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Two methods for the preparation of highly ordered MCM-41 silica are discussed. The quality of the
structure was optimized by adequate stirring of the reaction mixture containing low concentration of
surfactant, followed by heating at 70 �C for 3 h under stirring. Besides this energetically favorable proce-
dure allowed to obtain structures very stable upon calcination. The role of the ethanol and the hydroxide
source in the synthesis process is also analyzed.

� 2009 Published by Elsevier B.V.
1. Introduction

Nanotechnology will be one of the fields that will contribute the
most to scientific and technological development along the 21st
century. Nanostructured inorganic, organic or hybrid organic–inor-
ganic materials present the ability to assemble and organize inor-
ganic, organic and even biological components in a single material.
This feature represents an exciting direction for developing innova-
tive multifunctional advanced materials presenting a wide range of
novel properties besides allowing an integration and miniaturiza-
tion of devices.

Soft chemistry-based processes (i.e., chemistry at low tempera-
tures and pressures, from molecular or colloidal precursors) clearly
offer innovative strategies to obtain tailored nanostructured mate-
rials. The mild conditions of sol–gel chemistry provide reacting
systems mostly under kinetic control. Therefore, slight changes of
experimental parameters (i.e., pH, concentrations, temperatures,
nature of the solvent, counterions) can lead to substantial modifi-
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cations of the resulting supramolecular assemblies and give rise to
solids with very different structures and properties [1,2]. More-
over, although the resulting nanostructures certainly depend on
the chemical nature of their organic and inorganic components,
they also rely on the synergy between these components. Thus,
the tuning of the nature, the accessibility and the curvature of
the hybrid interfaces are a key point for the design of new nano-
structured materials.

The use of supramolecular assemblies (surfactant micellar
aggregates) as structure directing agents in soft chemistry-based
silica gelation processes resulted in the discovery of a new family
of mesoporous silica compounds (M41S) [3–10]. These solid phases
are characterized by a regular structure of mesopores (2–10 nm)
with sharp pore size distribution, a high specific surface (up to
1500 m2/g), a specific pore volume (up to 1.3 mL/g) and a high
thermal stability. The M41S family includes a bidimensional hex-
agonal phase (MCM-41), a cubic phase (MCM-48) and several
lamellar phases. These materials are potential candidates for a
variety of promising applications in many fields: catalysis, optics,
electronics, photonics, sensors, membranes, separation, sorption,
biological applications (drug delivery, immobilization and recogni-
tion), etc. [11–16]. Particularly, the hexagonal packed array of uni-
directional large channels in MCM-41 offers unique opportunities
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to be used as ‘host porous structure’ allowing the preparation of
new nanostructured composite materials [17–19].

It is possible to synthesize M41S materials under a variety of
concentration of surfactants and conditions [5,6,20–23]. At high
concentrations of surfactant, it has been proposed that micellar
aggregates are formed in solution, around which the silicate source
polymerizes [5,6]. However, these materials can also be formed in
mixtures with as little as 0.5 wt% of surfactant, which indicates
that at these low concentrations a cooperative templating process
may be in operation [20,24–26]. This self-assembly process is also
sensitive to factors such as temperature, stirring and heating time,
reactives nature and presence of cosolvents in the solution. Thus,
finding a quick and easy method of synthesizing a particular
mesostructure of this M41S family offers a significant advantage
to the use of these materials. Other authors have made some
efforts in this sense [27–28]. In this report, the preparation of a
series of mesoporous silicas has been investigated in order to fur-
nish more information about the influence of different synthesis
conditions on the formed mesostructure. As part of these studies,
the role of both the alkalinity source (supplied via alkali metal
hydroxides or quaternary ammonium cation hydroxides) and the
ethanol in the synthesis process was also discussed.
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Fig. 1. XRD spectra of calcined samples prepared by method A, using water as
solvent: (a) without hydrothermal treatment, (b) with hydrothermal treatment of
1 day, (c) 4 days, (d) 7 days and (e) using ethanol as solvent, without hydrothermal
treatment.

