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Abstract

Porous silicate glass monoliths were obtained from two inexpensive precursors; sodium metasilicate
(waterglass) (Na 2 SiO 3 ) (SMS) and bentonite clay (BTC) using the sol gel synthesis. The optimal gelation
mole ratio for SMS was (Na 2 SiO 3 : H 2 O : H 2 SO 4 : C 2 H 5 OH) of (1 : 13.54 : 0.5 : 1.68); while gelation for
BTC was (BTC : H 2 O : H 2 SO 4 : C 2 H 5 OH) of (1 : 13.54 : 1.0 : 1.68). The gels obtained were initially
washed with deionised water to free the (Si-O-Si) framework from Na 2 SO 4 as by-product of the hydrolysis,
followed by aging, drying at low temperature before finally sintering at 600°C to give the monoliths. The
bulk density of the monoliths obtained were determined, and further characterized using Fourier transform
infra red (FTIR) spectroscopy, X-ray diffraction (XRD) spectroscopy, Atomic absorption spectroscopy
(AAS), and Scanning electron microscopy (SEM). The monoliths show macroporous structure with pore
size ranging from 150 – 250 nm, and can be further tailored to give scaffolds for bone tissue repair.
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Introduction
Sol-gel silica glasses have received considerable
attention in recent times as convenient routes to
preparation of bioceramics. Such bioactive glasses
have been reported to stimulate the regeneration of
compromised bone tissues.(1,2) An enormous array
of biomaterials proposed as ideal scaffolds have
emerged.(3) Calcium phosphate ceramics and bioactive
glasses used as substitutes bond to bone whereby
they enhance bone tissue formation,(4) ultimately
making silica-based glasses one of the most
interesting bioceramics during the last 40 years.(5,6)
Generally sol-gel process uses alkoxysilanes
precursors, such as tetraethyl orthosilicate (TEOS)
and tetramethyl orthosilicate (TMOS) as silica sources
in the pathway to bioactive glass-ceramics.(7) The
chemistry of silicon alkoxide gelation is very straightforward, with the side products – alcohol and water
being removable by evaporation. Alkoxides however
have their drawbacks, hazardous on inhalation,
and expensive to prepare over several steps.(8)
Notwithstanding, the sol-gel process(9) presents
several processing advantages, mainly because of
the versatility, purity, homogeneity and the possibility
to modify the material parameters(10), such as
higher surface area and porosity which are critical
for bioactivity.(11,12)
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The minimum pore diameter required for
bone in-growth and angiogenesis into a scaffold is
considered to be 100 μm.(13) Previous in vitro work
has suggested that the ideal pore diameter for bone
ingrowth is between 300-400 μm.(14)
Unlike silicon alkoxides, sodium silicates
are slightly basic, and are hydrolysed to the sol
catalysed by acid (such as hydrochloric or sulfuric
acid) to form silanol (Si-OH) groups. However, the
gels formed for example via the sulphuric acid
reaction will contain both Na+ and SO 4 2- ions that
can affect the gel framework. Hydrophobic silica
aerogels have been prepared from waterglass through
hydrolysis, gelation and water washing of the gel to
remove Na+ ions.(8) Crack free aerogel was prepared
via solvent exchange and surface modification of
the wet gels.(15)
In this work, we have utilized waterglass
(sodium metasilicate) and bentonite clay as precursors
to porous silicate glass monoliths via acid mediated
sol-gel hydrolysis, gelation, water washing of the
gel, drying and sintering to afford the monolith.
This work shows a facile and inexpensive route to
porous silicate glass monolith using bentonite clay.
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Materials and Experimental Procedures
Materials
The chemicals used were sodium metasilicate
(Na2SiO3), (SMS) (Merck) had the composition SiO2 24.9
and Na 2 O 20.9 wt% respectively, bentonite clay
(BTC) was obtained locally, sulphuric acid (H2SO4),
(Fluka, Germany), ethanol (C 2 H 5 OH), (Merck)
and methanol (CH 3 OH), (Merck). The reagents
were used as purchased without further
purification.
Preparation of Silica Monolith from Sodium
Metasilicate (SMS)
Sodium metasilicate (5.0 g, 41.0 mmole)
was stirred in distilled water (10.0 ml) followed by
ethanol (4.0 ml) to give a clear solution. Thereafter,
10.0 ml of 2M H 2 SO 4 was added dropwise to the
mixture under magnetic stirring at room temperature
for about 2h to form a gel. Deionised water was
added successively to wash and remove sodium
sulphate. Complete removal of sodium ions was
indicated by absence of white precipitate when the
final filtrate was tested with dilute lead (II) ethanoate
solution. Thereafter, the gel was cast into plastic
mould and methanol added to exchange the water
in the gel over 24 hours. After decantation of the
solvent, the gel was dried at ambient conditions for
24 hours, followed by drying at 50°C for 1 hour and at
70°C for one day. The gel was finally calcined at
600°C for 2 hours to obtain the monolith.
Preparation of Silica Monolith from Bentonite
Clay (BTC)
Bentonite clay (10.0 g) was refluxed in 1M
NaOH solution (200.0 ml) for 2 hours. The filtrate
obtained was evaporated to dryness to give as
residue sodium metasilicate (5.0g). The basic
sodium metasilicate was dissolved in distilled
water (10.0 ml). The solution was hydrolysed with
2M H 2 SO 4 (20.0 ml) and subsequently treated the
same way as in 2.2 above to afford the bentonite
clay silicate glass monolith.

