CHAPTER IV
ANOVEL ROOM TEMPERATURE SYNTHESIS OF MESOPOROUS
SBA-15 FROM SILATRANE

4.1 Abstract

Well-ordered and stable two dimensional mesoporous silica, SBA-15, were
synthesized at room temperature (RT) from a silatrane precursor and a non-ionic
triblock copolymer (EOZPOTEQOZ) as the structure directing agent. Using a
combination of small angle X-ray scattering, electron microscopy and nitrogen gas
absorption-desorption isotherms, the RT product was found to be equivalent to SBA-
15 prepared using more elaborative microwave-assisted hydrothermal methods. Both
synthesis routes yielded large surface areas (486-613 ma2g), pore diameters (45-67
A) and channel volumes (0.6-0.8 cm3g). All materials condensed as sinuous bundles
of silica tubes, in a morphology that approximates pomm symmetry, but where long
range order was absent. In addition, a portion of the products consisted of fing
crystalline mosaics or were aperiodic. The simplicity of the room temperature
synthesis route may provide an inexpensive and energy-saving process for the large
scale production of thermally stable SBA-15 as a catalyst support.

(Keywords: Silatrane, SBA-15, Synthesis, non-ionic triblock copolymer)

4.2 Introduction

Mesoporous materials have been of wide scientific and technological
interest since the discovery of the M4L  family in the 1990s by the Mobil research
group [1, 2], Among the mesoporous silicas, the SBA group has attracted attention
by virtue of their thicker walls, greater hydrothermal stability and larger pore size as
compared to the M41 materials. In particular, well-ordered hexagonal SBA-15
possesses high specific surface areas (characteristically 600-1000 m2g), large pore
sizes (45-300 A) and excellent hydrothermal stability (up to 850 ). These superb
properties, place SBA-15 in demand for catalytic, adsorption and separation
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applications that require high temperature or operate in corrosive environments [3-
10]. Mesoporous silicas are typically synthesized by sol-gel processes where
structure-directing amphiphillic surfactants, such as polyethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol), self assemble as micelles which
are encapsulated by an inorganic silica precursor [11]. Calcination at 500-600 ¢
oxidizes the surfactant, leaving thee- or two-dimensional mesoporous arrangements
of cavities or channels [12-16],

SBA-15 is a 2D mesoporous material first prepared hydrothermally under
acidic conditions (pH 1-2) using tetraethyl orthosilicate (TEQS) as the silica source
and triblock copolymers to direct the organization of the polymerizing silica species
[6-7], Generally, a hydrothermal treatment time of 11-72 hat 100 ¢ was needed to
yield well-ordered mesoporous structures of high surface area (690 m2g), uniform
pore diameter (47 A) and volume (0.56 cm3g). Subsequently, Newalkar et al. [L7]
introduced microwave-assisted syntheses to shorten reaction time (2 h) while
obtaining materials of similar quality to those prepared in the autoclave. The
microwave method proves superior as volumetric heating favors homogeneous
nucléation, and fast dissolution and supersaturation of precipitated gels promotes
shorter crystallization times [18-30],

Previous work has shown that controlling hydrolysis and condensation is
key to preparing well-ordered mesoporous material though sol-gel processing [31].
While TEOS is a common silica source, it is highly susceptible to hydrolysis, and the
rapid separation of amorphous silica impedes mesopore formation. Therefore, it is
advantageous to use precursors of reduced hydrolytic activity such as silatrane, an
organosilicate resistant towards hydrolysis that is stable in air for several weeks.
Additionally, silatrane is an inexpensive silica precursor, which can be conveniently
synthesized directly from fumed silicon dioxide and triethanolamine in ethylene
glycol [32-33], These starting materials are commercially available and low-priced.
Silatrane is a proven silica precursor for the sol-gel synthesis of many microporous
[34-37] and mesoporous [38-42] zeolites. In this paper, we describe a simple room
temperature route for the preparation of SBA-15 using silatrane under acidic
conditions, where a triblock copolymer (pluronic PI23) was employed as the
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structure-directing agent. The demonstration of room temperature synthesis shows
that large scale production of SBA-15 can he economical and energy efficient.

