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Abstract

Mesoporous silica molecular sieve SBA-15 has been synthesized and incorporated with various amounts of tin via incipient-wetness
impregnation using tin chloride in ethanol followed by calcination. Characterization was done by X-ray fluorescence spectrophotometry
(XRF), powder X-ray diffraction (PXRD), nitrogen adsorption, diffuse reflectance ultraviolet (DRUV), scanning and transmission electron
microscopy (SEM, TEM), FTIR, 2°Si and 119Sn MAS NMR, and Sn-Mdssbauer spectroscopic techniques to understand the chemical nature
of incorporated tin. The silanol groups on the internal walls of SBA-15 are suggested to be the sites for tin incorporation. Bulk structural
characterization techniques (X-ray diffraction and BET) are used to demonstrate that the hexagonal structure is maintained during
impregnation. Tin oxide exists as a thin film anchored inside the mesopores of SBA-15. Complementarily, 1'°Sn NMR and Méssbauer
spectroscopies are used to investigate the microstructure of the Sn centers grafted to the mesoporous walls. Sn-Mdssbauer spectroscopic
studies reveal that Sn** may form upon reductive treatments and can probably be stabilized atomically in the pore wall, whereas Sn** is
stabilized as large entities. While SBA-15 itself shows some activity in transesterification of diethyl malonate with various alcohols, Sn-SBA-

15 samples are found to possess enhanced catalytic activity for the same.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Many researchers have reported the potential applications
of mesoporous materials having uniform pore structure and
an extensively high surface area as catalysts, adsorbents for
large organic molecules and guest-host chemical supports
[1-4]. Compared to the crystalline microporous materials,
the mesoporous materials suffer two major disadvantages:
i.e., low intrinsic catalytic activity due to the amorphous
nature of the pore walls and poor hydrothermal and mechan-
ical stability due to the high hydrophilicity derived from
abundant silanol groups [5]. The stability of the mesoporous
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materials has been improved through (a) controlled synth-
esis conditions in order to achieve extensive condensation of
the silica walls, (b) by post-modification and (c) by dis-
covering new materials that are intrinsically stable. SBA-15
is a mesoporous silica molecular sieve with uniform chan-
nels varying from 50 to 300 A, synthesized with triblock
copolymers having thicker walls, and hence a higher hydro-
thermal stability than conventional MCM-41 [6,7]. Several
reports on the incorporation of Al [8,9], Ti [10,11] or V [12]
into SBA-15 have appeared recently. The post-synthesis
method is still overwhelmingly used, mainly because
SBA-15 needs strongly acidic synthesis conditions. In the
present work, we report on the synthesis of SBA-15 with an
aim to introduce Sn in different concentrations to obtain thin
SnO, molecular films anchored inside the mesopores of
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SBA-15. The samples were characterized by a variety of
techniques to understand the location and environment of Sn
in Sn-SBA-15.

Esterification of carboxylic acids and transesterification
of esters have wide academic as well as industrial impor-
tance. A number of useful esterification methods have been
reported in the literature, catalyzed by a variety of acids,
ion exchange resins, zeolites, and solid acid catalysts
[13-22]. Transesterifications are catalyzed by alkali metal
hydroxides, alkoxides and tin, calcium or titanium com-
pounds [23]. Environmental considerations limit the
applicability of many homogeneous and heterogeneous
catalysts, because of the problem of separation and reusability
of the catalysts. Few reagents are available for commercial
applications that can accomplish both esterification and
transesterification reactions under mild conditions. Recent
methods are those using diphenyl ammonium triflate or a
clay catalyst [24]. Reagents based on iodine reported in
recent years for transesterification reactions include indium
triodide, [25] iodotrimethyl silane—iodine, [26] and others.
Recently, transeseterification has become important in produ-
cing biodiesel. Tin is already known to catalyze transeser-
ification reactions [27]. In the present study, we report on the
catalytic activity of SBA-15 and Sn-SBA-15 samples for
transesterification of diethylmalonate (DEM) with various
alcohols.

