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Abstract

MoO3/ZrO, catalysts with different Mo@ loadings (2—-12 wt%) were prepared by the wet impregnation method. These catalysts were
characterized by various techniques, such asydifiraction (XRD), temperature-programmed reduction (TPR), laser Raman spectroscopy
(LRS), X-ray photoelectron spectroscopy (XPS), and temperature-programmed desorptignasfdiHe catalytic properties were evaluated
for vapor-phase ammoxidation of toluene to benzonitrile. XRD patterns show the presence of crystallpedk©above 6.6 wt% Maof)
which corresponds to the theoretical monolayer loading of Nlo@the zirconia used in the present study. The TPR suggests that reduction
of the catalysts occurs in two stages and indicates that the reducibility of the catalysts increases with increagdaaditaup to 6.6 wt%.

The acidity of the catalysts was also found to increase up to 6.6 wt% of molybdena loading and it does not increase much at higher loadings.
Raman results show that the surfaceyhdate species are present in lovadting samples, while crystalline Ma®ands are observed from

9 wt% of MoO3 and above loadings. XPS spectra showed that molybdenum was preserftabklall fresh samples. The Mo/Zr atomic

ratio shows that the dispersion of molybdena is high below 6.6 wt% Ma dispersion decreases at higher molybdena loadings. The
catalytic activity of the catalysts during ammoxidation of toluene was found to increase with loading up to 6.6 wt% and did not change
appreciably beyond this loading.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction tions, and both acid and base functions, which make its
use very appealing as a carriier several catalytic appli-
Molybdenum oxide catalysts supported on §i@l,03, cations[1]. The application of zirconia as a catalyst support

and TiQ» have been extensively investigated in the recent is promising and has been employed in many industrially
past. The dispersion of molybdenum oxide, its oxidation important reactions such as hydroprocesgBi§], oxida-
state, and structure strongly depend on the support. In turn,tion of alcohols[6], and synthesis of methanol and higher
all these factors are likely to affect the catalytic properties. alcohols[7—9]. Several authors have shown that the hy-
In the recent past, zirconia hatracted considerable inter-  drotreating properties of Mo/Zrcatalysts are better than
est because of its potential use as a catalyst sujppesi. those of classical supported catalyft6—13] The specific
ZrO, presents special charadgtics such as high thermal activity of Mo at low surface concentrations on zirconia
stability, extreme hardness, stability under reducing condi- was found to be significantly higher than that on alumina
or silica. Therefore, if a sufficient amount of Mo could be
—_ , dispersed at low surface coverage on zirconia, then a more
(E:_Onrglszggg‘sIz/‘;tchhc;r;yg;i;?;F;i?jﬁl(?é’?\l/% éa;;rgil-zxo-z?leogm. active catalyst would resufl4]. Strong interactions be-
1 present address: Chemistry and Catalysis, GE India Technology Cen-fWeen the surfaces of zirconium oxyhydroxide precursors
tre, Whitefield Road, Bangalore-560066, India. and dispersed metal oxides such as,Y®oO,, and WQ
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lead to stable dispersed oxides, even in the presence of wa2.2. X-ray diffraction

ter at high temperaturdd5,16a] The structure of Zre

supported VQ species and their role in propane oxidative X-ray diffractograms were recorded on Siemens D-5000

dehydrogenation (ODH) has been discussed recently, butdiffractometer using graphite-filtered CuxKadiation.

structure—function relationships for dispersed MaDecies

remain less cleafl6]. Kim et al.[17] extensively studied  2.3. BET surface area

the molecular structures and reactivity of supported molyb-

denum oxides using different oxide supports prepared by the  The BET specific surface area of the catalyst samples was

equilibrium adsorption method. The industrial importance of measured on a Pulse Chemisorb 2700 (Micromeritics) unit

supported molybdenum oxide catalysts in numerous applica-by nitrogen physisorption at196°C.

