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45S5 Bioglass® was prepared using sol�gel chemistry from fused silica

sand. The monolith was sintered at 950 oC before subjecting to immersion
in simulated body fluid (SBF). The sintered monolith and immersion
specimen were characterised by scanning electron microscopy (SEM),
energy dispersive X-ray analysis (EDX) and Fourier transform infrared
spectroscopy (FTIR). The density of the as-sintered glass was 1.056 g/cm3

and porosity 61%. Immersion study of the glass monolith in simulated
body fluid confirmed steady change in pH of the SBF solution, increase in
Ca, P and C on the surface of the monolith, with corresponding decrease in
Si attributed to the formation of carbonated hydroxyapatite (HCA). The
compositionally controlled glass material prepared shows promise as a
candidate scaffold material for bone tissue engineering.
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INTRODUCTION

Human tissue and organ failure caused by defects,
injuries, diseases or any other types of damage impact
substantially on the health and quality of life of the popu-
lation and as such, impose huge financial burden on the
economy. Among these, musculoskeletal conditions
occur frequently as a major reparative problem in re-
constructive surgery. One of the surgical strategies pur-
sued to remedy this problem include utilization of
autografts or allografts[1]. While the use of autograft
material is the preferred technique, there are limitations
such as donor site morbidity, limited donor bone sup-
ply, anatomical and structural problems, and elevated
levels of resorption during healing[2]. Allografts have the

disadvantage of eliciting immunological response due
to genetic differences and the risk of inducing transmis-
sible diseases[3,4]. Therefore, considerable attention has
been directed towards regeneration of damaged bones
in vivo and in vitro using bioactive glasses and engi-
neered biomaterials[5,6]. Bioceramic calcium phosphates
such as hydroxyapatite (HA), tricalcium phosphate
(TCP), biphasic calcium phosphate (BCP) and related
composites of bioactive inorganic materials with bio-
degradable polymers[7-9] are some of the most promis-
ing materials for application in bone tissue engineering.

Bioactive inorganic materials are biocompatible re-
acting with physiological fluids forming tenacious bonds
to bone through the formation of bone-like HA layers.
Several authors have proposed a three-step mecha-
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nism of HCA formation when a bioactive glass with
composition in the system SiO

2
�Na

2
O�CaO�P

2
O

5

comes into contact with physiological fluids to include;
ion exchange, dissolution and precipitation[10-12]. This
phenomenon facilitates strong interfacial fixation of bone
tissue with the material surface without eliciting adverse
immunological responses[13,14]. For example, silicate
bioactive glasses such as 45S5 Bioglass®[14] (compo-
sition in mol %: SiO

2
 (46.1); Na

2
O (24.4); CaO (26.9);

P
2
O

5 
(2.6)) induces the release and exchange of critical

concentrations of soluble Si, Ca, P and Na ions, which
lead to favourable intracellular and extracellular re-
sponses promoting rapid bone formation[15,16].

Sol-gel derived bioactive glasses[17-21] have been
reported to show better activity over the melt-derived
glass material[22,23]. Also, sodium containing bioactive
glasses have some advantages over their non-sodium
bioglass, for example addition of Na

2
O or K

2
O lowers

the temperature during processing of melt-derived
bioactive glasses. Furthermore, inclusion of Na makes
the final material more soluble in aqueous media[24,25]

and enhances its mechanical strength due to the crys-
tallization of sodium calcium silicate phases which are
biodegradable[26]. Additionally, the sol-gel processing
method facilitates high intrinsic surface area[26,27] result-
ing in high reactivity in physiological fluids.

Most sol-gel reactions to give bioactive glasses uti-
lize as precursors silicon alkoxides like trimethyl
orthosilicate (TMOS) and tetraethyl orthosilicate
(TEOS) as starting materials. These alkoxides are not
only expensive, but also toxic on inhalation[29-31]. In con-
tinuation of our interest in the synthesis of bioactive glass
scaffolds suitable for bone tissue repair, we report herein
the preparation of bioactive glass in the quaternary sys-
tem containing SiO

2
-CaO-Na

2
O-P

2
O

5
 from inexpen-

sive and readily available silica rich sand as a precursor
via the sol-gel process.

