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Cationic surfactant cetyltrimethylammonium bromide-
mediated water-based preparation of nanocrystalline
Ag/WOj; catalyst has been reported in a one-pot preparation
method. This catalyst has been characterized by XRD, XPS,
SEM, TEM, STEM-mapping, FTIR, Raman, TGA, and ICP-
AES. SEM images displayed the formation of aloevera-like
structure. TEM-images revealed the formation of ultrasmall
Ag (with average size 5 nm), anchored on monoclinic WO,
rods (with diameter in the range between 80 and 120 nm). It
was found that the catalyst can effectively oxidize styrene
with H,0, as oxidant. The effect of different reaction
parameters have been studied in detail. A styrene conversion
of 75% with a styrene-oxide selectivity of 55% and a styrene
conversion of >99% with a benzaldehyde selectivity of 88%
accomplished over this catalyst, varying different reaction
conditions. The catalyst did not show any leaching up to five
reuses, showing the true heterogeneity of the catalyst.
However, significant H,0, decomposition occurs on the
catalyst necessitating its usage in four-fold excess.

One-dimensional (1D) nanostructures (such as wires, rods,
tubes, and belts) have been the focus of extensive research in
recent years due to their potential applications in fabricating
nanoscale electronic, optoelectronic, sensing devices and
catalysis. More recently, many efforts have been devoted to the
controlled synthesis and assembly of metal nanowires owing to
their promising use as interconnects or active components in
fabricating nano-devices and their important roles in probing a
variety of physical phenomena.' Additionally, the surface of
1D nanomaterials is inherently rich in coordinatively
unsaturated sites that can play an active role in catalytic
reactions.* Thus, 1D nanomaterials are drawing growing
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attention for the specific physical properties that they display
compared to their bulk counterparts. Solution-phase techniques
(wet chemistry) have been shown to be a very advantageous
and viable approach for the preparation of metal-oxide
nanomaterials.* However, these methods typically require the
use of templates or other additives to direct the growth of the

material towards a specific morphology. Cetyltrimethyl

ammonium bromide (CTAB) is a cationic surfactant that plays
an important role in controlling the formation of micro and
nano architectures under the template effect (soft template). The
growth of the certain architecture is associated with the
selective interaction of the organic surfactants on certain
crystallographic facets to stimulate the crystal growth.>®

Herein, we report a one-pot, CTAB-mediated, facile aqueous
approach to prepare a forest of oriented silver-tungsten aloevera type
material, that consists of numerous nanorods (1D) at room
temperature. The morphology of the diameter and length of the
nanorods in the system can be tuned by varying the experimental
parameters. To the best of our knowledge, there is no literature
present that reported the synthesis of this type of 1D composite
nanomaterial previously.

