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-
To explore the structural, green methodology and thermal stability for synthesizing series of ternary mixed metal oxides were prepared by |
doping ZrO, and MoOs; on SiO, (ZMS) by sol-gel method. Catalysts were examined by XRD, FT-IR, XPS, Raman spectroscopy, temperature |
programmed desorption (TPD) and TEM techniques. Both oxides showed the high stability with nanocrystalline nature and the catalytic
activity of synthesized ZMS catalyst were tested for oxidation of sulfides to sulfoxides at room temperature. Gas chromatography was |
used to analyze the products. A high selectivity obtained by nicely controlled a variation of catalyst amount as well as amounts of oxidant |
applied. Recycling experiments explained that the synthesized ZMS catalysts can be recycled many times without major loss of their |
activity. The catalytic system provided a number of advantages including clean, use of green solvent and easy handling strategy for the |
synthesis of sulfoxides at mild conditions. |
|
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INTRODUCTION

Heterogeneous catalysis makes extensive use of mixed
metal compounds, either as catalysts or support materials [1].
Mixed metal oxides may be applied in large scale in redox
and acid-based catalytic reactions, which show electron transfer
and surface polarization properties [2]. Supported catalysts
are well known for catalyzing diverse reactions so leading many
researchers to focused their research on the preparation of these
catalysts. Introduction of ZrO, to other oxide catalyst may gene-
rate a new active site, as the zirconia is only transition metal
shows different properties like oxidizing, reducing along with
acidic and basic properties. The ion-exchanged redox activities
of ZrO, was used in many catalytic reactions as support and
promoter [3-6]. Dumont et al. [ 7] prepared ceria-zirconia-alumina
catalyst using sol-gel process and reported that addition of
ZrO,to ceria-alumina increased their thermal stability. Further-
more, Noronha et al. [8] prepared Ni catalyst supported on
ZrO, and the effect of synthesized catalyst was studied for
steam reforming of toluene and methane.

Zirconia oxide offers different types of chemical reaction
such as condensation, oxidation, nitration, esterification and
isomerization. Among these transform reactions, Lee et al.
[9] synthesized ZrO, catalyst by precipitation process and tested
their activity in the decomposition reaction, the activity of the
prepared catalyst becomes function of calcination temperature
and showed a volcano curve with a maxima at 900 °C.

Sulphated zirconia became popular among all promoted
ZrO, catalysts after Arata & Hino [10] reported treatment of
zirconia with sulphuric acid, which showed extremely strong
acidity for isomerization of n-butane to isobutene. After period
of time, sulphated zirconia has been synthesized by several
researchers and used for different reactions [11-14]. However,
major disadvantage for sulphated zirconia SO./ZrO; is its fast
deactivation at higher temperature which cause in the formation
of SO, and H,S, also when the reaction medium contains H,O,
it forms sulphuric acid.

From literature, it is observed that high active catalysts can
be prepared by the introduction of a second or third metal oxide
to the system [15]. Few studies are focused on the preparation
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of ZrO,as support on other metal oxides as most of researchers
worked on synthesis of MoO; on different oxides such as WO,/
Z10,, Ce0,-Zr0s, TiO,-ZrO,, but ZrO,/Mo0O5/Si0- as a ternary
composition not studied. The development of environmental
friendly and switchable catalytic systems for converting a single
raw material into distinct high-value products is both an attra-
ctive concept and a challenging synthetic contest. Although
there are numerous methods for producing sulfones and sulfo-
xides, few examples of selective synthesis of sulfones and sulf-
oxides via solvent and catalyst dependent oxidation of sulphides
are reported [16,17]. Liu et al. [18] reported the first example
of efficient and selective oxidation of sulfides to sulfones and
sulfoxides using molecular oxygen under clean conditions. He
et al. [19] pioneered a catalyst free protocol for the selective
oxidation of sulphides with inorganic oxidant oxone in ethanol
and water. Jiang et al. [20] recently developed a solvent-dependent
selective synthesis of sulfones and sulfoxides via visible light-
induced UO,(OAc)- 2H,0O-catalyzed oxidation of sulphides
with phosphoric acid and water as additives in pure acetonitrile
and an acetonitrile/o-xylene solvent mixture, respectively.
Therefore, the present work focused on the characteriza-
tion and catalytic activity of prepared ZrO,/MoOs/SiO, (ZSM)
catalysis synthesized by sol-gel method. These catalysts can
be used for important reactions such as oxidation, nitration,
alkylation and so on. In current study, the oxidation of sulphides
was carried out at mild conditions, over these catalysts and
showed higher catalytic activity as well as selectivity of products.
The main purpose of present work was to study, understand
acidity and surface morphology of ternary mixed oxide catalysts.

