RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 23 RSC Advances

Characterization and catalytic properties of molybdenum oxide

catalysts supported on ZrQO,-y-Al,O; for ammoxidation of toluene

Abbas Teimouri®’, Bahareh. Najari®, Alireza Najafi Chermahini®, Hossein Salavati®,

Mahmoud Fazel-Najafabadi

“ Chemistry Department, Payame Noor University, 19395-3697, Tehran, I. R. of Iran

b Mechanical Engineering Department, Payame Noor University, 19395-3697, Tehran,
L R. of Iran

¢ Department of Chemistry, Isfahan University of Technology, Isfahan, 841543111, Iran

“Corresponding author at: Department of Chemistry, Payame Noor University (PNU), Isfahan, P.O. Box
81395-671, Iran. Tel.: +98 31 33521804; fax: +98 31 33521802.
E-mail addresses: a_teimouri@pnu.ac.ir, a_teimoory@yahoo.com (A. Teimouri).



RSC Advances

Characterization and catalytic properties of molybdenum oxide catalysts

supported on ZrQO,-y-Al,O; for ammoxidation of toluene

Abbas Teimouri®, Bahareh. Najari®, Alireza Najafi Chermahini’, Hossein Salavati’,

Mahmoud Fazel-Najafabadi

“ Chemistry Department, Payame Noor University, 19395-3697, Tehran, I. R. of Iran
b Department of Chemistry, Isfahan University of Technology, Isfahan, 841543111, Iran
© Mechanical Engineering Department, Payame Noor University, 19395-3697, Tehran, I. R.

of Iran

ABSTRACT

Molybdenum oxide catalysts with MoOs loadings ranging from 6.6 to 25 wt% supported on
ZrO,-y-AlLO3 (1:1 wt. %) mixed oxide were prepared by wet impregnation method. The
catalytic behavior of catalysts in toluene ammoxidation reaction was investigated in a lab-
scale tube reactor at 400 "C. The catalytic performance of MoO3/ZrO,-y-Al,O; was dependent
on the catalyst compositions and reaction temperature. MoO; (20.0 wt. %) ZrO,-y-Al,O;
exhibited good toluene oxidation; over this catalyst, the selectivity to benzonitrile reached to
67.0 % with the toluene conversion of 68.5% at 400 °C, while the selectivity to benzaldhyde
was 24.4 % with the toluene conversion of 68.5 % at 400 °C. Catalysts were characterized by

various techniques, such as N, sorption, FTIR, SEM and XRD.
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Introduction

Ammoxidation of alkyl aromatics such as toluene to their corresponding nitriles has
been the subject of numerous studies in recent times, because the nitriles are very useful
organic intermediates to prepare a good number of industrially important chemicals " % The
ammoxidation reaction generally refers to the one-step formation of nitrile compounds in a
single step by the oxidation of simple olefins, aromatics and heteroaromatics in the presence
of oxygen and ammonia in the gas phase 33 Supported molybdenum oxide catalysts are well
known and widely investigated as they represent an important group of catalysts for the
heterogeneous oxidation and ammoxidation of hydrocarbons 7,
Because pure MoO; is relatively volatile, molybdena is almost always used in the presence of
a second oxide, on an oxide support such as Al,Os, TiO,, ZrO,, SiO, and MgO 6,11, 12,14, 18-23
The desirable inherent properties of alumina and zirconia supports can be explored by
combination of both supports in a mixed oxide. The ZrO,-y-Al,Ossupported catalysts have
been found to show better catalytic properties than catalysts supported on pure oxides **°.
The combination of Al,Os; and ZrO, provides greater mechanical strength, resulting in
improved resistance to attrition 2627 1n recent times, ZrO,-y-Al,O; based materials have been

employed as catalysts in various catalytic applications 8.2 The advantages of Al,03;—ZrO; as

a catalyst support include moderate surface area, higher thermal stability and medium acidity.