tions has prompted a large number of studies concerning the

surface structures of molybdenum oxide catalysts by various2.4. Temperature-programmed reduction

technique$18-30] Raman spectroscopy has probably been

the greatest contributor to the rapid progress in this area of TPR experiments were carried out on AutoChem 2910

catalysis because of its ability to discriminate between dif- (Micromeritics, USA) instrument. Prior to TPR, the catalyst

ferent metal oxide structures and its in situ capabilities. sample was pretreated by passing ultrahigh pure (99.999%)
The ammoxidation of toluene is a very important reac- helium (50 mymin) at 400°C for 2 h. After pretreatment

tion for producing benzonitrile. Benzonitrile is used as a the sample was cooled to room temperature. The carrier gas

precursor for resins and coatings. It is also used as an ad-consisting of 5% hydrogen and balance argon (5pnnirh)

ditive in fuels and fiber§31]. Stobbelaaf31] reported the ~ Was purified by oxy-trap and molecular sieves. The data

ammoxidation of toluene over supported metal oxide cata- Were recorded while the temperature was ramped from am-

lysts and concluded that MeafAl,O3 catalysts are also of ~ bientto 1000 C at a heating rate of &C/min. The hydrogen

comparable importance with other vanadia-supported cata-consumption values were calculated using GRAMS/32 soft-

lysts. MoQy/MgF, catalysts were also investigated for the Ware.

ammoxidation of toluene to benzonitr[@2]. Nag et al[33]

studied the partial oxidation of toluene on various sup- 2-5. X-ray photoelectron spectroscopy

ported molybdenum oxide catalysts and concluded that the

activity of the catalysts was found to be high compared ~ The X-ray photoelectron (XPS) spectra were recorded on

to molybdate salts, which in turn were more active than & VG ESCALAB 200 spectrometer equipped with a dual

crystalline MoQ. The study of molybdena-supported cat- X-ray source, of which the Al-i part was used, and a hemi-

alysts has also attracted some considerable interest in reSPherical analyzer, connecttmla five channel detector. The

cent years, though traditionally, vanadia-supported catalystsPackground pressure during data acquisition was kept be-

have been employed for the ammoxidation of toluf8. low 10‘10'bar. Measurements were performed at 20 eV pass

In the present investigation, we report the characteriza- €n€rgy- Binding energy correction was performed by using

tion of MoOs/ZrO, catalysts by XRD, TPR, LRS, XPS, Zr 3d5/2 peak at 182.3 eV as a ref_eren_ce. Spectra were f!t—

and temperature-programmed desorption (TPD) 0 Nie ted ywth the vacuum generators smentlf.lc (VGS) program fit

also report a correlation between the dispersion of molybde-outine. A Shirley background subtraction was applied and

num oxide and the catalytic properties of the catalysts during S2uss—Lorentz curves were used for the fits.

vapor-phase ammoxidation of toluene to benzonitrile. The

purpose of this work is to study the structural and surface

properties of the molybdena phase on a zirconia support.

2.6. Laser Raman spectroscopy

The Raman spectra were reded with a LabRam spec-
trometer (Dilor) equipped with a confocal microscope
(Olympus) and a He—Ne laser. The slit width was usually
set to 200 um resulting together with the used 1800 grating
) in a spectral resolution of 2 cm. For conventional Raman
2.1. Catalyst preparation spectroscopy, the laser power of the He Ne laser attached

to the LabRam spectrometeaw set at 0.14 mW by neutral

A series of Mo/ZrQ catalysts with Mo@ loadings in the density filters.
range of 2—-12 wt% was prepared by wet impregnation with
ammonium heptamolybdate solution at pH 8. The ZsQp- 2.7. Temperature-programmed desor ption of ammonia
port (100% monoclinic zirconia with a BET surface area of
41 n?/g) was obtained from MEL chemicals (631/01, UK) Ammonia TPD experiments were conducted on the same
and was calcined at 50C for 6 h before use. After im-  AutoChem 2910 instrument, which is used for TPR. Prior to
pregnation, the catalysts were dried at 1€COfor 24 h and TPD, the sample was pretreated by passage of high-purity
calcined in a stream of air at 50Q for 6 h. (99.999%) helium (50 mfimin) at 300°C for 1 h. After

2. Experimental methods
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pretreatment, the sample was saturated with high purity an-
hydrous ammonia from 10% NHand balance He mixture
(75 ml/min) at 80°C for 1 h and subsequently flushed at
110°C for 2 h to remove physisorbed ammonia. TPD analy-
sis was carried out from ambient temperature to TG @t

a heating rate of 18C/min. The amount of Nk desorbed

was calculated using GRAMS/32 software.
12% . RJ
2.8. Ammoxidation of toluene n A / L‘ .