4.3 Experimental section

431 Silatrane Synthesis

The silatrane precursor was synthesized from fumed silica (99.8%,
Sigma-Aldrich, St. Louis, MO) solubilized in triethanolamine (TEA) (Carlo Erba,
Milan, Italy), with ethylene glycol (EG) (J.T. Baker, Philipsburg, NJ) employed as
the solvent, and acetronitrile (Labscan, Bangkok, Thailand) used for silatrane
purification. Following the method of Wongkasemjit et al. [43], 0.125 mol TEA was
refluxed with 0.1 mol silicon dioxide in ethylene glycol (100 ml) at 200 °c under
nitrogen for 10 h inan oil bath. Excess ethylene glycol was removed under vacuum
at 110 ¢ to obtain a crude brown solid that was washed with acetronitrile to remove
TEA and EG residues. The white silatrane product was vacuum dried overnight then
examined by Fourier-transform infrared (FT-IR) absorption spectrometery (Bruker
Optics EQUINOX55, Karlsruhe, Germany) at a resolution of 2 ¢cm'l and
thermogravimetric analysis (DuPont 2950, Twin Lakes, WI) at a heating rate of 10
°c/min from room temperature to 750 °c in a nitrogen atmosphere.

The FT-IR bands observed were 3000-3700 cm'1( , vO-H), 2860-
2986 ¢cm'L(, vC-H), 1244-1275 ¢cm'1(m, vC-N), 1170-1117 cm'L (bs, vSi-0),
1093 em'L(, vSi-0-C), 1073 cm'1( , vC-0), 1049 cm'L(, vSi-0), 1021 em'L(,
vC-0), 785 and 729 ¢cm'1( , vSi-0-C), and 579 cm'1( , N-Si). TGA showed one
sharp mass loss at 390 ¢ and gave a 19% ceramic yield of N(CH2CH2))3Si-
OCHXH2 N(CHXH20H)2

4.3.2 SBA-15 Synthesis

Mesoporous  SBA-15 was synthesized from silatrane  with
poly(ethylene  g'ycol)-block-poly(propylene  glycol)-block-poly(ethylene  glycol)
(Eo P00 29 (P123) (Sigma-Aldrich) employed as the template, and hydrochloric
acid (Labscan Asia) as the catalyst in accord with the procedure of Stucky et al. [6-
7). A solution of EQ 2P070EQ 2 TICl:silatrane:H2) = 2:60:4.25:12 (mass ratio) was
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prepared by dissolving 4 g of EOZPOTEOZ) polymer in 80 g of 2 M HCL (part A)
and 8.8 g of silatrane in 20 g of H20 (part B) with stirring continued for Lh to ensure
complete dissolution. For Route 1synthesis, the solution of part B was then poured
into part A, stirred at room temperature (RT) for 24 h, the product was recovered by
filtration, washed with deionized water, and dried overnight under ambient
conditions. For Route 2, the RT product was in addition treated in an autoclave
placed in a microwave oven at 300W for 1-2 h at 100 or 120 c. After cooling to
RT, the material was filtered, washed and dried as for the Route 1 SBA-15. Both
Route 1and Route 2 silicas were calcined at 550 °c in air for 6 h using a tube
furnace (Carbolite, CFS 1200, Hope Valley, UK.) at a heating rate of 1 °c/min to
remove the residual organics (Figure 1). The microwave assisted product prepared at
120 ¢ was taken as the baseline material.
4.3.3 Characterization

Mesopore Ordering: Small-angle X-ray scattering (SAXS) patterns
were obtained with a PANalytical PW3830 X-ray instrument using CuKa radiation
generated at 50kV and 40 mA. Thin powder samples (0.02 g) were spread uniformly
on adhesive tape and mounted on an aluminium frame (15-20 mm). The scattering
patterns were recorded on an image plate and intensities extracted as two
dimensional plots against scattering angle (29) by integration across approximately
450 pixels/degree 2 theta (Figure 2a). As replication of the 29 zero shift was poor,
the relative, rather than absolute positions of the scattering maximum were
compared. By using identical sample weights the intensity of the peaks could be
directly compared. [f the stacking of silica mesotubes is perfectly hexagonal and
conforms to pomm plane symmetry than the 2D crystallographic repeat can be
indexed as {10} - {11}, while the second order reflections provide a measure of the
channel diameter and can be indexed as {30} - {33} (Figure 2h). Additional
scattering (e.. {-1-1} or {-2-1}) out to larger d-spacings will be significant only if
the coherent hexagonal domain sizes are sufficiently extensive.

