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A series of mesoporous silicalites was synthesized using different compositions of tetraethylorthosilicate and
methyltriethoxysilane (MTES) as the silica source. Cetyltrimethylammonium bromide was used as the organic
template. Their detailed pore structures were investigated by transmission electron microscopy, X-ray diffraction, and
N, adsorption method. The thermal properties of these silicalites were studied by thermogravimetric analysis. The
increased amount of MTES destroyed mesoporous channels and reduced pore sizes from 3.4 nm to 2.8 nm in calcined
silicalites. The calcined silicalite transformed completely into an amorphous state at 30% MTES loading. Methyl
pending groups of MTES hindered the structural ordering of =Si-O- frameworks, resulting in an amorphous structure.
This was caused by the insufficient formation of supramolecular assembly with the organic template. No capillary
condensation step was found in MS 7/3 silicalite. The other capillary condensation steps shifted toward the lower
relative pressure with increasing MTES content, indicating the reduction of pore sizes.
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1. INTRODUCTION

Several kinds of mesoporous silicalites or aluminosilicate have
attracted worldwide interest in many areas of physical, chemi-
cal, and engineering sciences since the discovery of mesoporous
silica at Mobil in 1992 materials [1,2]. Tuning techniques are also
important in the field of silica-based materials for the expansion
of pore size from micro- to meso-scale due to the increasing de-
mands in both industrial and fundamental studies [3-6].

Pore structures with uniform sizes can be induced and pre-
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pared by a self-assembled organic template array. Many kinds of
mesoporous silicalites have been identified to be lamella, hex-
agonal, and cubic phases, in which the pores possess high regu-
lar arrays in the 1.5-10 nm size range, depending on the template
used [2,6-8]. The mesoporous materials are known to offer new
opportunities for their applications in catalysis, chemical separa-
tion, adsorption media, supports, ion-exchangers, host systems,
and advanced composite materials [9-19].

The structures and the properties of mesoporous materials
can be diversely adjusted by a sophisticated choice of organic
templates, reaction parameters, and auxiliary cationic frame-
work sources [1,6,20-26]. Especially, some organic silanes, such
as alkylalkoxysilane, SiR'(OR);, (R' and R = methyl, ethyl, or
propyl), have been used to prepare amorphous silicalites [27-
32]. Therefore, the addition of organic silanes can change the
pore structures of typical mesoporous silicalites. In this work, we
prepared a series of mesoporous silicalites using various com-
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Fig. 1. Thermogravimetric analysis thermograms of the as-made
silicalites. The heating run was conducted at 10°C/min in N, atmo-
sphere. Two curves show thermograms of as-made samples with
TEOS/MTES compositions (molar ratio) of (a) 10/0 and (b) 7/3.

positions of methyltriethoxysilane (MTES). Increased amounts
of MTES in silicalite composites changed the structural orders,
and the corresponding properties. We have deliberately investi-
gated the structural changes of silicalite composites with various
amounts of MTES. In addition, we studied the relationship be-
tween their structures and properties.

2. EXPERIMENTS

All the reagents were used as received, without further purifi-
cation. Cetyltrimethylammonium bromide (CTAB) and tetraeth-
ylorthosilicate (TEOS) were purchased from Sigma-Aldrich (USA)
and MTES from Gelest Inc. (Morrisville, PA, USA). Water was
distilled using a water purification system (Barnstead D12651).

In this work, mesoporous silicalites were prepared with vari-
ous compositions of TEOS and MTES. CTAB was used as a struc-
ture-directing agent. Compositions of MTES were adjusted from
0% to 30% (molar ratio) with respect to TEOS. For example, MS
7/3 indicates that 70% TEOS and 30% MTES were fed into a ma-
trix composition. Mesoporous silicalites were synthesized follow-
ing the method described in [33]; 0.800 g (2.195 mmol) of CTAB
was added to 0.112 M aqueous solution of NaOH heated at 60°C
with vigorous stirring. 3.738 g (17.945 mmol) of TEOS was added
dropwise to the CTAB solution under the same conditions. After
2 hours, the resultant silicalite solution was washed several times
with water. The washed sample was dried in an oven at 80°C for 1
day. Finally, the dried sample was calcined at 500°C for 5 hours to
prepare mesoporous silicalite. The same procedure was followed
to prepare MTES-mixed silicalites.

