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Abstract

Silver nanoparticles loaded mesoporous SBA-15 nanocomposites prepared by direct synthesis and
incipient wetness impregnation methods were evaluated as catalysts for the selective oxidation of
benzyl alcohol to benzaldehyde. The prepared nano composites were characterized by Powder XRD,
TEM, TGA, BET, FTIR and DRS techniques. Powder XRD confirmed the existence of metallic Ag
nano particles in the mesoporous sieves. TEM images showed uniform distribution of Ag nano
particles as dark nanostructures in- as well as on- the surface of SBA-15. The surface area of bare
SBA-15 significantly changed with the introduction of metal within the silica host. Thus, the
physiochemical and catalytic parameters of the synthesized nanocomposites were found to be greatly
influenced by the method used for the preparation of the nanocomposites. Moreover, among the
different nanocomposites, Ag/AP-SBA-15(T) nanocomposites exhibited the highest catalytic activity
for the selective oxidation of benzyl alcohol to benzaldehyde (87 %) and benzyl benzoate in IPA/H,O

(1:1) resulting in complete oxidation of the compound.
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1. Introduction

In the recent years, porous materials have been extensively employed because of their highly
ordered shape, size, selectivity, stability and catalytic activity leading to a wide variety of
applications in the nanomaterial or applied science[l, 2]. Usually, these are divided into three
categories, namely microporous, mesoporous and macroporous based on the difference in their
respective shapes, sizes of their framework network and catalytic activity. Among them,
mesoporous materials are the porous materials that have a pore diameter in the range of 2-50 nm.
They are amorphous, made up of silica frame-work having high surface area, larger pore-size,
ordered arrays of nano-channels, higher hydrothermal stability with potential applications in

separation, catalysis, adsorption and synthesis[3].

Initially, Mobil Oil Research & Development [4], scientists synthesized a wide variety of the
mesoporous materials by using cationic surfactants to assemble silicate anions from solution thus
forming the mesoporous molecular sieves. Moreover, in 1998 Zhao et al.[5] embarked a new
revolution in material chemistry by discovering SBA-15 (Santa Barbara Amorphous) with
increased thermal and hydrothermal stability in comparison to the other materials with a broad
range of pore-size (4.6-30 nm) and pore wall thickness (3.1-6.4 nm) by using
poly(ethyleneoxide)  poly(propyleneoxide)  poly(ethyleneoxide)  triblock  copolymer
(EO4POyEOy) as a template[6]. Although SBA-15 exhibited many advantages, yet it was found
to be an inert catalytic support but when metal was incorporated into it by impregnation or other
techniques, these materials acted as efficient heterogeneous catalysts for a variety of industrially
important reactions [7-11]. Furthermore, it has also been established that the physical and
structural properties of the prepared metal incorporated SBA-15 nanocomposites are strongly
related to their preparation conditions, nature of metal, calcinations temperature etc. So, different
techniques [12-15] were employed for the synthesis of metal loaded mesoporous
nanocomposites. However, the simplest method is one-pot method involving the addition of
metal precursor during the synthesis process leading to the incorporation of metal into the
framework. Being a direct method, it controls the pore size, pore structure and the amount of
metal incorporated within the support and thus, has been used for the incorporation of different

metals viz., Al, Co, Ag and Pt on the mesoporous support[16-18]. Piquemal et al. [12] showed



