by catalytic activity.
The increase in content of antimony causes diludbwvanadyl species on surface leading to
decrease in catalytic activity.

Activity of catalyst depends on metal oxygen botrdrggth along with other reaction parameters.
In vanadia based catalysts V=0 species is activaxidation/ammoxidation reaction. Addition
of antimony weakens V=0 bond strength thereby Bmee activity of the catalyst. In,@s,
V=0 species are dispersed only on (010) plane arehwanadia is present iri\étate the V=0
species is dispersed on all other planes becausgesofanadium is reduced from +5 to +4 state
on addition of antimony and orthophosphoric acitle Tactive phase in n-butane oxidation is
related to a surface layer of ¥sites or to VOPQislands on (VO)P,0O; matrix. Ye et al[35]
have determined the number of surfadé=D species on the (V@LO; surface using the NO-
NH; rectangular pulse technique and fund that 50-70epe of the surface vanadium ions on the
(020) plane of vanadyl pyrophosphate are preselfasThis amount can be varied by doping
with various elements but at the same time themmatts induce the preferential exposure of the
the (020) plane of vanadyl pyrophosphate. From iMaet al [36] \V° phase along with ¥
phase is active in ammoxidation of 4-picoline. B=rdand Courtin [37] related the high
selectivity to redox cycle betwe@rVOPO, and (VO)YP,0O; phases.

In this series of Sb-VPO mixed oxide antimony exehte reducing effect like solvent with the
increase in antimony content the™Vis reduced to lower vanadium oxide. Higher caialyt
activity is observed for catalysts in which vanadiis present in +4 oxidation state along with
optimum amount of V¥ species. From table 1 it can be observed thahallcatalysts in this
series have average oxidation number around +4.i$lsiupported by hyperfine splitting

Table 2 g-values of the catalysts

catalyst 9 gL Al AL g
V,05 - - 1.9749
Sb-VPO-1 2.0206 2.1003 935 70
Sb-VPO-2 1.9338 1.9721 185 53
Sb-VPO-3 1.9446 1.9721 187 51
Sb-VPO/ALO; - - 1.9665

observed in ESR spectra and g-values of the ctdafjgen in table 2. In Sb-VPO-1 catalyst
presence ofi-VOPQ, and (VO)YP,O; phases can be seen from XRD and IR results. Wgh t
increase in antimony contentVOPQO, phase is disappearing slowly and (VB®; phase is
dominating. For antimony rich sample Sbh-VPO-3 insfectra a peak at 860 Cim observed
corresponding to Sb=0 and rosette like structuobserved in SEM of the catalyst probably due
to agglomeration of antimony particles over vanadiphosphate particles. Lowest activity for
Sb-VPO-3 can be attributed to absencen-0fOPQ, phase, lower surface acidity and higher
average oxidation number.
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In oxidation/ammoxidation reactions redox mechanays an important role i.e. hydrocarbon
consumes oxygen from the catalyst, which is thexidized by molecular oxygen. There exists
equilibrium between ¥ and V/° to provide rapid exchange of oxygen from surfacbulk and
bulk to surface. Vanadium oxide gave certain amadribwer oxide by reduction of originally
charged catalyst. In this series of Sb-VPO catsalyst ammoxidation of 3-picoline, catalyst
showing high activity and selectivity consists oixture of well crystallized (VOP,0; (V*%
and amorphous phase®i.e. redox cycle between™ and V°.

The active phase in propane ammoxidation is amapMsSbQ-Sh,0, system [39] epitoxially
grown on AISbQ rutile whose formation is catalyzed by the preseotvanadium. This non-
stoichiometric mixed metal oxide is supported opAl The greater activity and selectivity for
Sb-VPO/ ALO; is observed because of presence of VPO in higspedsed state and formation
of AISbO, phase. In SEM agglomeration of VPO particles other surface of AD; are
observed

CONCLUSION

The investigations lead to the conclusion that mmaxn yield of nicotinonitrile can be obtained
at the following reaction parameters.

Temperature : a0t
Mole ratio of ammonia to 3-picoline : 3.1
Mole ratio of air to 3-picoline : 8.7
Space velocity : 3976'h

Addition of antimony reduces 'V  species to ¥ and weakens V=0 bond strength allowing
rapid exchange of oxygen. The redox cycle betwe&n ¥nd V° and higher surface acidity is
responsible for higher activity of the catalyst.dapported system presence of VPO in highly
dispersed state along with AlSh@hase is responsible for higher activity and dsliyg.
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