25,31-53 30, 52-63

The ammoxidation of toluene and other alkyl aromatics over various supported
metal oxide catalysts has been extensively studied. Iron 64_66, MoOs/MgF, 67, Mo0O3/ZrO,
69, V,05/Zr0,-y-Al,04 o, 71, V,0s5/v-ALLO; 72, Mo-V-P/y-Al,04 73, vanadium-containing
catalysts 74, 75, Fe,O;-based catalysts 76, Z1r0y-y-AlL O3 77, and SiO,-supported molibdate

catalyst ', have also been used for the preparation of aromatic nitriles.
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In the present study, we report the synthesis of benzonitrile by the vapor phase ammoxidation
over highly dispersed molybdena catalysts supported on ZrO,-y-Al,0; mixed oxide, as shown
in Scheme 1. The catalysts were characterized by X-ray diffraction (XRD), SEM, BET
specific surface area and temperature programmed desorption of N».

CHs CN

A [Cat.
—_—

+ NH3 + 3/20,
3H,0

Scheme 1 Catalytic ammoxidation of toluene to benzonitrile

Experimental section

Materials and Instruments

Toluene and other agents were purchased from Merck and Aldrich and used without
further purification. Products were characterized by spectroscopy data (FTIR, 'H NMR and
BC NMR spectra). NMR spectra were recorded on a Bruker 400 Ultra sheild NMR and
DMSO-d6 was used as the solvent. Mass Spectra were recorded on a Shimadzu Gas
Chromatograph Mass Spectrometer GCMS-QP5050A/Q P5000 apparatus.
The samples were analyzed by X-ray diffraction (XRD) using Philips X'PERT MPD X-ray
diffractometer (XRD) with Cu Ko® (1.5405 A). Date sets were collected over the range of 5°—
90° with a step size of 0.02° and a count rate of 3.0°’min. The structural morphology of the
samples was evaluated using scanning electron microscope (SEM, JEOL, JSM-6300, Tokyo,
Japan). A JASCO FT/IR-680 PLUS spectrometer was applied to record IR spectra using KBr
pellets. The BET specific surface areas and BJH pore size distribution of the samples were
determined by adsorption—desorption of nitrogen at liquid nitrogen temperature using a Series

BEL SORP 18.
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Catalyst preparation

The MoO3/ZrO, and MoOs/y-Al,O5 catalysts were prepared by impregnation of y-
Al,O3 or ZrO, with a 2 M oxalic solution of ammonium heptamolybdate. The mixture was
left in an open vessel with stirring at 60 °C for 24 h to evaporate the excess water. The
precursor was dried at 100 °C for 12 h and calcined at 500 ‘C for 6h before use.

A series of MoOj3/ ZrO,/y-Al,O5 catalysts with MoOs loadings in the range of 6.6—
25.0 wt.% were prepared by wet impregnation method. To impregnate MoOs, the calculated
amount of ammonium heptamolybdate was dissolved in 30-40 ml doubly distilled water and
reflux at 85-90 °C for 5 h. Then, a few drops of dilute NH4OH were added to make the
solution clear and keep the pH constant (pH=8). After impregnation, the reaction mixture was
added to a 50 ml Pyrex flask. The mixture was irradiated in the water bath of the ultrasonic at
20 kHz for 1 h within the temperature range of 25-30 "C. Then the catalysts were dried at 85-

90 °C for about 4h and calcined at 500 °C for 6h before use.

Ammoxidation of toluene

A stainless steel cylindrical micro reactor (i.d. 4.8cm; a reactor length of 8.55 cm;
volume 150 cm®), was charged with toluene (3 ml), 20 mg catalyst and a magnetic stirring
bar. The autoclave was purged and filled with NH; until the pressure reached 0.75 MPa. Then
0O, was introduced until the total pressure reached to 1.25 MPa. The reaction mixture was
stirred at a controlled temperature (400 ‘C for 2 h). After the reaction, the mixture was
filtered. The filtrate was analyzed by GC-MS and GC using benzonitrile as an internal
standard. For recycling tests, the catalyst was filtered after the reaction, washed with acetone
three times and then with doubly distilled water several times. Then, it was dried at 110 OC,
calcined at 400 °C for 4 h, and then used for the next run.