one-step formation of Ag nanowires in mesoporous SBA-15 using polyol process. Tian et al.
[19] prepared SBA-15 supported Ag NPs by in-situ reduction method using
hexamethylenetetramine as a mild reducing agent (HMTA). The second method, incipient
wetness impregnation[20] involved preparation of supported catalysts when the metal salt
solution is added to the preformed support in an amount to fill the exact pore volume and then
the material is dried and calcined. For metal incorporation, the support was also activated by
functionalization of its surface by various organic groups like amines or thiols or -COOH
resulting in confinement of metal in the highly dispersed form in the mesochannels of the host
[21-23]. Reports based on the incorporation of different transition metals on SBA-15 by the post-
modified (two-pot) method are being discussed. Huang et al. [24] studied the effect of surface
properties of SBA-15 on confined Ag NPs by double solvent technique and observed that the
morphology as well as the dispersion of the incorporated Ag NPs can be easily controlled by
adjusting the surface properties of SBA-15. Chimentao et al. [25] prepared Ag NPs incorporated
SBA-15 composites by a two-pot method for the reduction of p-nitrophenol to p-aminophenol.
Zhang et al. [26] prepared SBA-15 supported Ag NPs by impregnation method for catalyzing
CO oxidation. Lin et al. [27] prepared Ag NPs confined in mesoprous SBA-15 and used it as a
sensor for the detection of H,O,. Fuku et al. [28] reported the preparation of Ag/SBA-15
composites by microwave heating for evaluating their catalytic activity for the production of H,
from NH;3;BH;. Zhu et al. [29] reported the incorporation of Ag NPs in mesoporous SBA-15 by
two-pot method for the liquid phase separation of aromatic hydrocarbons. Szegedi et al. [30]
synthesized Ag NPs in SBA-15 by using pulsed laser ablation and found that the prepared
composites showed high catalytic activity and stability for the oxidation of toluene. Although, a
number of reports have been dedicated for the preparation of Ag/SBA-15 nanocomposites by
different synthetic methods, yet it has been observed that there are few reports on the comparison
of changes in physiochemical properties of prepared Ag loaded SBA-15 composites, synthesized
by different methods viz., in terms of their size, dispersion density of metal NPs and evaluation
of the catalytic activity for different oxidation reactions particularly the selective oxidation of

benzyl alcohol to benzaldehyde.



2. Literature review

Synthesis, characterization and application of porous materials have strongly promoted its broad
use as catalysts, adsorbents and sensors[31]. Mesoporous materials have been the centre of
scientific interest because of their uniform structures, high surface areas, and tunable pore sizes.
These properties made them ideal templates to control the shape and size of incorporated metal
for the preparation of metal NPs. These NPs can be synthesized through various pathways using
different types of surfactants (used as the template) and inorganic species. These pathways has
been classified depending upon the interaction between the surfactant and the inorganic
framework. Huo et al. [32] proposed mainly four different reaction pathways for synthesis of

mesoporous materials.

1. S'Troute: In this route, (S") is used as a cationic surfactant and (I') as an anionic inorganic
species. It involves the co-condensation of anionic with a cationic surfactant to form assembled

ion pair (S'T). It is basically used for the synthesis of M41S materials [4].

2. ST route: In this route, the anionic surfactant (S°) interacted with cationic inorganic species

(I, and is used to direct the self-assembly of cationic inorganic species (I") via (S”) ion pairs.

3. SXT" route: In this route, the surfactant and the inorganic species are cationic in nature and

interact with the negatively charged (X" = CI', Br "halogens) ions.

4. SM'Troute: This route involves the interaction between anionic surfactant and inorganic

species and the positively charged M (metal = Na', K") species.

5. S°I’ route: This route has been proposed by Tanev et al. [33]that used neutral primary amine
surfactant and neutral inorganic species as precursors for the synthesis of mesoporous materials.
The route 3 and 4 involved counter ion (X or M") mediated assemblies of surfactant and
inorganic species of a similar charge. These counter ion-mediated routes afforded assembled

solution species of the type S’ XT or SM'T.

Moreover, though mesoporous materials were synthesized by different routes as proposed above
yet they were completely inert when used in catalysis. For the preparation of heterogeneous
catalyst, immobilization of metal on mesoporous materials was a useful process as it was

observed that the metal NPs incorporated inside the mesoporous materials were found to be in a