2. Experimental section
2.1. Catalyst preparation

Mesoporous silica SBA-15 was synthesized according to
the reported procedure [6,7]. In a typical synthesis, 2 g of
amphiphilic triblock copolymer, poly (ethylene glycol)-
block-poly (propylene glycol)-block-poly (ethylene glycol)
[average molecular weight 5800, Aldrich], was dispersed in
15 g of water and 60 g of 2 M HCI solution while stirring,
followed by the addition of 4.25 g of tetraethyl orthosilicate
(Aldrich) to the homogeneous solution. This gel was con-
tinuously stirred at 313 K for 24 h, and finally crystallized in
a Teflon-lined autoclave at 373 K for 2 days. After crystal-
lization, the solid product was centrifuged, filtered, washed
with deionized water, and dried in air at room temperature.
The material was calcined in air at 823 K for 24 h to
decompose the triblock copolymer and to obtain a white
powder (SBA-15).

Tin oxide-modified SBA-15 was prepared by the incipi-
ent-wetness impregnation method [28] under nitrogen atmo-
sphere. Mesoporous silica SBA-15 was placed in a round-
bottom flask and a solution of SnCl,;-5H,0 in ethanol was
added to it. Varying amounts of SnCl,-5H,0 (corresponding
to Si/Sn = 5-80) were dissolved in 10 ml of ethanol for each
0.5 g of SBA-15. The material was stirred at room tempera-
ture under nitrogen atmosphere for 24 h and then calcined in
air at 823 K for 6 h to obtain tin oxide-modified mesoporous

silica. The samples are designated with values in parenth-
eses, which refer to initial Si/Sn ratios of the samples.

2.2. Catalyst characterization

The content of tin oxide in Sn-SBA-15 was estimated
using a X-ray fluorescence spectrophotometer, Rigaku
3070E, with a Rh target. The powder XRD patterns of
calcined sample were taken from an X’Pert Pro (Philips)
diffractometer using Cu Ka radiation and a proportional
counter as detector. A divergent slit of 1/32° on the primary
optics and an anti-scatter slit of 1/16° on the secondary
optics were employed to measure the data in the low angle
region. Scanning electron micrographs of the samples were
recorded on a JEOL-JSM-5200 SEM to observe the mor-
phology of the particles. TEM of the samples were recorded
on a JEOL Model 1200EX microscope operating at 100 kV.
A calcined sample was dispersed in isopropyl alcohol,
deposited on a Cu grid and dried. The BET surface area
of the samples was determined by N, adsorption at 77 K by
using NOVA 1200 (Quanta Chrome) equipment. Prior to N,
adsorption, the samples were evacuated at 573 K. The
specific surface area, Sggt, was determined from the linear
part of the BET equation (p/pg = 0.05-0.31). The pore size
distribution was calculated using the Barrett—Joyner—
Halenda (BJH) method.

The UV-vis diffuse reflectance spectra of the samples
were obtained on a Shimadzu UV-vis spectrophotometer
(UV-2500 PC). The framework IR spectra of the samples
were recorded in Nujol mull in the mild framework region
(1100-400 cm ') with a Shimadzu model 8300 FTIR spec-
trometer. The FTIR measurements (Nicolet 60 SXB) were
carried out by using a self-supported wafer under vacuum at
673 K to study the hydroxyl region. The NMR spectroscopic
studies were carried out on an AVANCE 500 MHz (BRU-
KER) NMR spectrometer. The resonance frequencies of
199y, 298i were 111.8, and 59.6 MHz, respectively. The
1195n signals were referred to the isotropic peak of SnO,
taken as § = —604 ppm (with respect to tetramethyl tin).
Tetraethyl orthosilicate (§ = 82.4 ppm from TMS) was used
as the reference for 2°Si.

11950 Mossbauer spectra were recorded in an in situ cell
at 77 and 300 K. Reduction treatment (for Si/Sn = 5-40) was
carried out at 670 K for 2 h in CO and H, flow. Spectra were
collected in constant acceleration mode. The positional
parameters are relative to SnO,, their estimated accuracy
being £0.03 mm/s. Spectra are decomposed to Lorentzian-
shape lines. Temperature programmed desorption of ammo-
nia was carried out over Micromeritics Autochem 2910
instrument. The Sn-SBA-15 sample was subjected to ammo-
nia adsorption followed by desorption as per the following
procedure. About 0.5 g of the sample was placed in a quartz
reactor and activated at 773 K for 2 h under helium flow
(20 ml/min). The reactor was then cooled to 353 K and 10%
NH; in He was passed through the sample (30 ml/min) at
this temperature for 30 min. The temperature was raised to
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373 K and maintained for 1 h under helium flow (30 ml/
min). Finally, the desorption of ammonia was carried out in a
flow of helium at a heating rate of 10 K min~'. The amount
of ammonia desorbed from the catalyst was estimated by a
TCD close to the reactor outlet.