The ammoxidation of toluene to benzonitrile reaction was
carried out in a fixed-bed down-flow, cylindrical Pyrex reac-
tor with 20-mm internal diameter. About 0.5 g of the catalyst
with a 18-25 mesh size (0.5 mm) diluted with an equal -
amount of quartz grains of the same dimensions was charged 9%,
into the reactor and supported on a glass wool bed. Prior to u
introduction of the reactant toluene with a syringe pump (B-
Braun perfusor, Germany) the catalyst was treated in air at
400°C for 2 h in air flow (40 mfmin) and then the reac-
tor was fed with toluene, amomia, and air at a mole ratio
of 1:14:30. There is a preheated zone filled up with quartz

glass particles heated up to 20D for adequate vaporiza- 6°
tion of liquid feed. The reaction products were analyzed by 6.6% ,\ J
a HP 6890 gas chromatograph. The only by-products formed

are carbon oxides during the reaction and were determined
by HP-5973 GC-MS using a carbosieve column.

3. Resultsand discussion
4% d
Powder X-ray diffractograms of the zirconia-supported M}LJ _

molybdenum oxide catalysts are presente#im 1 Zirco-

nia exhibits three well-established polymorphs; the mono-
clinic, tetragonal, and cubic phagdgl]. The zirconia used

in the present study is 100% monoclinic. The sharp diffrac-
tion lines at @ = 24.5, 28.3, 31.6, 34.2, 35.3, 40.7, 49.4,
50.1, and 55.4are due to the monoclinic form of ZEONo 2% MoO;
diffraction lines correspond to new phases between poO
and ZrQ. When.the Mo c_ontent is low, the highly d|sperseql ; '6 1'5 2’0 2'5 3‘0 3'5 20 "5 5'0 5'5 6‘0
molybdenum oxide species cannot be detected by X-ray dif- 28

fraction; only when the loading amount exceeds a certain ex-

tent can the residual crydliae phase of mtybdenum oxide Fig. 1. X-ray diffraction patterns of various MafZrO, catalysts. §) Re-
be detected. However, the possibility of Mg€rystallites at flections due to Mo@.

lower loadings having sizes less than 4 nm, which is beyond

>
Z
i)
c
@
<
£

the detection capacity of XRD, cannot be ruled out. It can be seen frorfig. 1that the MoQ crystallites start to
Reflections due to the molybdenum oxide appeared from appear from 9 wt% Mo@
samples containing 9 wt% of Ma{and above loadings at Chen et al.[38] have shown that zirconia-supported

20 = 27.3 and 25.7 (shown with closed circles). Calafat et molybdena samples can be grouped into two classes, based
al. [34] reported X-ray diffraction patterns of Ma{xrO, on the structure of the MoQOspecies:

catalysts and the formation of Zr (M@l at high MoG

contents for catalysts obtained by coprecipitation and cal- (1) ZrMo,Og/ZrO, samples, which consist mainly of Zr-
cined at 700C. It has been reported that metal oxides re- Mo,0g supported on Zr@treated in air at 600C with

duce the sintering and grain-growth rate by forming a two- Mo surface densities higher than 5 Mor?;

dimensional layer on the surface of the zirconia particle, (2) MoO,/ZrO, samples which consist of MoOspecies
which reduces the mobility of defects on the grain surface or supported on Zr@treated in air at 450C with Mo sur-
decreases the surface energy of the zirconia J&b6r37] face densities below 5 Man?.
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Table 1
Results of temperature-prognaned reduction of various Mo§ZrO, cat-
alysts i
MoO3 BET Tmax 1 Ho Tmax 2 Ho Total Hy ;
loading surface (°C) uptake  (°C) uptake  uptake f
(w/w%) area (umol/g) (umol/g) (umol/g)
(m?/g) .
0 41 _ _ _ _ _ " —— Temenstare {'C)n“—’m“
2 49 425 36 940 349 385
4 50 417 100 867 714 814
6.6 50 396 211 789 990 1201
9 51 406 348 802 1188 1536
12 48 419 381 887 1487 1868

sumption (a.u)