EXPERIMENTAL

Materials

The sand used as starting material was obtained
from Ifo in Ogun State, Nigeria having the composition
shown in TABLE 1. Analytical grade reagents includ-
ing; Ca(NO

3
)

2
.4H

2
O (Loba Chemicals, 98 %),

NaH
2
PO

4
.2H

2
O (Kermel, 99 %), HNO

3
, HCl (Riedel-

deHaen, 60%), H
3
PO

4, 
NaCl, NaHCO

3
, KCl,

K
2
HPO

4
·3H

2
O, MgCl

2
·6H

2
O, CaCl

2
, and

trishydroxymethyl aminomethane [Tris-buffer,
(CH

2
OH)

3
CNH

2
] were used as appropriate to pre-

pare either the bioglass or SBF solution respectively.

Preparation of sodium metasilicate from sand

The silica sand sized by passing through sieves
ranged between 159-595µm was washed to free it from

clay and other impurities before being oven�dried at

120 oC. Soda ash was added to the sand to obtain the
ratio Na

2
O : SiO

2
 of 1: 2 in the final product. The mix-

ture after thorough mixing was fused in a furnace at
1300 oC for 1 h to form water glass, sodium metasili-
cate melt.

Preparation of bioactive glass

To prepare the bioactive glass with composition
(mol %); 31.39SiO

2
: 28.70Na

2
O: 36.86CaO:

3.05P
2
O

5
, the sodium metasilicate melt (water glass)

was added slowly while using a magnetic stirrer to
0.05M HNO

3
. The mixture was stirred for 1 h for com-

plete hydrolysis, thereafter under stirring conditions
H

3
PO

4
, NaH

2
PO

4
.2H

2
O and Ca(NO

3
)

2
.4H

2
O were

added slowly in that order. Each reagent was added in
a molar ratio of 1:20 of water and allowed reaction
time of 45 minutes before adding the next reagent. Af-
ter the last addition, the mixture was stirred further for
1 h before pouring the resulting sol into teflon moulds
and kept at room temperature for 72 h for gelation.
Thereafter, the gel was maintained at; i. 70 oC/72 h,
130 oC/42 h, ii. 700 oC/2 h, and iii. 950 oC/3 h to age,
dry, stabilize and sinter respectively. The heating and
cooling rate were maintained at 5 oC/min.

Characterization

The density of the bioactive glass ñ
glass

 was deter-
mined from the mass and dimensions of the sintered
material. The porosity P was calculated as follows;
P =(1 � ñ

glass
/ñ

solid
) x 100 (1)

where density ñ
solid 

= 2.7 g/cm3 of 45S5 Bioglass®[26].
Furthermore, microstructure of the glass was charac-
terized before and after immersion in simulated body
fluid (SBF) using EVO/MAIO scanning electron mi-
croscope (SEM) equipped with energy dispersive X-
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ray analyzer (EDX). The sample was carbon-coated
and observed at an accelerating voltage of 15kV. Fou-
rier transform infrared (FTIR, Shimadzu 8400S), with
the wave number range of 4000-400 cm-1employing
KBr pellets operating in a reflectance mode with a 4cm-

1 resolution was used to investigate the nature of bonds
present in the glass network.

