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Abstract

We describe a robust process for the synthesis of micrometer-sized nanoporous (mesoporous) silica spheres using disodium trioxosilicate as
an economical silica source and cetyltrimethylammonium chloride as the structure directing agent by the self-assembly process in the presence
of formamide under alkaline condition at room temperature. The surface area of the spheres is 600 m?/ g, whereas the pore diameter and pore
volume are 3.3 nm, and 0.3 cm? /g, respectively. The formation mechanism of the spheres is studied with dynamic light scattering (DLS) and
atomic force microscopy (AFM) techniques. We found that the formation involved two steps. In the first step 20-30 nm size primary particles are
formed which then fuse together in the second step to form micron-sized mesoporous spheres.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The synthesis of M41S family of nanoporous (mesoporous
in another classification) silica [1-3] has generated a lot
of research interest because of its potential applications as
adsorbents, catalysts, ultrafiltration media, and as hosts for
nanosized particles. Mesoporous silica was first synthesized
in the beginning of 1990s by the self-assembly of polymeric
silica together with ionic surfactants under basic conditions.
So far, mesoporous silica in various morphological forms,
such as powder [1-3], monolith [4], films [5] as well as
particles in the morphologies of fibers [6—10], rods [9],
gyroids/discoids [6,7] and spheres [11-14] can be synthesized
under different processing conditions using alkyl orthosilicates
as a silica source together with a structure directing agent
(SDA). In addition, mesoporous silica in various structures such
as hexagonal, cubic or lamellar, with varying pore diameters
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could also be tailor-made expanding its scope in a number of
applications.

It should be noted that alkyl orthosilicates are generally used
as a source of silica together with surfactants as an SDA for
the preparation of mesoporous silica. However, they are not
the best commercial sources of silica due to their high cost,
flammability, and difficulties in handling/storage. Therefore,
their replacement by comparatively less expensive and robust
inorganic silica sources is much desired [15]. The utility of
sodium silicate for the synthesis of mesoporous silica powders
under hydrothermal conditions has already been demonstrated
previously [16-18]; but the control of the morphology of
well-formed mesoporous silica particles under a range of
synthesis conditions is greatly desired. Previously, under acidic
condition and using triblock copolymers [19] or mixture of
surfactants [20], the synthesis of mesoporous silica spheres of
130225 um and 1-3.5 pm size, respectively, has been reported.

In this work, we report the synthesis of 6 um average
size mesoporous silica particles under alkaline synthesis
condition and at room temperature in a fast and robust
synthesis using disodium trioxosilicate (Na;SiO3-9H>0) as
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silica source, and cetyltrimethylammonium chloride (CTAC) as
an SDA. Furthermore, we investigate the mechanism of sphere
formation using dynamic light scattering (DLS) and atomic
force microscopy (AFM) techniques.

2. Experimental methods
2.1. Materials and synthesis

Mesoporous silica spheres were synthesized using NaSiO3 -
9H, O (Fischer Scientific) as the silica source, CTAC (aqueous
25%, Aldrich) as an SDA in the presence of formamide
(HCONH3, Aldrich) and hydrochloric acid (37%, J T Baker).
The molar composition of the sol was maintained at 1 Na;SiO3-
9H,0: 22 HCONH;: 0.6 CTAC: 210H,0.

At first NapSi03-9H,O was dissolved in distilled water
taken in a high density polyethylene (HDPE) bottle under
stirring. CTAC solution was then added to the clear sodium
silicate solution, followed by the addition of formamide at room
temperature (25 °C). The stirring was continued for another
5 min and the resulting clear sol, pH 12, was maintained
under quiescent conditions at 25 °C. After about 5 min from
mixing, turbidity began to appear in the clear solution, the
reaction mixture was maintained 25 °C for 3 h to complete the
formation of spheres. The white product formed was collected
by filtration, washed with copious amounts of water and air
dried. The organics were removed by calcination at 400 °C in
air.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns on the as-
synthesized materials were collected on an MO3X-HF (Bruker
AXS) instrument using Cu Ko radiation (40 kV, 40 mA).
The scanning electron microscopy (SEM) images were taken
on a JEOL 6300 instrument operating at 15 kV. Prior to the
measurements, the samples were coated with gold for 1 min
in an Anatech hummer 6.2 sputtering system operating at 40
millitorr. The transmission electron microscopic (TEM) images
of the calcined particles were recorded on a JEM 2010 electron
microscope (JEOL) at an acceleration voltage of 200 kV. The
samples were prepared by dispersing the calcined material in
water at room temperature. A few drops of this dispersion
was placed on a holey carbon-coated mesh and dried at room
temperature. The N, adsorption/desorption isotherms of the
calcined mesoporous silica samples were measured at 77 K
on a NOVA 1200e instrument (Quantachrome Co.). Before the
measurement, samples were degassed at 350 °C and 10 Pa for
at least 12 h. Dynamic light scattering (DLS) measurements on
the sol were performed using BIC, 90 plus particle size analyzer
at 25 °C. The particle size was evaluated using Brookhaven
90 plus particle size software and lognormal-intensity
measurements were used to calculate the average particle size.

The atomic force microscope (AFM) used in this study was
a Dimension 3100 Nanoscope AFM (DI/Veeco, CA) with built-
in video optical system. The AFM was operated in taping mode
in ambient conditions. Oxygen sharpened AFM probes, RESP

Fig. 1. CLSM (A) image, and dark-field optical (B) image (30 x 15 umz)
of the as-synthesized spheres. (C) SEM images of individual spheres. Bottom
image shows a rare event of broken sphere after calcination (D). TEM images
of the spheres (E). The insert in (E) is a contract-enhanced part of the
image. The spheres were synthesized from the sol of molar composition
1 Na,Si03-9H,0:22 HCONH,:0.6 CTAC:210H, 0O at 25 °C, 3 h.