X-ray diffraction (XRD) measurements were performed in re-
flection goniometry using a Rigaku vertical diffractometer (model
RINT 2500). The Cu-Ka radiation (1.54 A) was operated at 40 kV
and 60 mA. Field emission transmission electron microscopy
(FE-TEM) was conducted in a Tecnai F30 S-Twin (FEI, The Neth-
erlands) and operated at 300 kV. TEM samples were prepared on
a carbon grid of 400 mesh by dip-coating in dilute solutions (~1
wt% solid content). Nitrogen adsorption measurements were
performed at 77 K on ASAP2420 (Micromeritics, Nocross, GA,
USA). The calcined samples were outgassed for 2 hours at 573 K
in vacuum before adsorption analysis. In addition, thermogravi-
metric analysis (TGA) (Q50, TA instruments) was used to investi-
gate the thermal property of mesoporous silicalites.
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Fig. 2. X-ray diffraction patterns of silicalites calcined at 500°C for 5
hours.

3. RESULTS AND DISCUSSION

The curing and the thermal decomposition steps of the sili-
calites were analyzed from their TGA thermograms. Figure 1
shows that the as-made silicalites went through several thermal
steps. These thermal steps are shown in Roman numbers sepa-
rated by vertical dotted lines. In step I, a small drop in weight
occurred up to 80°C due to the elimination of residual water.
Further drying and the slow curing process were continued up
to 160°C (step II). The large weight loss at step III resulted from
the removal of the decomposed CTAB and from the evaporation
of byproducts, generated by the polycondensation of TEOS and
MTES. Further curing of the silicalite networks proceeded over
800°C through steps IV and V. a slow and gradual weight loss In
the case of MS 10 sample (curve (a)), was observed due to the
curing process (steps IV and V). However, there was a small drop
in weight at step IV in the case of MS 7/3 sample (curve (b)) that
could be distinguished from the same curve appearing at step V.
This small weight loss of MS 7/3 in step IV was mainly caused by
the cessation of chemical bonds and removal of methyl groups
from the MTES in association with further curing.

Fourier transform infrared spectra were analyzed to iden-
tify the formation of such silicalites. These are not shown here,
because the spectra were closely similar to our previous result
[34]. C-H stretching at 3,000 cm’ originated from CTAB, but this
stretching disappeared completely after the calcination of as-
prepared silicalites, indicating the elimination of CTAB. Si-C
stretching of MTES at 1,270 cm™ was also moved out in calcined
silicalites, suggesting the decomposition of methyl groups of
MTES[]J1]. Vibrations of Si-O-Si bonds appeared within the
1,000-1,200 cm™* range. Similar results were obtained from other
silicalites prepared using different compositions of TEOS and
MTES.

XRD patterns in Fig. 2 provided information on pore size and
structural integrity. Well-resolved peaks of MS 10 represented
typical MCM-41 structure (hexagonal, p6mm) [35,36]. The main
peaks of (100) spacing were broadened with the increase of the
MTES portion in the silica matrix from 0 % (M S10) to 30 % (MS
7/3). This broadening of (100) spacing was attributed to the pore
size. Similarly, higher ordered peaks of (110), and (200) were
broadened with the increase of the MTES content, and finally
they were obscured in MS 7/3. In addition, peak positions shifted
toward the larger 20 angles. These results suggest that the addi-
tion of MTES in silica matrix disrupt the structural order in the
mesoporous silicalites and prevent the characteristic pore gen-
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Fig. 3. Transmission electron microscopy images of the silicalites cal-
cined at 500°C for 5 hours. (a) MS 10, (b) MS 9/1, (c) MS 8/2, and (d)
MS7/3.

eration resulting in a decreased pore size. Broadening of the XRD
patterns was mainly caused by the deficiency of structural integ-
rity. As the MTES ratio increased in the silicalites, so the 20 peaks
of (100) spacing shifted toward the higher 26 angle from 2.48° to
3.14°. Therefore, the pore sizes corresponding to the peaks were
estimated to change from 3.4 nm to 2.8 nm. The structure and
the pore size of the calcined silicalites are discussed in the fol-
lowing TEM results.