Table 1
Surface areas of the samples synthesized by method A.

Hydrothermal treatments time (days) Solvent Area (m2/g)

0 Ethanol 1056 (5)
0 Water 1398 (6)
1 Water 1245 (6)
4 Water 1016 (5)
7 Water 817 (4)

The estimated deviations of the parameters are given in parentheses as uncertainty
in the last digit.
2. Experimental

The mesoporous silica materials were obtained by two different
synthesis procedures (methods A and B). Following the first method,
based on that reported previously by us to synthesize Ti-MCM-41
[29–30], 20 wt% solution of cetyltrimethyl ammonium bromide
(95%) (CTABr) in water (previously heated at 35–40 �C to dissolve
the surfactant) and 70% of the tetraethylammonium hydroxide
20 wt% aqueous solution (TEAOH) were added dropwise to tetra-
ethoxysilane (98%) (TEOS) under stirring at room temperature
and stirring was continued for 3 h. The remaining TEAOH and the
water were further added dropwise to the milky solution and stir-
ring was continued for 20 min. The pH of the resultant gel was
11.45 and the molar composition was as follows: TEAOH/
Si = 0.30, CTABr/Si = 0.4, water/Si = 60. This gel was heated in a
Teflon-lined stainless-steel autoclave under autogeneous pressure
at 100 �C for 0–7 days. Sometimes, ethanol was used as solvent
of CTABr in place of water.

Following the method B, based on that proposed by Gallis et al.
[31–32], CTABr was dissolved in water and 2 M sodium hydroxide
aqueous solution (NaOH) (97%). After heating slightly (35–40 �C) to
dissolve the surfactant, the TEOS was added. The ratios of the reac-
tants were as follows: NaOH/Si = 0.50, CTABr/Si = 0.12, water/
Si = 132, and sometimes TEAOH was used in place of NaOH. The
resulting mixture (pH 11.25) was stirred at room temperature for
2–4 h. Then, this gel was heated at 70 �C under stirring in a closed
flask or at 100 �C and 150 �C in a Teflon-lined stainless-steel auto-
clave. In both methods, the typical amount of TEOS used for the
synthesis was 10 ml.

The final solid was then filtered, washed with distilled water
and dried at 60 �C overnight. To remove the template, the samples
were heated (heating rate of 2 �C/min) under N2 flow up to 500 �C
maintaining this temperature for 6 h and subsequently calcined at
500 �C under air flow for 6 h.

The materials were characterized by powder X-ray diffraction
(XRD) and nitrogen adsorption. XRD patterns were collected in
air at room temperature on a diffractometer using CuKa radiation
of wavelength 0.15418 nm. Scans were performed between
2h = 1.5� and 7� at an interval of 0.01� and a scanning speed of
2�/min was used. The N2 adsorption–desorption isotherms and
surface area measurements were carried out at 77 K on a sorption
equipment with an accuracy higher than 3% and a reproducibility
of +0.5%. Prior to the measurement the sample was outgassed for
12 h at 573 K to a residual pressure below 10�4 atm.

3. Results and discussion

3.1. Method A

3.1.1. Effect of the hydrothermal synthesis time
XRD spectra of calcined samples produced by method A with

different hydrothermal treatment times at 100 �C and using water
as solvent are shown in Fig. 1. As it can be observed, a mesostruc-
ture was formed without hydrothermal treatment. This sample
exhibits an intense low-angle reflection peak at approximately
2.4� and other broader and less intense one between 4� and 5�,
which is characteristic of mesoporous silicas. Moreover, the sample
also shows a high surface area around 1400 m2/g typical of meso-
porous materials (Table 1). A subsequent hydrothermal treatment
of the gel appears to cause a partial collapsing of the pore array,
giving rise to a notable decrease of the long-range order of the
structure. In addition, the surface area of the samples decreases
with the hydrothermal treatment up to a 50%, which is clearly cor-
related to the decrease in the structural order observed.