Conversion and selectivity were defined as follows.
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* C (mol%) = (mol toluene reacted/mol toluene in the feed) x 100.

* Si (mol%) = (mol i formed/mol toluene reacted) x 100, where i= B, BA, BN

Results and discussion
XRD analysis

X-ray diffraction (XRD) patterns of the catalysts were obtained using Cu K, radiation
(A=1.5405 A). Crystallite size of the crystalline phase was determined from the peak of
maximum intensity by using Scherrer formula, * with a shape factor (K) of 0.9, which can be
described as: Crystallite size = K.A/W.cosf, where W=W,—W; and W, is the broadened
profile width of experimental sample and Wj is the standard profile width of reference silicon
sample.

Fig. 1A shows the XRD patterns of MoO3;, M0O3/ZrO, and MoOs/y-Al,0O; samples.
The peaks presented at 26=20-30" are attributed to the pure MoOs, Fig. 1A (a). The XRD
pattern of MoOs/ZrO, showed peaks at 26 = 30, 50 and 60, which were obviously the
characteristics of the tetragonal ZrO,. The X-ray diffraction pattern of MoOs/y-Al,O3 exhibit
broad peaks at 20 = 45 and 66°, which were attributed to y-Al,O3, Fig. 1A (c).

X-ray diffraction patterns of the catalysts with different loadings of molybdena
catalysts supported on Al,O3-ZrO; and calcined at 450 ‘C are shown in Fig. 1B. The catalysts
showed characteristic peaks at 26 = 32.8, 37.3, 45.9, 62.3 and 66.09 that were related to the
support y-alumina. The sharp diffraction lines at 26 = 30.4, 51.0 and 60.2°corresponded to the
tetragonal ZrO, phase. Loading of molybdenum species led to the appearance of new peaks at

20=12.8,23.9,22.2,25.7,28.5,34.2 and 39.4".

FT-IR analysis
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The FTIR spectrum for MoOj is presented for the range, 350-4000 cm™ in Fig. 2A (a).
The bands at 991, 870, and 491 cm ™', were assigned to the Mo=0 stretching mode, the Mo-O-
Mo stretching mode, and MoQj3 vibration mode, respectively. For MoO3/ZrO; catalyst in Fig.
2A (b), FTIR band at 989 cm ™' was due to the Mo=O stretching mode of the molybdenum
oxide complex bonded to the ZrO, surface. Molybdenum oxides species was stabilized
through multiple Mo-O-Zr bonds between each molybdenum oxide species and the zirconia
surface. The FTIR spectrum for MoOs/y-Al,O; catalyst is shown in Fig. 2A (c). The band at
899 cm™ characterized the stretching mode of the Mo=0 bond in surface-bound Mo species.
These species could be either isolated tetrahedral or octahedral polymolybdate species.

FT-IR spectra of the supports and molybdenum catalysts are shown in Fig. 2B. A
broad band in the range of 350-4000 cm ' appeared for all catalysts related to the MoOjs
species (including the vibrations of Mo-O, bridging oxygen corresponding to Mo-O-Mo). The
bands at 878, 734 and 497 cm ' corresponding to the polymolybdates species. The spectrum
in Fig. 2B exhibited bands at 3450-3760 cm ', typical of the v OH bands of alumina
hydroxyls. The band at 3764 cm ' was assigned to basic hydroxyl groups bound to a single
tetrahedrally coordinated aluminum atom, while the band at 3642 cm™' was due to bridged
OH groups shared by an octahedrally and tetrahedrally coordinated aluminum cation. The
appearance of the band around 1050 cm ' was typical for y-alumina due to AI-O vibration
mode. On the other hand, bands that appeared at 1632 and 2350 cm ' were related to
physisorbed water and OH group free from the interaction of H bonding respectively. There
was a strong absorption band at 417 cm” which could be attributed to the tetragonal zirconia.
At higher MoOj; loading, the bands due to microcrystallites MoOj; appeared at 518, 734, and
878 cm’™’. The increase in the intensity of this band with MoOj3 loading indicated the growth
of polymolybdate species. These bands were associated with Mo—O—-Al and Mo=0O bond

vibration in aluminum molybdate and crystalline MoOs phases, respectively.
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SEM analysis