They studied the MogZrO, catalysts under different treat-
ment temperatures and also reported that the addition of &
small amounts of Mo@to ZrO, led to a significantly higher
tetragonal content at all treatment temperatures. They alsol=
showed the presence of Zri0g in the catalysts calcined

at 500°C from XRD results. Rijnterf39] and Afanasiev et

al. [40] in their studies observed that the phase transforma-
tion from monoclinic to tetragonal occurs with the impreg-
nation of molybdenum oxide. Maity et §41] also observed
phase transformation in their study of zirconia-supported 2% MoOs

hydrotreating catalysts. However, in the present study the W00 300 | seo | 700  s00
monoclinic phase remained as it is even after impregnation v

with molybdenum oxide and no mixed oxide phase such as Temperature (C)

ZrMo0g is formed even at the calcination temperature of Fig. 2. Temperature-programmeeduction profiles of various pure MaO

, €O

500°C. and MoQy/ZrO, catalysts.
The specific BET surface areas determined by nitrogen
physisorption of all the catalysts are presentedable 1 ducibility of MoOQg is represented by the following steps:

The surface area of the pure Zr@ample is 41 rag~! and

increases initially with te addition of 2 wt% molybdena  M0oOsz — MoOz,

loading and did not change much with further increases in o0, — Mo.

molybdena loadings. The surface area of the MIZ8D; ]

catalysts is more than the pure zrib agreement with other The sharp peak at 76T corresponds to reduction of

reported result§35,42] The theoretical monolayer capac- M0Os (first step) and the peak at 98C is associated with

ity of MoO3 supported on Zr@has been calculated based the redgctlon qf the secpnd step. A minor peak. at the edge

on the method described by van Hengstum ef48] tak- of the first major peak is observed at 7°67 which cor-

ing 0.16 wt% of MoQ/m? of support surface. Accordingly, ~'€sponds to MgOy; formed by the reduction of Mo©

the theoretical monolayer capacity of Mg®upported on ~ Thomas44] noted this peak during the TPR of Mg@nd

ZrO, employed in the present study having a surface area ofconfirmed by in situ X-ray diffraction:

41 ? g~ corresponds to 6.6 wt% MafOThe XRD results M0Os —> M04Ox1.

of the present work show the presence of Mo®ystal-

lites from 9 wt% MoQ. These results are further supported The Tmax values and the hydrogen uptake values of Mo/

by X-ray photoelectron spectroscopy and laser Raman specZrO, catalysts are given iffable 1 The hydrogen uptakes

troscopy described in a later section. were found to increase with increase in molybdena loading.
Temperature-programmed reduction profiles of pure Mo- TPR profiles of the Mo/Zr@ catalysts suggest that the re-

03 and molybdenum oxide supported on zirconia catalysts duction of molybdena occurs in two stages. It is well known

are shown inFig. 2 The pure MoQ profile shows two that, at lower loading, molybdenum oxide is present mainly

major peaks at 767 and 99C and one minor reduction as tetrahedral species, which are difficult to reduce due to

peak at 797C. The TPR analysis of pure ZpQdid not strong interaction with support. At moderate loading, both

show any reduction peaks. For TPR analysis of unsupportedtetrahedral and octahedral species are present which are eas-

MoOs, the reduction conditions applied were similar to ily reducible[41]. Thus, the two peaks observed in TPR can

those applied for supported Ma@rO; catalysts. Accord-  be assigned based on the temperature at which they appear.

ing to Thomad44] and Arnoldy et al[45] the reduction of ~ The low-temperature peak (400—420) could be assigned

molybdena essentially can take place in two steps. The re-to the reduction of octahedrapecies, whereas the high
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MoO, supported on ZrO, MoO, supported on Zr0,

XPS of
calcined samples XPS of calcined samples

Zr 3d

12% Mo04/Zr0,

XPS Intensity (a.u)

9% MoO4/ZrO,

XPS Intensity (a.u)

6.6% MoQ,/Zr0,

4% MoO,/Zr0,

2% MoOy/ZrO,

pure zirconia

2% MoO;

T T T T T T

239 237 235 233 231 229 227 225 ' '
Binding Energy (eV) 191 189 187

. . T
185 183 181 179

Binding Energy (eV)
Fig. 3. Mo 3d X-ray photoelembn spectra of various MogsZrO, catalysts.