2.3. Catalytic activity

Transesterification reactions were performed in a glass
batch reactor fitted with a water-cooled condenser. The
reaction was performed on a standard substrate, namely
diethylmalonate with various alcohols. A mixture of diethyl-
malonate (0.8 g, 5 mmol), alcohols (15 mmol) and the cat-
alyst (130 mg) was stirred at a desired temperature (383 K)
for 24 h. The progress of the reaction was monitored by
withdrawing aliquots of the reaction mixture and analyzing
the same with a GC equipped with a FID (Agilent Tech-
nologies, model 6890 N, capillary column HP-5, 30 m,
containing 5% phenyl methyl siloxane). Under optimized
conditions of temperature (383 K), substrate to alcohol
molar ratio (1:3) and reaction time (24 h), transesterification
of diethyl malonate has been performed by various alcohols.
The catalyst was recycled in some cases to check its
reusability.

3. Results and discussion

The chemical composition (Si/Sn ratios) of the samples is
given in Table 1. Powder XRD patterns of SBA-15 and Sn-
SBA-15 (5) are shown in Fig. 1A. They exhibit very similar
patterns with well-resolved diffraction peaks at 0.8° (260) and
two weak peaks at 1.6 and 1.7° (26) due to 100, 110 and 200
Bragg reflections, respectively. This indicates a good meso-
scopic order and the characteristic hexagonal features of
SBA-15 are maintained in Sn-SBA-15 samples. Calcination
does not alter the XRD patterns. Typical XRD data in the
high angle region for the sample having Si/Sn =5 is shown in
Fig. 1B. The powder X-ray diffraction pattern confirms the
presence of SnO; in rutile structure (tetragonal system). The
110, 101 and 211 reflections of SnO, can be clearly seen at
26=26.58°,34.0° and 51.72°, respectively. The broad nature
of the peaks indicates the presence of very small crystallites
of SnO,.

N, adsorption isotherms of calcined SBA-15 and Sn-
SBA-15 with varying amounts of tin loading were recorded.
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Fig. 1. (A) Powder X-ray diffraction patterns of (a) SBA-15 and (b) Sn-

SBA-15 (5) samples in the region 0-5° 26. (B) Powder X-ray diffraction
patterns of Sn-SBA-15 (5) sample in the region 20-80° 26.

A typical irreversible-type IV adsorption isotherm with H1
hysteresis loop as defined by ITUPAC is observed. With
increasing Sn loading, the samples give isotherms with
similar inflection that shift to lower p/p, values (Fig. 2).
The hysteresis loop is a typical feature of mesoporous
materials. An increase in the N, adsorption amount due
to multilayer adsorption was observed at higher-pressure
region as SBA-15 has a larger pore size than that of MCM-41
[29-30]. The average diameters of primary mesopores,
labeled as Dgjy, were obtained from the maximum of a
pore size distribution calculated using the BJH method

Table 1

Composition and Physicochemical Characteristics of SBA-15 and Sn-SBA-15 samples

Si/Sn XRF SBET Mesopore Pore Vol. Micropore Pore diameter ‘Wall thick-
Si/Sn (m? g’l) S.A (m? g’l) cm’ g’1 Vol. cm? g’l Dgju (nm) ness (nm)

(%) - 834 540 1.46 0.152 7.0 4.6

80 86 709 501 1.24 0.105 7.0 4.7

40 68 670 476 1.16 0.08 6.9 4.8

20 35 609 461 1.03 0.06 6.8 49

5 31 572 400 0.97 0.07 6.8 5.0
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Fig. 2. N, adsorption/desorption isotherms of SBA-15. Inset shows the pore
size distribution.

applied to the desorption part of the isotherm (Table 1). The
specific surface area and the average pore size decreased
after tin loading. Siliceous SBA-15 possesses a narrow pore
size distribution and a high mesoporous surface area with
considerable micropores, as seen from the t-plot [31-36]
(Table 1). Impregnation of tin reduces the surface area. The
t-plot analysis was used to estimate the micropore volume in
SBA-15. We observed a gradual disappearance of the micro-
pores on incorporation of Sn in SBA-15. Combining this
with the above BET analysis, we presume that the decrease
in the surface area during tin addition is essentially due to the
loss of micropores. Since the micropores are probably
generated by penetration of hydrophilic poly (ethylene
oxide) chains of triblock copolymer into its thick silica
walls, hydrothermal heating would shrink the silica walls
to mend the “holes” therein, which are micropores [31-36].
Incorporation of Sn species into the micropores to remove
this wall defect accounts for the reduced surface area.

