Synthesis of highly ordered mesoporous silica materials using sodium silicate
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A commercially important synthetic approach to highly
ordered mesoporous silica materials (SBA-family) with 2-D
hexagonal (P6mm), 3-D hexagonal (P6s3/mmc) and cubic
(Im3m and Pm3m) structures, using sodium silicate as the
silica source and amphiphilic block copolymers as the
structure-directing agents is demonstrated.

It is well known that mesoporous silica materials are syn-
thesised by synergistic self-assembly between surfactant and
silica species to form mesoscopically ordered composites.12
Generally, two types of surfactants are used for the formation of
mesoporous silica materials: ionic surfactants such as akyl-
trimethylammonium bromidel-3 and nonionic surfactants such
as alkylamine* and poly(ethylene oxide)-type copolymers.>—7
The ionic surfactants interact electrostatically with inorganic
species, whereas the nonionic surfactants result in the formation
of mesocomposites through hydrogen bond or van der Waals
interaction. The nonionic surfactants give commercialy im-
portant advantages compared with the ionic surfactants. They
are easily removable, nontoxic, biodegradable and relatively
inexpensive. Pinnavaia and coworkers® have reported the
synthesis of MSU-X mesoporous materials with several non-
ionic surfactants. These materials are composed of worm-like
channels, which are disorderedly arrayed. Stucky and cowork-
ers’ have reported the synthesis of SBA mesoporous silica
materials, which have well-ordered channel and cage structures,
using amphiphilic di- and triblock copolymers as the structure
directing agents at or below the isoelectric point (pH < 3).
However, these synthetic procedures using nonionic surfactants
are not as commercialy viable as they might be due to the use
of tetraethyl orthosilicate (TEOS) as a silica source. Recently,
Guth and coworkers® have pointed this out and reported the
synthesis of mesoporous silica material using nonionic surfac-
tant and sodium silicate in the pH range 3-10.5. However, the
mesoporous materials thus obtained exhibit irregular or dis-
ordered channel connectivity and broad pore size distribu-
tions.

Here, we report the synthesis of highly ordered mesoporous
silica materials that include 2-dimensional (2-D) hexagonal
SBA-15 (P6mm), 3-dimensional (3-D) hexagona SBA-12
(P63/mmc) and cubic SBA-16 and SBA-11 (Im3m and Pm3m)
using sodium metasilicate as the silica source and nonionic
amphiphilic block copolymers as the structure-directing
agents.

Triblock copolymers such as Pluronic P123 (EO,gPO70EO,,
My = 5800) and Pluronic P85 (E026P039E026, My = 4600)
and diblock copolymer, CHzn+1(OCHCH,)OH (C,EO,, n =
12-18, x = 9-23), were used as received from BASF, Aldrich
and Sigma. Sodium metasilicate (Na,SiO3-9H,0) and concen-
trated hydrochloric acid (c-HCI, 37.6%) were obtained from
Fisher Scientific. In atypical synthesis batch, 3.0 g of C1gEO;9
was dissolved in 57.4 g of distilled water and then 8.8 g of
sodium metasilicate was added at room temperature with
magnetic stirring, giving a clear solution. To this reaction
mixture, 17.7 g of c-HCl was quickly added with vigorous
magnetic stirring. Theresulting gel mixturewasstirred for 1 day
at room temperature and subsequently heated for 1 day at 373 K
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in an oven to increase the degree of silanol group condensation.
In the case of Pluronic triblock polymers, the reaction
temperature was 313 K before heating to 373 K. The solid
product was filtered off and dried at 373 K. The product was
then dlurried in ethanol-HCI mixture, filtered off, washed with
ethanol, dried in an oven, and calcined in air under static
conditions at 823 K. The product yield in a typical synthesis
batch was above 90% on the basis of the silica recovery.

Fig. 1la— show powder X-ray diffraction (XRD) patterns for
SBA-15 materials, obtained from C;,EQg, EO,PO39EO,¢ and
EO,0PO/0EO,q, after calcination. All exhibit XRD patterns
with a very intense diffraction peak and two or more weak
peaks, which are characteristic of a 2-D hexagonal (P6mm)
structure.r.5.7 The SBA-15 obtained from EO,oPO;oEO,q shows
(210) and (300) peaks, which indicates excellent textura
uniformity of the material. There were no significant changes
upon calcination, except for the expected increasein XRD peak
intensity and lattice contraction (7—12%). Fig. 2ais atransmis-
sion electron microscopic (TEM) image for SBA-15 (Fig. 1c).
The TEM image also indicates that the material has a highly
ordered 2-D hexagona structure, similar to that of SBA-15
obtained from TEOS.” Other 2-D hexagonal silica materiasin
Fig. laand b give similar TEM images except for their different
channel sizes. The N, adsorption—desorption isotherms and
pore size distribution curves for the present SBA-15 materials
are essentially the same as those of SBA-3 and SBA-15.37
L attice parameters and pore sizes are listed in Table 1.

