
Introduction

Hollow spheres have potential applications as delivery
vehicles, for example, they can be used for the controlled
release of substances such as drugs, cosmetics, dyes, and
ink; for the protection of biologically active macromol-
ecules; and for the removal of waste materials [1]. Sev-
eral chemical and physicochemical methods have been
used to synthesize hollow spheres, including emulsion-
phase separation techniques, emulsion interfacial poly-
merization, and templating colloidal particle techniques
[2, 3, 4, 5].

Particle shape control is a complex problem, since it
relates to solid-state chemistry, interfacial reaction

kinetics, and solution chemistry. Template techniques
are effective methods to synthesize hollow spheres, such
as colloidal polystyrene (PS) beads through layer-by-
layer techniques [5], and vesicular solutions form surf-
actants [6]. Recently, hollow spheres with special shell
structures are attracting great attention. Zhu et al. [7]
reported that hollow spheres of microporous silica were
obtained by using polystyrene beads as templates
through a layer-by-layer technique. Wu et al. [8] ob-
tained hollow spheres of mesostructure lead titanate
based on oil-in-water emulsion. Lin et al. [9] reported a
liquid crystalline/sol-gel approach to synthesize vesicular
mesoporous aluminosilicates MCM-41. To the best of
my knowledge, few reports on hollow spheres of silica
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Abstract Hollow spherical meso-
porous silica was synthesized by
using sodium silicate as a precursor
and a low concentration of cetylt-
rimethylammonium bromide
(CTAB) (0.154 mol dm)3). The
resulting hollow spherical particles
were characterized with scanning
electron microcopy (SEM), small-
angle X-ray diffraction (SXRD),
transmission electron microscopy
(TEM), and N2 gas adsorption and
desorption techniques. The results
showed that regular spherical meso-
porous silica could be obtained only
if the molar ratio of propanol to
CTAB was in the range of approxi-
mately 8:1–9:1. The spherical parti-
cles were hollow (inside), and the
shell consisted of smaller particles
with a pore structure of hexagonal

symmetry. With an increase of the
molar ratio of propanol to CTAB,
the distance (a value) between cen-
ters of two adjacent pores increased,
and the pore structure of mesopor-
ous silica became less ordered. N2

adsorption–desorption curves re-
vealed type IV isotherms and H1
hysteresis loops; with an increase of
the molar ratio of propanol to
CTAB, the pore size with Barrett–
Joyner–Halenda (BJH) diameter of
the most probable distribution
decreased, but the half peak width of
the pore size distribution peak
increased
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with MCM-41 mesoporous structure have been pub-
lished. In an earlier report [10], we synthesized fiber-like
and spherical mesoporous silica by using worm-like
micelles of cetyltrimethylammonium bromide (CTAB),
HNO3, and pentanol as templating agents. In this paper,
hollow spherical mesoporous silica was synthesized from
a sodium silicate precursor by controlling the pH value
of the mixed micellar solution of CTAB and propanol
during hydrolysis of ethyl acetate. Compared with the
earlier methods, this method is simple and convenient,
and the concentration of CTAB is low
(0.154 mol dm)3). It is predicted that hollow spherical
mesoporous silica will be very useful in the field of
adsorption, separation, and catalysis owing to its or-
dered pore structure and higher surface area.

Experimental

Reagents

Crystalline sodium silicate was obtained from Shanghai
Fourth Reagent Plant. It contained 21.05% (w/w)
Na2O, and the molar ratio of Na2O to SiO2 was 1.03.
Solid CTAB, ethyl acetate, and propanol were analyti-
cal-grade reagents obtained from the Institute of
Chemical Technology of Jining, Zhangzhou Second
Reagent Plant, and Shanghai Chemical Regent Co.,
respectively.

Characterization

Powder X-ray diffraction data were obtained on a D/
max-rB model with a Cu target (k=0.154 nm) at 40 kV
and 120 mA, with a speed of 0.2 deg min)1 and step of
0.01 deg.