Bioactivity test

Assessment of bioactivity was carried out using the
standard in vitro procedure described by Kokubo et
al.[27]. SBF was prepared using analytical grade re-
agents; NaCl, NaHCO

3
, KCl, K

2
HPO

4
·3H

2
O,

MgCl
2
·6H

2
O, CaCl

2
, trishydroxymethyl aminomethane

[Tris-buffer, (CH
2
OH)

3
CNH

2
], and 1 M HCl with ions

concentrations shown in TABLE 2. Monolith glass
samples were immersed in acellular SBF at concentra-
tion of 0.01g/ml in clean plastic bottles, which had pre-
viously been washed using HCl and deionised water.
The bottles were placed inside an incubator at a con-
trolled temperature of 36.5 oC and pH was maintained
at 7.4. without refreshing the SBF solution for a maxi-
mum of 14 days and the pH recorded daily for the first
9 days using a pH meter (Hanna, HI96107). The
samples were extracted from the SBF solution after 7
and 14 days, rinsed with deionised water and left to
dry at ambient temperature in a desiccator. The samples
were thereafter investigated for formation of apatite layer
on the glass surface by SEM/EDX and FTIR.

RESULTS AND DISCUSSION

Densification, bulk density and porosity

Chemical analysis of the sand used in this study is
shown in TABLE 1. The result reveals that the sand is
rich in silica, approximately 98%. Most of the other
metal oxides components in the sand occur in minor
amount making this sand satisfactory for the desired
purpose. Water glass was obtained using standard pro-
cedure. The quaternary bioactive glass of desired com-
position was obtained as described. The density of the
as-sintered glass was 1.056 g/cm3 while porosity ob-
tained by applying Eq. (1) was 61 %, indicating that
only partial densification occurred after heating the glass
at 950 oC for 3 h. This result is quantitatively similar to
Chen et al.[32] who showed that complete densification

of Bioglass® construct may be obtained after sintering

above 950 oC. Implicitly, extensive densification leads
to hardening of a material by strengthening the pore
struts and overall reduction in porosity. Significant den-
sification of the glass may cause full crystallization for
which a bioactive glass may revert into an inert mate-
rial[33]. It is also imperative to note that insufficient den-
sification may occur at low temperature which can lead
to a very fragile scaffold containing loosely packed par-
ticles. Consequently, it is desirable that the material
should be sintered at a temperature where crystalliza-
tion does not occur to a great extent to maintain bioac-
tivity of the glass and should be highly porous, both
which are ideal for tissue engineering scaffold.

Element SiO2 Fe2O3 MgO Al2O3 K2O Na2O CaO 

(%)mass 98 0.97 0.046 0.53 0.35 0.043 0.061 

TABLE 1 : Composition of silica sand.

SEM/EDX characterisation of bioactive glass be-
fore and after immersion in SBF

SEM micrograph of the sol-gel glass after sintering
at 950 oC is shown in Figure 1(a). The glass material
shows heterogeneous surfaces of flaky particles with
little crystallinity and some porous structure. After 7 days
immersion in SBF solution, the surface is transformed
into agglomerated balls of HA growth in Figure 1(b)
and 1(c). The composition of the surface as shown by
EDX indicates that the concentration of sodium in the
bioactive glass decreases based on the dissolution theory
in physiological fluids[11,28], while concentrations of Ca
and P increase due to the formation of HA[34-36]. After
14 days in SBF solution, the HA particles appear
coarser shown in Figure 1(d) with many small protu-
berances growing out from the apatite layer. The reac-
tion process proposed for the formation of HA on the
surface of a glass sample immersed in SBF[37] involves;
exchange of the network modiûer calcium with pro-

tons, dissolution of soluble silica at the glass solution
interface, condensation and re-polymerization of a SiO

2
-

rich layer on the surface, finally migration of Ca2+and
PO

4
3- ions to the surface to form a CaO�P

2
O

5
-rich film.

