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Abstract

A series of Mo/Nb2O5–TiO2 catalysts with Mo loadings ranging from 1 to 10 wt.% were prepared and characterized by X-ray diffraction
(XRD), pulse oxygen chemisorption, laser Raman spectroscopy (LRS) and temperature-programmed reduction (TPR). XRD patterns indicate
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he presence of a crystalline MoO3 phase beyond 7 wt.% Mo on Nb2O5–TiO2. Molybdena is found to be present in a highly dispersed
t lower Mo loadings. Pulse oxygen chemisorption results reveal that the oxygen uptake is found to increase with Mo loading up
nd levels off at higher loadings. Temperature-programmed reductions of H2 suggest that reduction of the catalysts occurs in two stages
educibility of Mo/Nb2O5–TiO2 catalysts decreases with increase of Mo loading on the support. Laser Raman spectra shows that t
olybdate species are present at low Mo loading (<5% Mo) and crystalline MoO3 bands are observed from 7 wt.% of Mo and above load
he catalytic activity during ammoxidation of toluene increases with molybdena loading up to 5 wt.%, which corresponds to m
overage and remains unchanged at higher Mo loadings. A linear correlation is observed between catalytic activity and oxygen che
ites.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Supported molybdenum oxide catalysts are the subject
f extensive investigation in the recent past because of

heir importance in many industrial reactions such as hy-
rodesulphurization (HDS), selective oxidation, ammoxida-

ion and metathesis of olefins[1–15]. The development in the
etroleum refining technology in the last three decades raised
ydroprocessing reactions to a high level of economic impor-

ance. The catalytic properties of the active molybdenum ox-
de phase can be influenced by the nature of the support and
he dispersion of the active component. Niobium oxides have
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been reported to increase the catalytic activity and selec
remarkably with enhancement in catalyst life when a s
amount of it was added to a known catalyst. Niobium o
is known to exhibit a pronounced effect as a support for m
or metal oxide catalysts. The addition of Nb to V2O5/TiO2
was found to improve its low temperature activity[16–19].
A remarkable effect of Nb2O5 on Rh as catalyst support w
reported regarding its activity and selectivity toward hig
hydrocarbons in CO + H2 reaction[20]. The support effect
in the order of Nb2O5 > ZrO2 > Al2O3 > SiO2 > MgO. Tita-
nia and niobia supported molybdena and vanadia catalys
reported to be highly active for oxidation/ammoxidation re
tions[11,21–29]. The inherent favorable properties of tita
and niobia supports can be explored fully by the comb
tion of both supports in a mixed oxide. Okazaki and Okuy
[30] examined the catalytic performance of a group of bin
metal oxides for NO reduction with ammonia. They fou
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that Nb2O5–TiO2 binary oxide showed good catalytic activ-
ity when compared to other binary oxides. Our recent studies
[31] also reveal that V2O5 supported on Nb2O5–TiO2 are ac-
tive during the ammoxidation of toluene. Thus, the combined
binary oxide Nb2O5–TiO2 has attracted much attention re-
cently as a catalyst and as a support for various applications.

Benzonitrile is used as a precursor for resins and coatings.
It is also used as an additive in fuels and fibers. Stobbelaar
[32] reported that MoO3/Al2O3 catalysts also have compa-
rable activity with other vanadia supported catalysts in the
ammoxidation of toluene. The basic problem in catalytic ox-
idation is the estimation of the number of active sites on
the surface of oxide catalysts. Although this remains a chal-
lenge, considerable progress has been made for metals in
the determination of the quantity of surface atoms of met-
als. Simple methods to titrate surface metal centers in oxides
would greatly assist in understanding the effect of structure
in oxidation reactions.

In the present investigation we report the characteriza-
tion of MoO3 supported on Nb2O5–TiO2 catalysts by powder
X-ray diffraction, pulse oxygen chemisorption, temperature-
programmed reduction of H2 and laser Raman spectroscopy.
We also report the correlation between the dispersion of
molybdenum oxide and the catalytic properties during the
vapour phase ammoxidation of toluene. The purpose of this
w lyb-
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duced in a flow of hydrogen (50 ml/min) at 623 K for 2 h
and flushed in the pure He flow (99.999%, 50 ml/min) for 1 h
at the same temperature. Oxygen uptakes were determined
by injecting pulses of oxygen from a calibrated on-line sam-
pling valve onto a He stream passing over the reduced sam-
ples at 623 K. Adsorption was deemed to be complete after
at least three successive peaks showed the same area. The
specific surface areas of the catalysts were determined by
the BET method using nitrogen physisorption at 77 K taking
0.162 nm2 as cross-sectional area of N2 molecule.