Direct functionalization of hydrocarbons by catalytic oxidation of C-
H bonds to form oxygenated products under mild conditions is a
major challenge, since this path serve as the key to the formation of
value-added oxygenated chemicals and pharmaceuticals.”® Among
many oxidation reactions, catalytic oxidation of styrene is one of the
most notable examples since the reaction gives valuable oxygenated
compounds, which can serve as precursors for many chemical
products like styrene oxide, acetophenone and benzaldehyde, and
even benzoic acid.” Among these oxygenates styrene oxide and
benzaldehyde are the most important oxygenates. Styrene oxide,
which is an important intermediate for large variety of fine
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chemicals such as perfumes and drugs etc. Traditionally, oxidation
of styrene is carried out by using stoichiometric amounts of organic
peracids as oxidant.'” On the other hand, benzaldehyde (almond
aroma) is the second most used flavouring agent.'' In 2009, it was
estimated that 90 kilotons of benzaldehyde were synthesized through
industrial processes hampered by high temperatures and pressures
that nevertheless resulted in lackluster yields."' One industrial
pathway to benzaldehyde is the hydrolysis of benzalchloride
synthesis which generates large quantities of HCI as a by-product.'?
The alternative, and more popular industry method of air-oxidation
of toluene, results in low conversions of starting materials and
produces benzaldehyde only as a by-product in the production of the
less valuable benzoic acid." But production of a specific oxygenate
selectively, with high yield is a great challenge to the researchers; so,
many researchers came forward to sort out the problem using various
oxidants like TBHP,'*"> molecular oxygen,'"'®!7 and a mixture of
TBHP and molecular oxygen.'® In contrast to the said oxidants, use
of H,0,-based catalytic epoxidation is of great advantage to the
environment and industry because (i) it generates H,O as a sole by-
product, (ii) it has a high content of active oxygen species (47%),
and (iii) H,O, is rather inexpensive compared with organic peroxides
and peracids' and several researchers reported styrene-oxidation
with H,O, as oxidant. Laha et. al. demonstrated that, the yield of
styrene oxide from styrene can be increased to ~52% if urea is mixed
with H,0, as oxidant, using TS-1 catalyst.”’ Rajabi et. al reported
~95 % yield of benzaldehyde from styrene using supported Fe-
nanoparticles and H,O, as oxidant.?' Duarte et. al. reported ~58%
yield of Dbenzaldehyde wusing tetrabutylammonium salt of
[XW [ ;M(H,0)03]"™", X= B and M=Mn (III).” But, so far and so
forth, none of the process could have been scaled up largely because
either low selectivity of styrene oxide/benzaldehye, or use of high
temperature, or serious leaching of the catalyst. In our previous
paper, we reported ~ 52% yield of styrene oxide;” but the catalyst
shows inefficiency from its 3 recycle and suffers severe leaching in
the reaction medium. Therefore, a true heterogeneous catalyst
(devoid of leaching properties) with high selective nature is highly
demanding in the field of catalysis.The heterogeneous epoxidation of
olefins by silver-based catalysts is an important process in chemical
technologies,'®** and the catalytic properties of AgNPs in oxidation
reactions strongly depend on the particles’ size and stability and the
nature of the support.

Herein, we also report a styrene conversion of 75% with a styrene-
oxide selectivity of 65% and a styrene conversion of >99% with a
benzaldehyde selectivity of 88%, varying reaction parameters.

The Ag/WO; aloevera catalyst was synthesized by modifying our
own preparation method® taking tungstic acid and silver nitrate as
the precursors of W and Ag respectively. The evolution of silver
supported tungsten oxide alovera-like structure is really interesting
although the mechanism is not very clear. The cationic surfactant
CTAB, synthesis- stirring time nucleation-growth rate of the seed
plays an important role in determining the morphology of the final
nanoparticle. As per LaMer plot*® for the crystallization nucleation
growth process and Tran’s point, the nucleation rate increases with
decreasing surface energy. The surfactant can affect surface energy
and thus control the nucleation rate. According to Gibbs—Wulff
theory, the equilibrium shape of a crystal is one that minimizes the
surface energy for a given enclosed volume. If the surface energy is
isotropic, the equilibrium shape will be spherical as the sphere has
the minimum surface area. Inorganic nanoparticles often lead to
spherical particles as this represents the lowest possible surface
energy. 1D nanostructures is generated, if the surface energy is
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anisotropic.® To explore the formation mechanism of Ag-WO;
alovera, a series of time-dependent experiments were performed. In
the absence of CTAB, disperse rods with indefinite aspect ratio were
obtained (Fig. S1, ESIf). However, inhomogenous rod-like
nanostructures with small diameters assembled by disordered aspect
ratio were obtained while Ag: CTAB molar ratio was 1: 1 (Fig. S2,
ESIf). This experimental finding refelected the structure-directive
property of CTAB. When the mixture was kept for lh aging,
followed by calcinations, the product so obtained displayed that
numerous nanoparticles assembled together and in a definite
direction, the growth of the assembly occurred (shown by red
arrows, Fig. S3, ESI{). 3h aging time was proved to be optimum
condition for the growth of the aloevera-type morphology. The SEM
image of the sample displayed that almost homogeneously formed
nanorods (1D) with diameter ~ 70 nm grew in a definite direction
and displayed aloevera-like morphology (Fig. S4, ESIT). While the
aging time was prolonged to 10 h, these nanorods fused together by
means of Ostwald ripening process and produced larger, indefinite-
shaped aggregates (Fig. S5, ESIt).