3.1.2. Effect of solvent
To examine the role of ethanol in our synthesis process, ethanol

was used in place of water to dissolve the surfactant. Interestingly,
this yielded a material with only a single broad peak in the diffrac-
tion pattern (Fig. 1) and lower surface area (Table 1). This result
confirms that ethanol is involved at the silicate–surfactant inter-
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face and plays an important role in the synthesis process affecting
the phase produced and/or its structural order. Previous researches
have shown that the self-assembly of the organic–inorganic struc-
ture can be modeled by the surfactant packing parameter g = (V)/
(a0)(l) [24,33], where V is the total volume of the surfactant chain
plus any solvent molecules between the chains, a0 is the effective
headgroup area at the organic–inorganic interface and l is the sur-
factant chain length. Small values of g stabilize more curved sur-
faces such as MCM-41 (1/3 < g < 1/2), while larger values stabilize
structures with less curvature such as MCM-48 (1/2 < g < 2/3)
and layers (g = 1). As it has been shown by Stucky et al., alcohol
molecules with short alkyl chains (<4 carbons) tend to reside pri-
marily in the outer shell of the surfactant micelle [24,26,34]. Thus,
the addition of alcohols as solvents increases the effective surfac-
tant volume, raising the value of g and causing transformation to
a different phase. Therefore, the use of ethanol as solvent in place
of water is expected to cause a structural distortion as well as the
appearance of other phase or mixture of phases.

3.2. Method B

3.2.1. Effect of hydroxide source
On the other hand, Gallis and Landry [31] have reported the for-

mation of well-ordered mesoporous phases from a synthesis mix-
ture with low concentration of surfactant and NaOH as hydroxide
source. Fig. 2 shows the XRD patterns of two calcined samples pre-
pared by method B, where the reaction mixture (based on that of
Gallis and Landry [31]) was stirred at room temperature for 4 h
and then heated for 3 h at 100 �C in autoclave. NaOH or TEAOH
were used here in order to analyze the influence of the hydroxide
source on the synthesis process. Although both samples show a
main diffraction peak between 2 and 2.5�, the sample prepared
in presence of NaOH clearly exhibited a more ordered structure
typical of the hexagonal MCM-41 phase. The surface of this mate-
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Fig. 2. XRD spectra of calcined samples prepared by method B from a reaction
mixture stirred at room temperature for 4 h and then heated for 3 h at 100 �C in
autoclave: (a) NaOH as hydroxide source, (b) TEAOH as hydroxide source.

Table 2
Surface areas of the samples synthesized by method B using different hydroxide
sources.

Hydroxide source Area (m2/g)

NaOH 1390 (6)
TEAOH 1210 (6)
rial was slightly higher (Table 2), which is in accordance with the
higher structural ordering of the same. It has been reported that
quaternary ammonium cations stabilize amorphous silica particles
in aqueous solution [35]. Such bulky cations adsorbed onto particle
surfaces provide steric stabilization, preventing aggregation upon
collision. In an aqueous medium, silica species will acquire a neg-
ative surface charge due to dissociation of the surface silanol
groups. Such a surface charge will cause organic cations in the sur-
rounding solution to align along the particles surface, creating an
electric double layer. This stabilizing barrier of bulky organic cat-
ions restricts the close approach of similar species or particles, so
that the attractive potential between them could become insuffi-
cient to cause aggregation. This stabilization mechanism is not ob-
served for systems where the alkalinity is supplied via alkali metal
hydroxides, probably because the smaller size of the cations allows
silica species to approach within distances where attractive inter-
actions can occur [36]. Taking into account these comments, it can
be thought that the presence of Na in our synthesis process is likely
to allow to reach the optimum degree of silicate polymerization re-
quired for the formation of a well-ordered phase.