Temperature-programmed reduction (TPR) experiments
were carried out on the same AutoChem 2910 (Micromerit-
ics) instrument, which is used for pulse oxygen chemisorption
experiments. Prior to TPR the catalyst sample was pretreated
by passing ultra high pure helium (50 ml/min) at 673 K for
2 h. After pretreatment the sample was cooled to room tem-
perature. The carrier gas (5% hydrogen–95% argon) purified
through oxy-trap and molecular sieves was allowed to pass
over the sample. Temperature was raised from ambient to
1273 K at a heating rate of 5 K/min and the data was recorded
simultaneously. The hydrogen consumption values are cal-
culated using GRAMS/32 software. More details concerning
TPR are discussed elsewhere[22].

The Raman spectra were recorded with a LabRam spec-
trometer (DILOR) equipped with a confocal microscope
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ork is to estimate the dependence of dispersion of mo
enum oxide supported on Nb2O5–TiO2 as a function of Mo

oading and also to identify the changes in structure o
olybdena phase with increased active phase loading.

. Experimental

.1. Catalyst preparation

A series of MoO3/Nb2O5–TiO2 catalysts with Mo load
ngs ranging from 1 to 10 wt.% of Mo was prepared by
regnation of the Nb2O5–TiO2 with ammonium heptamolyb
ate solution at pH 8. After impregnation, the catalysts w
ried at 383 K for 24 h and subsequently calcined in a
73 K for 6 h. The Nb2O5–TiO2 support (1:1 wt.%) was pr
ared in the laboratory according to the procedure desc
lsewhere[30]. Briefly, the typical procedure involves c
recipitation of niobium (V) oxide hydrate and titanium i
ropoxide and neutralization with 28% aqueous ammo

ollowed by washing to neutral pH and drying at 383 K
4 h. The resulting mixed hydroxide was calcined at 77

or 6 h in air.

.2. Catalyst characterization

X-ray diffractograms were recorded on Siemens D-5
iffractometer using graphite filtered Cu K� radiation.

Oxygen chemisorption was measured by dynamic me
n AutoChem 2910 (Micromeritics, USA) instrument. P

o adsorption measurements, 0.5 g of the samples we
Olympus) and a He–Ne laser. The slit width was usu
et to 200�m resulting together with the used 1800 gra
n a spectral resolution of 2 cm−1. The laser power of th
e–Ne laser attached to the LabRam spectrometer was
.14 mW by neutral density filters.

The ammoxidation of toluene to benzonitrile reaction
arried out in a fixed-bed down-flow, reactor with 20 mm
ernal diameter made of Pyrex glass. An amount of 0.5
he catalyst of 18–25 mesh size diluted with an equal am
f quartz grains of the same dimensions was charged in
eactor supported on a glass wool bed. In order to mini
he adverse thermal effects, the catalyst particles were d
o its same volume with quartz grains of similar particle s
rior to introducing the reactant toluene with a syringe p

B-Braun perfusor, Germany) the catalyst was oxidize
73 K for 2 h in air flow (40 ml/min) and then the reac
as fed with toluene, ammonia and air in the molar rati
:14:30. The zone above the catalyst bed was filled-up
uartz glass particles to serve as the preheater. It is hea

o 423 K for adequate vaporization of liquid feed. The re
ion products benzonitrile and benzene were analyzed b
890 gas chromatograph equipped with a Flame Ioniz
etector (FID) using HP-5 capillary column. The carbon

des were analyzed by HP-5973 GC-MS using a carbo
olumn.

. Results and discussion

The X-ray diffraction patterns of calcine
oO3/Nb2O5–TiO2 catalysts are presented inFig. 1.
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Fig. 1. X-ray diffraction (XRD) patterns of Mo/Nb2O5–TiO2 catalysts (�)
peak due to MoO3.