As a cationic surfactant, CTAB is an ionic compound that ionized
completely in water: quantities of anions OH, WO,*, and Ag and
cations CTA", Ag" existed in basic solution.”’” Therefore, cooperative
self-assembly between ionic CTAB molecules and charged species is
built via electrostatic interaction in reaction solution. The formation
of nearly spherical aggregates of nanoparticles after 3h aging time
may be brought from the strong electrostatic attraction between
positive CTA" cations and negative OH anions on the surface of
nanoparticles as well as the hydrophobic interactions and van der
Waals attraction caused by adjacent CTAB adsorbing on Ag-WO;
nanoparticles. All these factors contribute greatly for the generation
of aloevera-like morphology of the sample. We also observed that,
without the use of AgNOs, and even change in the precursors of
Ag/W, however, aloevera-type morphology was not generated. (Fig.
S6-S8, ESIt). Therefore, we tentatively, suggest that, CTAB-
micelles in the solution, precursors of Ag, W and even aging time
directly take part in the shape-controlled synthesis of Ag/WOs;
aloevera.

The Ag/WO; aloevera like catalyst was characterized thoroughly by
XRD, XPS, SEM, TEM, Raman, FTIR, TGA, BET surface area and
ICP-AES. The crystal structure and phase purity of the Ag-W
aloevera-like catalyst were analysed by X-ray diffraction (XRD) The
X-ray diffraction (XRD) pattern of the catalyst showed the peaks at
20 values of 23.1°, 23.7°, 24.4°, 33.3° and 34.0°, confirm the
formation of monoclinic WO; (JCPDS No. 43-1035, space group:
P21/n) (Fig. 1). However, we could not observe any diffraction
peaks assignable to metallic silver Ag (0) or oxides of silver,
indicating the very small silver particles size. No other peak due to
other phase of tungsten-oxide was observed, indicating a useful
method to synthesize high-purity under the present experimental
conditions. XPS was utilized to detect the surface composition and
the chemical state of the catalyst. X-ray photoelectron spectroscopy
(XPS) analyses confirmed the presence of metallic silver (Ag) in the
fresh sample from the corresponding Ag 3ds;, and Ag 3d;, binding
energy values of 368.2 eV and 374.2 eV respectively (Fig. S9,
ESIt).”® The W 4fs, and 4f,, spectra attributed to the binding
energies 37.9 eV and 35.8 eV respectively suggesting that the
tungsten in the tungsten oxide sample exists as W'® (Fig. S10,
ESIT).” The corresponding Ag 3d binding energy of the spent
catalyst ~368.2 eV, confirms that the oxidation state of metallic
silver does not change during catalysis.

This journal is © The Royal Society of Chemistry 2012
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The topology of the catalyst was studied by scanning electron
microscopy (SEM, Fig. 2 & S4, ESIt). SEM images with lower
magnification (Figure 2a) revealed that the catalyst displays alovera-
like structure. The oriented texture of the sample can be better seen
from much lower magnification (Fig. S4, ESIf). A high
magnification image of the catalyst (Fig. 2¢) reveals that most of the
nanorods are oriented and have a uniform diameter and length. It
also seems from the diagram that Ag nano particles are visualized
like water-droplets on aloevera-leaves. SEM-EDX analysis (Fig. 2d)
of the composite revealed that, there appears a distribution of Ag, W
and O only, and no sort of C or Br. This observation indicated the
complete removal of the structure-directing template (s). However,
SEM-EDX analysis of the uncalcined composite revealed the
presence of C and N as impurity (marked as blue circle, Fig. S11,
ESIt). This experimental finding was further supported from TGA
(Fig. 3) and FTIR analysis of the unalcined catalyst (Fig. 4). TGA
analyses (Fig. 3) were carried out to understand the various weight-
loss regimes of the uncalcined catalyst. Three discrete regions of
thermal decomposition can be observed; first weight-loss
corresponds to the elimination of water followed by the
decomposition of reactants to form NO, and organic phases at 150 to
230 °C and finally the combustion process between 250° and 330 °C.
A further mass loss is noticed between 350 and 450 °C due to the
elimination of remaining carbon and organic compounds. This
region is likely due to formation of a crystallized Ag-W-O inorganic
phase. Further weight loss was not observed when the temperature
was further increased from 480 to 600 °C, no weight loss speculated,
indicating the formation of stable Ag/WO; catalyst in that
temperature zone.