Figure 3 presents the TEM images of the mesoporous silicalites
prepared in this work. All of the samples were calcined at 500°C
for 5 hours to remove organic template (CTAB) completely. Long
and regular pore channels were evidently observed in MS 10 and
MS 9/1 samples (Figs. 3(a) and (b)), prepared with 100 and 90
% TEOS, respectively. These images were identified to have the
characteristic MCM-41 structure. However, the structural orders
were destroyed in MS 8/2 (Fig. 3(c)) and MS 7/3 (Fig. 3(d)) that
had a MTES content of 20% and 30%, respectively. Some bent
and unclear pore channels were found in the edges of the MS
8/2 sample. No trace of pores was found in the MS 7/3 sample.
As shown in the XRD study of Fig. 2, the pore structures col-
lapsed in these mesoporous silicalites (MS 8/2 and 7/3). Methyl
pending groups of MTES hindered the structural ordering of
=Si-O- frameworks, resulting in an amorphous structure. This
was caused by the insufficient formation of the supramolecular
assembly with organic template used as a surfactant. The TEOS
precursor completely turned into the silicate anion during meso-
porous silicalites synthesis. This silicate anion was assembled
with surfactant and formed well-ordered mesoporous silicalites.
However, during surfactant-induced silicalite synthesis, methyl
groups of MTES remaining in the silicalite frameworks prevent
the formation of ordered mesoporous structures. For instance,
we reported in our previous literature [27-32] that polymethyl-
silsesquioxane (PMSSQ) prepared from CH,SiX; precursor (X =
-OCH;, -OC,Hg, -Cl,, etc.) formed an amorphous thin film on a
substrate. When the spacings related to (100) peak of XRD were
estimated from TEM image, d-spacings of mesoporous silicalites
corresponded to 3.3 A for MS 10, 3.1 A for MS 9/1, and 2.7 A for
MS 8/2. The silicalite containing 30% MTES was completely
amorphous (Fig. 3(d)). These estimations agreed with XRD anal-
ysis, with the exception of MS 7/3. Wide broadening of character-
istic (100), (110), and (200) spacings of MS 7/3 in Fig. 2 indicates
an amorphous structure that strongly supports the TEM image
of the MS 7/3 sample.

Figure 4(a) shows nitrogen adsorption isotherms of the cal-
cined silicalites. Capillary condensation steps were found in
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Fig. 4. (a) Nitrogen adsorption isotherms at 77 K for the calcined sili-
calites; the amounts adsorbed for the samples were shifted upward
to compare the isotherm curves, (b) The pore size distributions of
the calcined samples obtained from the adsorption by the Barrett-
Joyner-Halenda method.

those silicalites (MS 10, 9/1, and 8/2), which contained 0-20% of
MTES, but not found in the MS 7/3 sample, which contained 30
% of MTES. In addition, the capillary condensation steps shifted
toward the lower relative pressure with increasing MTES content.
This result was caused by the reduction of pore size generated in
the silica matrix during calcinations. The absence of the capillary
condensation step in the MS 7/3 sample suggests that uniform
and meso-sized pore structure had not been formed in the cal-
cined sample (MS 7/3). This result agrees with the TEM image
of MS 7/3, in which an amorphous structure was observed. We
have already mentioned that the methyl groups of MTES pre-
vented the generation of mesopores in the silica matrix. Pore size
distribution was calculated from the isotherms measured in this
work using the Barrett-Joyner-Halenda (BJH) method. Figure
4(b) shows the pore size distributions of the calcined silicalites
(MS 10, 9/1, and 8/2). The peak maxima decreased from 2.5 to 2.2
nm with increasing MTES content but there no peak was found
in the MS 7/3 sample. This result also agrees with the TEM analy-
sis. The pore sizes calculated from Fig. 4(b) were smaller than
those estimated from XRD and TEM were. This underestimation
of pore size might be caused by the exclusion of wall thickness
(~0.5 nm) and by the inaccuracy of the BJH method used for the
determination of pore size [37].