EXPERIMENTAL

Preparation of catalyst: The sol-gel process was used for
preparation of ZrO, supported on MoO;/SiO, with various
zirconium loading (1, 5, 10, 15 and 20%). Zirconyl nitrate
hydrate, ammonium heptamolybdate tetrahydrate and tetra-
ethyl orthosilicate were used as zirconium, molybdenum and
silica source respectively. For a typical procedure, 1% ZrO,/
MoO3/Si0O, (1ZMS) was synthesized by adding tetraethyl ortho-
silicate (40 g) in isopropyl alcohol (40 mL), mixed slowly with
constant stirring, dissolving 24.6g of ammonium heptamolyb-
date tetrahydrate in minimum amount of water and heated at
80 °C for 30 min in sonicator. Then added slowly to isopropyl
alcohol (IPA) solution with continuous stirring, dissolved (1.87 g)
zirconyl nitrate hydrate in distilled water then slowly added to
above solution, greenish gel was formed, dried and finally
calcined at 500, 600 and 700 °C for 7 h. Similarly, catalyst with
5%, 10%, 15% and 20% ZMS were prepared with different
amount of zirconyl nitrate hydrate.

Characterization: The crystallite size of the samples was
determined by X-ray power diffraction (XRD) using Rigaku
Ultima IV diffraction using CuKo radiation and a Ni filter. The
FT-1R spectra were recorded on Thermo Nicolet iS5 IR instru-
ment at ambient conditions using KBr pellets with a resolution
of 4 cm™ in the range of 4000-400 cm™. The X-ray photoelectron
spectroscopy (XPS) studies were carried out on a VSW scientific
instrument using incident source with an energy of 1253 eV
and aresolution of 0.9 eV vacuum of 10-8 torr was maintained

in the sample analyzer chamber. The temperature-programmed
desorption (TPD) was used for the determination of degree of
acidity of the samples using NH; as molecule.

RESULTS AND DISCUSSION

XRD studies: The XRD patterns of pure ZrO,and 5, 10,
15 and 20wt.% ZrO,/M005/Si0, are shown in Fig. 1. The diffr-
action angles of the synthesized samples were consistent with
the standard XRD patterns. The prepared ZMS mixed oxide
catalysts showed the characteristic peaks at 23.4°, 25.8°,27.4°,
33.7° and 49.6° correspond to 0-MoOs on SiO, support. The
peaks at 30.22°, 35.00°, 50.31° and 60.12° of tetragonal zirconia
present in the ZMS mixed oxide samples, while silica support
is in amorphous nature but it helps the stabilization of tetragonal
phase of zirconia. The obtained XRD peaks confirmed the
formation of t-ZrO, over the surface of MoOs/SiO, support.
The average crystallite size was reduced from 16.5 nm to 7.0
nm.
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Fig. 1. XRD pattern of ZMS catalysts calcined at 500 °C
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From the above data, it was clearly confirmed the formation
of t-ZrO, and o-MoOj; phases in the prepared ZMS samples
which were crystalline in nature. Furthermore, as the loading
of zirconia over MoQO3/SiO» increased, there was hindrance of
support, and thus support helps to reduce the crystallite size
from sample 1ZMS to sample 20 ZMS. The effect of tempera-
ture was studied on the prepared catalysts to identify the stability
of phases. Fig. 2 showed the XRD spectra of ZrO, calcined at
500, 600 and 700 °C and the crystallite phase was changes from
tetragonal to monoclinic phase and showed the mixture of both
phases.