The embedment of CTAB molecules on the uncalcined catalyst was
further confirmed from the FTIR analysis (Fig. 4). The peaks of the
sample at 812, 1062 cm™ can be assigned to the C-N" stretching
modes of CTAB molecules.” The peak at 1378 and at 1462 cm™ are
assigned to symmetric mode of vibration of the head groups of the
methylene moiety (N'—CH;) and CH, scissoring mode
respectively.*® The frequencies above 1600 cm™ to 3000 cm™ are due
to CH, symmetric and antisymmetric vibrations, respectively. It is to
be noted that, the shift of vibrations to lower frequency occurred as
the alkyl chains experienced a more hydrophobic environment in
Ag-W blocks upon the surface of which the CTA-moieties were
supposed to be bound.? It can be inferred that, the mutual
interactions between CTAB and the Ag-W surface have taken place.
Some bands were detected at 2800-3020 cm™, which can be
attributed to the CTAB surfactant. The FTIR spectrum of CTAB
shows two intense bands at 2918 and 2846 cm™, corresponding to
the asymmetric and symmetric stretching vibrations of C—CH in the
methylene chains. The sharp bands at 1450-1500 cm” were
specified as the deformation of -CH,— and —CH , and the weak band
at 3011 cm’ as the C—CH; asymmetric stretching and N—-CH
symmetric stretching vibrations of the solid surfactant.’® These
typical frequencies were absent when the material was calcined at
500 °C in air (fresh catalyst) in the case of the prepared catalyst,
which indicated that, the embedded CTAB moieties have been
completely removed from the catalyst surface during calcination. In
the crystalline structure of WO;, W atoms are located in the centre of
WOy octahedra with O at the vertices forming W-O-W
connections.’' For such an arrangement, the IR active bands are
fundamental vibrations of W=0, W-O and W-O-W. These can be
stretching (v) or in-plane bending vibrations (8) and out-of-plane
wagging (y).”' The main WOj; vibrations are found in the 1700-380
em ' IR region. All synthesis temperatures present characteristic
peaks at 570, 800, 895, 964, 1045, 1404 and 1608 cm’! associated
with Y(W-O-W), o(W-O-W), u(W-0-W), o(W-0, W=0), 5(W-OH),

This journal is © The Royal Society of Chemistry 2012
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V(OH) and 6(OH) in W-OH respectively. The -OH bands are
associated with surface hydroxyl groups and weakly bound solvent,
ethanol/water. A stronger broad band around 3350 cm™ should
appear from a W-OH mode if intercalation of H,O had occurred.!
Moreover, there was no structural deformation in the spent catalyst,
that was observed from FTIR analysis.

To further investigate the surface property and to detect subtle phase
information of the composite, we conducted Raman-spectrum
analysis (Fig. 5). Raman spectra of the Ag/WO; flower catalyst is
characterized by well resolved sharp bands as shown. The two main
intense peaks at 806 and 718 cm ', are typical Raman peaks of
crystalline WO,, which correspond to the stretching and bending
vibrations of the bridging tungsten and oxygen atoms. They are
assigned to be the W—O stretching (v), W—O bending (3) and O-W—
O deformation (y) modes, respectively. Two peaks at 326 and 274
cm’! are assigned to be the bending §(O—W—O0) vibrations.*! Those
below 200 cm™ modes were attributed to the lattice vibrations.’!
After the reaction, the Raman spectrum of the spent catalyst was
unchanged, reflects the structural stability of the catalyst under the
reaction condition.

