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benzylamine to dibenzylimine over silica-supported

vanadium-substituted tungstophosphoric acid catalyst
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Silica-supported vanadium-substituted tungstophosphoric acid (TPAV,, x = 0-3) catalysts were prepared

by an impregnation method and their physico-chemical properties derived from different spectroscopic

techniques. The characterization results confirmed the incorporation of vanadium into the framework

of heteropoly tungstate anion and the Keggin structure remained intact on SiO,. Vapor-phase aerobic

oxidation of benzylamine was evaluated over these catalysts and dibenzylimine was obtained as the

selective oxidative condensation product. Under optimized reaction conditions, 90% conversion of
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benzylamine with 95% selectivity to dibenzylimine was achieved over 20 wt% TPAV,/SiO, catalyst. The

catalyst showed constant activity, after an initial decrease by about 10%, during the time on stream
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1. Introduction

Imines are important compounds with extensive applications
in laboratory and industrial synthetic processes because of
their unusual reactivity.! Traditionally, imines have been
synthesized by condensation of aldehyde or ketone with amine
in the presence of an acid catalyst. This approach has certain
drawbacks associated with the excessive active nature of
ketones/aldehydes. Nicolaou et al established an organic
reagent, 2-iodoxybenzoic acid (IBX), for the oxidation of
amines to imines.” However, this reagent oxidizes secondary
amines to imines. In the case of primary amines this reagent
gave a carbonyl compound as final product instead of imine.
Generally, the use of organic reagents produces large amounts
of waste in the form of byproducts and also requires organic
solvents as reaction media. Therefore, a less toxic and environ-
mentally friendly process for the synthesis of imines is highly
desirable. Catalytic aerobic oxidation of amines has received
significant attention during the recent past. In this respect,
various transition metal catalysts have also been proposed.
Important examples include 10% PVMo/C,”> gold,"® ruthe-
nium,” vanadium,'®"" copper,'? palladium,"® TiO,,"* Nb,0s,"
carbon nitride,'® and Fe*"-based MOFs."” All these catalysts
are employed in liquid-phase conditions by using different
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analysis. Controllable acidity and redox properties of the catalyst were accountable for high catalytic
activity and selectivity. A plausible reaction mechanism is also elucidated.

organic solvents. Besides, these approaches require prolonged
reaction times to achieve desirable yields.

In fine chemical synthesis, selective vapor-phase oxidation
reactions have more advantages than conventional liquid-
phase reactions, particularly in industrial perspectives.'® The
liquid-phase processes necessitate additional steps for the
purification of the product. They are expensive and environ-
mentally not favorable. To the best of our knowledge there has
been to date no report on selective vapor-phase oxidation of
amines, in particular the oxidation of benzylamine to dibenzyl-
imine. Thus, the development of a heterogeneous catalyst for
selective vapor-phase aerobic oxidation of benzylamine is
highly desirable.

Heteropoly acids (HPAs), especially Keggin-type, have been
employed as promising catalysts for various oxidation and
acid-catalyzed reactions.'”*® HPAs possess special charac-
teristics that make them very active in catalytic reactions.
Vanadium-containing molybdophosphoric acid has been
widely studied as catalyst for various oxidation reactions such
as oxidation of isobutene,> methanol,>*> methacrolein,*
propene,>* propylene®® and toluene.*® 12-Tungstophosphoric
acid (TPA), a highly acidic heteropoly acid, is modified with
incorporation of V to shift its acid-dominated properties to a
redox nature. Theoretically, vanadium atoms present in Keggin
heteropoly acid leads to reduction of acidic strength while
simultaneously enhancing the reoxidativity. There are a few
catalytic applications reported on vanadium-containing
tungstophosphoric acid catalyst such as oxidation of
methanol,?” alcohols,?® bromination of olefins®>® and nitration
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of phenol.? It is interesting to know how the modification of
TPA with V results in the enhancement of oxidation ability. We
have been working on modified Keggin heteropoly acids for
different catalytic applications under liquid and vapor-phase
conditions.*' 3¢

In the present work, silica-supported vanadium-substituted
tungstophosphoric acid (HzixPWi5_4V,Oy9, X = 1-3) catalysts
were evaluated for vapor-phase selective aerobic oxidation
of benzylamine to dibenzylimine. The influence of various
reaction parameters was also studied. The catalytic activity
was correlated with the observed characteristics of the
catalysts.