4. SUMMARY

A series of methyltriethoxysilyl-mediated mesoporous sili-
calites were prepared by sol-gel reaction in basic aqueous medi-
um. Their detailed structures were characterized. The MTES com-
ponent hindered the formation of mesopore channels induced by
the self-assembly of organic template (CTAB). Thus, the structure
transformed into an amorphous state and the pore size of the cal-
cined silicalites reduced with the increase of MTES content. This
result was supported by TEM, XRD, and N, adsorption analysis.
Mesoporous structures in calcined silicalites maintained up to
10% loading of MTES in a matrix composition with a slight de-
crease of pore size. The pore structure of a calcined silicalite was
suddenly destroyed on 20% loading of MTES, and its morphology
converted completely into an amorphous state on 30% loading of
MTES. The pore sizes of calcined silicalites estimated from TEM
images agreed with XRD analysis. The pore size distributions ob-
tained from N, adsorption were reasonably comparable to their
pore structure observed in TEM and XRD analysis.



122

Trans. Electr. Electron. Mater. 12(3) 119 (2011): M. M. Rabbani et al. /N

ACKNOWLEDGMENTS

This work was supported by Dong-eui University Grant

(2011AA191)

REFERENCES

(1]

[2]

3]

(4]
[3]

[6]

[7]

(8]

[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, and J. S.
Beck, Nature 359, 710 (1992) [DOI: 10.1038/359710a0].

J. S. Beck, J. C. Vartuli, W. J. Roth, M. E. Leonowicz, C. T. Kresge, K.
D. Schmitt, C. T. W. Chu, D. H. Olsen, E. W. Sheppard, S. B. Mc-
Cullen, J. B. Higgins, and J. L. Schlenker, J. Am. Chem. Soc. 114,
10834 (1992) [DOI: 10.1021/ja00053a020].

M. E. Davis and R. E Lobo, Chem. Mater. 4, 756 (1992) [DOI:
10.1021/cm00022a005].

P. C. H. Mitchell, Chem. Ind. 9, 308 (1991).
G. A. Ozin, Adv. Mater. 4, 612 (1992) [DOI: 10.1002/
adma.19920041003].

M. Choi, H. S. Cho, R. Srivastava, C. Venkatesan, D. H. Choi, and
R. Ryoo, Nature Mater. 5, 718 (2006) [DOI: 10.1038/nmat1705].
M. Dubois, Th. Gulik-Krzywicki, and B. Cabane, Langmuir 9,
673 (1993) [DOL: 10.1021/1a00027a011].

J. C. Vartuli, K. D. Schmitt, C. T. Kresge, W. J. Roth, M. E. Leono-
wicz, S. B. McCullen, S. D. Hellring, J. S. Beck, J. L. Schlenker, D.
H. Olson, and E. W. Sheppard, Chem. Mater. 6, 2317 (1994) [DOIL:
10.1021/cm00048a018].

A. Corma, A. Martinez, V. Martinezsoria, and J. B. Monton, J.
Catal. 153, 25 (1995) [DOI: 10.1006/jcat.1995.1104].

R. K. Kloetstra and H. van Bekkum, J. Chem. Soc. Chem. Com-
mun. 1005 (1995) [DOI: 10.1039/C39950001005].

J. M. Thomas, Nature 368, 289 (1994) [DOI: 10.1038/368289a0].
C. Huber, K. Moller, and T. Bein, J. Chem. Soc. Chem. Commun.
2619 (1994) [DOI: 10.1039/C39940002619].

C. G. Wu and T. Bein, Science 264, 1757 (1994) [DOI: 10.1126/
science.264.5166.1757].

C. G. Wu and T. Bein, Chem. Mater. 6, 1109 (1994) [DOI:
10.1021/cm00044a008].

G. Wirnsberger, B. J. Scott, and G. D. Stucky, Chem. Commun.
119 (2001) [DOI: 10.1039/B003995K].

D. Ryan, L. Nagle, and D. Fitzmaurice, Nano Lett. 4, 573 (2004)
[DOLI: 10.1021/1n10351340].

E Marlow, M. D. McGehee, D. Zhao, B. E Chmelka, and G. D.
Stucky, Adv. Mater. 11, 632 (1999) [DOI: 10.1002/(SICI)1521-
4095(199906)11:8<632::AID-ADMA632>3.0.CO;2-Q].