3.2.2. Effect of the stirring time and the subsequent thermal treatment
In order to improve the degree of ordering of the MCM-41 sam-

ples produced by our method B, both the stirring time at room
temperature and the thermal treatment type of the reaction mix-
ture were evaluated. Thus, Fig. 3 shows the XRD spectra of both
calcined samples produced by stirring the reaction mixture at
room temperature for 2–4 h and calcined samples obtained by
the same preceding procedure followed by heating under stirring
for 3 h at 70 �C. A notable improvement of the original structure,
as determined by XRD, was achieved by heating the reaction mix-
ture at 70 �C after an appropriate stirring at room temperature for
3–4 h. Moreover, this thermal treatment of the previously stirred
mixture appears optimum to obtain a well-defined and well-or-
dered structure in contrast with a static heating at 100 or 150 �C
in autoclave (Fig. 4). The better-defined structures synthesized by
method B presented the higher surface areas (around 1500 m2/g)
and a decrease in these values were again associated with less or-
dered phases (see Table 3).

The N2 adsorption and desorption isotherm and the pore size
distribution of the optimized sample (synthesized by method B,
applying an stirring of 4 h at room temperature followed by an stir-
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Fig. 3. XRD spectra of calcined samples produced by method B from a reaction
mixture stirred at room temperature for (a) 2 h, (b) 3 h, (c) 4 h and from an identical
mixture heated under stirring at 70 �C for 3 h after stirring at room temperature for
(d) 2 h, (e) 3 h, (f) 4 h.
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Fig. 4. XRD patterns of calcined samples produced by method B from a reaction
mixture stirred at room temperature for 4 h: (a) without subsequent heating, (b)
followed by heating at 70 �C for 3 h under stirring, (c) followed by heating at 100 �C
for 3 h in autoclave and (d) followed by heating at 150 �C for 3 h in autoclave.
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Fig. 6. XRD pattern of a sample produced by method B from a reaction mixture
stirred at room temperature for 4 h and then heated at 70 �C for 3 h under stirring:
(a) ‘as-synthesized’ and (b) after post-synthesis thermal treatment for template
removal (‘calcined sample’).
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Fig. 5. Nitrogen adsorption/desorption isotherms and pore size distribution (inset)
of the calcined sample produced by method B from a reaction mixture stirred at
room temperature for 4 h and then heated at 70 �C for 3 h under stirring. The pore
size distribution is calculated by plotting the derivative of the pore volume and the
pore radius (dV/dP against the pore diameter).

Table 3
Surface areas of the calcined samples synthesized by method B.

Stirring time (h) Subsequent treatment Area (m2/g)

2 Without 1295 (6)
3 Without 1350 (6)
4 Without 1310 (6)
2 Stirring 3 h at 70 �C 1110 (5)
3 Stirring 3 h at 70 �C 1400 (7)
4 Stirring 3 h at 70 �C 1480 (7)
4 3 h Autoclave 100 �C 1290 (6)
4 3 h Autoclave 150 �C 1070 (5)
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ring for 3 h at 70 �C) are shown in Fig. 5. The sample exhibits type
IV isotherm according to the IUPAC classification which is typical
of mesoporous materials. The curves present a sharp inflection at
a relative pressure around P/P0 = 0.15–0.25 and a narrow and
strong band in the pore size distribution curve. This feature is typ-
ical of well-ordered materials with narrow and uniform pore size
distribution [37,38]. The pore volume was calculated from the iso-
therm by the adsorption at P/P0 = 0.95 [39] and the pore size distri-
bution was calculated from the desorption branches of isotherms
using the standard Barret–Joyner–Halenda procedure [40]. The
pore volume (Vp) and the pore diameter (Dp) for the sample are
0.906 cm3/g and 2 nm, respectively.