Fig. 4. Zr 3d X-ray photoelentn spectra of various Mog)ZrO, catalysts.
temperature peak (800—940) may be due to reduction of
tetrahedral species. Both octahedral species and crystallinerable 2
MoOs are eXpeCteq to be prgsent at higher Mo Ioadmg_. The y_ray photoelectron spectroscopy resuilts of various M@E0, catalysts
Tmax Value of the first reduction peak was found to shift to

th . . . . MoOs3 Position and FWHM Position and FWHM
the lower temperature side with the increase in Mcb@d- loading (wt%) of Mo 3ds,» of Zr 3ds

ing up to 6.6 wt% of MoQ@ and found to shift to higher 20 2326 (238 1823 (2.0)2
temperatures where MeaQrystallites start to appear. This 4 2327 (2.2) 1823 (1.9)

clearly indicates that the dispersion of molybdenais increas- 6.6 2327 (2.3) 1823 (2.1)

ing with the increase of Mo loading up to 6.6 wt% of M@O 9.0 2327 (2.4 1823(2.2)

The Tmax value of the second reduction peak also shifts to 120 2326 (23) 1823 (22)

lower temperatures up to 6.6 wt% and shifted to higher tem- 2 The numbers in parentheses are FWHM values.
peratures at higher loadingShe reduction profile of the
sample with 12 wt% of Mo@resembles that of pure MaO ] ]
In a similar way the activity of the catalysts was also found 9l State Table 9. The spectrum essentially contains one
to increase up to 6.6 wt% and did not change much at higherdoublet at 232.7 (0.1) eV binding energy and corresponds to
MoOs loadings. supported molybdenum oxo species in the highest oxidation
Fig. 3shows the Mo 3d XPS spectra of calcined molyb- state[28-30,47-51]With the increase in the molybdenum
dena catalysts supported on zirconia with different loadings. loading, the intensity for the molybdenum peaks also in-
The major peaks around 233.0 and 235.9 eV correspond toCreases.
Mo 3ds,2 and Mo 3/, respectively. The reported bind- In Fig. 4, pure zirconium oxide (Zrg) and molybdena
ing energy values are those of Mo with an oxidation state of supported on zirconium oxide catalysts show similar Zr
6+ [46]. No indication for the presence of the reduced Mo 30s,2 binding energy values around 182.3 &sble 2reports
ions is observed in the calcined samples. The binding energythe binding energies of Zr 3gh and its FWHM values (be-
values for all catalysts are approximately the same, which is tween 1.9 and 2.2), which do not change much with different
due to the presence of one type of molybdenum oxide with molybdena loadings. The constant FWHM values, implying
the highest oxidation state {§ in all the catalysts. Thisis  that only one type of doublet is present, which provides ev-
also evidenced by the full-gth at half-maximum (FWHM) idence for the presence of one type of zirconium oxide with
values, which are in between 2.2-2.4 eV pointing to a sin- an oxidation state of-4.



288 K.V.R. Chary et al. / Journal of Catalysis 226 (2004) 283-291

0.24

0.22 Mo 3d/Zr 3d P

0.20 i / -
0.18 7
0.16
0.14 -
0.12

0.10

Mo/Zr XPS Intensity ratio

0.08

0.06

1 2 3 4 5 6 7 8 9
wt% of Mo In MoO/ZrO, catalysts

L —

Fig. 5. Relation between Mo 3d/Zr 3d XPS intensity ratio and M d&d-

ing. 120/0

=

Fig. 5shows the relation between the XPS intensity ratio 9%
Moszd/Zr3q with the Mo loading in the samples. The ki
Zrzq ratio indirectly gives the information about the disper-
sion of molybdenum oxide on zirconia support. The Mo/Zr
atom ratio increases regularly with the molybdena loading
higher than 6.6 wt%, which indicates a very high disper-
sion of molybdena. At higher loadings the further increase in
Mo/Zr ratio is less, which indicates the formation of agglom-
erates and crystallites as evidence. Thus, the results indicate
that at low Mo loadings dispersion is high and at higher Mo
loadings the dispersion decreaf&z].