Dried samples for scanning electron microscopy
(SEM) were placed on glass-slice surfaces and then
sputter-coated with gold. The SEM images were ob-
tained on a H-7000 transmission electron microscope
with a H-7110 SEM accessory. To gain an ultra-thin
TEM picture, mesoporous silica was embedded in Spurr

resin, heated at 80�C for 1 day to form a block, and cut
with an M-6000 ultra-thin slicer from DuPont Co.

Nitrogen adsorption–desorption measurements were
carried out on an Omnisorp 100 CX gas adsorption
analyzer from Coulter Co. after samples had been de-
gassed at 350�C for 12 h until a pressure of 10)5 Pa or
below was reached. Calculations of surface area and
total pore volume were supplied directly by commercial
software accompanying the system according to the
IUPAC recommendations [11].

Synthesis

Mesoporous silica was prepared by using aggregates of
CTAB as template and propanol as cosurfactant. A
general procedure was as follows: a mixture of CTAB
(10.76 mmol) and propanol (the molar ratio of propanol
to CTAB was varied) was dissolved in water, Na2-
SiO3Æ9 H2O (4 g) was then added (the total volume of
the mixed solution was kept constant at 140 mL). After
sonication, a clear solution was obtained. Ethyl acetate
(10 mL) was added to the solution, which was then
sonicated for 45 s. After hydrolysis for 5 h at 30�C, the
mixture was kept at 80�C for 72 h in a heating oven. The
resulting solid was recovered by filtration, then washed
with distilled water and ethanol, and finally dried at
room temperature. The mixed surfactants were removed
by calcinations at 540�C for 6 h.

Results and discussion

Morphologies of mesoporous silica

When the molar ratio of propanol to CTAB was below
8:1, a mixture of spherical and rod-like silica particles
was obtained; moreover, the rod-like silica particles were
crimped and oblate (Fig. 1). When the molar ratio of
propanol to CTAB was above 9:1, irregular spherical
particles with rough surfaces were obtained. Only when
the molar ratio of propanol to CTAB was in the range of
8:1–9:1 could regular spherical particles be obtained

Fig. 1 SEM photographs of
mesoporous silica with a molar
ratio of propanol to CTAB of
7.5:1
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(Fig. 2); the percentage of spherical silica was above
95% with a mean diameter of approximately 3 lm. Also
it could be seen that some smaller particles adhered on
the surface of particles, making the surface of particles
become coarse. Figure 3a is a SEM photograph of a
broken sample. As we can see, spherical particles were
hollow inside, and the wall was about 200 nm thick. An
ultra-thin section TEM picture (Fig. 3b) indicated that
the center of the sphere was white, but the sphere shell
was dark, that is, the spheres were hollow.

Structure of mesoporous silica

Small-angle X-ray diffraction patterns are shown in
Fig. 4. There were three diffraction peaks, indexed as
(100), (110), and (200), indicating a pore structure of
hexagonal symmetry in hollow spherical particles (i.e.,
an MCM-41 mesoporous structure). The diffraction
intensity of the (100) peak decreased with increasing
molar ratio of propanol to CTAB (Table 1). When the
molar ratio reached 9:1 (propanol to CTAB), the two
diffraction peaks, (110) and (200), disappeared (Fig. 4).
These results indicated that orderliness in hollow spheres
became poorer on increasing the molar ratio. The cen-
ter-to-center pore distance (a) of two adjacent pores was
calculated according to the relationship a=2/31/2d100
(Table 1). The a value decreased with increasing the
molar ratio of propanol to CTAB, that is, an excess of
propanol made the pore size decrease.

N2 adsorption–desorption of mesoporous silica

N2 adsorption–desorption curves are given in Fig. 5 and
show type IV isotherms and H1 hysteresis loops [11].
The smaller and larger step-like curves in the approxi-
mate ranges of 0.2–0.3 and 0.7–1P/P0 may be caused by
capillary condensation in the pore channel of mesopor-
ous structure and the voids among particles of resulting
samples [12]. Figure 6 is a pore size distribution curve of
the resulting sample: the two peaks located at 1.83 nm
and 45.0 nm, corresponded to the pore size of meso-
porous structure and the voids among particles of