The increased in calcination temperature i.e. 500, 600,
700 °C of the prepared catalysis showed its effect on phases as
well as the size. As the prepared zirconia was present only in
tetragonal phase in the samples calcined at 500 °C, while after
calcination up to 700 °C, a mixture of tetragonal phase and
monoclinic phase were observed. Hence, the phases changes
to monoclinic at higher calcination temperature. Therefore, it
is evident that the thermal stability of zirconia oxide strongly
depends on the calcination temperature.



Vol. 35, No. 4 (2023)

Synthesis, Characterization of Zirconia and Molybdenum Doped on Silica 1001

M

7 M

700 °C
] T

2

.g_ T

g ] M

E.
g 600 °C
h T
f T T
g 500 °C

v 1 M 1 v 1 v 1 M 1

20 30 40 50 60 70

26 ()
Fig. 2. XRD pattern of ZrO, calcined at different temperature (M =
monoclinic, T = tetragonal)

The effect of calcination temperature on crystallite size of
synthesized catalysts are shown in Table-1. The size was calcul-
ated by Debye-Scherrer’s equation. As calcination temperature
increased the crystallite size also increased, which is attributed
to the mixed phases of zirconia.

TABLE 1
EFFECT OF CALCINATION TEMPERATURE ON
CRYSTALLITE SIZE OF SYNTHESIZED SAMPLES

Calcination

Sample e — Crystallite size (nm)*

500 16.50

Pure ZrO, 600 16.99
700 17.30

500 7.20

1ZMS 600 7.30
700 7.42

500 7.63

57ZMS 600 7.39
700 7.13

500 7.19

10ZMS 600 7.40
700 7.50

500 7.18

15ZMS 600 7.57
700 7.88

500 7.00

20ZMS 600 7.20
700 7.70

FTIR studies: The FT-IR spectrum of different loading
of ZMS catalysts calcined at 500 °C are shown in Fig. 3. A peak
at 740 cm™ was assigned to the Zr-O-Zr asymmetric, while
the band at 1380 cm™ was assigned to Zr-O stretching modes.
Also, the spectra showed a peak at 1000 cm™ corresponds to
the Mo=0 and the peaks at 608 cm™ due to O-Si-O bending
mode. The peak at 1097 cm™ was assigned to Si-O-Si stretch
that conformed the formation of SiO, phase [21].

These spectra showed additional peak for the Si-O-Si
stretching, while all other stretching were same. The results
clearly showed peaks corresponding to Zr-O at 740, 1100 and
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Fig. 3. FT-IR spectra of various % ZMS calcined at 500 °C

2170 cm™ for all samples, even after heating at high temper-
atures, indicating the more crystalline nature. The molybdenum
peak at 100 cm™ was observed in the sample calcined at 500
°C.

Raman spectra: Raman spectra of pure ZrO, and various
ZMS catalysts calcined at 500 °C are shown in Fig. 4. It is
seen that pure zirconia sample showed diffe-rent peaks at 164,
270, 310, 466, 624 cm™ which assi gned to tetragonal phase of
710, [22], while the Raman spectra of ZMS mixed oxides revealed
only the tetragonal phase of Zr, which is due to the presence of
silica, which completely stabilized the t-ZrO, phase [23]. The
observed Raman spectral lines for MoOs in ZMS samples (Fig.
4b) at 161, 285, 293, 339, 381, 666, 819 and 996 cm™', which
correspond to 0-MoOs. As the amount of Zr increased in 15
ZMS and 20ZMS samples, the 0-MoO; has shifted to 760
cm™, so all other lines were also shifted and thereby confirmed
the addition of zirconia to the mixed oxide. The three low Zr
loading samples show the same Raman lines at 660 and 248
cm™' which are assigned to the silicomolybdic species [24].