2. Experimental

2.1. Preparation of vanadium-substituted tungstophosphoric
acid catalysts

Vanadium-substituted TPA (H,PW;,V,040; TPAV,) was pre-
pared according to the method reported in the literature.’” In
a typical method, sodium metavanadate (NavO;, 7.33 mmol)
was dissolved in 50 ml of deionized water at 80 °C and mixed
with disodium hydrogen phosphate (Na,HPO,, 7.3 mmol),
which had been previously dissolved in 20 ml of water. The
mixture was cooled to room temperature and concentrated
H,SO, (5 ml) was then added to give a red solution. Sodium
tungstate dihydrate (Na,WO,-2H,0, 79.32 mmol) was dissolved
in 50 ml of distilled water separately and the aqueous solution
was added to the above red solution drop-wise with vigorous
stirring followed by slow addition of concentrated H,SO,. The
TPAV, formed was extracted with diethyl ether from the
middle layer as heteropoly etherate. Subsequently the ether
was removed by passing air through the solution. The yellow
solid obtained was dissolved in water and concentrated
until crystals appeared. Similarly, TPAV, (H5;PW;,V,0,0)
and TPAV; (H¢PWoV;0,,) catalysts were also prepared by
varying the vanadium and tungsten contents of the starting
materials.

A similar procedure was followed for the preparation of
vanadium-containing molybdophosphoric acid (MPAV1) by
taking Na,M00,-2H,0 as precursor for Mo.

2.2. Preparation of silica-supported TPAV, (x = 1-3) catalysts

Silica (Cab-o-Sil, fumed form)-supported catalysts were pre-
pared by an impregnation method. The required quantity of
TPAV was dissolved in the minimum amount of water and this
solution was added to the support with constant stirring.
The excess water was removed on a hot plate and the catalyst
masses were dried in an air oven at 120 °C for 12 h. The cata-
lysts were finally calcined in air at 300 °C for 2 h. These cata-
lysts were denoted as TPAV,/SiO,, TPAV,/SiO, and TPAV;/SiO,.
The composition of active component (TPAV;, TPAV,
and TPAV;) was fixed as 20 wt% for all the catalysts. Similarly
20 wt% MPAV,/SiO, and 20 wt% TPA/SiO, catalysts were also
prepared for comparison.
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2.3. Reaction procedure

Aerobic oxidation of benzylamine was carried out in a fixed-
bed vertical glass reactor (2 = 350 mm, d = 12 mm) under
atmospheric pressure. In a typical experiment, about 0.5 g of
the catalyst (crushed to a particle size of 18/25 BSS mesh to
avoid mass transfer limitations) was diluted with the same size
and volume of quartz beads and loaded into the reactor.
Before starting the reaction the catalyst was pretreated in air at
300 °C for 1 h. The reaction was carried with flowing air (60 ml
min~") as oxidation medium. Benzylamine (2 ml h™") was sup-
plied through a syringe pump (B. Braun, Germany). The reac-
tion was carried out at different temperatures in the range of
200-300 °C. After allowing the catalyst to attain a steady-state
for 30 min at reaction temperature, the liquid product was
collected for 30 min in a trap kept at —10 °C. The products
were analyzed by gas chromatography, separating on a SE-30
column using a flame ionization detector (FID). The analysis
of the non-condensable exit gas mixture was analyzed using
GC with TCD and it was confirmed that there were no organic
species or oxides of carbon in considerable range.