Fig. 2 SEM photographs of
mesoporous silica with a molar
ratio of propanol to CTAB of
9:1

Fig. 3a,b SEM, TEM photo-
graphs of hollow spherical
mesoporous silica with a molar
ratio of propanol to CTAB of
9:1: a SEM of broken sample;
b an ultra-thin section TEM
image

Fig. 4 Small-angle X-ray diffraction of hollow spherical mesopor-
ous silica with a molar ratio of propanol to CTAB of, from top to
bottom, 9:1, 8:1, and 7:1
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resulting samples, respectively; the peak distribution of
the former was narrow, whereas the latter was very
broad. Brunauer–Emmet–Teller (BET) surface area,
pore size with Barrett–Joyner–Halenda (BJH) diameter
of the most probable distribution, and total pore volume
are listed in Table 2. As we can see, an increase of the
molar ratio of propanol to CTAB leads to a decrease in
the pore size with BJH diameter of the most probable
distribution, but an increase in the half peak width of the
pore size distribution peak. These results indicated that
excess propanol destroyed the ordering of the meso-
porous structure, and this conclusion was in agreement
with that of SXRD.

Reaction mechanism

The critical micelle concentration (CMC) of CTAB was
approximately 0.9–1.0 mmol dm)3 (ca. 0.03%). Above
the CMC, the size and shapes of micelles changed
accordingly with the increase of CTAB concentration.

Table 1 Effect of the molar ratio of propanol to CTAB on dif-
fraction intensity and a value of mesoporous silica

Propanol:CTAB d100
(nm)

Diffraction
intensity
of (100) peak

a
(nm)

7:1 3.8888 32251 4.49
7.5:1 3.8548 28265 4.45
8:1 3.8548 22663 4.45
8.5:1 3.8215 25750 4.41
9:1 3.8215 20970 4.41

Fig. 5 N2 adsorption–desorp-
tion curves of mesoporous silica
with different molar ratios of
propanol to CTAB

Fig. 6 Pore size distribution curve of hollow spherical mesoporous
silica with a molar ratio of propanol to CTAB of 9:1
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When CTAB concentration was approximately 0.12–
0.15 mol dm)3 [13], the shapes of the micelle changed
from spheres to rods. If electrolytes, such as NaBr,
NaNO3, and sodium salicylates, were added to solution,
a long, flexible, worm-like micelle was formed. In our
system the CTAB concentration was 5.3%(w/w)
(0.154 mol dm)3). Under these concentrations the
CTAB molecules could easily form rod-like micelles
owing to the electrostatic shielding effect of sodium sil-
icate as electrolyte and precursor. When an excess of
propanol was added, however, the flexible, worm-like
micelles were destroyed and transformed to spherical
micelles [14].

In order to control the pH value of the solution, ethyl
acetate was added. Ethyl acetate is insoluble in water;
however, it was only solubilized in the palisade layer of
the CTAB micelles. The cationic micelles catalyzed the
following hydrolysis reaction of ethyl acetate:

CH3COOC2H5 þH2O�CH3COOHþ C2H5OH

The resulting acetic acid could be neutralized by so-
dium silicate on the surface of the micelles of CTAB.
Therefore, the pH value of the solution decreased
gradually from basic to neutral conditions, and finally
resulting in the formation of silica. The change of pH
values with time in the synthetic process of mesoporous
silica is shown in Fig. 7. In the initial stage, the pH
values fell rapidly (from 12.60 to 10.97 in 1.5 h), and
then decreased gradually (from 10.97 to 9 in 23 h). A

slow change in pH values was helpful for the formation
of particles with regular shapes.