Temperature programmed desorption (TPD) studies:
The TPD spectra of ZrO, and prepared samples calcined at
500 °C are shown in Fig. 5. There are two distinct peak regions
viz. one at low temperatures (T <400 °C), indicating the presence
of weak acid sites, and another at high temperatures (T > 400
°C), indicating the presence of strong acid sites. The results
showed strong desorption peak observed at around 692 °C, it
is generally reported that the surface acidity of zirconia is due
to Zr** and OH™ species. Incorporation of d-block metal ions
modifies in more coordinated unsaturated cations and then
generate more acidity.

The first sample1 % ZMS showed two small peaks one at
high temperature and other at low temperature region (636.2,
234.2 mmol/g), which corresponds to the strong and weak
adsorption sites, the total acidity in this sample was 0.057
mmol/g, which was the lowest acidity in ZMS series that might
be due to presence of few weaker acid sites. Table-2 showed
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Fig. 4. Raman spectra of (A) pure ZrO, catalyst and (B) (a) ZR, (b) 1ZMS, (c) 5SZMS, (d) 10ZMS, (e) 15ZMS and (f) 20ZMS mixed oxide
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TABLE-2
ACIDITY MEASUREMENT OF THE PREPARED CATALYSTS
Sample Peak at low Peak at Acidity
P temp. high temp. (mmol/g)
1 wt.% ZrO,/MoO,/SiO, 2343 636.2 0.057
5 wt.% ZrO,/MoO,/SiO, 164.8 618.0 0.078
10 wt.% ZrO,/MoO,/SiO, 192.3 649.7 0.181
15 wt.% ZrO,/Mo0O,/SiO, 162.6 691.5 0.140
20 wt.% ZrO,/Mo0O,/SiO, - 600.0 0.130

that the total acidity increased with increasing of zirconia loading
up to 10ZMS then decreased with further loading. The catalyst
with 10ZMS loading showed the highest acidity in the series
(0.181 mmol/g), however further loading above 10% show
slightly decrease in the acidity due to the agglomeration of
zirconia at higher loading. Thus, sample 10ZMS has the highest
acidity as it has number of strong as well as weak acid sites
are present in more amount. It is concluded that the total acidity
of catalyst was increased due to both type of acidic sites, pres-

ence of Zr** and Mo® and hydroxyl groups attached to the
support.

EDX studies: The data of EDX analysis showed presence
of Zr, Mo, Si and O elements in the prepared samples and
confirmed the composition of catalysts (Fig. 6). Therefore,
the EDX confirmed the formation of ZrO,/MoO5/SiO; catalysts.

FESEM studies: The particle size and morphological
feature of the prepared ZMS catalysts calcined at 500 °C can
be obtained from field emission scanning electron microscope
(FESEM) analysis. The results showed that the ZMS catalyst
were agglomerated and aggregated each other on the surface,
which form the rough surface morphology. Additionally, the
sample was found to have a small particle size and numerous
pores, both of which contribute significantly to the reported
elevated catalytic activity.

The FESEM micrographic images of all the prepared
samples are shown in Fig. 7. It was observed that the particles
were agglomerated and almost spherical in shape with average
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Fig. 6. EDX analysis of 10 wt. % ZMS catalyst

size range approximately between 9-39 nm. As the amount of
zirconia increased, change in crystallite shape was prominently
observed. The preparation method highly influences the particle

size of the catalysts. Therefore, the nanoparticle sizes of all
prepared catalysts were determined by combining the results
of crystallite size obtained from XRD data and those obtained
from FESEM.

TEM studies: The TEM images of zirconia and zirconia
supported on MoOs/SiO; at different loading are presented in
Figs. 8 and 9, which confirmed the formation of the spherical
morphology. The average particle size obtained from the TEM
analysis was found to be in the range 6-20 nm, which is in good
agreement with results obtained by XRD analysis. The small
pores evenly distributed in the particle show the porous nature
of the sample and the pores appear brighter than the surroun-
ding ones because they absorbed less electrons [25]. Further-
more, the results highlight the fact that the prepared zirconia
mixed oxide catalysts were slightly agglomerated and the
particles are relatively uniform in size and shape.

