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Well-ordered Sn**-incorporated mesoporous silica SBA-15
samples have been synthesized from tetraethyl orthosilicate
(TEOS) and SnCly (Si/Sn = 114-15) using nonionic surfactants
under a slightly higher pH medium (optimum H,O to HCI molar
ratio) and characterized by XRD (an increase in lattice parame-
ter), TEM (no SnO; species) and UV-vis spectral (absorption
at 211 nm) techniques to show that Sn** ions are in tetrahedral
coordination in Sn—SBA-15.

Incorporation of tin within the silica framework of many
micro- and mesoporous molecular sieves is reported to impart
in these materials interesting properties that make them useful
as sensors, electrodes and catalysts.! There are many reports
on the synthesis and characterization of mesoporous silicas with
Sn and other semiconducting oxides in them, prepared either by
direct synthesis or by post-synthesis procedures.” Among these
mesoporous silicas, SBA-15 is thermally more stable than corre-
sponding MCM-41.3 Highly acidic conditions of preparation of
Si—-SBA-15 normally prohibit the incorporation of tin because
of the high solubility of its precursors. During the preparation
of metal-incorporated SBA-15 via post-synthetic methods, often
metal oxides are formed in the channels or on the external sur-
faces. At least three different models of localized metal oxide
particles within SBA-15 channels can be discerned.* Metal
oxides formed in the mesopores may block the pores partially
or fully, thereby reducing the surface area, pore volume, and
pore diameter, or play a negative role in catalysis. It is still a
challenge to find a one-step route of metal incorporation in
SBA-15 in order to impart a catalytic functionality without
changing its structural order or increasing the complexity of
the synthesis. Recent reports suggest that structurally integral
SBA-15, Al-, Co— and Fe-SBA-15 samples can be synthesized
at slightly higher pH (2-5) conditions, provided the rate of hy-
drolysis of TEOS and condensation are controlled, for example,
by adjusting the H,O to HCI molar ratio of the synthesis gel.’
Here, we report such a procedure in which the pH of the synthe-
sis medium is varied by adjusting the H,O/HCI ratio, while
introducing Sn into SBA-15. The resulting materials may be
useful in many applications, including as catalysts as reported
earlier in transesterification reaction.

An optimized procedure for the synthesis of Sn—SBA-15
molecular sieves has been worked out by changing the H,O/
HCl ratio and the resulting pH of the synthesis medium. Starting
from a low H,O/HCl ratio (pH < 1) and progressively increas-
ing the ratio to 276, as reported by Vinu et al.,’ then to 796
(70 mL of 0.07 M HCI) and without any addition of HCI in the
synthesis media, we found that for a given Si/Sn (input) ratio
of 100 to 10, a fixed water to HCI molar ratio of 796 (pH < 2)
of the gel acidity leads to the formation of highly ordered
Sn-containing mesoporous SBA-15 samples. For comparison,
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Figure 1. XRD patterns: (a) SBA-15, (b) Sn—SBA-15 (114), (c) Sn—
SBA-15 (85), (d) Sn—SBA-15 (75), (e) Sn—SBA-15 (50), and (f) Sn—
SBA-15 (15).

Sn-free SBA-15 was prepared by using a H,O/HCI ratio of
796. The molar gel composition was 1TEOS:0.01-0.1SnO;:
0.016P123:0-0.46HCI:127H,0. The solid products were recov-
ered by filtration, dried and calcined at 823 K. The Sn—SBA-15
samples with different tin concentrations were characterized by
XRD, N, adsorption, TEM, and UV-vis spectral techniques.

The powder XRD patterns of calcined Sn—SBA-15 samples
with different Si/Sn ratios are similar to that of SBA-15 indicat-
ing a highly ordered mesoporous structure in all the samples
as shown in Figure 1. It is interesting to note that the unit cell
parameter increases significantly in Sn—SBA-15 samples with
increasing tin content (Table 1). These values may indicate that
the Sn** ions are incorporated into the framework of the SBA-15
materials, since the radius of the ionic Sn** is larger than that
of Si*t (rg,*t = 0.055nm and rg** = 0.026 nm). XRD scan
of samples in the high-angle region did not show the presence
of crystalline SnO, or tin-silicate phases.

The UV-vis DR spectra of calcined Sn—SBA-15 samples
were recorded to characterize the chemical nature and coordina-
tion spheres of the Sn species. The Sn—SBA-15 samples show a
characteristic absorbance centered around 211 nm, which can be
assigned to O>~ — Sn** transition, when Sn is in tetrahedral
coordination in the framework. The intensity of this absorption
increases with Sn content, as seen in Figure 2 and this provides
a strong evidence for the incorporation of Sn*+ in SBA-15 struc-
ture. A weak absorption band at ~#248 nm may indicate the pres-

Table 1. Physicochemical characteristics of Sn—SBA-15 samples
with different Si/Sn ratios