3.2.3. Influence of surfactant removal treatment
In these materials, the thermal treatment to remove the tem-

plate usually results in a contraction of the inorganic network
and is parallel to the exothermic processes associated with such
organic elimination. These two linked processes can seriously
deteriorate the mesostructure. However, it is interesting to note
that the MCM-41 structures obtained by us resulted very stable
upon post-synthesis treatments. Thus, Fig. 6 shows the XRD pat-
tern of a sample produced by method B ‘as-synthesized’ and after
post-synthesis thermal treatment for template removal (‘calcined
sample’). As it can be seen, the surfactant removal by heating the
sample at 500 �C under N2 flow and subsequent air flow signifi-
cantly increased the peak intensities, allowing the resolution of
the secondary peaks between 4� and 6� as well. This improvement
in the degree of the structure ordering could be attributed to the
formation of new Si–O–Si bridges and additional network
cross linking [41–43] upon the thermal treatment. In addition, a
lattice contraction of 5% associated with this process was also
observed.
4. Conclusions

Two basically different synthesis methods have been evaluated
in order to optimize the process conditions which allow to obtain a
well-defined mesoporous silica phase. We propose an energetically
favorable procedure by which a highly ordered MCM-41 structure
with high surface area can be synthesized in 6–7 h. This material,
prepared by stirring at 70 �C for 3 h a reaction mixture which
was previously stirred at room temperature, resulted also stable
upon post-synthesis thermal treatments for template removal. In
addition, the structural distortion observed when ethanol is used
to dissolve the surfactant would be probably caused by an increase
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in the surfactant packing parameter ‘g’ due to the presence of the
alcohol at the silicate-surfactant interface. Furthermore, we have
also found that the presence of Na plays an important role in the
synthesis process. This cation, probably because of its smaller size,
allows silica species to approach and sufficiently polymerize to
achieve a long-range ordered structure.
Acknowledgements

The authors wish to thank Geol. J.D. Fernández and Dr. P. Silvetti
for their assistance on surface area and XRD measurements
respectively.

References

[1] G. Soler-Illia, C. Sanchez, B. Lebeau, J. Patarin, Chem. Rev. 102 (2002) 4093.
[2] D. Loy, K. Shea, Chem. Rev. 95 (1995) 1431.
[3] T. Yanagiswa, T. Shimizu, K. Kuroda, C. Kato, Bull. Chem. Soc. Jpn. 63 (1990)

988.
[4] J. Beck, C. Chu, I. Johnson, C. Kresge, M. Leonowicz, W. Roth, J. Vartuli, WO 91/

11390, 1991.
[5] C. Kresge, M. Leonowicz, W. Roth, J. Vartuli, J. Beck, Nature 359 (1992) 710.
[6] J. Beck, J. Vartuli, W. Roth, M. Leonowicz, C. Kresge, K. Schmidt, C. Chu, D. Olson,

E. Sheppard, S. McCullen, J. Higgins, J. Schenkler, J. Am. Chem. Soc. 114 (1992)
10834.

[7] S. Inagaki, Y. Fukushima, K. Kuroda, J. Chem. Soc. Chem. Commun. (1993) 680.
[8] J. Vartuli, K. Schmidt, C. Kresge, W. Roth, M. Leonowicz, S. McCullen, S. Hellring,

J. Beck, J. Schlenker, D. Olson, E. Sheppard, Chem. Mater. 6 (1994) 2317.
[9] P. Tanev, T. Pinnavaia, Science 271 (1995) 1267.

[10] S. Bagshaw, E. Prouzet, T. Pinnavaia, Science 269 (1995) 1242.
[11] R. Schmidt, M. Stöcker, E. Hansen, D. Akporiaye, O.H. Ellestad, Micropor. Mater.

3 (1995) 443.
[12] A. Corma, Chem. Rev. 97 (1997) 2373.
[13] F. Schüth, W. Schmidt, Adv. Mater. 14 (2002) 629.
[14] M. Vallet-Regi, A. Rámila, P.R. del Real, J. Pérez Pariente, Chem. Mater. 13

(2001) 308.
[15] H. Koch, W. Reschetilowski, Micropor. Mesopor. Mater. 25 (1998) 127.
[16] R. Hoppe, A. Ortlam, J. Rathousky, G. Schulz, E. Zukel, Micropor. Mater. 8 (1997)

267.
[17] C.-G. Wu, T. Bein, Science 264 (1994) 1756.
[18] K. Moller, T. Bein, Chem. Mater. 10 (1998) 2950.
[19] C.-G. Wu, T. Bein, Chem. Mater. 6 (1994) 1109.
[20] G. Stucky, A. Monnier, F. Schüth, Q. Huo, D. Margolese, D. Kumar, M.