Fig. 8. TEM micrograph of ZrO, catalyst at different magnification and focused on different areas
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Fig. 9. (a-e) TEM micrograph 1-20 ZMS catalyst respectively

The TEM micrograph of 1ZMS catalyst showed the size
of particles is still spherical as ZrO, added to MoO5/SiO, (Fig.
9a). While in other samples (5ZMS, 10ZMS, 15ZMS and
20ZMS) exhibit the spherical sized particles with agglomera-
tion, which may due to the addition of more amount of ZrO,
on MoQO3/Si0..

XPS studies: The oxidation state of the elements present
in prepared catalysts were investigated by X-ray photoelectron
spectroscopy (XPS) technique. The binding energy values of
Zr 3dsp, Zr 3dsp, Mo 3ds,, Mo 3dsp, Si2p and O 1s are present
in Table-3. The XPS peaks of Zr 3d, Mo 3d, Si 2p and O 1s
were distinctly visible and confirmed the presence of these
elements. For a better comparison, the XPS peaks of ZrO.in
ZMS catalyst are presented together, also comparison has done
with Mo, Si and O in these Figs. 10-14. The results clearly
show that the XPS bands depend on zirconia coverage in MoOs
oxide and MoO,/SiO, mixed oxide conveyor.

Zr3d: The core level spectra of Zr 3d in ZMS samples
are depicted in Fig. 10, which showed the XPS spectra of
representative samples (5ZMS, 10ZMS and 20ZMS). The XPS
peaks are distinctly visible and confirmed presence of Zr (3d5,
3dsp), Mo (3dsp, 3dsp), Si (2p) elements. Here Zr 3ds, and Zr
3ds;, observed their binding energies at 182.1 eV and 184.4
eV, respectively not much change with various ZrO,loadings,
which provides the evidence of presence of a single type of
zirconium oxide with an oxidation state of +4.

Zr 3dy
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Fig. 10. Zr3d XPS spectra of the different composition of ZMS samples

Mo 3d: The energy line of Mo 3d spectra showed two peaks
(3d5sp, 3ds,) which can be related to the binding energy of
spin orbit splitting of Mo(VI). All the samples showed the
binding energy of Mo 3ds,» and 3ds,, level at around 232.29 +
0.1 and 235.4 + 0.1 eV, respectively as shown in Fig. 11, which
correspond to the oxidation state of Mo(VI) [26].

TABLE-3
BINDING ENERGIES (eV) FOR ZrO,/Mo005/SiO, CATALYST
710, loading (wt.%) Ols Si2p Mo 3d;, Mo 3ds, Zr3ds, Zr3ds),
5 wt.% ZrO,/Mo0,/SiO, 531.6 103.0 232.36 235.5 182.3 184.5
10 wt.% ZrO,/Mo0,/SiO, 531.6 103.0 232.29 23542 182.0 184.46
20 wt.% Zr0,/Mo0,/SiO, 530.0 102.95 232.21 235.3 181.95 184.4
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Fig. 11. Mo 3d XPS spectra of ZMS catalysts

O 1s: The observed binding energy of O 1s in the prepared
ZMS samples showed the shifting of peak from 532.5 eV to
530eV as shown in Fig. 12, which is due to the increase amount
of zirconia loading. The additional peak was observed at
binding energy 535 eV, which may due to silica lattice oxygen
[27].
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Fig. 12. O 1s XPS spectra of ZrO»/MoOs/SiO; catalysts

Si 2p: The Si 2p energy region of all the prepared samples
indicated the presence of a symmetrical line at 103 eV (Fig.
13), which correspond to O-Si-O and O-Si from SiO, phase.

C 1s: The C 1s binding energies of catalysts was observed
at 284.3-285.5 eV (Fig. 14), which correspond to sp” and sp*
carbon.

