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Particle size, pore size, surface area as well as the morphology of silica
particles prepared from sodium metasilicate have been modified using two
acid catalysts. Gel formation was obtained at ambient conditions using HCl
and H

2
SO

4
. The obtained particles were characterized using scanning

electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR) and mathematical techniques. The results
showed amorphous silica particles were successfully formed. XRD
investigation revealed that the materials contained amorphous SiO

2
, while

SEM results indicated that different porous morphologies were obtained
from the two different acid catalysts.
 2014 Trade Science Inc. - INDIA

INTRODUCTION

Porous silica is widely used in catalysis, puri-
fication[1,2] and chemical sensors[3] because it is char-
acterized by large surface area, high mechanical
strength and thermal resistance. There has been in-
creasing efforts aimed at improving the morphologi-
cal characteristics, such as particle sizes, and pore
structure of silica as a way of improving mass trans-
fer efficiency. According to studies[4], the connec-
tivity of the pore structure as well as permeability
of the porous network can be controlled and mod-
elled. In this regard, the nature of acid or base cata-
lyst, pH of the solution, the solvent, the tempera-
ture and relative humidity are all crucial in control-
ling porosity[5].

The most general method of synthesizing
microporous silica usually involves using templates
such as carbon nanotubes[6], porous alumina[7], or-
ganic gels[8], organic crystals[9] and surfactants[10,11].
These templates are commonly used with silica pre-
cursors such as alkyl alkoxides which facilitates co-
valent bonding and can then be removed by calcina-
tions thereby leading to the creation of a continuous
network of microspores. However, the relatively high
cost of silicon alkoxide precursors and templates,
and the difficulty in completely removing the tem-
plates from the prepared porous materials limit their
usage.

In the current work, we employed two acid cata-
lysts (HCl and H

2
SO

4
) to tune the morphology of silica

prepared from sodium metasilicate.
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MATERIALS AND METHODS

Materials

The chemicals used in this synthesis were sodium
metasilicate, Na

2
SiO

3
 with composition SiO

2
 24.9,

Na
2
O 20.9 and H

2
O 54.2 wt % (Sigma-Aldrich, 98%),

H
2
SO

4 
(Analar, 98%) and HCl (Riedel-deHaen, 37%).

Preparation of porous silica particles using HCl
(HCPSP) and H2SO4 (HSPSP)

Na
2
SiO

3
 (5.0 g) was dissolved in deionised water

(10.0 ml) while stirring using a magnetic stirrer. There-
after 2M HCl (20.0 ml) was added dropwise until a gel
was formed at room temperature after about 5 minutes
of stirring. The experiment was repeated using 2M
H

2
SO

4
 (10.0 ml) under similar reaction conditions.

Washing procedures

The gel formed was washed by pouring into deion-
ized water (100 ml x 5), the supernatant water was
decanted successively[12] to remove impurities of NaCl
and Na

2
SO

4
 formed during the hydrolysis stage of the

reaction, equations (1) and (2), before drying by suc-
tion at the pump. Complete removal of impurities from
the gel network was confirmed by absence of precipi-
tate when the final filtrate was tested variuosly with di-
lute AgNO

3
 and lead (II) ethanoate solutions to con-

firm absence of NaCl and Na
2
SO

4
 respectively.

Na
2
SiO

3
 + 2HCl + 2H

2
O   Si(OH)

4
 + 2NaCl (1)

Na
2
SiO

3
 + H

2
SO

4 
+ H

2
O   Si(OH)

4
 + Na

2
SO

4
(2)

Thermal treatment

The washed gels were initially dried at 120 oC for 1
day, and then calcined at 800oC for 3 hours in a fur-
nace with a heating rate of 10oC/min. The irregular pow-
der obtained were ground by ball-milling.