2.4. Catalyst characterization

Fourier transform infrared (FT-IR) spectra of catalysts were
taken on a DIGILAB (USA) IR spectrometer using the KBr disc
method. Powder X-ray diffraction (XRD) patterns of the cata-
lysts were recorded on a Rigaku Miniflex (Rigaku Corporation,
Japan) X-ray diffractometer using Ni-filtered Cu Ka radiation
(A =1.5406 A) with a scan speed of 2° min~" and a scan range
of 10-80° at 30 kV and 15 mA.

Laser Raman spectra of the samples were collected with a
Horiba-Jobin Yvon LabRam-HR spectrometer equipped with a
confocal microscope, 2400/900 grooves per mm gratings, and a
notch filter. The visible laser excitation at 532 nm (visible/
green) was used. The scattered photons were directed and
focused onto a single-stage monochromator and measured
with a UV-sensitive LN,-cooled CCD detector. In situ Raman
spectra of the catalyst was recorded using the same Raman
spectrometer equipped with a high-temperature catalyst cell
reactor (Linkam CCP 1000) using a 50x long working distance
objective. The catalyst sample, typically about 10-15 mg of
loose powder, was placed in an environmentally controlled
high-temperature reactor cell containing a quartz window.
The temperature of the reactor cell was controlled by a pro-
grammable temperature controller.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted on a KRATOS AXIS 165 with a dual anode (Mg and
Al) apparatus using Mg Ka anode. The non-monochromatized
Al Ka X-ray source (hv 1486.6 eV) was operated at 12.5 kV and
16 mA. Before acquisition of the data, the sample was out-
gassed for about 3 h at 100 °C under a vacuum of 1.0 x 1077
Torr to minimize surface contamination. The XPS instrument
was calibrated using Au as standard. For energy calibration,
the carbon 1s photoelectron line was used. The carbon 1s
binding energy was taken as 285 €V. A charge neutralization of
2 eV was used to balance the charge up of the sample. The
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spectra were deconvoluted using a Sun Solaris-based Vision-2
curve resolver. The location and the full width at half-
maximum (fwhm) value for the species were first determined
using the spectrum of the pure sample. Symmetric Gaussian
shapes were used in all cases.

Temperature-programmed desorption of ammonia (TPD of
NH;) was carried out on a laboratory-built apparatus. In a
typical experiment, about 0.1 g of the sample was pretreated at
300 °C for 1 h by passing helium (99.9%, 50 ml min™"). After
pretreatment, the sample was saturated with anhydrous
ammonia (10% NH; balance He) at 100 °C for 1 h and sub-
sequently flushed with He at the same temperature to remove
physisorbed ammonia. Then the TPD analysis was carried out
from ambient temperature to 800 °C at a heating rate of 10 °C
min~' and the desorbed NH; was measured using a gas
chromatograph equipped with a thermal conductivity detector.

3. Results and discussion
3.1. FT-IR spectroscopy

Fig. 1A shows the FT-IR pattern of bulk TPAV, (x = 1 to 3) cata-
lysts. The FT-IR spectrum of TPA is also included for compari-
son. Bulk TPA exhibited a FT-IR pattern in the range of
1100-700 cm™". The characteristic Keggin ion peaks observed
at 1082, 988, 890, 792 and 592 cm™" can be attributed to asym-
metric vibrations of P-O, (O, denotes an oxygen atom bound
to three W atoms and to P), W=0O0, (t denotes the terminal
oxygen), W-O,-W (O, denotes a corner-sharing bridging
oxygen atom), and W-O.W (O, denotes an edge-sharing brid-
ging oxygen atom) and the bending mode of O,-P-O,, respecti-
vely.®® The TPAV, catalysts, in addition to the Keggin
characteristic bands, showed a shoulder band at 1095 cm™.
This band corresponds to the asymmetric vibration of P-O,~V
bond.* The splitting of the P-O, band is due to the introduc-
tion of a cation other than W into the Keggin structure, which
induces a decrease in W-O, stretching frequency, leading to