quantity of water. X-ray diffraction (XRD) analysis
was carried out in the 2θ range of 5-120° using
Xpert PRO PANalytical diffractometer employing
CuKα radiation (0.154060 nm) source operated at
40kV and 40mA. Fourier transform infrared spectroscopy
(FTIR) studies were carried out using Buck Scientific
500 Infra red spectrophotometer with KBr as
reference in the wave number range of 600-4000 cm-1.
Atomic absorption spectroscopy (AAS) Perkin Elmer
A Analyst 200 was used to determine residual amount
of sodium ions (Na+) present in the monolith.
Morphological characterization of the samples
regarding the particles and pore sizes distribution
were performed using a SEM (EVO/MA10) at an
accelerating voltage of 10kV.

Results and Discussion
Hydrolysis and Gelation
The precursor sodium metasilicate and bentonite
clay are shown in Figures 1(a-b). Acidic hydrolysis
of sodium metasilicate (Na 2 SiO 3 ) gives silicic
acid(16) in solution. Sodium hydroxide is reacted with
bentonite clay to initially afford sodium metasilicate
in a strongly basic medium. The water glass obtained
from the basic reaction is similarly hydrolysed to
silicic acid which undergoes condensation to disilicic
acid and further reaction to a polycondensed
hydrogel(16) as shown in Figure 2. Thereafter, the
gel obtained from both precursor compounds were
subjected to multiple washings(8) with deionised
water as shown in Figure 3 in order to free the gel
of sodium sulphate formed during hydrolysis.
The 3-D framework of the silicate glass
continues to grow and becomes more rigid by
contracting and expelling liquid water present
inside the pores.(17) The hydrogel becomes less
porous, harder and cannot be compressed (18)
further now as a monolith. Alcohol (methanol or
ethanol) can be used to replace water impregnating
the gel in order to improve the quality and to
facilitate the non-destructive drying of the gel.(18)

Characterization
The bulk density of the monoliths was
calculated based on a known volume of monolith
and dividing it by its mass (measured by a
microbalance, 10-5 precision). The volume was
determined using immersion technique in a known

(a)

(b)
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Figure 1. (a) Sodium metasilicate, and (b) Bentonite clay.
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Figure 2. Hydrolysis and polycondensation of sodium metasilicate and bentonite clay.