Catalytic activities: The catalytic activities of synthesized
ZMS samples were studied by oxidation of sulphide at different
reaction parameters, thioanisole was selected as a model subs-
trate.
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Fig. 13. Si 2p XPS spectra of ZMS samples

B
=
C B
o
E -

294 292 290 288 286 284 282 280
Binding energy (eV)

Fig. 14. C 1s XPS spectra of the different composition of Zr on MoO3/SiO,
catalysts

Optimization of different catalysts: A series of oxidation
reactions of sulfides were carried out over different loading of
zirconia i.e. 1, 5, 10, 15 and 20 wt. % on MoO3/SiO, catalysts
under the optimized condition and the results are shown in
Table-4. The reaction was carried out on 20ZMS sample, where
the conversion of thioanisole was highest (99.4%), possibly
because of the presence of strong acid sites. This is explained
by the TPD spectra, which show that 20%ZMS has strong acid
sites and no weak acid sites are present. This is due to the incre-
ased amount of zirconia on molybdenum, which completely
covered the surface of catalyst. The total acidity of 20 ZMS
was 0.13 mmol/g, therefore further studies was carried out by
using 20%ZMS.

Optimization of catalyst amount: Different amount of
ZMS catalyst from 0.02 to 0.30 g were used for the oxidation
of sulfides. It was found that the conversion of sulfide incre-
ased with the increasing in catalyst amount, that might be due
to availability of more active sites at higher catalyst amount.
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TABLE-4
OPTIMIZATION OF DIFFERENT CATALYSTS
Catalysts Cor!vers.ion of Sulfp{(ides
thioanisole selectivity (%)
1ZMS 98.8 91
5ZMS 95.8 94
10ZMS 87.8 90
15ZMS 95.5 96

Reaction condition: Thioanisole = 1 mmol, H,O, = 2 mmol, solvent =
ACN, Retention time = 30 min.

The maximum conversion up to 99.4% of thioanisole was
obtained with 0.1 g of 20 wt.% ZMS catalyst (Fig. 15). Further
increased the amount of catalyst the conversion remain nearly
same but selectivity of methyl phenyl sulfoxide was slightly
decreased, which is likely due to further oxidation of sulfoxide
into sulfone caused by the excess amount. Therefore, 0.1 g
catalyst amount was chosen for further reactions.

100
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Conversion and selectivity (%)
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Fig. 15. Effect of catalyst amount (Reaction condition: thioanisole = 1 mmol,
H,0, = 2 mmol, solvent = ACN, retention time = 30 min)

Optimization of oxidant amount: The effect of oxidant
amount on the oxidation of sulphides to corresponding sulfo-
xides was studied. The hydrogen peroxide as green oxidant
was selected for this reaction under optimized conditions with
varying the volume of H,O, from 1, 1.5, 2 and 3 mmol. From
Fig. 16, it was observed that as amount of H,O, increased from
1 to 2 mmol, the conversion of sulphide increased (from 40.3%
t0 99.4%) and 97.3% selectivity of sulfoxide obtained, while
further increasing of H,O, showed decrease in selectivity of
sulfoxide from 97.3% to 35%. This decrease in selectivity due
to increase the amount of oxygen ion in reaction at higher amount
of oxidant, which leads to over-oxidation reaction of thioanisole
to sulfon therefore, 2 mmol oxidant was selected and used for
further oxidation reaction.

Optimization of solvent: Different solvents having diffe-
rent polarity were chosen for this reaction (acetonitrile, toluene
methanol and water), the reactions were carried out at room tem-
perature under optimized conditions. The order effect of solvents
over the conversion of thioanisole was in range of acetonitrile >
toluene > methanol > water > without solvent (Fig. 17).
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Fig. 16. Effect of oxidant amount (reaction conditions: thioanisole = 1 mmol,
catalyst = 0.1 g of 20ZMS, solvent = ACN, retention time = 30
min)
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Fig. 17. Effect of solvent on oxidation of sulphide (Reaction condition:
thioanisole = 1 mmol, H,O, = 2 mmol, 0.1 g of 20ZMS, retention

time = 30 min)

For aprotic solvents, acetonitrile gave good result with
99.4% conversion of thioanisole and 97.39% selectivity of
methyl phenyl sulfoxide, the other solvents showed less conver-
sion as compared to acetonitrile, which may be due to low solub-
ility of aqueous hydrogen peroxide in non-polar solvents (water
and methanol), while acetonitrile begin polar with dielectric
constant was easily dissolved in aqueous H,O, along with thio-
anisole which makes it easier the adsorption of reaction on
the surface of ZMS catalyst and increases in conversion, hence
acetonitrile was selected for the further oxidation reaction.