(Veeco/Digital Instruments, CA) were used in this study. The
AFM software v.5.12r4 was employed. The spheres for imaging
were dispersed over semi-rigidified epoxy. After the epoxy
curing, the excess of the particles was removed by blowing with
air. The area for imaging was located by using built-in optical
system.

3. Results and discussion

The yield of the obtained mesoporous spheres was high,
above 90%, on the basis of the silica recovery. The images
of the mesoporous silica spheres are shown in Fig. 1. The
spheres are hard and the combined, CLSM, optical and
TEM, studies provided concrete proof for their dense internal
morphology [Fig. 1(B)—~(D)]. There was no change in the
external morphology of the spheres after calcination except that
a few spheres were found to be broken [Fig. 1(C)]. Although
the spheres are hard, they have a wormhole-like mesoporous
internal structure as found from the high resolution TEM image
shown in Fig. 1(E). The mesopores in the spheres are open
from the external surface and provide pore accessibility to the
external species, molecules and nanoparticles of appropriate
size.

The presence of bulk ordered mesostructure was further
confirmed from XRD pattern of the spheres shown in
Fig. 2. The mesoporosity was further confirmed from the N»
adsorption/desorption measurement conducted at 77.3 K on
the calcined spheres, shown in Fig. 3. The isotherm showed
a step rise at 100 ~ 0.2 P/PO with a little hysteresis,
typical of wormhole-like mesoporous materials. The pore size
was estimated from the adsorption branch of the isotherm
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Fig. 2. XRD pattern of the synthesized mesoporous silica spheres.
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Fig. 3. Nj adsorption/desorption isotherms obtained on calcined mesoporous
silica spheres at 77.4 K. Insets (A) pore size distribution (B) 7-plot.

according to the correlation obtained from NLDFT theory
[21,22]. The BET surface area of the spheres was 600 m?/g,
whereas the mesopore diameter and pore volume were 3.3 nm,
and 0.3 cm?/g, respectively. Pore size distribution and z-plot
analysis are shown as insets in Fig. 3, there was no presence of
micropores in the material.

It should be noted that the spheres could not be formed
in absence of formamide in the synthesis sol, the amount
of formamide also influenced the morphology of the spheres
dramatically. For example, doubling the amount of formamide
decreased the average diameter of the spheres by ~2 pum.
Previously, Zhao et al. [23] proposed that polar cosolvents
such as N, N-dimethylformamide can interact with amphiphilic
block copolymer, SDA, resulting in the lowering of local
curvature energy of the silica/SDA mesophase, thus explaining
the role of formamide in the formation of spheres in our
study. In another study, it was also shown that the shape of
hexagonal mesoporous silica particles is determined in part
by the free energy of silicified nematic mesophase [7,24,
25], therefore, lowering the local micelle curvature keeps the
mesoporous shape of the morphology on the same energy level

Fig. 4. An AFM image showing the surface of the synthesized mesoporous
silica spheres. Inset shows a zoom scan.
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Fig. 5. The growth of spherical mesoporous silica spheres followed by using
DLS technique.

(with respect to the surface energy), hence, allowing them
to exist in the synthesis product. Therefore it is plausible to
expect formamide-CTAC interaction leading to a decrease in
the curvature of SiO,/CTAC mesophase due to specific location
of formaldehyde molecules and forwarding the formation of
spherical shape silica.

We further investigated the formation mechanism of the
spheres using AFM and DLS techniques. AFM image (Fig. 4)
of the external surface of the spheres presents a granular-type
structure. This indicates the sphere formation, at least at the
last stage, by the aggregation of smaller nanosize subunits or
primary particles. A higher magnification AFM image (inset in
Fig. 4) demonstrates that the exterior surfaces of these particles
are formed by the aggregation of subunits of 20-30 nm in size.
We followed the growth of mesoporous silica spheres using
DLS technique; the DLS plot of size of the growing particles
in Fig. 5 shows two stages during particle formation. The first
is the formation of the primary particles in the clear sol that
lasts for about five minutes from the starting of the reaction.
After that, a rapid growth is initiated, which is leading to the
formation of larger particles, the observed spheres. The sol at
this stage becomes turbid with a concomitant increase in the
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size of the particles, Fig. 5. It should be noted here that to do the
DLS measurements for thick precipitates, the samples had to be
diluted with water so as to be within the concentrations suitable
for DLS measurements and avoid multiple scatterings. The size
of the particles at the initial stage observed from DLS is close
to that of smaller subunits observed with AFM. This makes
it plausible to conclude that the 20-30 nm primary particles
are the building blocks of the micrometer-sized particles
aggregating to form larger spheres. Mesoporous silica spheres
synthesized using tetraethyl alkoxide show similar pattern in
DLS during their growth in acidic or basic conditions [26,27].
We will study the universality of this step of the formation
mechanism in our future works.

4. Conclusions

We have described a robust process for the synthesis of
micrometer-sized mesoporous silica spheres. The spheres are
synthesized under alkaline conditions and at room temperature
in a short time using disodium trioxosilicate as an economical
silica source and cetyltrimethylammonium chloride as the
structure directing agent through the self-assembly process.
The BET surface area of the spheres was 600 m?/g, whereas
the mesopore diameter and pore volume were 3.3 nm, and
0.3 cm3/g, respectively.

Here we have conclusively established the presence of
primary particles of 20-30 nm in size, by AFM and DLS
techniques, during the short incubation period of the reaction.
The primary particles then self-assemble into well-organized
spheres in the second step of the reaction.
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