In all the samples XRD peaks due to low temperature niobia
were observed atd = 3.95, 3.14, 2.45, 1.97 and 1.66Å
(corresponding 2θ values are 22.5◦, 28.4◦, 36.6◦, 46◦ and
55.3◦, respectively), in addition to anatase titania peaks at
d = 3.52, 1.89, 2.37, and 1.48̊A (corresponding 2θ values
are 25.3◦, 48.1◦, 37.8◦ and 62.7◦, respectively). At higher
Mo loadings (from 7 wt.% Mo) XRD peak due to crystalline
MoO3 phase is noticed atd = 3.26Å in addition to the
characteristic peaks of niobia and titania. The intensity of
this peak increased with molybdena loading. XRD also
indicates that no new compound is formed due to the inter-
action between MoO3 and TiO2 or Nb2O5. In the present
investigation, the Mo/Nb2O5–TiO2 samples are calcined at
773 K and XRD results (Fig. 1) suggest the formation of
TT-phase of Nb2O5, which is in good agreement with the
work of Ko and Weissman[33]. The present XRD results are
in good agreement with our earlier studies on MoO3/TiO2
[21] and MoO3/ZrO2 [34] catalysts, wherein crystalline
MoO3 appeared above monolayer coverage.

Table 1
Results of oxygen uptake, dispersion, oxygen atom site density and surface
area of MoO3/Nb2O5–TiO2 catalysts

Mo loading
(wt.%)

Surface area
(m2 g−1)

Oxygen uptakea

(�mol g−1)
Oxygen
atom site
density
(×1018 m−2)

Dispersionb

O/Mo

1 55 49.5 0.5 0.92
3 51 140 1.6 0.89
5 49 220 2.7 0.84
7 46 261 3.3 0.71

10 42 312 4.4 0.60
a Tred = Tads= 623 K.
b Dispersion = fraction of Mo atoms at the surface assuming Oads= Mosurf

= 1.

The specific surface areas determined by nitrogen ph-
ysisorption for all catalysts are presented inTable 1. The
specific surface area decreases as a function of molybdena
content on niobia–titania, which might be due to blocking
of the pores of the support by crystallites of molybdena as
evidenced by XRD. The oxygen uptake values of various cat-
alysts are presented inTable 1and the other information such
as oxygen atom site density, dispersion, etc., derived from it
are also reported inTable 1. The oxygen atom site density,
defined as the number of oxygen atoms chemisorbed per unit
area of the reduced MoO3 surface, was found to increase with
the increase of Mo loading.

Fig. 2 shows the oxygen uptake of various
Mo/Nb2O5–TiO2 catalysts measured at 623 K as a function
of molybdena content on Nb2O5–TiO2. At low Mo loadings
the oxygen uptake approaches the straight line corresponding
to a stoichiometry of one oxygen atom per molybdenum
atom (Table 1). At high Mo loadings the oxygen uptake
values are found to deviate from the straight line. The
straight line corresponds to a 100% dispersion of the MoO3
with a stoichiometry of one oxygen atom per molybdenum
atom (Fig. 2). The deviation from the straight line beyond

F
T

ig. 2. Oxygen uptake plotted as a function of molybdena loadingTads =

red = 623 K.
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Table 2
Results of temperature-programmed reduction of MoO3/Nb2O5–TiO2

catalysts

Mo content
(wt.%)

T 1
red

(K)
H2 uptake
(ml g−1)

T 2
red

(K)
H2 uptake
(ml g−1)

T 3
red

(K)
H2 uptake
(ml g−1)

1 687 0.60 1038 1.6 1143 0.9
3 705 9.90 1039 3.9 1144 0.7
5 731 13.0 1059 4.1 1146 0.6
7 724 20.6 1050 4.8 1156 1.2

10 767 24.5 1070 3.5 1160 1.2

5 wt.% Mo loading over Nb2O5–TiO2 support could be
due to the formation of large crystallites of MoO3. This is
in agreement with XRD pattern (Fig. 1). The theoretical
monolayer capacity of MoO3 supported on Nb2O5–TiO2
has been calculated based on the method described by van
Hengstum et al.[35] taking 0.16 wt.% of MoO3 per m2

of support surface. Accordingly, the theoretical monolayer
capacity of MoO3 supported on niobia–titania employed
in the present study having a surface area of 55.4 m2 g−1

corresponds to 8.8 wt.% MoO3 or 5.86 wt.% Mo. The XRD
results of the present work also support the formation of
monolayer and show the presence of MoO3 crystallites from
7 wt.% Mo and above loadings. This is in good agreement
with the theoretical monolayer based on the structure of
MoO3.