Nanostructure: Field Emission Scanning Electron  Microscope
(FESEM) images were obtained from powders mounted on double-sided carbon tape
using a JEOL JSM-7500F, operating at an accelerating voltage of 0.3-0.5 kv to



21

minimize the effects of charging. Transmission electron microscopy (TEM) was
conducted using a JEOL JEM-21OCF TEM instrument operated at an accelerating
voltage of 200 kv with a large objective aperture. For TEM, the powder was lightly
ground under ethanol, sometimes with the introduction of liquid N2 to enhance
fracture and produce thin flakes that were dispersed ultrasonically. Two drops of the
suspension were deposited on holey carbon-coated copper grids. The periodicity of
SBA-15 projected along the mesotubes were studied by fast Fourier transformation
of TEM images using CRISP [44] to extract interplanar angles, with deviations from
60° indicating an oblique rather than hexagonal metric. The average size of the
channels was obtained by assuming pomm symmetry and carrying out a back Fourier
transform with the diameter measured directly from the reprocessed image.

Physical Parameters: Nitrogen sorption isotherms were obtained at -
196 ¢ after out gassing at 250 ¢ for 12 h (Quantasorb JR, Mount Holly, NJ). The
surface area and average pore size were determined by the Brunauer-Emmett-Teller
(BET) method.

44 Results and Discussion

441 As-synthesized SBA-15 mesoporous material

The SAXS pattern for as-synthesized mesoporous silica (SBA-15)
prepared with eozoro7oeoz20 shows two well-resolved peaks (Figure 2A) that are
indexable as {10} = {11} and {30} = {33} reflections associated with p6mm
hexagonal symmetry. The intense {10} peak reflects a d spacing of 150 A
corresponding to a unit-cell parameter (.o = 173 A). After calcination in air at 550 °c
for 6 h, SAXS (Figure 2B) shows that the pmm morphology is preserved. Two
peaks are still observed, confirming that hexagonal SBA- 15 is thermally stable. A
similarly high degree of mesoscopic order is observed for hexagonal SBA-15 even
after calcination at 850 c.

Thermal gravimetric and differential thermal analyses (TGA and
DTA) in air of the SBA-15 sample calcined at 550 °c for 6 h and prepared with
EO20PO70EQ show total weight losses of 11.02 weight % (Figure 3). At 94.6 °c,
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TGA registers a 211 weight % loss because of desorption of water. There is no
weight loss at 145 ¢ which would correspond to the decomposition temperature of
the block copolymer6indicating that there is no any nitrogen or carbon species left in
the mesoporous wall, and confirming that the template has completely been removed.
4.4.2 With hydrothermal treatment
A. High temperature microwave-assisted hydrothermal synthesis (120
I h): This benchmark material yielded a SAXS pattern with first and second
order scattering centered at d-spacings of 1825 A (30=210.7 A) and 65.8 A (Figure
5a). When indexed according to the plane group pmm as {10} = {11} and {30} =
{33}, the ratio a{10}={11>/ {0}={3}= 2.8, rather than 3, since the overall structure
shows significant deviations from the hexagonal metric, and more nearly conforms to
oblique p2 (Table 1). Both scattering maxima are anisotropic such that {10} - {11}
shows a sharp upper limit of the d-spacing at -190 A, but a long tail towards higher
scattering angles down to -167 A (Figure 5b), while the {30} = {33} feature is
asymmetric in an opposite sense and spans channel diameters from 63-67 A. Fligher
order features such as {-1-1} are barely discernable because the coherent hexagonal
domains were quite restricted (Figure 5b). Microscopy confirmed the absence of
longer range periodicity as implied by SAXS. Field Emission scanning electron
microscope (FESEM) showed that SBA-15 possesses a sinuous morphology at the
scale of a few hundred nanometers and coexisted with poorly ordered mesopore
fragments (Figure 6a). In TEM, the mosaic character of even the better ordered
fragments was evident (Figue 6b). At higher magnifications FESEM suggests that
the channels are partially cavitated, rather than open conduits, which would limit
mass transport (Figure 6¢), however the TEM images show the projected absorption
contrast and periodicity are insensitive to random channel blockages (Figure 6d). In
detail, images collected parallel to the pseudo 6-fold rotation axis clearly show
variability in both channel diameter and filling (Figure 6e), while <10> = <11>
projections confirm tubule ordering (Figure 60-
Fast Fourier transform analysis of 6-fold TEM projections confirmed
that departures from pémm symmetry were systemic, with the {10} = {l1}
interplanar angles deviating from 60° (Figure 7a.h). By imposing hexagonal
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symmetry as the average structure and applying the back Fourier reconstruction, a
processed image is recovered from which the pore diameter is directly accessible
(Figure 7a) and shows an average tunnel diameter of 46 A, The pore diameters
derived from SAXS and TEM image processing, bracket the value obtained by
nitrogen adsorption measurements, which gave a diameter of 54 A (Table 1), pore
volume of 0.8 cm3g and a high surface area (613 mag) (Figure 8a). The isotherm
was an IUPAC type IV with an HI-type hysteresis loop [5], However, SBA-15
synthesized from silatrane showed a smaller pore volume (0.8 cmJg) and surface
area (613 mag) compared to equivalent material synthesized from TEOS (0.99 cmdg
and 805.9 m2g). This is consistent with the SAXS observation that the silatrane
source ielded less well-ordered mesopores [6, 7, 16]. While the TEOS derived
SBA-15, X-ray scattering patterns contain up to four peaks indicative of longer range
periodicity.