highly dispersed and stabilized form and resulted in their high catalytic efficiency. Moreover, it
also gave an insight into the changes associated with the physiochemical properties of different
metal NPs confined in various molecular sieves. Primarily, transition metals have been
incorporated within the mesoporous support. Hojipour et al.[34] prepared the Platinum supported
SBA-15 by impregnated method or by an ultrasonic method using a different concentration of
Platinum salt (0.005%) for the hydrogenation and dehydrogenation of cyclohexene. Tao et al.
[35] synthesized a series of Ni/SBA-15 materials by using impregnation method for the
production of synthetic natural gas. Rudolf et al.[36] synthesized Cu NPs supported on the
polyether functionalized mesoporous silica by an evaporation induced self-assembly method and
used them for the hydrogenation of cinnamaldehyde. Tu et al.[37] reported the preparation of Cu
NPs incorporated SBA-15 composites by a two-pot method for the CO oxidation. Vinoba et
al.[38]reported the synthesis of Ag NPs incorporated amine grafted SBA-15 composites by
grafting method for the electro catalytic reduction of H>O,. Du et al.[39] reported the formation
of Vanadium oxide incorporated mesoporous silica nanocomposites by controlled grafting
method for the oxidation of methanol. Besides, the above reported reactions there has been an
exponential increase in the number of publications involving mesoporous catalysts for alcohol

oxidation.

Oxidation of alcohols to carbonyl compounds has established itself as an important application in
the chemical process industry because carbonyl compounds such as aldehydes, ketones form an
important component in the synthesis of many organic compounds, vitamins, complex ligands as
well as medicine[40-42]. Among various aldehydes, benzaldehyde is a valuable chemical
substance and has widespread applications in chemical industries. As a result, various papers are
dedicated for the oxidation of benzyl alcohol to benzaldehyde respectively. Li et al. [43] reported
photo catalytic oxidation of benzyl alcohol to benzaldehyde by single crystalline Rutile TiO,
nano-rods using visible light. Choudhary et al. [44] prepared transition metal containing mixed
oxides for oxidation of benzyl alcohol using tertiarybutylhydroperoxide (TBHP) as an oxidant.
Similarly, Mistri et al. [45] and Behra et al. [46] prepared Cu loaded LaFeOs perovskites and
VPO (vanadium phosphate oxide) heterogeneous catalysts respectively for benzyl alcohol
oxidation using TBHP as an oxidant. Since the common methods of alcohol oxidation used toxic,
corrosive, expensive solvents and oxidants, strong mineral acids, reagents of transition metal

complexes such as chromium and cobalt, setting up severe conditions like high pressure or



temperature [47]. Many of them experienced the disadvantages like lack of availability, difficulty
in work-up, long reaction time, cost of metal catalysts, as well as toxicity and high cost of the
reagents. Thus, moderate, more selective eco-friendly reagents are a necessity. So, Li et al. [43]
studied the aerobic oxidation of benzyl alcohol using Pd/SBA-15 catalysts under solvent-free
conditions in the absence of any additives. Choudhary et al. [44] prepared the gold NPs
supported on various alkaline earth metal oxides (MgO, CaO, BaO and SrO), (ALLOs, Ga,0s,
In,O; and T1,03) and transition metals oxides (TiO,, Cr,O3, MnO,) respectively by deposition
precipitation and by homogeneous deposition precipitation methods for the solvent free
oxidation of benzyl alcohol to benzaldehyde. Alabbad et al. [48] reported the synthesis of silver
and gold NPs supported manganese oxide nanocomposites by co-precipitation method for the
oxidation of benzyl alcohol into benzaldehyde using molecular oxygen as a source of oxygen.
Geng et al. [49] prepared highly dispersed FeO supported mesoporous carbon (CMK-3)
nanocomposites by one -pot evaporation method for the oxidation of benzyl alcohol to
benzaldehyde by using air as an oxidant. Over the past few years, importance of hydrogen
peroxide (H,0,) and its derivatives as oxidizing agents has also developed very much. From an
environmental effect, in comparison to other oxidizing agents, H,O, is the most interesting one,
as it produces water as the only byproduct in this process. Moreover, it can be stored safely,
easily operated as well as transported, comparatively cheap and widely available in the market.
Adam et al. [50] reported the formation of rice husk silica catalyst incorporated with 10% wt. of
Vanadium by a sol-gel synthetic route for the liquid phase oxidation of acetophenone into
benzoic acid and benzyl formic acid. Jia et al. [51] reported the synthesis of selective oxidation
of benzyl alcohol to benzaldehyde with H>O, over alkali-treated ZSM-5 zeolite catalysts. The
results showed that though the catalyst was very stable yet the conversion of benzyl alcohol and

the selectivity to benzaldehyde were about 53% and about 86% respectively.