Oxidation of various sulphides: Oxidation of sulfides
with 30% H,O, were carried out under suitable reaction condi-
tions at room temperature in presence of 0.1 g 20ZMS catalyst
using sulphide:hydrogen peroxide (H,O,) volume ratio 1:2 in
ACN as solvent. The results (Table-5) showed that ZMS mixed
oxide catalysts usable for the oxidation of different sulfides
including dialkyl, benzylalkyl and arylalkyl substituted
sulphide with H,O, as green oxidant. Among these, thioanisole
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TABLE-5
OXIDATION OF DIFFERENT SULFIDES

(%) Selectivity of

Entry No. Sulfide Time (min) Conversion (%) sulfoxide
S
N
1 30 99.4 97.39
S
N
2 30 99.9 90.0
H,C
S
N
3 30 99.7 92.5
Cl
S
~
4 30 95.6 85.3
O,N
S
5 NN 120 89.1 100.0
S
6 ©/ \© 45 82.0 87.0
S
7 45 92.8 90.1
gave higher conversion (99.4%) than biphenyl sulphide (Table- | I sclectivity [l Conversion
5, entries 6) meanwhile, it was observed the significant effects 1004
of electronic and steric factors of substrates on conversion and 3
selectivity [28]. In general, sulphides with electron-rich side > 80-
group i.e. high electron density on sulphur atom in sulphide %
such as methyl-p-tolyl sulphide was oxidized at higher conver- 2 60
sion than sulphide with electron-deficient group such as 4-nitro- g
thioanisole (Table-5, enter 4). s
Recycling and reuse of catalyst: In order to estimate the % 40
stability of prepared ZMS catalyst after completion of reaction, g
the catalyst was washed, dried, then calcined at 500 °C and S 20+
used for oxidation reaction with fresh reaction mixture. The
ZMS catalyst was still active and reusable without any loss of
activity toward oxidation reaction for three cycles (Fig. 18). 07 1 5 3
Plausible mechanism of oxidation of sulphide: The plau- Run
sible mechanism for the oxidation of sulfides over ZMS catalyst Fig. 18. Recycling and reuse of catalyst
is presented in Fig. 19. Hydrogen peroxide reacted with the
active sites of ZMS catalyst to generate peroxy species, which ) M+ H—O—O—H —» M—O0—O0—H + H*

in turn reacted with sulphide to form an intermediate; finally
then this intermediates combined to form sulfoxide with water
as byproduct. This might be due to the strong acidity of ZrO,/
MoO/SiO; catalyst.

Conclusion

By using sol gel method, ZrO,/MoO5/SiO; catalysts with
various loading were synthesized and characterized by FT-IR,
Raman, XRD, SEM, EDX, TEM and XPS techniques. In most
of the synthesized catalyst, effective tetragonal phase geometry
was found to be more operative for the catalytic study. The

2)

3)

N +

M—O0—O0—H 4 R—S—R ——» R—S—R

. + H,0
H 0—M
(o}
R—T—R —» R—S—R + M + H;0
o—i-m
1

Fig. 19. Mechanism of oxidation reaction of sulphide
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oxidation of sulfides to sulfoxides was carried out using 30%
H.0; as green oxidant which results in high conversion, 99.4%
towards sulfoxides. ZMS catalyst was found non-corrosive,
inexpensive, environmental benign and can be reused by simple
filtration method without significant loss in the catalytic perfor-
mance and gave excellent conversion of reactant and selectivity
of product.
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