Fig. 3 shows SEM micrographs of catalysts obtained from MoO; loadings ranging
from 6.6 to 25.0 wt. %. Alumina displayed an irregular texture and accumulated aggregates
with a variety of particles size. This indicated that the introduction of ZrO, into Al,O3 largely
changed the morphology of the support composites. It can be seen from Fig. 3 that the
particles seemed to aggregate to form microspheres.SEM shows a regular texture with small,

uniform and dispersed particles.

BET Analysis

Fig. 4 shows the N, adsorption—desorption isotherms. Surface area was calculated by
applying the BET equation to the isotherm [27]. The samples were degassed under vacuum at
120 °C for 4 h, prior to adsorption measurement, to evacuate the physisorbed moisture.

The effects of catalyst composition and reaction temperature on the toluene
conversion and product distribution for toluene oxidation over MoOs3/ZrO;-y-Al,O3 are
illustrated in Table 1. As shown, the toluene conversion reached a maximum over the catalyst
with the MoQj; loading of 20.0 wt.% under each reaction temperature, while the selectivity to
the main products fluctuated with the increase of MoOj; loading.

The MoQ3/ZrO,/y-Al,0O5 catalysts with different MoO3 contents were evaluated for the
ammoxidation of toluene. The ammoxidation of toluene resulted in the formation of
benzonitrile as the major product, while benzene and benzaldehyde were formed in very low
amounts. The catalysts with the low loading of MoOs, up to 6.6 wt.%, showed moderate
activity and when the loading was increased to 20.0 wt.%, a substantial increase in activity
was observed. The catalyst with 20.0 wt.% MoOs3 exhibited the highest activity. With further

increase in the active content to 25 wt.%, the ammoxidation activity was decreased
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marginally. The low catalytic activity of 6.6-20.0 wt.% MoO3/ZrO,/y-Al,O3 catalysts might
be because of the less availability of active MoOs; compound. With the increase of the
reaction temperature, the toluene conversion and the selectivity to benzonitrile and
benzaldehyde were increased, while the selectivity to benzene was decreased. Over this
catalyst, the selectivity to benzonitrile reached to 67.0 % with the toluene conversion of
68.5% at 400 °C, while the selectivity to benzonitrile was 58.6 % with the toluene conversion
of 64.6% at 300 °C. A significant drop in surface area occurred when molybdena loading was
increased from 6.6 to 20.0 wt.%. Such a decrease might be due to either the blockage of some
pores of ZrO,/y-Al,O3 by mixed oxides formed from the decomposition of molybdate or the
solid-state reaction between the supporting oxides and the dispersed active oxides "', Table
2 shows the BET surface area values of the catalysts. The surface area and pore volume of the
MoO3/ZrO,-y-Al catalysts were in the range of 48-116 m*g ' and 0.50-0.62 cm’/g,
respectively. A gradual decrease in surface area was observed for the catalysts with an
increase in the loading of molybdena supported on ZrO,/y-Al,Os, but an increase in the
average pore diameters. This phenomenon might be due to two reasons. One refers to MoOs
particles deposited in the pores of ZrO,-y-Al,O3 and the blocked part of the small pores.