View Article Online

splitting of P-O, band.*® Incorporation of vanadium into
primary structure of TPA led to a shift and/or splitting of the
main FT-IR band due to reduced structural symmetry.*" This
confirmed the incorporation of vanadium into the primary
structure of the Keggin ion. In the case of silica-supported cata-
lysts (Fig. 1B), the main FT-IR bands observed at 1105 cm™*
(strong and broad), 811 cm ™' (medium) and 472 cm™" (strong)
can be attributed to the presence of pure silica, as also
reported in the literature.*> One cannot distinguish the charac-
teristic Keggin ion band at 1078 cm™" after impregnating
TPAV,. on SiO,. This is due to the strong absorption of silica in
that region. However, the characteristic IR bands of Keggin ion
were observed at 969 and 890 cm™", indicating the presence of
TPAV, Keggin ion on the support. Thus, the IR results confirm
the incorporation of vanadium into the primary structure of
the heteropoly anion and its retention in the Keggin structure
even after impregnation on silica.

3.2. X-ray diffraction

Fig. 2 shows the XRD patterns of the catalysts. The patterns of
bulk TPAV, (x = 1 to 3) were similar to that of parent TPA.*?
The Keggin structure was intact even with the incorporation of
vanadium in the primary structure of heteropoly anion. Diffr-
action patterns corresponding to TPAV, were not observed in
the case of silica-supported catalysts, indicating that no crystal-
line phase related to TPAV, (x = 1 to 3) was formed on the SiO,
surface. This could be attributed to the interaction of the
Keggin ion with the surface of silica as a result of uniform dis-
tribution. Alternatively, the TPAV, might have existed on the
Si0, surface with particle size less than 4 A, which is the detec-
tion limit of XRD. A similar observation was also made by
Yadav and George* for Cs, sHo sPW;,04, supported on meso-
porous silica. However, a physical mixture of TPAV; (20 wt%)
and SiO, showed the XRD patterns related to Keggin structure
(data not shown). One important observation made from XRD
was that no new crystalline phases were formed after impreg-
nation of TPAV, on SiO,.
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Fig. 1 (A) FT-IR spectra of bulk (a) TPA, (b) TPAV, (c) TPAV,, (d) TPAV3 catalysts. (B) FT-IR spectra of (a) 20 TPAV,/SiO,, (b) 20 TPAV,/SiO,, (c) 20 TPAV3/SiO,, (d) 20

TPAV,/SiO; (used) catalysts.
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Fig. 2 XRD patterns of (a) TPAV4, (b) TPAV,, (c) TPAV3, (d) 20 TPAV,/SiO,, (e) 20
TPAV,/SiO5, (f) 20 TPAV5/SiO, catalysts.
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Fig. 3 Raman spectra of (a) TPAV4, (b) TPAV,, (c) TPAV3, (d) 20 TPAV,/SiO,, (e)
20 TPAV,/SiO,, (f) 20 TPAV3/SiO5 and (g) 20 TPAV,/SiO, (used) catalysts.

3.3. Laser Raman spectral analysis

Laser Raman spectra of catalysts are shown in Fig. 3. In the
spectra of bulk TPAV, catalysts, characteristic bands related to
Keggin structure were observed. The bands at 1014 and
991 cm™ can be assigned to strong W=O0, symmetric and
asymmetric stretching modes, respectively. The weak Raman
bands at 901 and 537 cm™' can be related to asymmetric
stretching vibration of bridging W-O,-W and symmetric
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stretching of bridging W-O.~W. The Raman band at 242 cm™*

represents the bending mode of the bridging W-O-W bonds
of the intact Keggin structure. The Raman spectra of bulk
TPAV, catalyst concur with those reported in the literature.”” In
the case of silica-supported catalysts, the Raman characteristic
Keggin bands were observed showing that the Keggin structure
was preserved on the support. In general, the spectra showed
broad bands instead of sharp ones. The broadening denotes
the presence of a strong interaction between TPAV, and
the SiO, surface. The 'H NMR spectra of SiO,-supported
H3;PW;,04 (TPA) catalyst revealed that there was a strong
interaction between TPA with SiO, where the protons of
TPA reacted with the OH groups on silica to form -Si-
OH,"---H,PW,,0,,.*>*° Similar types of interactions between
TPAV, and SiO, surface might exist in the present case also.
The observation of support interaction, as indicated by Raman
spectroscopy, also strengthens the results obtained by XRD.
Thus Raman, XRD and FT-IR results corroborate one another.