It is thus established that different methods were used for catalyzing oxidation of benzyl
alcohol; however, there have been few reports using noble metal based mesoporous catalysts
exhibiting high selectivity for oxidation of benzyl alcohol to benzaldehyde. In this context, the
present work describes the preparation of highly active and dispersed Ag NPs incorporated SBA-
15 catalysts prepared by an in-situ and post modified method (without the use of any toxic or

expensive reducing agents) for catalyzing the selective oxidation of benzyl alcohol using



hydrogen peroxide as the oxidant. Moreover, comparison of the changes in the physiochemical

and catalytic parameters of the prepared nanocomposites have also been described.

3. Objectives

3.1 To prepare mesoporous SBA-15.

3.2 To prepare Ag incorporated mesoporousSBA-15 nanocomposites by different methods
(viz., in-situ and post modification).

3.3 To study the comparative catalytic activity and physiochemical properties of prepared

nanocomposites for oxidation of benzyl alcohol.
4. Experimental

4.1 Materials: Pluronic(P123), tetraethylorthosilcate (TEOS, 99%), 3-aminopropyltrimethoxy-
silane(APTMS, 97.0%), silver nitrate(AgNO;, 99.0 9%),benzyl alcohol(B.A.),benzaldehyde
(B.D.),benzoic Acid, benzyl benzoate(B.B.A.),isopropyl alcohol (IPA)hydrogen peroxide
(H203, 30 wt.%),hydrochloric Acid (HCL, 37 %), methanol and ethanol. De-ionized water with

ultra-pure filtration system (Milli-Q, Millipore) was used throughout the experiments.
4.2 Catalyst Preparation:

4.2.1 Preparation of Ag incorporated SBA-15 nanocomposites by two-pot (post-

modification) method
a) Preparation of SBA-15:

Mesoporous SBA-15was prepared by reported method [5]by mixing 2g of Pluronic(P123) in
60ml of 2M HCI solution under stirring for 3h at room temperature till a clear solution was
obtained. Then 5 ml of TEOS was added to the above solution under stirring for 24 h, followed
by autoclaving for 48 h at 100'C. It was filtered, dried overnight at 80°C and finally calcined at
550°C for 8 h at a heating rate of 1°C/min.



b) Surface modification with APTMS

The surface modification of SBA-15 with APTMS was done by adding 100 ml of 1 wt. % of
ethanolic solution of APTMS to 2g of pure SBA-15under stirring for 3 h. Finally, it was filtered,
dried and used as AP-SBA-15.

¢) Preparation of Ag incorporated SBA-15 nanocomposites

For the preparation of Ag incorporated SBA-15 nanocomposites by two-pot method,500 mg of
AP-SBA-15 was impregnated with 46.3 ml of 2 mM aqueous solution of AgNO3, stirred for 3 h,
filtered, dried overnight at 60'C and calcined at 350°C for 2 h resulting in the formation of dark
grey powdered material designated as Ag/AP-SBA-15 (T). For comparison and to evaluate the
role of APTMS, bare SBA-15 was directly impregnated with a given amount of 2 mM AgNO;
solution under stirring for 3 h, filtered, dried at 60 ‘C and finally calcined at 350 'C for 2 h and
the sample was designated as Ag/SBA-15.

4.2.2 Preparation of Ag incorporated SBA-15 nanocomposites by one-pot (in-situ) method

For the synthesis of Ag loaded SBA-15 nanocomposites by in-situ method. 2 g of Pluronic was
dissolved in 60 ml of 2 M HCI solution until a clear solution was obtained, followed by the
addition of 46.3 ml of 2 mM AgNOj; solution and an appropriate amount of 1 wt. % APTMS
solution, stirred for another 2 h at 35 'C. Followed further by the addition of 4.5 ml of TEOS
under stirring for 24 h. The contents of the beaker were then autoclaved for 48 h, filtered, dried
at 60°C and finally clacined at 550 ‘C for 8 h leading to the formation of light grey Ag/AP-SBA-
15(0).