Propanol was very important in controlling mor-
phologies and pore structures of the mesoporous silica.
First, propanol molecules were mostly soluble in water:
its partition constant between the micellar phase and
water in the solution of CTAB and NaBr was 50 [15],
which was smaller than that of butanol (190), pentanol
(1,050), or hexanol (2,190) at the same concentration of
alcohols. Thus, addition of propanol caused the polarity
of the water solution to decrease (the dielectric constants
of H2O and propanol at 25�C were 78.5 and 20.1 [16],
respectively). Second, propanol had some surface
activity in the water solution [17], and it could be ad-
sorbed onto the interface of silicate particles. In our
system both propanol and CTAB could be competitively
adsorbed onto the surface of colloidal seeds. With an
increase of the molar ratio of propanol to CTAB, more
propanol was adsorbed. The hydrophobic interactions
between the molecules of adsorbed propanol and CTAB
on the surface of colloidal seeds weakened with
increasing molar ratio of propanol to CTAB. The
structure of mesoporous silica was mainly dependent on
the hydrophobic interactions of surfactants, which were
self-assembled into mesoporous silica; thus, the pore
structure of the resulting mesoporous silica became less
ordered (see Fig. 4 and Table 1).

The shapes of mesoporous silica were determined by
intermolecular forces [18]: intermolecular forces between
the critical size nuclei and their subsequent growth, such
as van der Waals attractions and electrical double layer
repulsions. The electrical double layer repulsion between
particles depends on the dielectric and ionic strengths of
the solution and the electric charge density of particles
according to Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory. The decrease of the electrical double
layer repulsion favored growth of gyroids and spheres
particles. In our system, the dielectric constant of the
mixed solution of propanol and water was adjusted by
the amount of propanol, and it decreased with increas-
ing propanol, which made the electrical double layer
repulsion decrease; therefore, the total interaction
forces, including van der Waals attraction and electrical
double layer repulsion, decreased also. The result that
the morphologies of the resulting mesoporous silica

Table 2 BET surface area,
total pore volume, most proba-
ble pore size, and half peak
width of pore size distribution
of mesoporous silica

Propanol:CTAB BET surface
area
(m2 g)1)

Total pore
volume
(mL g)1)

Pore size with BJH
diameter of the
most probable
distribution

Half peak
width of pore
size distribution
peak

(nm)

7:1 737.77 1.67 3.72 0.16
7.5:1 748.13 1.68 3.71 0.19
8:1 738.63 1.66 3.71 0.25
8.5:1 782.20 1.70 3.69 0.26
9:1 743.15 1.71 3.66 0.38

Fig. 7 The change of pH values with time in the synthetic
mesoporous silica (the concentration of Na2SiO3Æ9 H2O was
0.10 mol dm)3; molar ratio of propanol to CTAB was 9:1)
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changed from rod-like, to crimped, then to hollow
spheres with increasing molar ratio of propanol to
CTAB was due to the decrease in the total interaction
energy (favored formation of spherical particles owing
to their having the smallest surface area in spherical
geometry).

From the above analysis, a formation mechanism was
proposed: firstly, smaller spherical particles were syn-
thesized, templated by mixed micelles of CTAB and
propanol; the smaller spherical particles had hexagonal
array pore, but excess propanol made the pore structure
of mesoporous silica become less ordered. Secondly,
propanol and CTAB were adsorbed on the outside
surface of smaller spherical particles; the smaller parti-
cles were then organized into bigger hollow spherical
particles under control of hydrophobic interaction of
carbon chains of mixed surfactants, resulting in hollow
spheres with hierarchical pore structures. The above
result is very instructive for studying biomineralization,
since the above self-organization processes are similar to
those of biomineralization, in which inorganic–organic
hybrid composites with controlled hierarchical struc-
tures are formed [19, 20, 21].

Conclusions

The molar ratio of propanol to CTAB affected the
morphologies of mesoporous silica. Hollow spherical
particles of mesoporous silica could only be obtained if
the molar ratio of propanol to CTAB was in the range of
approximately 8:1–9:1.

The shell structures of the hollow spherical particles
had MCM-41 hexagonal structure. With increasing
molar ratio of propanol to CTAB, the distances (a val-
ues) between centers of two adjacent pores increased,
and the pore structures of the mesoporous silica became
less ordered

Type IV isotherms and H1 hysteresis loops occurred
in N2 adsorption–desorption curves; with increasing
molar ratio of propanol to CTAB, the pore size with
BJH diameter of the most probable distribution
decreased, and half peak width of the pore size distri-
bution peak increased.
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