3.4. Temperature-programmed desorption of NH;

TPD of NH; was employed to measure the acidity of the cata-
lysts and the patterns are shown in Fig. 4. The acidity values
obtained from this study are presented in Table 1. The dis-
tribution of strong acid sites as reflected by the TPD peaks
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Fig. 4 NH5-TPD pattern of (a) 20 TPA/SIOs, (b) 20 TPAV,/SiO5, (<) 20 TPAV,/
SiO, and (d) 20 TPAV3/SiO, catalysts.
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between 200-800 °C in the case of catalyst without vanadium
indicated the strong acidity of TPA. However, substitution of
vanadium for tungsten resulted in a decrease of acidic sites as
well as the total acidity of the catalyst. With the substitution of
more and more V ions for W there was more and more
decrease in the acidity of the catalysts. From these obser-
vations one can conclude that increase in vanadium content in
the primary structure of heteropoly tungstate anion decreases
its acidity.

3.5. X-ray photoelectron spectroscopy

XPS is a versatile surface technique that can be used for
chemical state analysis. Fig. 5 shows the XPS analysis of active

Table 1 Acidity of TPAV,/SiO, (x = 0-3) and MPAV,/SiO, catalysts

View Article Online

20 wt% TPAV,/SiO, catalyst. The binding energies of various
core-electron levels (O1s, P 2p, Si 2p, V 2p3,,, W 4f) are shown
in Table 2. The Si 2p;, peak at 104.1 eV corresponds to
binding energy for Si0,.*” The BE at 534 eV is assigned to
oxygen of the silica support.*®*° It is worth mentioning that
the chemical environment of Si ions was not affected by the
presence of the TPAV,. The BE of O 1s was shifted to a higher
value compared to O 1s of pure TPA,>® demonstrating the
existence of different types of oxygen atoms in the heteropoly
anion. W 4f XPS spectra displayed two peaks at 36.4 and
38.6 eV assignable to W 4f,, and W 4f;;,, indicating the
highest oxidation state of W (VI).”! Generally, the W 4f

Table 2 Binding energies of core electron levels of TPAV;/SiO, catalyst

Binding energy (eV)

S. no. Catalyst Total acidity (mmol g™)
Catalyst P 2p O 1s W 4f V2p Si2p
1 20 TPA/SiO, 0.75
2 20 TPAV,/SiO, 0.64 20 TPAV,/SiO, (fresh) 135.2 533.4 36.4 517.4 104.1
3 20 TPAV,/SiO, 0.46 534.7 38.6 519.2
4 20 TPAV,;/SiO, 0.42 20 TPAV,/SiO, (used) 135.1 532.8 36.5 517.2 104
5 20 MPAV,/SiO, 0.23 534.2 38.4 518.7
()
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Fig. 5 XPS spectra of (a) 20 TPAV,/SiO, (fresh) and (b) 20 TPAV,/SiO, (used) catalysts.
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spectrum of TPA shows two prominent peaks at 35.8 and
37.9 eV.”>® Compared with bulk TPA, there was a shift of about
0.6 eV to higher BE observed for supported catalysts, indicat-
ing a change in W=0 bond to W-O bond. This implies inter-
action of TPA with silica with the formation of W-O-Si bond.
However, based on the observed Raman results, one can not
rule out the possibility of interaction between W-O and Si-OH
by partial proton transfer. The binding energy value of V 2ps,
core level for TPAV,/SiO, observed at 517.4 eV is a charac-
teristic of the V°" ion.”® The bulk TPAV; showed V 2ps,
binding energy at 518.1 eV (not shown). The shift of binding
energy of V to a lower value in the case of TPAV,/SiO, catalyst
is due to the interaction of vanadium species with support.
Furthermore, P 2p exhibited a binding energy of 135 eV corres-
ponding to the phosphorus in phosphate.’” A shift in binding
energy of P 2p towards a lower value by 1 eV compared to bulk
TPAV; (136 eV) suggests the formation of bonding between
TPAV; and the support. From the above observation, one can
again conclude that the Keggin structure of TPAV; was intact
and it was stabilized on SiO,.