The laser Raman spectra of molybdenum oxide catalysts 29, MoOs
supported on zirconia are showrkig. 6. Bands due to crys-
talline MoGQ;z are seen from 9 wt% Mogand the intensity
of MoOg3 peaks increases with further increase of molyb-
dena loadings. These findings are in agreement with XRD
results. In the 4 wt% Mo@sample a peak at 920 cthis
observed which is attributed to surface molybdena species,
and is found to shift to~ 950 cnT. The intensity of this
peak is found to increase with M@Qoading. The bands in ZrO,
the region 900—1000 cnt are attributable to the stretching
vibration of the terminal Me=O bond of polymolybdate on
ZrOo. In the present study the Raman band of the=Nb
stretching vibration was shifted from 920 to 950 chnMiy-
ata et al.[3] reported similar results for low loaded sam- . . .
ples. Hu et al[53] also reported a shift to 952 crh for 200 400 "~ 600 " gdo 1000 1200
5 wt% MoQ;, which was interpreted in line with literature Raman shift, cm™
as due to hepta- and octamolybdates. In a recent review,
Mestl and Srinivasafb4] discussed the laser Raman spec-
troscopy of various supported molybdenum oxide catalysts
under different conditions. Ono et 4b5] investigated the
structure of Mo/ZrQ@ catalysts by FT-IR and laser Raman was highly dispersed on ZgQCand present as polymolyb-
spectroscopy. Catalysts containing 1-20 mol% Ma@re dates. Bands due to crystalline Mg@re seen above 5 wt%
impregnated, dried, and calcined at 4€7 A finely ground of MoOg3 in agreement with XRD. In the physical mixture
equimolar mixture of Mo@ and ZrQ calcined at 647C of MoOs3 and ZrQ the formation of ZrMeQg is seen in the
was also investigated. At low Mo content, the surface oxide samples calcined between 547 and 6@7at 800, 920, and

6.6%

4%

Raman Intensitv

f;(

Fig. 6. Laser Raman spectra of various MgZrO, catalysts recorded un-
der ambient conditions.
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980 cntl. Hu et al. [53] carried out a comparative study
on Mo supported on different oxides, including Zr@nder
ambient conditions, bands at 924-951¢mand shoulders at
880 cn! were observed to increase in frequency and inten-
sity with Mo loading. The support band exhibited the oppo-
site behavior, its intensity decreased with Mo loading similar
to the present work. The band at 924chior 1 wt% MoO;

was attributed to Mog¥—. Alternatively, its high position
may be considered as an indication of dimer formafi6].

The shift to 952 cm? for 5 wt% MoQz was interpreted in
line with literature as due to hepta- and octamolybdates. The
oxygen anion of the terminal MeO bond is exposed to the
ambient atmosphere and easily interacts with moisture, re-
sulting in the formation of hydrated surface species. When
the MoG; loading is low, only isolated molybdenum oxide
species, or say monomolybdate species, exist on the sur-
face of zirconia with their Raman band around 920¢ém
With the increase of Mo®loading, more vacant sites are
occupied, and polymerized molybdenum oxide species grad-
ually show up due to the linkage or the combination of the
neighboring monomolybdate species. In fact, the mono or
polymolybdate species often irregularly distort due to their
interaction with the surface of support. The distortion and
different extent of interaction among surface molybdenum- gl . . . . .
oxygen species should be responsible for the large width and 200 400 600 800

big shift of the terminal Me=O Raman-stretching bands as Temperature °C

compared with the speaet of species in solutiof67]. On

the other hand, Chan et 4b8] have reported that such a Fig. 7. Temperature-programmed desorption profiles of Ma@D, cata-
shift is suitable to the coordination of water molecules on sts:

the surface oxide species; i.e., at lower coverages the sur-

face oxide species are coordied to more water molecules  Taple 3

than at higher coverages. In the present study as the specResults of temperature-programmegsdrption (TPD) of ammonia of vari-
tra were recorded on the hydrated samples, the shift in theous MoQy/ZrO; catalysts

NH; desorbed (a.u)

wavenumber to higher values seems to arise from the chainMoOs3 loading on Zrg Tmax NH3 uptake
of polymolybdates on Zr@ From the LRS results it is clear ~ (Wt%) (°C) (mol/g)
that the MoQ bands are seen above 6.6 wt% loading only, 00 312 120
which is in good agreement with the theoretical monolayer 20 409 273
capacity and also with the XRD results. As monolayer com- g'g ‘2%; ggg
pletes at 6.6 wt% Mog the Zr& bands cannot be seen g, 285 369
above this loading, above monolayer loadings only MoO 120 390 370

bands are seelfrig. 6).