In addition, the Mo surface density values are measured and data are presented in
Table 2. The surface density is defined as the number of Mo atoms per square nanometer BET
surface area (Mo atoms/nmz). Surface areas decreased only slightly with increasing MoOs
loading; therefore, the Mo surface density increased almost linearly with increasing MoO;
concentration. In addition it has been noted that for Mo/Al,O; system, formation of a
polymolybdate monolayer on Al,O; at surface densities of 4.8 Mo/nm? occur.*? As you can
see, the loading 6.6 % MoOs leads to formation of a molybdate monolayer on mixed oxide

surface.
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The other relates to the morphology of composite supports changed from big blocks
into small particles (observed from SEM image), thereby forming more inter pores between
the particles. All samples were mesoporous, with N, adsorption—desorption isotherms of type
IV according to the [IUPAC classification. Such isotherms are shown in Fig. 4, which shows
the case of a bare support taken as a representative example for 20.0 wt. % MoQOj/ ZrO,-y-

Al,Oj catalyst.

Table 1 Effect of MoO; content in the support on the catalyst activity and product selectivity of different MoO;/
Zr0,-y-Al,O; catalysts for toluene ammoxidation.

MoO; loading T (°C) Toluene conversion (%)  Product selectivity (%)

benzonitrile benzene  benzaldehyde

6.6% 200 28.6 40.7 <1 20.5
300 44.5 46.2 1.3 23.7
400 442 63.5 2 24.4
12.5% 200 325 46.3 <1 20.5
300 484 50.4 1.3 23.7
400 56.6 66.4 2 244
20.0% 200 442 40.3 1.3 23.7
300 64.6 58.6 2 24.4
400 68.5 68 <1 24.4%
25.0% 200 30.3 359 <1 20.5
300 43.7 475 1.3 23.7
400 48.6 67.6 2 24.2

Table 2 Nitrogen adsorption characteristics of Molibdate supported catalysts.

Catalyst BET surface Surfafse Pore; V(_)}ume Ayerage pore
2 -1 Density (cm’ g ) diameter (nm)
area (m'g") Mo/nm?

6.6 % MoO;/ZrOy—y-Al,04 116.26 2.37 0.78 6.22

Page 10 of 23
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12.5 % MoO;/ZrO,—y-ALO;  78.13 6.69 0.74 6.23
20.0 % MoO;/ZrO,—y-ALL,O;  66.32 12.61 0.68 6.25
25.0 % MoO;/ZrO,—y-AlL,O;  48.46 21.57 0.64 6.34

2 Theta

Intensity
s}

0 10 20 30 40 50 60 70 80 90 100
2 Theta

B
Fig. 1 (A)- XRD patterns of a) MoOs; b) MoO5/ZrO,; ¢) MoOs/y-Al,O;. (B)- XRD patterns of MoO;/ZrO,—y-
Al,O; catalysts with different MoO; loadings: a) 6.6 wt.%; b) 12.5 wt.%; ¢) 20.0 wt.%; d) 25.0 wt.%.
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Fig. 2 (A)- FTIR spectra of the a) MoOj3; b) MoO5/ZrO,; ¢) MoOs/y-Al,03. (B)-FTIR spectra of the MoOs/ZrO,—
v-ALO; catalysts with different MoOj; loadings: a) 6.6 wt.%; b) 12.5 wt.%; c) 20.0 wt.%; d) 25.0 wt.%.
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EHT-=15.00 KU
1pn

EHT=18.00 kV W= 51 mn
2Hn — Photo No.=4619

Fig. 3 SEM images of the Molibdate supported catalysts (a) 6.6% wt. MoO;/ZrO,-y-AL,Os, (b) 12.5 wt.%
MOO3/ZI'02-’Y-A1203, (C) 20.0 wt.% MOO3/ZI'02-’Y-A1203, (d) 25.0 wt.% MOO3/ZI'02-’Y-A1203
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Fig. 4 N, adsorption—desorption isotherm of the MoO; (20.0 %Wt.)/ ZrO,-y-Al,O;

One of the most important advantages of heterogeneous catalysis over the homogeneous
counterpart is the possibility of reusing the catalyst by simple filtration, without loss of
activity. The recovery and reusability of the catalyst were investigated in the product
formation. After completion of the reaction, the catalyst was separated by filtration, washed
first 3 times with 5 ml acetone and then with doubly distilled water several times, dried at 110
'C and calcined at 400 °C for 4 h. Then the recovered catalyst was used in the next run. The
results of three consecutive runs showed that the catalyst could be reused several times

without any significant loss of its activity (see figure 5).
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Fig. 5 The results obtained from catalyst reuse in the product formation