4.2.3 Catalyst characterization

Distinct characterization techniques like TGA, FT-IR, EDX, SEM, Powder XRD, TEM, BET
and Solid- state UV-vis absorbance spectra were used to characterize the synthesized materials.
Solid-state UV-visible absorption spectra were obtained within the range of 400-800 nm by
using Analytikjena Specord 205 spectrophotometer. TGA-50 Shimadzu Thermo gravimetric

analyzer was used for thermal analyses within the temperature range of 100-800°C at a heating



rate of 1°C/min under nitrogen and ambient atmospheric pressure. IR spectra were recorded on
Cary 660 series Agilent FTIR spectrometer within the range of 400-4000 cm™ using KBr pellet
method. Transmission electron images were obtained using Hitachi (H-7500) operating at 120
kW. FEI Tecnai F20 microscope was used to obtain the SEM and EDX images operated at
200kV.PowderX-ray diffraction (XRD) patterns were recorded on analytical Expert Pro X-Ray
diffractometer utilizing Cu-Ko radiation (A=1. 54 A) within the 20 range of 0.5-5° and 10-80°.
The crystallite size of the samples was calculated by using Scherrer equation, D = kA/Bcos 0
where D is the average crystallite size, A is the X-ray wavelength, k is a constant, 0 is the
diffraction angle and B is full width at half maxima of the diffraction line. Surface area
measurements were determined by pre treatment of 20 mg of all the samples at the 150°C for 2 h

using BET surface area analyzer (Smartsorb 92/93).

4.2.4 Catalytic activity

Catalytic activity and stability of prepared Ag loaded SBA-15 catalysts was evaluated for
oxidation of benzyl alcohol by adding catalyst (10 mg) to a solution of substrate (10 ml, 2 mM)
in aqueous IPA (50 vol. %) and H,O; (6 pl) under constant stirring at 90°C, appropriately. The
analysis of the products was done on HPLC (Agilent 1120 compact LC using C-18 column) at
wavelength of 254 nm using MeOH: H,O (70:30) as a mobile phase with a flow rate of 1
ml/min. Moreover, GC-2010 and GCMS QP 2010 plus with RTX-5SIL-MS column (30 x 0.25 x
0.25mm)were used to determine the formation of products and intermediates (if any) formed
during the course of reaction. Helium was used as a carrier gas with a flow rate of Iml min™' at
60°C to 290°C @ 60°C min™' rise of temperature.

5. Results & Discussion

(368 nm) 5.1 Solid-state UV-visible studies

Ag/AP-SBA-15(0) (486 nm)
The solid- state UV-visible absorption

spectra of Ag incorporated SBA-15
Ag/SBA-15 (368 nm p g Ip

composites (Fig. 1) represented bands at

Ag/AP-SBA-IS(T) (437 nm 368 nm, 437 nm, 368 nm and 486 nm
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wavelength respectively while no band

M was observed for bare SBA-IS.

Generally, presence of a band at 437 nm
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Fig.1Solid state UV-Vis absorbance spectra of
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is characteristic to the formation of Ag NPs within the mesoporous SBA-15[52]. However, for
Ag/SBA-15 composites appearance of a band at 368 nm corresponds to the quadruple plasm on
resonance [24]. In contrast, two bands were observed for Ag/AP-SBA-15(0O) nanocomposites
that attributed to the quadruple and dipole plasm on resonance respectively [53]. Further it
indicated the probability of aggregation of some of the Ag NPs on the surface of the mesoporous
support [54]. Moreover, for Ag/AP-SBA-15(T) nanocomposites, presence of a single band at
437 nm signified the presence of spherical Ag NPs within the mesoporous sieves [24]. It can thus
be concluded that dispersion of the embedded metal NPs is greatly influenced by the different

methods of preparation.

5.2 FT-IR studies

FT-IR spectra (Fig. 2) of SBA-15 exhibited

1064 439 characteristic absorption bands at 3450 cm '

AgAPSBA-IS(T) - 730 - ) ‘
34.50 _ 125007 and 1649 cm™ due to the bond stretching and

bending vibrations of the silanol groups [55].