B. Low temperature microwave-assisted hydrothermal synthesis (100
°c/2h): The characteristics of SBA-15 prepared at 100 °c were broadly similar to
those of the 120°c material, with the d{i0}={10}/ {3)={33} = 2.8 (Figure 5) and a
cavitated channel structure (Figure 9). The surface area (572 m2g) and pore
diameter (55 A) are identical to those obtained at 120 °c / 1h (Figure 8h).

Generally, the work related to SBA-15 employs a hydrothermal
treatment step via autoclave or microwave assisted methods using TEOS as a silica
source, and P 123 as the template. For example, et al. [45], studied the orientation
of mesochannels using a laser-modified polyimide surface, with TEOS was
employed as silica source and P123 as the structure directing agent. The material was
hydrothermally treated in an autoclave at 110 °c for 48 h. The orientation of the
mesochannels was evaluated by X-ray scattering measurement. One narrow {10}
peak of the 2D hexagonal phase appeared. The absence ofa {11} peak, which would
normally be observed in a hexagonal structure, was consistent with the mesopore
channels oriented parallel to the substrate. Okamoto et al. [46], studied the site-
specific synthesis of mixed valence Ti-O-Fe complexes within the pores of ordered
mesoporous silica SBA-15 using TEOS and PI123. The powder exhibited thee
reflections corresponding to {10}, {11} and {20} of a two-dimensional hexagonal
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pore structure. Newalkar et al. [17] reported a microwave-assisted synthesis method
to shorten the synthesis time that employed TEOS and P123, that can be reduced the
reaction time to 2 h and yield the product similar to that prepared by 48 h
conventional autoclave treatment. It is believed the rapid heating to the
crystallization temperature by volumetric heating favored homogeneous nucléation,
fast supersaturation by the rapid dissolution of precipitated gels, and ultimately a
shorter crystallization time.

Zhao et al. [6-7], used TEOS and P123 to synthesize SBA-15 in
acidic conditions as a function of temperature and time. Using an autoclave, it took
48 h to complete the reaction and achieve well-ordered SBA-15 with high surface
area (690 m2g), uniform pore size of (47 A) and pore volume (0.56 cm3g), these
results are similar to the data obtained from the sample from this work.

4.4.3 without hydrothermal treatment

Direct RT synthesis : The relative positions of the SAXS scattering
maxima appear at 182.5 A and 60.8 A and conform almost exactly to the hexagonal
metric with o{ 10} {10/ o{30}=433}= 3.0 (Figure 5). The spread of crystallographic
repetition is unchanged (190 - 167 A), however the channel diameter is slightly
smaller (63 - 60 A), in agreement with the BET measurements that yielded a surface
area (486 m2g) and pore diameter (50 A) (Figure 8c), Table 1). Micrograph
collected near the principal axial projections are indistinguishable from the
hydrothermally prepared material (Figure 10).

SAXS indicates that SBA-15 prepared at RT are well-ordered 2D
mesoporous materials, comparable to those microwave-assisted hydrothermal
products, with the latter yielding a marginally superior product in terms of higher
BET surface area and mesopore order. When conventional precursors such as TEOS
are used, it is believed that the hydrothermal conditions promote the condensation of
metal oxide bridges, leading to better ordered structures. However, this benefit is
minimal when silatrane is employed, as it is stable towards hydrolysis and can be
employed at room temperature. Tanglumlert et al. [48] reported the successful
synthesis of well-ordered and stable SBA-1 mesoporous silica via sol-gel process
using silatrane as a silica source. The high quality SBA-1 was produced under mild
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acidic condition, CnTMAB was used as a template, and the reaction was conducted at
room temperature,

As it can be seen from the TEM images, the silica wall thickness
between RT and microwave-assisted hydrothermal samples are equally similar,
implying that silatrane condensation of Si-O-Si takes place at room temperature. By
operating at ambient, this method minimizes process complexity while forming well-
ordered SBA-15. The results from SAXS, FESEM and TEM clearly indicate that
SBA-15 obtained from the room temperature (without hydrothermal treatment), and
microwave-assisted method are comparable, and would facilitate economical and
energy saving large scale production.