TEM was used to further investigate the sizes and shapes of the
catalyst (Fig. 6). From the TEM image, it could be concluded that
this preparation method has successfully overcome the problem of
agglomeration and appropriate dispersion to obtain nanorods with
uniform size. TEM measurements were carried out to check the
particle size and distribution of the silver nanoparticles (Fig. 6b,
inset, based on Fig. 6b). Higher magnification of the catalyst
revealed that the catalyst is composed of highly dispersed very small
silver nanoparticles of ~2-5 nm on WO; support (Fig. 6a,b). The
corresponding TEM histogram of Ag nanoparticles showed a very
narrow particle size distribution with sizes between 2.5-6.5 nm (Fig.
6b, inset). The interplanar spacing of the lattice fringe distance of
0.38 nm indicates the [020] lattice spacing of WO;, which was
clearly discriminated from of 0.23 nm corresponds to [111] plane of
Ag (Fig. 6d).* Additionally, the SAED pattern (Figure 6¢) also
displayed a polycrystalline nature of the aloevera structure,
indicating that the AgW rods are randomly orientated. Furthermore,
the TEM image of the spent catalyst showed that the topology and
the silver particle size of the catalyst were hardly changed after fiver
reuses (Fig. S12, ESIT). TEM-EDX pattern also showed the presence
of Ag and W in the sample (Fig. S13, ESI{). Moreover, that the
percentage of Ag and W remain intact after four reuses qualitatively
is also visualized from the corresponding TEM-EDAX image of the
spent catalyst (Fig. S14, ESI}). It was also visualized from TEM-
images (Fig. S15, ESIf), that increment in Ag-loading led to the
increase in Ag-particle size. Moreover, some agglomerations of Ag-
particles were also observed from the TEM diagram.

Typically, the dispersion of Ag, W and O atoms in the catalyst was
also analyzed by STEM-EDX mapping (Fig. 7). It indicated that
each of Ag, W and O species was homogeneously dispersed.

The activities of Ag/WO; aloevera (Ag-W*") catalyst in the
oxidation of styrene in liquid phase by using H,O, as oxidant have
been summarized in Table 1. Main product was detected to be
styrene oxide (SO). Main by-products were detected to be
benzaldehyde (¢cpo), phenylacetaldehyde (dchacno) and very less
amount of benzoic acid (¢coon). Oxidation of styrene was speculated
to occur in a single pathway i.e solely in the side chain, attached
with aromatic system and none in the aromatic ring. At room
temperature (35 °C), the poor conversion of styrene conversion was
noticed. At higher temperatures (>50° C) although conversion of
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styrene increased, selectivity to phenylacetaldehyde was noticed to
be sharply dropping due to the formation of mainly benzaldehyde
(Fig. S16, ESIt). To maintain the higher selectivity of SO, we tried
to carry out the reactions at moderate temperature (at 75° C), where
we also expected the satisfied conversion of styrene (75%
conversion). Then we varied different reaction conditions to achieve
higher yield of SO at 75° C. When styrene: H,O, molar ratio was
low (say 1:1 or 1:2), we observed low conversion of styrene (Fig.
S17, ESIf) probably due to inevitable decomposition of H,0, at that
temperature over the catalyst. Blank reaction was performed (entry
1, Table 1 & Fig. S18, ESIt) without any catalyst; conversion of
styrene was very poor, reflecting the necessity of the catalyst in this
oxidation reaction. We also observed that, increment in catalyst
weight decreased the selectivity of acetophenone (Fig. S18, ESIY),
probably due to increase of more active catalytic sites facilitated the
attacking positions of styrene in its all possible sites. Maintaining all
the optimum conditions, when the reaction was allowed to run for
hours (Fig. S19, ESIt), we noticed that, although the conversion of
styrene increased with time, but SO selectivity gradually went
decreasing due to the formation benzaldehyde and other by-products.