Furthermore, from the EDX (Figure 1(d) inset), it
is evident that the composition of Si on the surface has
reduced considerably, while Ca, P and C have all in-
creased. The low detection by EDX of Si as shown in
TABLE 3 is due to the apatite cover on the bioactive
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glass. Furthermore, the variation in both Ca, P and C
with increased immersion time in SBF is due to chemi-
sorption to explain the HA dissolution/redeposition
theory[37-39], TABLE 3.

the first two days reaching a value of 8.4 compared
with the initial pH of 7.4, then remains constant until
the 4th day. This is due to the fast release of Na+ and
Ca2+ ions into the surrounding solution through ex-
change with H+ or H

3
O+ ions[40]. With the H+ ions be-

ing replaced by cations, there is a concomitant increase
in hydroxyl concentration of the solution that result in
attack on the silica glass network and formation of
silanols at the glass solution interface. After day 4 the
pH increases more gradually because some of the re-
leased calcium ions are used to form CaO�P

2
O

5
-rich

film, decreasing the Ca release kinetics. With pro-
longed immersion, the pH reaches a saturated state
(pH = 8.7).

Ion Na
+ K

+ Mg
2+ Ca

2+ Cl
- HCO3

- HPO4
2- SO4

2- 

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 

Human Plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 

TABLE 2 : Ion concentrations (mM) in human plasma in com-
parison with SBF.

pH changes during immersion in SBF

Changes in pH of the SBF solution after immers-
ing the bioactive glass for the first 9 days is shown in
Figure 2. The pH of the solution increased sharply for

Figure 1 : SEM micrographs with EDX insets of the bioactive glass surface at (a) 0 day, (b and c) 7 days at different
magnifications and (d) 14 days showing growth of HA and increase in P with increasing immersion time in SBF.

FTIR evaluation of bioactivity of the glass

Figire 3 shows the FTIR spectra of samples im-
mersed in SBF solution for 0, 7 and 14 days respec-
tively. As observed, the spectrum of the parent glass
before immersion reveals bands at 1119, 1038, 964,
930, 901, 797, 681, 641, 617, 567, 511 and 475 cm-

1. The bands 1119 and 1038 cm-1 are associated with

Si�O�Si and P�O vibrational modes[37]; 900-964 cm-

1 are related to Si�O non-bridging oxygen bonds

(NBO). The bands at 797 and 475 cm-1 are attributed
to Si�O�Si bending vibrations. The peak at 612 cm-1

can be assigned to the presence of crystalline phase in
the sample[41]. After soaking for 7 days only two bands
appear in the region 1100-900 cm-1; a sharp band at
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1082 and a shoulder at 959 cm-1 suggesting the disrup-
tion of the NBO bonds due to leaching of Ca and disso-
lution of soluble silica at the glass interface during the
period of immersion in SBF solution[42]. Several new
peaks emerge at 1427, 872cm-1, which can be attrib-
uted to the presence of CO

3
2[43], and the peak at 573

cm-1 is assigned to P�O bend in amorphous calcium

phosphate. This suggests the onset of incorporation of
CO

3
2- into HA. After 14 days of immersion, the bands

between 950-1120 cm-1 increase in number which may
be due to re-polymerization of SiO

2
 to form silica rich-

layer on the glass surface and incorporation of Ca2+.
Additionally, the CO

3
2- band becomes broader and de-

velops a second band at 1470, while the peak at 573
cm-1 splits into two sharp modes at 604 and 554 cm-1,
which are characteristic of apatite crystalline phase[35],
indicating that HCA now dominates the apatite phase.

CONCLUSION

Bioactive glass material of the quaternary system
SiO

2
�Na

2
O�CaO�P

2
O

5
 has been obtained by the sol�

gel technique using sand obtained from Ifo in Nigeria to
prepare the water glass precursor. The monolith ob-
tained was sintered at 950 oC in order to attain reason-
able crystallinity without achieving full densification to
ensure the material is also resorbable in physiological
fluids. Evidence from this study shows that pH of the
SBF changes gradually from 7.4, reaching a value of
8.7 after 14 days, which will imply a controlled rate of
degradation leading to HCA formation that will facili-
tate osteoconductivity. Finally, the low cost precursor
used and the low-temperature sol�gel processing con-

ditions could serve as a novel inexpensive approach to
prepare quaternary bioactive glasses with potentials for
rapid commercialization in bone repair therapy.
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