The TPR profile of pure MoO3 is reported elsewhere[34]
with our work on MoO3/ZrO2 catalysts. The profile shows
two major peaks at 1040 and 1270 K and one minor reduc-
tion peak at 1070 K. For TPR analysis of unsupported MoO3,
the reduction conditions applied were similar to those ap-
plied for supported MoO3/Nb2O5–TiO2 catalysts. Accord-
ing to Thomas[36] and Arnoldy et al.[37], the reduction of
molybdena takes place in two steps

MoO3 → MoO2 (1)

M
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Fig. 3. Temperature-programmed reduction profiles of various
Mo/Nb2O5–TiO2 catalysts.

temperature peak is assigned to reduction of molybdenum
oxide present in octahedral species and the high temperature
peak is assigned to reduction of tetrahedral molybdenum ox-
ide species. The increase inTred values indicates that the
interaction of octahedral and tetrahedral molybdena species
with the support increases with increase of Mo loading. The
third peak in the region (1140–1160 K) of TPR profiles is
due to the reduction of Nb2O5 [22]. It is well known that
niobium oxide is partially reducible when exposed to hydro-
gen at higher temperatures and the reduction is accelerated
by the presence of supported zerovalent metals on its sur-
face[38,39]. The reduction of pure Nb2O5 occurs at around
1273 K. However, the reducibility of Nb2O5 becomes eas-
ier when it is associated with MoO3, and this can be seen
from Fig. 3. It has been observed that the supported molyb-
denum oxide catalysts reduce at much lower temperature than
bulk molybdenum oxide and the reducibility of molybdena
is strongly influenced by the kind of support used. The ad-
vantage of addition of TiO2 to Nb2O5 is the enhanced the
reducibility of molybdena catalysts, i.e. the reducibility of
Mo/Nb–Ti catalysts is more than that of Mo/Nb catalysts
[40].

Wachs et al.[41] examined supported MoO3 on different
supports, including Nb2O5 by laser Raman spectroscopy un-
der in situ and ambient conditions. In situ Raman bands for
M m−1

f
c
t inde-
oO2 → Mo (2)

he sharp peak at 1040 K corresponds to reduction of M3
first step) and the second peak at 1270 K is associated
he reduction of MoO2. A minor peak at the edge of t
rst major peak is observed at 1070 K, which correspo
o Mo4O11 formed by the reduction of MoO3. Thomas et a
36] also noticed this peak during TPR of MoO3 by in situ
-ray diffraction.
Temperature-programmed reduction profiles of

b2O5–TiO2 supported molybdenum oxide catalysts
hown inFig. 3. The reduction temperature (Tred) positions
nd hydrogen consumption values are given inTable 2. TPR
rofiles of niobia–titania supported molybdena catalyst
icate that molybdena reduces in two stages. The first
as observed in the temperature region 687–767 K an
econd peak was in the 1038–1070 K region. TheTred values
or these two peaks increases with molybdena loading d
ncrease of particle size, which lowers the dispersion. Ox
hemisorption results further support these findings. The
o O terminal stretching modes are observed at 990 c
or the MoO3 supported on Nb2O5. Due to attaining of fairly
onstant Mo O frequencies, Wachs et al.[41] concluded
hat the molecular surface metal oxide structures are
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Fig. 4. Laser Raman spectra of Mo/Nb2O5–TiO2 catalysts.

pendent of the specific oxide support. Jehng et al.[42] as-
signed the band at 960 cm−1, observed in Raman spectra
of 1–10 wt.% MoO3/Nb2O5 catalysts under ambient condi-
tions, to Mo8O26

4−. Kim et al.[43] also studied the Mo/TiO2
catalysts by laser Raman spectroscopy prepared by equilib-
rium adsorption method. They observed Raman bands in cal-
cined samples species in the region of 949–958 cm−1 due
to polymolybdate species, Mo7O24