Si/Sn a SgeT Smeso Vp PD

eel EDX /nm /m’g™' /m’g”! cm’g™!  /nm

SBA-15 — — 10.2 906 445 1.04 4.6
Sn-SBA-15 100 114 10.5 920 516 1.22 5.3
Sn—-SBA-15 80 85 10.4 948 560 1.32 5.6
Sn—-SBA-15 60 75 10.9 976 609 1.39 5.7
Sn-SBA-15 40 50 10.9 1042 581 1.31 5.0
Sn—-SBA-15 10 15 10.2 1127 777 1.62 5.7
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Figure 2. UV-vis spectra of (a) Sn—SBA-15 (114), (b) Sn—SBA-15
(85), (c) Sn—SBA-15 (75), and (d) Sn—SBA-15 (50).
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Figure 3. (a) N, adsorption/desorption isotherms and (b) B-plot of
(a) SBA-15, (b) Sn—SBA-15 (75) and (c) Sn—SBA-15 (50).

ence of some Sn** ions in other coordination sphere. Sn—SBA-
15 samples prepared using other (higher or lower) H,O/HCl
ratios show presence of Sn** essentially in octahedral coordina-
tion.”

The N, adsorption—desorption isotherms of Sn—-SBA-15
samples are typically of irreversible type IV, with H1 hysteresis
loop (Figure 3a). A significant and steady increase in the BET
surface area with an increase in Sn content is observed for the
samples (Table 1), which is due to an increase in the mesopore
volume (from the B-plot*). The micropore volume is estimated
to be about 19% in the parent SBA-15, which reduces to about
10% in Sn—SBA-15 having a Si/Sn ratio of 15 (Figure 3b).
The mesopore diameter increases with increase in tin content.
This is fairly a good indication of the presence of Sn in the
corona region of the mesopore structure.

Under mild acidic conditions, the rate of condensation is
faster than the rate of hydrolysis and, therefore, larger number
of micropores is generated in Sn—SBA-15 samples. Sn—SBA-
15 samples prepared under other pH conditions (lower H,O to
HCI ratios or in absence of any added HCI in the synthesis
media) showed in general a decrease in the total surface area
compared to parent SBA-15. In fact, there was a progressive
decrease in the mesopore area with increasing Sn content,
which may be due to occlusion of some SnO, in the mesopores
of SBA-15.7

The TEM images (Figure 4) of Sn—SBA-15 samples show a
well-ordered hexagonal array of mesopores with one-dimension-
al channels, which indicate a 2D hexagonal (p6mm) mesostruc-
ture. No individual tin oxide particles are observed at low Sn
concentrations (Figures 4a—4c). For Sn—SBA-15 (15) sample,
small, well-dispersed tin particles are observed (Figure 4d).
Thus, by adjusting the H,O/HCI molar ratio to 796, Sn gets in-
corporated into the lattice of SBA-15 at a low Sn concentrations
(Si/Sn > 10), which is evidenced by XRD, TEM, and UV data.
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Figure 4. Transmission electron micrographs: (a) Sn—SBA-15 (85),
(b) Sn—SBA-15 (75), (c) Sn—SBA-15 (50), and (d) Sn—SBA-15 (15).

At higher Sn concentrations, similar gel conditions lead to well-
dispersed SnO, phase in SBA-15. By using a HO/HCI molar
ratio of 276 as given in the literature,’ SnO, agglomerates are
formed in the channels or on the external surface, which block
the pores partially, thereby reducing the surface area. In our
earlier report,® we found that when SBA-15 was impregnated
with Sn ions using SnCly solution, there was a decrease in
total surface area and pore volume due to some blockage of the
mesopores. In comparison to the earlier procedures, the present
method of preparation leads to an increase in total surface
area (Table 1) that may indicate the presence of some Sn**
ions as a part of the mesopores formed during the hydrothermal
synthesis.

When P123 is mixed with water at room temperature, it
forms micelles with PPO core and hydrated PEO coronas. The
hydrophilic region of the surfactant is surrounded by halide ions
forming an electrical double layer with a peripheral negative
charge (STX™). The formation of hexagonal mesophase under
highly acidic conditions occurs through the S'H*X I+ pathway.
With increasing H,O/HCI ratio, the charge on silica is reduced
and the strength of interaction between the surfactant and the
inorganic species IT will decrease. Hence, the system will be
able to move to a more random structure. But this is compensat-
ed by the addition of SnCls+5H,0, which on hydrolysis at
this pH produces HCL. TEOS and SnCl,+5H;0 are hydrolysed
and protonated in acidic medium forming ethanol, =Si-OH,*,
HCl, and =Sn—OH,™". This positively charged silica species
(I*) are attracted electrostatically to the anionic portion of the
surfactant ion pair (STX™) forming electrical triple layer, where
halide ions coordinate through Columbic interaction to the pro-
tonated silica groups. But with increasing the H,O/HCl ratio, the
concentration of tin hydroxy species increases. Hence, partially
condensed silica species are able to form Sn—O-Si bond at this
condition. The amount of Sn incorporation can, thus, be control-
led by adjusting the molar H,O/HCI ratio without affecting the
structural ordering of SBA-15 materials.
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