Krishnamurty, P. Petroff, A. Firouzi, M. Janicke, B. Chmelka, Mol. Cryst. Lyq.
Cryst. 240 (1994) 187.

[21] C. Chen, S. Xiao, M. Davis, Micropor. Mater. 4 (1995) 1.
[22] C. Cheng, Z. Luan, J. Klinowski, Langmuir 11 (1995) 2815.
[23] S. Inagaki, A. Koiwai, N. Suzuki, Y. Fukushima, K. Kuroda, Bull. Chem. Soc. Jpn.

69 (1996) 1449.
[24] Q. Huo, D. Margolese, G. Stucky, Chem. Mater. 8 (1996) 1147.
[25] Q. Huo, D.I. Margolese, U. Ciesla, P. Feng, T.E. Gier, P. Sieger, R. Leon, P.M.

Petroff, F. Schüth, G.D. Stucky, Nature 368 (1994) 317.
[26] Q. Huo, R. Leon, P. Petroff, G. Stucky, Science 208 (1995) 1324.
[27] X. Liu, H. Sun, Y. Yang, J. Col. Int. Sci. 319 (2008) 377.
[28] M. Grün, K. Unger, A. Matsumoto, K. Tsutsumi, Micropor. Mesopor. Mater. 27

(1999) 207.
[29] G. Eimer, S. Casuscelli, G. Ghione, M. Crivello, E. Herrero, Appl. Catal. 298

(2006) 232.
[30] G. Eimer, S. Casuscelli, C. Chanquia, V. Elías, M.E. Crivello, E.R. Herrero, Catal.

Today 133 (2008) 639.
[31] K. Gallis, C. Landry, Chem. Mater. 9 (1995) 2035.
[32] C. Landry, S. Tolbert, K. Gallis, A. Monnier, G. Stucky, P. Norby, J. Hanson, Chem.

Mater. 13 (2001) 1600.
[33] A. Monnier, F. Schüth, Q. Huo, D. Kumar, D. Margolese, R. Maxwell, G. Stucky,

M. Krishnamurty, P. Petroff, A. Firouzzi, M. Janicke, B. Chmelka, Science 261
(1993) 1299.

[34] Q. Huo, J. Feng, F. Schüth, G. Stucky, Chem. Mater. 9 (1997) 14.
[35] R. Iler, The Chemistry of Silica, vol. 680, Wiley, New York, 1979. p. 327.
[36] C. Cundy, J. Forrest, R. Plaisted, Micropor. Mesopor. Mater. 66 (2007) 143.
[37] S. Laha, R. Kumar, Micropor. Mesopor. Mater. 53 (2002) 163.
[38] K. Murata, Y. Liu, M. Inaba, N. Mimura, Catal. Today 91/91 (2004) 39.
[39] S. Gregg, K. Sing, Adsorption Surface, Area and Porosity, Academic, 1982.
[40] E. Barret, L. Joyner, P. Halenda, J. Am. Chem. Soc. 73 (1951) 373.
[41] M. Landau, S. Varkey, M. Herskowits, O. Regev, S. Pezner, T. Sen, Z. Luz,

Micropor. Mesopor. Mater. 33 (1999) 149.
[42] G. Eimer, L. Pierella, G. Monti, O. Anunziata, Catal. Commun. 4 (2003) 118.
[43] G. Eimer, L. Pierella, G. Monti, O. Anunziata, Catal. Lett. 78 (2002) 1.


	Some considerations to optimize the synthesis procedure and the structural quality of mesostructured silicas
	Introduction
	Experimental
	Results and discussion
	Method A
	Effect of the hydrothermal synthesis time
	Effect of solvent

	Method B
	Effect of hydroxide source
	Effect of the stirring time and the subsequent thermal treatment
	Influence of surfactant removal treatment


	Conclusions
	Acknowledgements
	References