6− and/or Mo8O26
4−. In

the present investigation we have studied the Raman spectra
of Mo/Nb2O5–TiO2 samples under hydrated conditions as
shown inFig. 4. The spectra exhibited a band at 951 cm−1,
which is shifted to 975 cm−1 with the increase in Mo loading
from 1 to 10 wt.% Mo and was assigned to terminal MoO
stretching mode of hepta- and octamolybdates. The bands due
to crystalline MoO3 are observed from 7 wt.% of Mo load-

Fig. 5. Ammoxidation of toluene over various Mo/Nb2O5–TiO2 catalysts
(reaction temperature 673 K).

ing at 820 cm−1. Hu et al.[44] also observed the crystalline
MoO3 bands at 820 cm−1 in Mo/Nb2O5 catalysts by laser Ra-
man spectroscopy. According to theoretical monolayer cov-
erage on Nb2O5–TiO2 support (surface area: 55.4 m2 g−1)
the MoO3 required to form monolayer is 8.8 wt.% of MoO3
or 5.9 wt.% of Mo are required on Nb2O5–TiO2 support. Ra-
man bands due to MoO3 also appeared at 7 wt.% Mo and
above loadings, which is in good agreement with the theoret-
ical calculations.

The catalytic properties evaluated during the vapour phase
ammoxidation of toluene for various MoO3/Nb2O5–TiO2
catalysts at 673 K are shown inFig. 5. The conversion of
toluene is found to increase with Mo loading up to 5 wt.%
and decreased at higher loadings. However, the selectivity to-
wards benzonitrile formation did not change appreciably with
molybdena loading. The activity of the pure Nb2O5–TiO2
support was found to be 2% and the activities of the sup-
ported catalysts were corrected for support contribution. The
activity of Mo/Nb2O5–TiO2 was found to be more than that of
the Mo/Nb2O5 catalysts[29] and comparable with Mo/TiO2
catalysts[21]. To find the relation between the ammoxida-
tion activity and the dispersion of molybdena, a plot of turn
over frequency (TOF, turn over frequency, which is defined
as number of toluene molecules converted per second per Mo
site) versus the surface molybdena content is shown inFig. 6.
A rved,
w ectly
r ed at
l ated
s r co-
o ighly
d low
m er on
t hase
i ost-
m ygen.
O the
d

linear dependence passing through origin was obse
hich clearly demonstrates that toluene conversion is dir

elated to oxygen chemisorption. Oxygen is chemisorb
ow temperatures selectively on coordinatively unsatur
ites (CUS), generated upon reduction, having a particula
rdination environment. These sites are located on a h
ispersed molybdena phase, which is formed only at
olybdena loadings and remain as a patchy monolay

he support surface. At higher Mo loadings, a second p
s formed on the already existing monolayer and this p

onolayer phase does not appreciably chemisorb ox
ur studies indicate that the catalytic functionality of
ispersed molybdena phase supported on Nb2O5–TiO2 re-
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Fig. 6. The relation between turn over frequency (TOF) and surface molyb-
dena atoms.

sponsible for the ammoxidation of toluene to benzonitrile is
located on a patchy monolayer phase and this functionality
can be titrated by oxygen chemisorption method.

4. Conclusions

Titania modified Nb2O5 is found to be an interest-
ing binary oxide support for molybdena. The activity of
Mo/Nb2O5–TiO2 was found to more than the Mo/Nb2O5
catalysts and comparable with Mo/TiO2 catalysts. The re-
sults of pulse oxygen chemisorption suggest that the molyb-
dena is highly dispersed at lower loadings on Nb2O5–TiO2
support. X-ray diffraction patterns also indicated that molyb-
dena is in highly dispersed state at lower loadings and the
reflections due to MoO3 can be seen only above 5 wt.% of
Mo loading. TPR results suggested that the reducibility of
MoO3 decreases with increase of molybdena loading and
the reduction of MoO3 became easier when supported on
Nb2O5–TiO2 compared to unsupported MoO3. Laser Raman
spectra showed the bands due to MoO3 at higher Mo load-
ings, which are further supported by XRD and pulse oxygen
chemisorption results. The catalytic activity during ammoxi-
dation of toluene is correlated with dispersion of molybdena.
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