Methods of characterization

The silica particles was characterized by X-ray
diffraction (XRD, X�pert PRO PANalytical) using

CuKá radiation (0.154060) source operated at 40
kV and 40 mA. The diffraction patterns were obtained
in the 2è range from 5-120o and 10-70o. The mor-
phologies of the materials were investigated using scan-
ning electron microscopy (SEM, EVO/MAIO). SEM
was also used to determine the average size of the
silica particles The sample was carbon-coated and

observed at an accelerating voltage of 10 kV. Fourier
transform infrared (FTIR, Buck Scientific 500), in the
wavenumber range of 4000-600 cm-1 employing KBr
pellets was used to investigate the bonds present in
the particles.

The bulk densities of the silica particles were mea-
sured from their weight to volume ratio using the for-
mula
Bulk density, ã

b 
= M / V (3)

where, M is the mass of the sample measured with mi-
crobalance (10-5 g accuracy), and V is the volume mea-
sured by filling the silica particles in a column of known
volume[13].

The specific surface area of the particles in m2g-1

was calculated using the equation[14,15]

Specific surface area, S
p
 = 6 / Ã

p
D

p
(4)

in which Ã
p
 is specific density assumed to be 2.0 x

106 gm-3 for amorphous silica particles based on the
sperical model (a typical average density of silica pre-
pared via wet-synthesis conditions[16]) and D

p 
is the

average particle diameter.
The porosity was estimated using the relation-

ship[17].
Porosity = (1  ã

b 
/ Ã

p
)

 
x 100 (5)

RESULTS AND DISCUSSION

Hydrolysis, gelation, gel washing and calcination

The sodium metasilicate used here as cheap silica
precursor was easily hydrolyzed by both acids to give
a transparent gel at ambient temperature. The gels were
washed in deionised water to remove sodium sulphate
and sodium chloride salts. The dried gel were then cal-
cined followed by ball milling to give the porous silica
powders.

Diffraction Patterns of the porous silica particles

The XRD patterns of the HCPSP and HSPSP pow-
ders obtained after calcination at 800 oC are shown in
Figure 1(a) and (b) respectively. The diffaction patterns
of the samples with a reflection at 2è = 22-22.5o indi-
cate that the materials are amorphous and composed
of SiO

2
[18-20]. There are no additonal peaks observed

in both spectra which indicate the absence of impurities
after deionised water washing removal of NaCl and
Na

2
SO

4
 from the gel networks.
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Assessment of bonding in the particles

FTIR spectum of HCPSP powders is shown in Fig-
ure 2 The characteristic vibrational modes of Si�O�Si

bonds are distinctive around 804.38 cm-1 and 1071.43
cm-1, which are attributed to Si�O bending vibration

and Si�O�Si asymmetric stretching vibration respec-

tively[21,22]. The band at 1656.22 cm-1 is assigned to
Si�H

2
O flexion[22]. It is noted that the Si�O�Si asym-

metric stretching band for HSPSP, Figure 3, occurs at
1066.52 cm-1 which is lower than that of HCPSP. This
supports Labrosse et al�s[23] report that a shift in vibra-
tional frequency is related to porosity. It is also observed
that a typical broad absorption band between 3000-
3586.24 cm-1 centred at 3506.40 cm-1 which can be
attributed to adsorbed water or structural O�H[24] are
less intense in the spectra of both HCPSP and HSPSP.

This is mainly due to the removal of most of the ab-
sorbed water molecules during the calcination process
up to 800 oC. This can be confirmed by the diffuse
nature of the peak around 1656.22 cm-1 in the two spec-
tra which is usually prominent in wet sol-gel�derived

silica as a result of Si�H
2
O flexion[21].