3.6. Selective aerobic oxidation of benzylamine

The activity of the catalysts was evaluated for vapor-phase
selective aerobic oxidation of benzylamine (BAN) at
atmospheric pressure. The formation of dibenzylimine (DBI),
benzonitrile (BN) and benzaldehyde (BA) was observed during
the oxidation of benzylamine.

3.6.1. Effect of vanadium content. The TPAV,/SiO, cata-
lysts with different V contents were studied for air oxidation of
BAN and the results are shown in Fig. 6. The vanadium
content in the primary structure of TPA had an influence on
the oxidation of BAN. The catalyst without V (TPA/SiO,) exhib-
ited about 50% conversion of BAN with 98% selectivity
towards DBI. This result was surprising as generally very low
activity in the oxidation reaction is expected due to poor
oxidation ability of TPA. In addition to DBI, a trace amount of
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Fig. 6 Effect of vanadium content in TPAV,/SiO, catalyst on the catalytic oxi-
dation of benzylamine (reaction conditions: catalyst mass = 0.5 g, reactant mole
ratio = 1:7.9 (BAN/air), GHSV = 2688 h™").
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BN was also formed. The high selectivity to DBI over TPA/SiO,
might be due to the strong acidity of the catalyst. Generally, BA
was also one of the oxidation products in BAN oxidation.?
However, it was not detected over TPA/SiO, catalyst. Probably
the BA formed during the reaction might have immediately
reacted with benzylamine to form DBI.

Substitution of one V for W in the primary structure of TPA
enhanced the catalytic activity. A substantial increase in con-
version up to 90% was observed. The selectivity for DBI was
also high. High conversion of BAN over TPAV,/SiO, catalyst is
due to substitution of V for W. The change in the acid-
dominated properties of TPA/SiO, catalyst towards a redox
nature may be responsible for this behavior. The high redox
nature of the catalyst facilitated greater conversion of BAN.

On the other hand, substitution of a higher number of
vanadium atoms in heteropoly tungstate, as in the case of
TPAV,/SiO, catalyst, had a different influence. The conversion
of BAN decreased marginally with respect to TPAV,/SiO, cata-
lyst. The selectivity of DBI also decreased slightly whereas
selectivity of BN is increased. As more vanadium atoms were
substituted in the primary structure of TPA, as in the case of
TPAV;/SiO, catalyst, the conversion of BAN further decreased.
At the same time, the selectivity of DBI adversely dropped and
selectivity towards BN and BA was increased. It has been
reported that a higher number of vanadium atoms in the
primary structure leads to a decrease in acid and redox proper-
ties of the catalyst and thus reduces the activity.>?

The activity profiles of TPA and TPAV, catalysts also can
be explained based on the plausible mechanism shown in
Scheme 1. The reaction can be assumed to proceed along the
same pathway as that proposed by Neumann and Levin® for
oxidative dehydrogenation of amines over vanadium-contain-
ing phosphomolybdic acid. First, BAN reacts with TPAV; to
transfer two electrons and two protons to the catalyst to form
its reduced state and an unstable phenylmethanimine inter-
mediate. The reduced catalyst reacts with O, in air to reoxidize
into the original state with the release of a water molecule as a
byproduct. There are two possible pathways for the formation
of DBL In one path (route 1), the unstable intermediate
phenylmethanimine reacts with another molecule of BAN to
form aminal and thereby releases an NH; molecule to form
the coupled product. A similar observation was also made by
Wang and co-workers'® over photo-catalytically active meso-
porous graphite carbon nitride (mpg-C;N,)-catalyzed oxidative
coupling of amines. On the other hand, it can also formed
by the hydrolysis of phenylmethanimine to BA, which sub-
sequently reacts with available BAN (route 2). The formation of
BN is a result of further oxidation of phenylmethanimine
intermediate and reduction of the catalyst.