A:g/AP-SBA-IS(O):
: : The strong absorbance band at 1064 cm 'can

be assigned to the asymmetric stretching (AS)

Transmittance (%)

- Ag/SBA-15
: : modes of Si-O-Si vibrational mode [56].
© APSBA-IS - Moreover, the AS vibrational mode consisted

of two major components, one in phase motion

SBA-15

1649 \J . .
— 29 TN of two adjacent oxygen atoms with respect to
4000 3500 3000 2500 2000 1500 1000 500
) o
Wavenumber cm the central silicon atom (AS1) and the other

out-of-phase motion of the two adjacent

Fig. 2FTIR spectra of SBA-15 and  oxygen atoms with respect to the central silicon

different Ag loaded SBA-15 catalysts. atom (AS2). In addition, each AS vibration
mode is associated with transverse-optic (TO) and longitudinal-optic (LO) vibration modes. The
bands at about 1064 and 1250 cm ™' are due to TO vibrational mode of AS1 stretching of Si-O-Si
bond and LO vibrational mode of AS1 stretching of Si-O-Si bond, respectively. LO-TO pair
bands of AS2 mode at 1188 cm™' overlap with AS1 pair, resulting in a broad absorbance band at
1064-1324 cm '[56]. Another band at about 963 cm 'can be assigned to overlapped vibration



modes of unreacted SiO, and Si-OH stretching vibrations. The absorption band at about 730 cm ™'
in the lower-frequency region is related to the symmetric stretching mode of Si-O-Si bonds.
Absorbance band at 439 cm™' confirmed the formation of pore wall of mesoporous silica (SBA-
15) due to the rocking, bending and stretching of inter-tetrahedral oxygen atoms in the SiO,
structure [57]. Furthermore, the band observed at 1649 cm™'is attributed to the amine group while
the band at 2959 cm'indicated the presence of alkane group ( -CHj).Similar type of spectra as
that of SBA-15 were obtained for Ag loaded SBA-15 composites prepared by different methods
that indicate the structural integrity of SBA-15was maintained even after Ag incorporation and

surface functionalization.
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Fig. 4 TEM images of (a) Ag/SBA-15, (b)
Ag/AP-SBA-15(0) and (c) Ag/AP-SBA-

15(T) nanocomposites.

5.3 Powder XRD studies Low angle XRD
pattern (Fig. 3a) of SBA-15 showed fine
diffraction peaks at 1°, 1.5° and 1.8°
corresponding to 100, 110 and 200 planes of
the 2D hexagonal structure [51] of p6mm
symmetry characteristic of mesoporous
materials. Moreover, analogous XRD spectra
observed for different Ag loaded SBA-15
composites further determined the existence of
long range mesopore ordering and textural
uniformity of SBA-15 by using different
synthesis techniques. However, for different
Ag incorporated SBA-15 composites a
decrease in the intensity of 110 and 200 peaks
was noticed because of pore filling effect [51]
due to incorporation of Ag nanospecies within
the silica host resulting, in the decrease in
electron density between the mesochannels of

the silica moiety. Moreover, for Ag/AP-SBA-



15(T), the peak corresponding to (100) plane shifted to lower 26value (from 1.00 to 0.97)
indicating an increase in structural parameters viz., lattice spacing’s and unit cell parameters (a,)
[51] (Table 1). The shuffling of the (100) peak signified the existence of Ag NPs within the
mesopores [51] leading to the feeble disordering of the pore channels. Moreover, no shifting of
peaks were observed for Ag/SBA-15 and Ag/AP-SBA-15(0) composites. This further illustrated
different means of association of Ag NPs in and on the surface of a mesoporous moiety structure.
Wide angle XRD pattern (Fig. 3b) of Ag loaded SBA-15 nanocomposites exhibited a band at 22°
corresponding to amorphous silica walls of SBA-15 [16]. All the prepared nanocomposites
exhibited a characteristic diffraction peaks at 38.3°, 44.3° and 77.5°respectively, illustrating the
presence of metallic, Ag within the mesoporous sieves (JCPDS: 04-0783). Moreover, the
average particle size as calculated from Scherrer equation was found to vary from ~30 nm, ~20

nm and ~8nm for Ag/SBA-15, Ag//AP-SBA-15(0) and Ag/AP-SBA-15(T) respectively.