Fig. 1d and e show XRD patterns for the mesoporous silica
materials obtained from C1,EO,3 and C16EO-0, respectively.
The XRD patterns can beindexed as cubic Im3mfor Fig. 1d and
cubic Pm3m for Fig. 1e.” It is interesting and important that
cubic Im3m mesoporous silica (SBA-16) can be obtained using
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Fig. 1 XRD patterns for the mesoporous silicas obtained from (a) C1,EOq,
() EO26PO39EQ2s, (€) EO20PO70EO20, (d) C12EO23, (€) C16EO20 and (f)
C18EO10. XRD patterns were collected with a Cu-Ko X-ray source using a
Sintag X, instrument.
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Fig. 2 TEM images and ED patterns for the calcined mesoporous silicas
obtained from (a) EO5oPO70EO,, (b) C1oEOo3, (C) C16EO2o and (d)
C18EO10. The TEM image was taken with a 2000 FX JEOL instrument
operating at 200 kV.

Table 1 Lattice parameter, pore diameter and BET surface area of
mesoporous silicas

Surface
Cell Pore size area/lm?
Polymer Mesophase parameter/nm2  nmb g!
C1EQg 2-D hexagonal 4.79 3.8 1055
C12EO,3 cubic Im3m 6.70 35,43 701
C16EO20 cubic Pm3m 13.25 4.2, 5.0¢ 637
C18EO10 3-D hexagona 7.43, 12.02d 45,54¢c 572
EO,6PO3EO,¢ 2-D hexwonal 8.83 5.6 849
EO,0PO70EO,, 2-D hexagonal  10.68 7.6 600

a L attice parameters cal culated from d spacingsin XRD patterns. b Poresize
distribution obtained from N adsorption—desorption isotherms following
the BdB analysis with cylindrica and spherica models.210 ¢ Numbers
denote pore opening size and largest diameter in spherical cage structure,
respectively. 9 Numbers represent lattice parameters a and c, respectively.

the C1oEOo3 diblock copolymer as well as with the triblock
copolymer EO;05PO70EQO;06 (Pluronic F127).7 TEM imagesfor
the cubic materialsare shown in Fig. 2b and c¢. Theimages show
well-ordered structures viewed along the [001] direction,
suggesting that both mesoporous silica materials have highly
ordered cubic structures.

Fig. 1f and Fig. 2d are the XRD pattern and TEM image,
respectively, for the mesoporous silica obtained from C1gEO;.
The XRD pattern can beindexed asa3-D hexagona (P6s/mmc)
structure with cell parameters a = 7.43, 12.03 nm. The cell
parameter ratio (c/a) is 1.62, which isvery similar to idea ratio
(1.633) for atypical hexagonal close-packed (hcp) phase and
those of SBA-127 and SBA-2.3 Fig. 3 shows N, adsorption—
desorption isotherms and pore size distribution curves for the
3-D hexagonal material. The N isotherm is of type IV with a
H2 hysteresis loop, which indicates this material has bottle
shaped pores similar to those of SBA-2.3
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Fig. 3 N, adsorption—desorption isotherms for the mesoporous silica
material obtained from C;5EO; and the corresponding pore size distribu-
tion curves. N, adsorption isotherms were obtained at liquid N, temperature
using a Micromeritics ASAP 2000 instrument and pore size distributions
were calculated by the BdB (Broekhoff and de Boer) method®10 with a
spherical model.

In conclusion, we have devel oped anew synthetic method for
highly ordered mesoporous silicas using sodium metasilicate as
the silica source and amphiphilic block copolymers as the
structure-directing agents. The replacement of TEOS by sodium
metasilicate leads to the low cost production of mesoporous
silica materials for practical applications. In addition, other
substituents such as aluminium, titanium, etc. can be incorpo-
rated into the silicaframework of the present SBA materiasfor
applications such as catalysis and ion exchange.
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