In order to support the proposed mechanism on TPAV,/
SiO,, the activity of this catalyst was compared with that of
vanadium-substituted molybdophosphoric acid supported on
silica (MPAV,/SiO,). The MPAV,/SiO, catalyst was studied for
this reaction by anticipating a high oxidation ability of MPAV,
compared to TPAV,. The comparative activity results are shown
in Fig. 7. As expected, MPAV,/SiO, catalyst exhibited almost

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Plausible reaction mechanism.
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Fig. 7 Comparison of TPAV/SiO, and MPAV,/SiO, catalysts for the oxidation
of benzylamine (reaction conditions: catalyst mass = 0.5 g, reactant mole ratio =
1:7.9 (BAN/air), GHSV = 2688 h™").

complete conversion of BAN and with varied selectivity. The
formation of DBI was less whereas the selectivity towards BN
and BA was high. Among the Keggin type of heteropoly acids
molybdophosphoric acid (MPA) is quite often used as an oxi-
dation catalyst due to high oxidation ability of Mo. Substi-
tution of a more redox active element like V for Mo in the
Keggin framework of MPA enhances the redox nature of the
catalyst further."’

It is anticipated that the formation of a higher amount of
DBI over TPAV,/SiO, catalyst was influenced by the acidity of
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the catalyst. There are two possible competitive reactions that
can take place over these catalysts after the initial oxidative
dehydrogenation of BAN, i.e. hydrolysis of phenylmethanimine
and attack of imine by BAN (Scheme 1). Since no formation of
BA was observed over silica-supported TPA and TPAV; catalysts,
it indicates that the reaction can be assumed to proceed
through route 1. NH;-TPD measurements (Table 1) reveal that
TPA and TPAV; catalysts exhibit strong acidity that could assist
the nucleophilic attack of amine at the C=N bond of imine to
form aminal, which loses ammonia to form DBI. On the other
hand, the reaction is also implied to proceed through route 2,
however control experiments under the same reaction con-
ditions by feeding BA and BAN over these oxidation catalysts
in the absence of air resulted in no significant quantity of BA
and BAN and exclusive formation of DBI was observed. It is
demonstrated that acidity of the catalyst did not influence the
formation of DBI from BA and BAN. Thus, high selectivity of
DBI for 20 TPAV,/SiO, catalyst is significantly controlled by the
rate of the two successive oxidative dehydrogenation steps
leading to BN formation (Scheme 1) which are mainly depen-
dent on the rate of desorption. The quicker they are, the lower
is the selectivity to the competitive reaction of DBI formation
over these catalysts.

3.6.2. Effect of reaction temperature. The influence of
reaction temperature on the conversion and selectivity for BAN
oxidation was studied over the most active TPAV,/SiO, catalyst.
The activity results are shown in Fig. 8. The initial temperature
of the reaction was higher than the boiling point of the
substrate. The conversion of BAN increased with increase in
reaction temperature. However, the selectivity to DBI was con-
sistent up to 220 °C and decreased thereafter. The decrease in
selectivity for DBI at high reaction temperature appeared to be
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Fig. 8 Effect of reaction temperature on oxidation of benzylamine over 20
TPAV,/SiO, (reaction conditions: catalyst mass = 0.5 g, reactant mole ratio =
1:7.9 (BAN/air), GHSV = 2688 h™").

compensated by the increase in formation of BN and BA.
Though the optimum temperature for this reaction was
220 °C, the results suggest that it is possible to achieve a better
activity profile even at low reaction temperature under vapor-
phase conditions.