5.4 TEM

TEM images (Fig. 4a) of Ag/SBA-15 depicted large aggregates of irregularly shaped dark Ag
NPs (size ~ 30-40 nm) scattered on the outer surface of the comparatively light mesoporous
SBA-15 host. However, for Ag/AP-SBA-15(0), larger spherical Ag NPs (~15 nm) were seen
evenly dispersed in the mesochannels of the host while a small amount of Ag NPs can also be
seen near the entrance of the pore channels (Fig. 4b). In contrast, for Ag/AP-SBA-15(T)
nanocomposites showed the presence of comparatively smaller Ag NPs (~8-10 nm) evenly
dispersed throughout the mesoporous matrix (Fig. 4c). This indicated that the two-pot method
helps in the formation of smaller Ag NPs besides leading to their efficient dispersal throughout
the SBA-15 matrix. Moreover, it was observed that the Ag NPs were present entirely within the

host channels. These results are in consonance with the wide angle XRD studies.



5.5 SEM and EDS

Element Weight %
OK 73.41
SiK 26.44
AgM

ull Scale 11351 cis Cursor: 0.000

Fig. 5 SEM and EDS spectra of Ag/AP-SBA-15 (T) nano composites.

SEM image (Fig. 5) confirmed the existence of the rod shaped 2D hexagonal structure of SBA-
15. Moreover, when the Ag was loaded, well-dispersed metal species were observed on the
surface of SBA-15 [50]. The corresponding EDX spectra further evidenced the presence of Ag

nanospecies within mesoporous host (Ag ~ 0.15 wt. %) respectively [50].

5.6 BET

Surface area studies demonstrated a decrease in the BET surface area of bare SBA-15 (560 m?/g)
with Ag loading (Table 1). The surface area of Ag/SBA-15, Ag/AP-SBA-15(0) and Ag/AP-
SBA-15(T) were found to be 594 m?/g, 538 m*/g and 485 m?/g, respectively. The probable
decrease in the surface area of Ag loaded SBA-15 nanocomposites prepared by two pot method
can be attributed to the presence of uniformly distributed smaller Ag NPs in the SBA-15 matrix.
Moreover, it also suggests that Ag has incorporated within the host mesochannels. However, in
contrast, the higher surface area (more than bare SBA-15) observed for Ag/SBA-15, Ag/AP-
SBA-15(0) can be ascribed to the occurrence of the large Ag aggregates (for Ag/SBA-15) and
Ag NPs on the surface of the silica host besides, present within the mesopores. These results are

in accordance with the TEM and low angle XRD studies, respectively.



Tablel Physiochemical parameters for bare SBA-15 and different Ag loaded SBA-15

nanocomposites
Sample d-spacing Unit cell wall thickness Surface
digo (nm) parameter d, (nm)” area (mz/g)
a,(nm)”

SBA-15 8.79 10.15 1.36 560
Ag/SBA-15 8.89 10.26 1.37 594
Ag/AP-SBA-15(0) 8.91 10.28 1.37 538
Ag/AP-SBA-15(T) 9.08 10.48 1.40 485

“a9 = 2/3"d 00 "dyy = 29— digo



5.7 Thermo gravimetric analysis

The TGA spectra of SBA-15 and Ag
100

— SBA-15 loaded SBA-15 catalysts in (Fig. 6)
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Fig. 6 TGA curve of bare SBA-15 and different coordinated to Ag complexes. The

Ag loaded SBA-15 catalysts. second wt. loss (~0.5 % for SBA-15,
~0.3% Ag/AP-SBA-15(0), ~0.4 % for

Ag/SBA-15and ~0.4 % Ag/AP-SBA-15(T) between 100 'C and 300 'C may be associated with
the decomposition of remaining surfactant (if any) [58]. The third wt. loss zone (~1 % for SBA-
15, ~0.3% Ag/AP-SBA-15(0) and ~1.2 % Ag/AP-SBA-15(T) between 300 'C and 650°C is
ascribed to the decomposition of the amino propyl groups. However, above 670 'C a negligible
wt. loss of ~0.1 % for SBA-15 and Ag loaded SBA-15 nanocomposites is related to the
combustion of remaining carbon species and de-hydroxylation of Si-OH groups [59]. TGA
studies supported the fact the prepared materials were found to be hydrothermally stable [60] and

could be used as catalysts for reactions taking place at high temperature.
5.8 Catalytic activity