Scanning electron micrographs of the SBA-15 (Fig. 3a
and b) show many rope-like domains that aggregate into a
wheat-like microstructure. Tin-incorporated samples show
similar particle morphology.

IS KY x 7500 3um

Transmission electron micrographs of SBA-15 and Sn-
SBA-15 (Fig. 4a—) show the hexagonal array of uniform
channels. A well-ordered hexagonal array of mesopores is
observed, when the electron beam is parallel to the main axis
of these cylinders (Fig. 4b). The two-dimensional hexagonal
structure (p6mm) is therefore confirmed. Tin nanoparticles
appear as dark objects between the walls in Fig. 4c in the
sample with Si/Sn = 5. According to typical TEM images,
one can estimate the pore diameter to be 6—7 nm.

Diffuse reflectance UV-vis spectroscopy was used to
characterize the chemical nature and coordination states
of the Sn species in the samples. The Sn-SBA-15 sample
shows an absorbance band at ~243 nm, which can be
assigned to hexacoordinated nanosized Sn species. A blue
shift can be observed in the samples with increasing tin
loading. An increase in the intensity of the absorption band
with increase in tin content corresponds to the presence of
Sn** in octahedral coordination [37,38]. The observed blue
shift indicates the appearance of quantum-sized effects, well
known in nano-sized semiconductor particles or thin films.

The IR spectra of the SBA-15 and Sn-SBA-15 samples
are presented in Fig. 5. The IR spectra of both SBA-15 and
Sn-SBA-15 samples are dominated by the asymmetric Si—
O-Si stretch at 1110 cm ™", The symmetric stretch occurs at
809 cm ™!, while the band at 456 cm ™' is assigned to the Si—
O-Si bending mode. The band at 971 cm ™' can be assigned
to the Si—OH vibration generated by the presence of defect
sites. The IR spectra of Sn-SBA-15 samples show a band at
971 cm ™' which would correspond to a vibration mode of
Si04 perturbed by a neighboring SnO, or Sn=0 (OH) group.
According to some authors, this band is observed from the
vibration mode of SiO,4 due to the presence of an adjacent
Si—0°" ---Sn’* [39]. The presence of this band is generally
attributed to the formation of Si—O—M linkages in metal-
losilicates. Camblor et al. [40] proposed that the band at
960 cm ™ is due to the Si—O stretching vibration of Si—OH
groups present at defect sites. A band around 580 cm ™' was
observed in the case of pure SnO, (strong) and Sn-impreg-
nated silicalite (weak). The presence of such a vibration in
our samples indicates the presence of SnO,. Vibrations

25 KY x 7500 1pm

Fig. 3. Scanning electron micrographs of (a) SBA-15 and (b) Sn-SBA-15 (5) samples.
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Fig. 4. Transmission electron micrographs of (a) and (b) SBA-15 (c) Sn-SBA-15 (5) samples.

associated with the high surface density of isolated silanols
of mesoporous silicates experience a profound change
resulting from Sn incorporation. During grafting, these
silanols react with the tin chloride precursor.

IR studies in the hydroxyl region (3800-3200 cm ') show
a decrease in the silanol groups on tin loading (Fig. 6).
An intense line of SiOH groups at 3742 cm ™' is due to the
terminal silanol groups, and a broad absorption at 3400-
3700 cm™" is due to hydrogen bound silanols. The Bronsted
acid sites are bridging hydroxyl groups and a band around
3670 cm ™' is due to Sn—O—H. The band at 3670 cm ™' is also
responsible for Bronsted type acidity, as observed in zeolites.
The area under the peak per mg of the sample was calculated to
quantify the amount of silanol groups present in the samples. A
reduction in the intensity shows that less number of silanol

groups are present in the sample loaded with Sn. The inte-
grated intensity of the peak at 3742 cm ™' decreases with
increase in Sn loading. The presence of silanol OH groups
on the wall of SBA-15 which contribute to the micropores in
the sample are being used up to react with Sn precursors to
form Si—-O-Sn-O linkages, which ultimately develop into thin
films on the walls of SBA-15.