It is generally accepted that the reaction proceeds by the adsorption of toluene on the
catalyst surface through the formation of a m-complex with a Lewis site of the catalyst;
furthermore, we should consider H abstraction of a benzylic H-atom to form a methylene-like
species with parallel formation of water, partial oxidation, N-insertion and subsequent
rearrangements of the chemisorbed activated surface species, which was converted to an
adsorbed imine, and desorption of the so formed benzonitrile, which was followed by
oxidative reconstruction of the catalyst surface. (Fig.6.) A similar mechanism has been
proposed for this reaction *.

This was also reflected in the catalytic activity of these catalysts. Conversion of toluene to
benzonitrile was increased continuously with molybdena loading up to 20.0 wt%. It indicated
that the moderate and weak acidic sites played an important role in the ammoxidation of

toluene.
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Fig. 6 A plausible mechanism for toluene ammoxidation over MoOs/ZrO,-y-Al,O; catalysts.

The results of ammoxidation of toluene on various MoQO3/ZrO,-y-Al,O; catalysts at
400°C are plotted in Fig. 7. The conversion and selectivity were increased with an increase in
MoOs; loading up to 20.0wt% and beyond this loading, the activity was decreased slightly due
to the formation of MoOscrystallites on the surface of ZrO,-y-Al,O3 support. The increase in
the ammoxidation activity of the catalysts might be attributed to the increase in the number of
sites on the active molybdena phase, which could be increased with the increase in molybdena
content on the surface of the support. The surface properties and catalytic activity results of
20.0 wt% MoOj; supported onmixed oxide alumina—zirconia catalysts have been compared in
Table 3. It clearly shows that molybdena was well dispersed on MoQ3/ZrO;-y-Al,O3 support,
with more acidic sites per m” surface of the support.

Thus, it can be inferred that20.0 wt. % MoO3/ZrO,-y-Al,O5 catalyst can be more active in
ammoxidation reaction compared to a time when it is supported on alumina-zirconia

catalysts.



Page 17 of 23 RSC Advances

16

80
. —A— —A
X Y
= 60 -
=z
g
$ 40 -
.5 —&— % Conversion
ot
2 20 - A % Selectivity
g
@}
0 T T T T
6.6 12.5 20 25

Wt% of MoO; loading on Al,0;-ZrO,

Fig. 7 Ammoxidation of toluene over various MoO,/ZrO,—ALO; catalysts (reaction temperature of 400 ‘C).
benzonitrile Charactrization

FTIR (KBr, cm™): 3116, 3064, 2256, 1662, 1098, 625 cm™; 'H NMR (400 MHz, DMSO-d6):
8 7.383-7.412 (m, 2H), 7.518-7.561 (m, 3H); *C NMR (100 MHz, DMSO-d6): & 112.30

(1C), 118.82 (1C), 129.16 (2C), 132.05 (2C), 132.82 (1C); ESI MS (m/z): 103.08 (M").

Conclusions

The catalyst MoOs/ZrO,-y-Al,O5 exhibited excellent catalytic performance in toluene
ammoxidation with benzonitrile as the main product. The Al,0s—ZrO, binary oxide was
found to be an interesting support to investigate the dispersion of molybdenum oxide and
catalytic properties. The catalytic performance of MoOs3/ZrO,-y-Al,O3 was dependent on the
catalyst compositions and reaction temperature. Increasing the MoO; loading from 6.6 to 25.0
wt. % enhanced the activity of the catalyst. Above 20.0 wt. %, however, it led to inactivity
and performance failure of the catalyst. Over this catalyst, the selectivity to benzonitrile
reached 67.0% with the toluene conversion of 68.5% at 400 °C, while the selectivity to

benzonitrile was 58.6 % with the toluene conversion of 64.6% at 300 °C.
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