45 Conclusions

It has been demonstrated that SBA-15 can be successfully synthesized at
room temperature using silatrane, an inexpensive and conveniently prepared silica, as
the silica precursor. The crystallographic, morphological and physical properties of
SBA-15 obtained by this simple process are comparable to mesoporous Silica
prepared by the more complex microwave-assisted hydrothermal method. This new
preparative route may allow: inexpensive, energy-saving and efficient production of
SBA-15 for a range of catalytic and environmental applications.
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Table 1 Properties of SBA-15 as a function of synthesis route

Surface Channel

Channel Riameter
_ Volume (& d{io>1d{30)
Synthesis* X (cm¥g)
BET BET BET TEM SAXS SAXS
; Without
hydrothermal 486 0.6 50 ~45 60-63 3
E treatment

With hydrothermal
treatment via
microwave 572 0.8 55 ~45 63-67 2.8
on assisteéj method at
100 C for 2 h.
3 With hydrothermal
o treatment via
microwave 613 0.8 54 ~45 63-67 2.8

assisteéj method at
120 Cfor 1 h.
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Figure 1 Simplified room temperature synthesis of SBS-15 (Route 1) compared
conventional microwave-assisted hydrothermal method (Route 2).
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Figure 2 The SAXS pattern of the as-synthesized SBA-15 (A), after calcinations at
550 ¢ (B) and after calcination at 850 °c (C). These materials show two strong
scattering maxima that are indexed in accord with pémm (hexagonal) symmetry.
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Figure 3 The TG-DTA peak analyzed in air of SBA-15 after calcinations at 550 °c
for 6 h,
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Figure 4 (a) Idealized morphology of the two-dimensional arrangement of silica
tubes in SBA-15 and conforming to pomm symmetry. In reality, the tubes are
sinuous and extend over a range of diameters which destroys long range hexagonal
symmetry, (b) Projection along the mesoporous tubes emphasizing the equivalence
of {10} - {11} planes and d-spacings that define the underlying crystallographic
repeat, while {30} = {33} correspond to a first approximation to the ohbserved
channel diameters.
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Figure 5 (a) The SAXS pattern the SBA-15 materials show two strong scattering
maxima that are indexed in accord with pémm symmetry. The relative positions of
these maxima are distinct for those mesoporous structures prepared with the
assistance of microwave homogenization, (b) The {10} = {11} reflections are
anisotropic and show that the upper limit of the crystallographic repeat in the 2D
mesopore order is quite sharp (-190A) but with a long tail of shorter periodicity
down to -167A. (c) The {30} = {33} scattering that provides a measure of pore
diameter shows the channels are slightly larger when microwave treatment is used, as

compared to direct hydrothermal synthesis, in agreement with gas absorption
Mmeasurements (See Table 1),
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Figure 6 FESEM (left-hand side) and TEM (right-hand sice) images of SBA-15
prepared hydrothermally at 120°CN 1 with microwave assistance, (a) & (0) At lower
magnifications the twisted bundles of silica tubes are seen to co-exist with less
crystalline and aperiodic ~ material, (c) (d) When viewed along the pseudo-
hexagonal projection it evident that channels not uniform in shape or content, (e) &
(f) In <10> FESEM clearly shows cavitation along the channels. While this is not
evident in TEM, the reqular periodicity the 2D mesopore order is evident.
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Figure 7 (a) A well-ordered fragment of SBS-15 project in pseudo-/?6mm projection,
(h) The frequency image obtained by fast Fourier transformation (FFT) of the region
within the circle yields shows angles that departure from 60° demonstrating that this
material fragment better corresponds to p2 oblique Symmetry. By imposing pmm
symmetry and calculating the back Fourier transform the inserted processed image in
() s generated that yields an average pore diameter of 46 A
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Figure 8 Nitrogen adsorption-ciesorption isotherms and corresponding pore Size
distributions for SBA-15 prepared with a microwave-assisted hydrothermal route at
(@)120° /I h, (b) 100°c /2 h, and (c) directly at RT by stirring. The pore size range
is slightly narrower for the latter (FWHM ~ 18 A) as compared to the former
(FWHM-25 A)



Figure 9 Approximate <10> FESEM (a) and TEM (b) images micrograph of SBA-
15 prepared hydrothermally with microwave-assisted method at 100°C/2 h.
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Figure 10 Approximate <10> FESEM (a) and hexagonal TEM (b) images of SBA-
15 prepared at RT without hydrothermal treatment.
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