29Si MAS NMR spectra of the samples are shown in
Fig. 7a and b. The broadness of the 2°Si signals has been
attributed to the large distribution of the T-O-T angle [31].
The broad high field resonance at —110 ppm are due to the
Si (OSi) environment (Q*). The bands at —103 and
—113 ppm due to Si (OSi), (OH),_, framework units where
x = 3(0 and x = 4 (0% respectively. The resonance at
—103 ppm arises primarily from Si at defect sites, contain-

Absorbance

1100 1000 900 800

700 600 500 400

Wavenumber, cm™

Fig. 5. IR spectra of (a) SBA-15, (b) Sn-SBA-15 (80), (c) Sn-SBA-15 (40), (d) Sn-SBA-15 (20), (e) Sn-SBA-15 (5) samples.
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Fig. 6. IR spectra in the hydroxyl region of (a) SBA-15 (b) Sn-SBA-15 (40)
and (c) Sn-SBA-15 (5) samples.
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Fig. 7. 2°Si MAS NMR spectra of (a) Sn-SBA-15 (80) and (b) Sn-SBA-15
(5) samples and 119 §p static NMR spectra of Sn-SBA-15 (5) sample.

ing Si (OH), Si (OH),, and Si—O-R [40,41]. A very weak
shoulder at around —116 ppm has been attributed to Si (1Sn)
environment.

Though the natural abundance and the magnetogyric ratio
of 119Sn are higher than those of 2984, the detection of Sn in
stannosilicates is not easy due to the low concentration, long
spin—lattice relaxation times, and, to some extent, the large
chemical shift anisotropy (CSA). Nevertheless, an attempt
has been made to record the static and MAS spectra of
Sn-SBA-15 samples, the results of which are presented in
Fig. 7c. The better sensitivity obtained for the samples
recorded in the static mode than under MAS conditions is
due to the large amount of sample (approximately four times)
that could be accommodated in the sample tube (10 mm o.d.,
~5 cm length) in the static measurements. For Sn-SBA-15
(input Si/Sn = 5) sample, an isotropic chemical shifts at
8 = —604 ppm is observed, which shows the presence of Sn in
essentially octahedral environment (Fig. 7). For Sn-impreg-
nated silicalite-1 samples, a similar observation has been
made earlier [42].

Maossbauer spectra were obtained on the ''°Sn nuclei (on
samples with input Si/Sn = 5 and 40). To gather additional
information on the possible available sites of tin ions,
reduction treatments were also applied on the samples at
670 K (a mild one in CO, and a stronger one in H, atmo-
sphere). The spectra are presented in Fig. 8 and the extracted
parameters of components are collected in Table 2. The
higher tin content allowed collection of spectra at room
temperature as well, whereas spectra were recorded only at
liquid nitrogen temperature on the lower tin-containing
samples.

The dominant component is Sn** ions in each spectrum,
accompanied by Sn** present in various extents (depending
on the media of reduction). A further important observation
is that the proportion of Sn** is practically the same in the
two hydrogen-treated samples, regardless of their Si/Sn
ratios. Thus, it can be suggested that the distribution of
tin ions among the possible positions does not depend on the
tin content (in a medium Si/Sn region).

For further analysis, it is worth comparing the present
spectra with those recorded on microporous MFI, MEL and
MTW zeolites [43] and, on another type of mesoporous
system, viz., on MCM-41 [44], both type of materials
containing tin in isomorphously substituted state. The reduc-
tion treatment performed under similar conditions (670 K in
H,) resulted in dominant presence of Sn>* in the 77 K
spectra of the tin-zeolites and in those of the Sn-MCM-41
samples, as well. In these substances, more intimate disper-
sion of tin in the siliceous matrix is assumed, and stabiliza-
tion of Sn®* was probably more facilitated. In the present Sn-
SBA-15 materials, incorporation of tin was less expressed.
However, the presence of Sn?* is still noticeable (in the
hydrogen-treated samples). Since hydrogen treatment
results in Sn** — Sn** reduction in greater proportion than
in carbon monoxide, the role of silanolic groups in formation
and stabilization of Sn** can be proposed. Thus, Sn** is
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Fig. 8. Mossbauer spectra of a) Sn-SBA-15 (5) and Sn-SBA-15 (40) samples.