The catalytic performance of the prepared nanocomposites was evaluated for the oxidation of
alcohols viz., oxidation of benzyl alcohol as a model reaction using H,O, as a green oxidant.
CH,0H CHO CH,CO00C Moreover, the conversion and

@ Hc ;.af;;:oc © + @ selectivity of the products obtained

was found to be greatly influenced

h 1 Selecti idati f 1 alcohol .
Scheme 1 Selective oxidation of benzyl alcoho by the synthesis methods that

indirectly controls the size, dispersion as well as amount of metal NPs present within as well as



on the surface of mesoporous SBA-15. For the control experiment, less than 1 % conversion of
benzyl alcohol was observed with bare SBA-15, which signified that metal nano-species present
within the sieves were the active sites for the reaction. It was found that among the different
catalysts, Ag/AP-SBA-15(T) showed the highest catalytic activity with 100 % conversion and 87
% selectivity for benzaldehyde in 6 h of reaction (Fig. 7) quite comparable with the published
reports [61]. Benzaldehyde was formed as the major product with the small amount of benzyl
benzoate as the only by-product, which is also confirmed by the GC-MS analysis respectively
(Fig. 8). Moreover, benzoic acid is not observed as the reaction product which is due to the fact
that as soon as the benzoic acid is formed, it instantaneously reacts with the benzyl alcohol
resulting in the formation of benzyl benzoate[46]. The order of the catalytic activity is: Ag/SBA-
15<Ag/AP-SBA-15(0)<Ag/AP-SBA-15(T) respectively. The high catalytic activity of the
Ag/AP-SBA-15(T) nanocomposites can be attributed to the increased dispersion of smaller Ag
NPs that leads to the formation of increased number of active sites in the channels of SBA-15.

As a result, more number of substrate
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Fig. 7 Product distribution of oxidation of benzyl
alcohol (2 mM) to benzaldehyde and benzyl
benzoate respectively by bare SBA-15 and different  area (594 m?/g) exhibited by the catalyst

Ag loaded SBA-15 catalysts.

further evidenced by the high surface

(Table 1). However, as we moved from
Ag/SBA-15 to Ag/AP-SBA-15(0), conversion and selectivity was found to be significantly
improved. This can be attributed to the fact that in one pot synthesis, that Ag NPs were
implanted in the SiO; frameworks[16]. Moreover, as shown in the TEM image (Fig.4b) some of
the Ag NPs also exist near the pore entrances (possibly due to the slight rupturing of the pore

channels during metal incorporation) thus blocking the mesopores. Due to the blocking of
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Fig. 8 GC-MS of reaction mixture of Ag/AP-SBA-15(T) nano composite at 3 h of
reaction

some of the mesopores, fewer active sites were available for reaction, consequently leading to
lower activity of Ag/AP-SBA-15(0) nanocomposites.



Moreover, to validate the stability of the Ag/AP-SBA-15(T) catalyst, reusability studies were
done by filtering the catalyst followed by washing with ethanol and water. The catalyst was then
dried overnight at 60 "C and used for the oxidation of benzyl alcohol. The catalyst exhibited high

reusability for three recycles with a slight decrease in selectivity from 86 % to 78 % respectively.
6. Conclusion

In the present work, different Ag loaded SBA-15; nanocomposites were prepared by both in-situ
direct synthesis as well as post-modified method for the selective oxidation of benzyl alcohol to
benzaldehyde. Moreover, the effective role played by the surface functionalizing agent was also
analyzed. It was concluded that the composites prepared by post-modified method showed the
highest catalytic activity owing to the formation of comparatively smaller Ag nano particles (~8-
10 nm) which were found to be uniformly distributed throughout the mesoporous matrix.
Keeping in view the high catalytic efficiency exhibited by nanocomposites prepared by two-pot
method, this method can also be extended to the formation of other mesoporous composites

using other different transition metals for different redox reactions.
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