P. Yang, G. Wirnsberger, H. C. Huang, S. R. Cordero, M. D.
McGehee, B. Scott, T. Deng, G. M. Whitesides, B. E Chmelka,
S. K. Buratto, and G. D. Stucky, Science 287, 465 (2000) [DOI:

[19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(361

[37]

10.1126/science.287.5452.465].

G. Wirnsberger, B. Scott, B. F. Chmelka, and G. D.
Stucky, Adv. Mater. 12, 1450 (2000) [DOI: 10.1002/
1521-4095(200010)12:19<1450::AID-ADMA1450>3.0.CO;2-4].
Q. Huo, D. I. Margolese, U. Ciesla, P. Feng, T. E. Gier, P. Sieger, R.
Leon, P. M. Petroff, E Schuth, and G. D. Stucky, Nature 368, 317
(1994) [DOI: 10.1038/368317a0].

Q. Huo, D. I. Margolese, and G. D. Stucky, Chem. Mater. 8, 1147
(1996) [DOI: 10.1021/cm960137h].

A. Sayari and Y. Yang, J. Phys. Chem. B 104, 4835 (2000) [DOI:
10.1021/jp0001900].

A. Corma, Chem. Rev. 97, 2373 (1997) [DOI: 10.1021/
cr960406n].

A. Wang and T. Kabe, Chem. Commun. 2067 (1999) [DOI:
10.1039/A906275K].

A. Galarneau, D. Desplantier, R. Dutartre, and E Di Renzo, Mi-
croporous Mesoporous Mater. 27, 297 (1999) [DOI: 10.1016/
s1387-1811(98)00263-7].

D. Kim, C. H. Ko, and W. Oh, J. Korean Inst. Electr. Electron. Ma-
ter. Eng. 22, 356 (2009).

W. Oh, Y. Hwang, Y. H. Park, M. Ree, S. H. Chu, K. Char, J. K. Lee,
and S. Y. Kim, Polymer 44, 2519 (2003) [DOI: 10.1016/S0032-
3861(03)00129-0].

W. Oh and M. Ree, Langmuir 20, 6932 (2004) [DOI: 10.1021/
1a049581m].

B. Lee, W. Oh, Y. Hwang, Y. H. Park, J. Yoon, K. S. Jin, K. Heo, J.
Kim, K. W. Kim, and M. Ree, Adv. Mater. 17, 696 (2005) [DOI:
10.1002/adma.200400919].

B. Lee, Y. H. Park, Y. T. Hwang, W. Oh, J. Yoon, and M. Ree, Na-
ture Mater. 4, 147 (2005) [DOI: 10.1038/nmat1291].

W. Oh, Y. Hwang, T. J. Shin, B. Lee, J. S. Kim, J. Yoon, S. Brennan,
A. Mehta, and M. Ree, J. Appl. Crystall. 40, s626 (2007) [DOI:
10.1107/S0021889806047509].

W. Oh, T. J. Shin, M. Ree, M. Y. Jin, and K. Char, Macro-
mol. Chem. Phys. 203, 801 (2002) [DOI: 10.1002/1521-3935
(20020401)203:5/6<801::AID-MACP801>3.0.CO;2-E].

X. Li, L. Zhang, X. Dong, J. Liang, and J. Shi, Micropo-
rous Mesoporous Mater. 102, 151 (2007) [DOI: 10.1016/
j.micromeso.2006.12.048]

D. Kim, J. W. Lee, C. H. Ko, Y. Kim, I. Kim, and W. Oh, J. Nanosci.
Nanotechnol. 11, 730 (2011) [DOI: 10.1166/jnn.2011.3200].

X. S. Zhao, G. Q. Lu, and G. J. Millar, Ind. Eng. Chem. Res. 35,
2075 (1996) [DOI: 10.1021/ie950702a].

G. Behrens and G. D. Stucky, Angew. Chem. Int. Ed. 32, 696
(1993) [DOL: 10.1002/anie.199306961].

P Selvam, S. K. Bhatia, and C. G. Sonwane, Ind. Eng. Chem. Res.
40, 3237 (2001) [DOI: 10.1021/ie0010666].