3.6.3. Thermal stability of TPAV,/SiO, catalyst. In order to
understand the thermal stability of 20 wt% TPAV,/SiO, catalyst,
in situ Raman studies were carried over the freshly prepared
catalysts (uncalcined) and the results are presented in Fig. 9.
At room temperature, the strong Raman band observed at
1008 cm™" can be attributed to symmetric stretching of the
tungsten-terminal oxygen (W=O0,) within WO, octahedra of
TPAV,/SiO, catalyst. Since the vibrations of the W=O0; strongly
depend on water molecules coordinated to heteropoly anion, a
shift in the peak position from 1008 ecm™" towards 1027 cm™"
was observed when the sample was exposed to 200 °C due to
loss of crystal water.”® Such a vibrational shift of W=0 is
reported in the literature upon dehydration of bulk TPAV,.>”
The water molecules were removed upon calcination at 300 °C
leaving dehydrated proton H' species and keeping the primary
structure of TPAV, intact. Thereafter, no significant shift in
peak positions upon further calcination up to 400 °C was
observed. This indicates that the Keggin structure of TPAV,
remained stable on SiO,. Decomposition of TPAV; was
observed at 500 °C, as indicated by a decrease in the intensity
of the main peak at 1027 cm™". On further increase in temp-
erature up to 600 °C, two new broad bands appeared around
799 cm™". These bands became sharper with increasing temp-
erature leading to formation of crystalline WO; species.>
However, when bulk TPAV; was calcined above 300 °C, segre-
gation of vanadium from the primary structure of TPA was
noticed (data not shown).>” On the other hand, the supported
catalyst was stable up to 400 °C. Therefore, in situ Raman
studies explain the thermal stability of TPAV,/SiO, catalyst and
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Fig. 9 In situ Raman spectra of 20 TPAV,/SiO, catalyst as a function of treat-
ment temperature.
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Fig. 10 Time-on-stream analysis over 20 TPAV,/SiO, catalyst at a reaction
temperature of 220 °C (reaction conditions: catalyst mass = 0.5 g, reactant mole
ratio = 1:7.9 (BAN/air), GHSV = 2688 h™").

also infer that the Keggin structure of TPAV; is thermally
stable under the present reaction conditions.

3.6.4. Time-on-stream  analysis. The time-on-stream
analysis was performed over 20 TPAV,/SiO, catalyst at a fixed
reaction temperature (220 °C) to know the stability of the cata-
lyst. The resultant profile is shown in Fig. 10. In the first one
hour, the activity of the catalyst was very high and decreased
slightly during the second hour. Thereafter, consistent activity
was observed for a period of 8 h. However, the selectivity of
DBI was not disturbed during the entire course of the reaction.
The consistent catalytic activity of TPAV; can be due to the
intact Keggin structure on SiO,. In situ Raman analysis reveals
that the catalyst was thermally stable up to 400 °C. After the
reaction, the spent catalyst was characterized by XRD, FT-IR,
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Raman and XPS analysis. The spectral pattern of used catalyst
was compared to that of the virgin catalyst. The spectra of
spent catalyst did not differ from that of fresh catalyst. These
results also divulge that the Keggin structure of TPAV, remains
unaltered after the reaction.

4. Conclusions

A highly efficient and selective catalyst for vapor-phase aerobic
oxidation of benzylamine to dibenzylimine was demonstrated.
FT-IR, Raman and XPS results suggested the incorporation of
vanadium into the primary structure of heteropoly tungstate.
There was a strong interaction of TPAV, with the surface of
silica. The presence of vanadium in the primary structure of
heteropoly tungstate enhances the catalytic activity and selec-
tivity due to controllable acidity and the redox nature of the
catalyst. The catalyst is highly active for the oxidation of
primary amine (benzylamine). In situ Raman and time-on-
stream studies reveal that the catalyst is stable and exhibits
consistent activity.
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