Table 2
Mossbauer parameters extracted from the spectra of the Sn-SBA-15 samples
Treatment Comp Sample

Si/Sn =5 Si/Sn = 40

Meas. temp. (K)

300 77 77

IN Qs HW RI IN Qs HW RI IS Qs HW RI
Calc Sn** 0.01 0.53 0.86 100 0.04 0.57 0.97 100 0.03 0.58 0.93 100
CO/ Sn** 0.01 0.51 0.79 94 0.05 0.53 0.90 88 0.05 0.54 0.84 84
670 K Sn** 2.95 1.80 1.50 6 3.06 2.02 1.01 12 3.11 2.18 1.09 16
H,/ Sn** 0.02 0.49 0.83 91 0.08 0.52 0.85 72 0.06 0.49 0.80 71
670 K Sn** 297 1.80 0.90 9 2.98 2.05 1.03 28 3.02 2.16 0.92 29

(IS: isomer shift, mm/s, related to SnO,; QS: quadrupole splitting, mm/s; HW: line-width (full width at half maximum), mm/s; RI: relative percentage of the
given component in the spectrum, %).

probably dispersed atomically in the pore wall, whereas Sn** results in two distinct peaks in the range 373-723 K. They
is stabilized in entities of larger size. can be attributed to two different types of Bronsted acid

Fig. 9 displays the TPD of NH; profiles from Sn-SBA-15. sites. The desorption peaks are described as follows: (1) the
The broad desorption pattern indicates a large distribution of desorption at 373-523 K is assigned to weak acid sites due to

different types of acid sites. Deconvolution of the profile surface hydroxyl groups; (2) the peak 523-673 K is attrib-
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Fig. 9. (A) TPD of NH; of a) SBA-15, b) Sn-SBA-15 (80), ¢) Sn-SBA-15 (40) d) Sn-SBA-15 (5) samples. (B) Deconvoluted TPD of Sn-SBA-15 (5) sample.
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Fig. 10. Effect of reaction temperature on conversion and selectivity over
Sn-SBA-15 (5) samples.

uted to moderate structural acid sites and (3) the peak at
673-873 K is assigned to strong structural acid sites. Finally,
a broad desorption peak seen above 583 K is attributed to
weak Lewis acid sites due to SnO,.

3.1. Catalytic activity: transesterification of diethyl
malonate (DEM)

Transesterification reaction is a process in which one
ester is transformed into another through interchange of the
alkoxy moiety. The acid-catalyzed reaction follows nor-
mally the formation of a carbocation on the carbonyl carbon,
which then facilitates an SN type of an attack by the
incoming nucleophile (R,O ) as the R{O™ leaves the carbon
centre. This reaction is an equilibrium reaction and the
transformation occurs essentially by mixing the reactants
(the ester and the alcohol) with an acid catalyst. A large
excess of alcohol is normally used (reactant: alcohol = 1:3)
in order to achieve a high yield of trans-ester. In the present
study, we have examined the effectiveness of Sn-SBA-15, as

an acid catalyst for the transesterification of diethyl mal-
onate (DEM) with a number of alcohols and found that the
reactions are well catalyzed under mild conditions. We
observed that the transesterification is catalyzed by SBA-
15 itself, but the activity increases with Sn-containing SBA-
15 samples.

Fig. 10 shows the effect of reaction temperature on the
catalytic activity of Sn-SBA-15(5) catalyst in the tempera-
ture range of 323-383 K. There was no conversion of DEM
below 323 K. Above 343 K, the rate multiplies to reach a
very high conversion of DEM (>95%) at 383 K. Table 3
gives a summary of the results of transesterification of DEM
with different alcohols as reactants on the one hand and
using Sn-SBA-15 with different Sn contents on the other.
Some general conclusions can be drawn from the results.
Firstly, the DEM conversion increases with an increase in Sn
content of the SBA-15 samples. There is thus a good
catalytic effect of Sn on the reaction, presumably due to
the presence of acid sites of medium strength, as evidenced
from the results of TPD of NH; (Fig. 9). Among the
products, the diester selectivity increases with the increasing
Sn content in SBA-15. The formation of diester is a
conservative reaction from the initially formed mono
trans-ester and the higher concentration of alcohol in the
initial reaction mixture and a higher number of acid sites
(related to the Sn content) are responsible for the formation

of the trans diketo ester.
Et OEt 24 h Et R RO OR
monoester diester

The kinetic studies presented in Fig. 11 show that the
diester conversion increases with increase in reaction time.
Among the products, the distribution of trans-mono ester