Temperature-programmed desorption of probe molecules
like ammonia and pyridine is a popular method for the molybdena loading on Zr&support up to 6.6 wt% and does
determination of acidity of solid catalysts as well as acid not increase much at higher loadings. The increase in acid-
strength. In the present investigation the acidity measure-ity at lower loadings of the catalysts is due to the molyb-
ments have been carried out by the ammonia TPD method.dena phase since ammonia uptake increases with increase in
The temperature-programmed desorption profiles of the cat-molybdena loading. The conversion values during ammox-
alysts are presented iig. 7. The acidity values and temper- idation of toluene to benzonitrile are also found to increase
ature positions are given ifable 3 From the peak positions  up to 6.6% MoQ and leveled off at higher loadings in sim-
it is clear that the acidity corresponds to desorption ofsNH ilar lines to acidity measurementsi¢. 8). Thus the strong
in two regions associated with moderate (255-31Rand acidic sites might be responsible for activity during ammox-
strong (400—430C) acidic sites. Strong acidic sites predom- idation of toluene reaction.
inate at lower loadings and¢ ammonia desorption tem- Fig. 8 shows the relation between conversion/selectivity
perature shifted to a lower temperature range from 6.6 wt% and rate of toluene with Mo®loading on ZrQ at 400°C.

MoO3 and above loadings. The pure Zr@ found to have The conversion and selectivity values were found to increase
medium acidic sites. The adfg increases with increase in  with MoOg3 loading up to 6.6 wt% of Mo@and leveled off
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100 - T 10

—o— Conversion —#— Selectivity —+— Rate 4 COﬂC| US. ons
80 - T8 . . .
Molybdenum oxide catalysts supported on zirconia are
found to be highly active in ammoxidation of toluene to ben-
zonitrile. MoGs/ZrO5 catalysts were found to exhibit higher
activity compared to Mo@Nb,Os and MoG/TiO, cata-
lysts in the ammoxidation of toluene. The activity of the cat-
alysts was found to increase with loading up to 6.6 wt% and
the reducibility of the catalysts also increased up to this load-
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%, Conversion/ Selectivity
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0 . . . 0 ing and decreased with a further increase in loading. The best
0 4 8 12 16 activity and selectivity in the ammoxidation are achieved in
Mo loading, wt % the catalyst when the Mofdoading is 6.6 wt% and this load-
ing corresponds to monolayer loading. XRD results suggest
Fig. 8. Results of ammoxidatioof toluene over various MogdZrO, cat- that below monolayer level Mogexists in a highly dis-
alysts. Catalyst wt, 0.5 g; reaction temperature, 400feed rate, 1 mfh. persed amorphous state and abtivis loading cystalline

Toluene, ammonia, and air at a mole ratio of 1:14:30. MoOs can be seen. The acidity of the catalysts also increased

up to 6.6 wt% and remained constant at higher loadings.

Table 4 XPS results suggested that only Rtoand zf+ are present
Activity of various supported molybaeim oxide catalysts in the ammoxi- i the catalysts and did not show any reducible species in the
dation of toluene to benzonitrile catalysts. It is clear from the XPS results that the dispersion
Catalyst Conversion (%) Selectivity (%)  Of MoQg is high at lower MoQ@ loadings and was found to

9% Mo/ZrO, 65 71 be low at higher loadings. Laser Raman spectroscopy results
9% Mo/TiO» 53 72 suggested that the tetrahedral molybdenum-oxo species is
(Degussa, P-25) present at lower loadings and the octahedral and crystalline
9% Mo/Nb,O5 62 67 MoOs particles are present at higher Mg®@ading in ac-

cordance with XRD data.

at higher MoQ@ loadings. At higher loadings the selectiv-

ity increased but the increase is mild. The leveling off in Acknowledgments
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