Morphology of the porous silica particles

The average diameter of the silica particles as de-
termined by SEM gave the average particle diameter
for the HCPSP as 597.95 nm, while the average diam-
eter of the HSPSP was 373.75 nm. Figure 4 presents
the morphology of silica particles calcined at 800 oC.
The result shows that the particles are arranged to give
porous network structure. Discrete particles and some
few agglomerates are seen in the micrographs of both
samples, especially that of HCPSP sample. This mor-

Figure 1 : XRD patterns of calcined samples of ( a) HCPSP and (b) HSPSP powders at 800 oC

Figure 2 : FTIR spectrum of HCPSP after calcination at 800 oC.
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phological transformation occurs as a result of sinter-
ing, which according to Moya et al.[25], is driven by the
tendency to reduce the total free energy by reducing
the total surface thus causing the adhering and aggrega-
tion of particles. Another important process effective at
high temperatures below the melting point is viscous
flow which can result in neck formation and densiûcation

and further restructuring[26].
It is observed that the silica networks contain par-

ticles and pore sizes that are not uniform. This may be
attributed to agglomeration usually associated with silica
particles obtained from sodium metasilicate solution[27].
Agglomeration was higher in the HCPSP sample, Fig-
ure 4(a), which consequently has larger partcle sizes

and average pore size ranging from 0.18 - 0.91µm, while

the HSPSP sample with smaller particles has pore sizes
ranging from 0.10-0.40 µm. According to Dafni et
al.[28], the porosity arises from the assumed packing of
primary particles in the agglomerates. It has been pro-
posed that the initial particle size distribution, polydis-
persity, concentration of particles, viscosity of the con-
tinuous phase, Van der Waals forces of attraction, and
hydrodynamic conditions govern the extent of inter-
particle collisions, aggregation and the temporal evolu-
tion of the average diameter of aggregates[29]. In this
regard, we suggest that apart from the foregoing fac-
tors, the nature and concentration of the salt formed
(NaCl and Na

2
SO

4
) during the gelation process of the

Figure 3 : FTIR spectum of HSPSP after calcination at 800 oC.

Figure 4 : SEM micrographs showing larger pore spaces in (a) HCPSP, than (b) HSPSP at the same magnification.
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reaction contributed to the observed size of the par-
ticles and pores to complement Bo¿ena et al�s[27] sug-
gestion that electrolytes also affect the physiochemical
properties of silica.

Physiochemical properties of HCPSP and HSPSP

The physicochemical properties of the obtained sili-
cas are listed in TABLE 1. The surface area is highly
dependent on average particle size and porosity. HCPSP

have larger average particle size and porosity but smaller
surface area, as expected when compared with HSPSP
which have lower average particle size and consequently
larger surface area. This order is in agreement with the
SEM results. A sensible correlation between porosity
and Si�O�Si absorption frequency could be made from

the result in TABLE 1. It is observed that the higher the
porosity, the higher the absorption frequency of the Si�
O�Si bonds in the particles.

TABLE 1 : Physiochemical properties of the silica particles and Si-O-Si absorption frequency

Sol-gel 
derived 

silica 

Average particle 
diameter(nm) 

Bulk 
density 
(Mgm-3) 

Poresize 
range (µm) 

Porosity 
(%) 

Specific 
surface 

area,ST (m
2g-1) 

Frequencyof Si�
O�Si bond (cm-1) 

HCPSP 597.95 0.474 0.18-0.91 76.3 5.017 1071.43 

HSPSP 353.75 0.752 0.10-0.40 62.0 8.58 1066.52 

CONCLUSIONS

HCl and H
2
SO

4 
have been successfully used to tune

the pore structures and particle sizes of silica particles
obtained from sodium silicate as a cheap silica source
without employing templates. When HCl was used to
catalyze gelation, the average particle size obtained was
597.95 nm with pore sizes ranging from 0.18 - 0.91µm,

while for H
2
SO

4
 catalyzed gelation a much lower aver-

age particle size of 353.75 nm and pore size range of
0.10-0.40 µm was obtained. The relationship between

porosity and Si�O�Si vibrational frequency was also

established. The results indicate that the morphology of
silica particles can be modified by using different types
of catalysts and this may provide a useful route for pre-
paring silica with controlled pore sizes without using
templates.
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