(a)
Figure 3. Washing of gels in deionized water.

The efficiency of deionised water washings to
free the gel from sodium sulphate was monitored
by atomic absorption spectroscopy (AAS) analysis
of the monolith obtained after drying. The result
indicated that Na+ decreased from 36.5% (on the
basis of stoichiometry)(8) to 1.81% in the SMSbased monolith and 2.5% for the BTC-based
monolith respectively.
Bulk Density of Monoliths
The silicate glass monolith obtained from
(SMS) Figure 4a and (BTC) Figure 4b after
calcination were found to have bulk density of 0.84
and 0.77 gcm-3 respectively. The difference may be
due to better packing of the 3-D framework in the
SMS monolith as a result of more efficient removal
of the interfering Na+ from successive deionized
water washings of the gels.

(b)

Figure 4. Monolith from (a) sodium metasilicate, and
(b) bentonite clay.

FTIR Characterisation of the Monoliths
The FTIR spectra obtained for the SMS
and BTC based monoliths respectively are
characterized by a broad band centred around
3400 cm-1 and a smaller signal around 1600 cm-1
that corresponds to O-H absorption band (15) as
shown in Figure 5a and 5b. Furthermore, a
diagnostic Si-O-Si asymmetric stretching vibration
is centred on 1132 cm-1 (19,20), the absorption signal
at 920 cm-1 is assigned to the stretching vibration
of silanol groups on the surface of the amorphous
solid.(21)
XRD Characterisation of the Monoliths
X-ray diffraction technique was employed
as a versatile, non-destructive technique that
reveals detailed information about the chemical
composition and crystallographic structure of
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natural and manufactured materials. XRD analysis
of the calcined monoliths for SMS and BTC are
shown in Figure 6a and 6b respectively. The
spectra for both samples indicated presence of
SiO 2 networks which had amorphous structure,
with a peak observed at 2θ=22°.(22)
SEM Characterisation of the Monoliths
Pore size distribution analysis for the SMS
and BTC based monoliths were analysed using
SEM as shown in Figure 7a and 7b respectively.
Figure 7a for the SMS monolith appears to indicate
more ordered arrangement of the particles compared to
the BTC based monolith in Figure 7b. Generally,
the SMS monolith shows pore size range about
188 – 250 nm, while for the BTC monolith pore
sizes is in the range of 150 – 200 nm. Both porous
glass
monolith fall in
the macroporous
materials range. Large surface area micro-porosity
is a property essential in bioceramics
for
protein cell adhesion, cell migration and
osteointegration.(13, 23-26)

Figure 6a. XRD patterns of the SMS based monolith.

Figure 6b. XRD patterns of the BTC-based monolith.

Figure 5a. FTIR spectra of SMS monolith.

(a)
Figure 7a. SEM micrographs showing the surface morphology
of the monolith from SMS.

Figure 5b. FTIR spectra of BTC monolith.
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(b)
Figure 7b. SEM micrographs showing the surface
morphology of the monolith from BTC.

Conclusion
Low temperature silicate glass monoliths
were prepared from two inexpensive precursors;
sodium metasilicate and bentonite clay. After acid
hydrolysis and polycondensation of the gels,
repeated washings of the gels with deionised water
facilitate the removal of contaminating sodium
sulphate in the gel framework. SEM analysis
revealed the poor average pore size obtained for
the monolith when compared to ideal pore
diameter required for bone ingrowth which is
between 300-400 μm.
XRD characterisation revealed an
amorphous state for the monoliths, while the FTIR
analysis indicated characteristic absorption bands
for Si-O-Si and silanol groups in the framework.
This study is ongoing as we work to obtain
materials with desirable properties for use as
bioceramics in in vivo bone therapy by exploiting
the abundant inexpensive clays and sodium
metasilicate as precursor compounds relative to the
alkoxysilanes.
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