Notably, commercial Ag,O, WOs3, and eve metallic Ag catalyst did
not show any activity (entry 2-4, Table 1). Conventional catalyst
prepared by impregnation method also showed negligible activity
(entry 5, Table 1). The reason can be attributed to the comparatively
smaller size of Ag (supported) nanoparticles catalyst possess
comparatively high specific surface area which corresponds to
higher dispersion of the catalyst that leads to the availability of more
exposed surface active sites, where the catalytic reaction takes place.
The open structure of the WO; nanorods allows easy access of the
reactants which makes the catalytic process favorable. The poor
catalytic activity of the impregnated catalyst may be attributed to
their irregular shape and larger particles size which limits the
accessibility of the catalyst towards the reacting substrates (Fig.
S13).

We also noticed that, further increment in content of Ag to 5.8%,
however, the catalytic efficiency decreased (entry 9, Table 1). This
may be attributed to the slightly aggregation of the Ag-NPs on the
surface of WO; nanorods, resulting in the decrease of the number of
active sites on the sample of the catalyst.

The optimum reaction condition of the oxidative coupling reaction
was applied on various substituted styrenes (Table 2). Epoxides were
the main product; moreover, we noticed that, electron-donating
group facilitaes the epoxidation reaction, whereas electron-
withdrawing group retards it. From this experimental finding, it can
be concluded that, the mechanism follows a radical-formation
mechanism pathway.

The H,0, does not interact with styrene under normal conditions.
H,0, dissociation is believed to occur homogeneously over the The
dissociation of H,0, over Ag/WO; generates the peroxo tungsten
species which behave as an electrophile in this reaction and the
electrophilic oxygen attacks the electron dense C=C bond; thereby
SO moiety is produced on the surface of the catalyst.* Hampering
the optimum condition, i.e. use of excess H,O, or use of higher
temperature led to the rupture of 3-membered epoxy-system (SO)
and produces more stable product benzaldehyde.

The oxidant H,O, was used in an excess amount (styrene: H,O, = 1:
4 molar ratio). In general, H,O, decomposes spontaneously over a
catalytic surface. Hence, we used an excess of H,O, so that the
active oxygen species needed for the oxidation of the styrene could
be available during the reaction. Significant H,O, decomposition
occurs on the catalyst necessitating its usage in three-fold excess.
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Furthermore, we took the reaction mixture and performed
permanganometric titrations to detect H,O,, but no H,0, was
discovered in the reaction mixture, indicating that the unreacted
H,0, molecules have been decomposed completely. We have plotted
H,0, consumption in terms of its efficiency % (Eo) in Table 1.

The efficiency of a heterogeneous catalyst is evaluated in terms of its
recyclability and stability. The reusability of the Ag-WOs; aloevera
catalyst was studied without any regeneration. After each run, the
catalyst was filtered during hot condition and repeatedly washed
with acetonitrile and acetone and dried overnight at 100 °C and used
as such. We observed that the catalyst showed negligible change in
its activity (entry 7, Table 1 & Fig. S20, ESI{). The amount of Ag
and W present in the catalyst after 5 reuse was almost same as the
fresh catalyst (estimated by ICP-AES) confirming the true
heterogeneity of the catalyst. After 5 recycles, negligible amount of
leaching of Ag and W was detected by ICP-AES (concentration of
both metals were <2 ppb).