Table 3

Catalytic activity of Sn-SBA-15 samples in transesterification reaction

Substrate Catalyst Alcohol Time, h Conversion (%) (%) Selectivity

Selectivity Mono Di

Diethyl malonate SBA-15 n-Butanol 24 26.7 95.6 77.8 222
SnSBA-80 n- Butanol 24 64 99 72 28
SnSBA-40 n-Butanol 24 752 98.8 65 35
SnSBA-5 n-Butanol 12 54 100 58 42
SnSBA-5 n-Butanol 24 92 100 41.3 58.7
SnSBA-5 n-Propanol 24 76.4 99.4 48.6 514
SnSBA-5 n-Hexanol 24 84.8 97.2 41.5 58.7
SnSBA-5 n-Octanol 24 80.8 98.7 439 56.1
SnSBA-5 Cyclohexanol 24 82.4 99.3 35.8 64.2
SnSBA-5 Benzylalcohol 24 422 88 34.8 65.2
SnSBA-5 Allyl alcohol 24 73.3 97.5 86.6 134
Recycle-1 Butanol 24 90.2 100 40.1 59.9
Recycle -2 Butanol 24 89.1 100 39.2 60.8
Recycle -3 Butanol 24 88.0 100 39.0 61.0

Reaction condition: diethylmalonate = 5 mmol; alcohols = 15 mmol; catalyst=130 mg; temperature =383 K; reaction time = 24 h.
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Fig. 11. Effect of reaction time on conversion over calcined Sn-SBA-15 (5)
catalyst.

and diester shows the latter being formed at the expense of
monoester and points to a consecutive reaction scheme in the
presence of Sn-SBA-15 samples. We have studied the
transesterification reaction with various alcohols and found
that the reaction proceeds well with other alcohols as well
(Table 3). It can be inferred that, as the chain lengh of
alcohol increases, the conversion decreases, although the
monoester: diester selectivity remains unchanged. Similarly,
we observe that transesterification of DEM by benzyl alco-
hol and allyl alcohol is difficult as compared to that by linear
aliphatic alcohols. With benzyl alcohol, the conversion is
low, but in the case of allyl alcohol, the conversion is higher
but the diester selectivity is low. This means that the reaction
is slow, and that a higher temperature may be required to
accomplish the reaction in both the cases. The activity of the
re-used catalyst is marginally lower than that of the initial
one. A very slight decrease in conversion was noticed during
recycle (second run) experiments. Successive use of the
washed catalyst in batch-wise reaction is possible, as seen
from the data given in Table 3.

4. Conclusions

Mesoporous silica SBA-15 molecular sieve has been
synthesized and tin was incorporated via incipient-wetness
impregnation to produce Sn-SBA-15 samples. Bulk struc-
tural characterization techniques (X-ray diffraction and
BET) are used to demonstrate that the hexagonal structure
is maintained during impregnation procedure. The results
given by these two techniques are combined to demonstrate
that the Sn species are introduced into the channels of the
mesoporous support. In the presence of Sn centers, a notice-
able decrease in the specific micropore area, pore volume
and diameter is observed, as tin oxide exists as a thin film
anchored inside the mesopores of SBA-15. Incorporation of
Sn does not affect the original mesopore structure of the
parent SBA-15 even at high Sn loading. The FTIR studies in
the hydroxyl region show that the abundant surface silanol

groups may be reacting with the Sn precursor. Spectroscopic
results reveal that Sn** is present in octahedral coordination.
Contributions of tin located in the pore wall (as Sn**) can be
distinguished from the signals of oxidic Sn** by decompos-
ing the in situ Mossbauer spectra of the reduced samples.
There are probably two types of Sn species in SBA-15, the
ratio of which depends on Sn content. The first one is
stabilized atomically (well dispersed Si—O-Sn—O-Si-
groups) on the walls, which form Sn®* upon reduction
treatment (easily reducible from Sn** to Sn** in presence
of —OH groups). The second type is large size entities of
Sn**(Sn0,) clusters distributed in the external pore struc-
ture, which are seen by TEM and are probably agglomerates
of smaller crystallites (XRD data). These Sn-SBA-15 sam-
ples are effective in catalyzing the transesterification of a
diketo ester such as diethyl malonate in the presence of a
number of alcohols to give both trans mono as well as diketo
esters under mild reaction conditions.
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