Conclusions

In summary, we have developed a surfactant-promoted simple
preparation method to prepare Ag/WO; aloevera like catalyst,
comprising 2.5-6.5 nm Ag nanoparticles anchored on WO; rods
with ~70 nm diameter, displaying high thermal stability and
good catalytic activity for the single step conversion of styrene
to styrene oxide/benzaldehyde using H,O,, exhibiting a styrene
conversion of 75% with a styrene-oxide selectivity of 55% and
a styrene conversion of >99% with a benzaldehyde selectivity
of 88% varying different reaction conditions. The catalyst can
be reused several times without any activity loss. The proposed
method is also advantageous from the standpoint of low cost,
environmental  benignity  and

operational  simplicity;

furthermore, it can be applicable to large-scale reactions.
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Fig. 1 XRD diffractogram of (a) fresh

catalyst, (b) spent catalyst

(after 4 recycles), commercial (c) Ag and (d) WO;.
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Fig. 2 SEM images (a-c) in increasing magnifications and (d) SEM-
EDAX of Ag/WO; aloevera-type catalyst.
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Fig. 3 TGA diagram of the uncalcined Ag/WO; aloevera-type
catalyst.
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, 964 em [~ 570 cm”! Fig. 6 TEM images (a, b) with increasing magnifications, (c) SAED
1404 em 895 cm-:l pattern and (d) HRTEM image of the Ag/WOj; aloevera-like catalyst.
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Fig. 4 FTIR diagram of (a) fresh and (b) spent (after 5 reuses), (c)
uncalcined Ag/WOj; aloevera-type catalyst and (d) that of CTAB.
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Fig. 7 (a) STEM image and elemental distribution (based on Figure
7a) of (b) Ag, (c) W and (d) O in the Ag-WO; aloevera-like catalyst.
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Fig. 5 Raman diagram of (a) fresh and (b) spent (after 5 reuses)
Ag/WO; aloevera-type catalyst.
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Table 1. Oxidation Reaction of Styrene over Ag-W Aloevera-like Catalyst®

entr catalyst Cg Sp Yso!  E%
y (%) o (%)
SO dcro deme Peoo
HO H

1 No 1.5 35 45 17 3 0.5 -
catalyst

2 Ag 1.8 18 48 30.5 35 0.3 -

3 Ag,0 22 14 46.5 35 45 0.3 -

4 WO, 2.8 22 52 205 55 0.6 -

5 Ag- 2.5 26 56 15 3 0.6 -
Wlmp

6' Ag- 75 55 43 2 1 412 103
Wa1v3 3

7¢ Ag- 725 52 44 25 1.5 377 94
Wa1v3 3

8" Ag- >99. 5 88 3 4 5 14.5
Walv3.3 0

9' Ag- >99. 27 67 3 2 1 16.5
Walv5.8 0

“Typical reaction conditions: solvent (MeCN) = 10 ml, substrate (styrene)
= lg, catalyst = 0.075 g, styrene: H,O, (molar ratio) = 1:4, reaction
temperature = 75 °C; time = 12 h; °Cy = Conversion of styrene based upon
the FID-GC using methanol as external standard = [Moles of styrene
reacted/initial moles of styrene used] x 100; “Sp = Selectivity to SO =
[Moles of products produced/ moles of styrene reacted] x 100; “Yso= Yield
of SO= Cg x Ss0o/100, ‘Ey = H,0, efficiency = [moles of SO or
Benzaldehyde formed/total moles of H,O, added] x 100.

/Prepared Ag-WOs; aloevera catalyst and “catalyst after 5 reuse; " styrene:
H,0, (molar ratio) = 1:6; ‘Ag loading = 5.8%; COM: commercial; IMP:
impregnation method; alv: aloevera-like; loading of Ag was determined
from ICP-AES.

Table 2. Formation of SO’s from Different Substituted Styrenes”

entry  substrates main product Cs (%)  Sso(%)  Yso
(%)
1 4@_\ 78 48 374
A
2 CI@_\ ol < > 0 55 37 20.3
A
0 0 18 27 4.9
N / W 0
N N
g @‘/ J ©_<‘

|

“Typical reaction conditions: solvent (MeCN) = 10ml, substrate = lg,
catalyst= 0.075g, substrate: H,O, (molar ratio) = 1:4, reaction temperature
=75°C; time=12 h.
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