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This work studied the inﬂuence of two sol-gel synthesis routes in obtaining a bioactive glass-ceramic derived
from the 45S5 composition: a polymeric and a colloidal route. The main diﬀerence between the routes is in the
silica precursor employed. The tetraethyl orthosilicate metal alkoxide (Si(OC2H5)4 - TEOS) is used in polymeric
route and the silicic acid (H4SiO4) was used in the colloidal route. The synthesized xerogels were calcined at
diﬀerent temperatures to eliminate undesirable compounds and to verify the crystallization behavior.
Afterwards, the calcined xerogels were submitted to in vitro bioactivity assay. The samples were also characterized by scanning electron microscopy (SEM), X-ray diﬀraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and laser diﬀraction. After calcination, the glass-ceramics obtained by the colloidal route showed
greater number of bioactive phases and, consequently, of NBO bonds. The larger amount of NBO bonds resulted
in a higher bioactivity of the materials synthesized by the colloidal route. In addition, the long hydrolysis step of
the metal alkoxides was eliminated with colloidal synthesis. This allowed a signiﬁcant reduction in the total
synthesis time from 13 days to 24 h. To the best of our knowledge, this seems to be the ﬁrst time this colloidal
route has been employed in the synthesis of bioglass 45S5.

1. Introduction
The bioactive glass 45S5 was developed by Larry Hench at the end
of the 60's decade [1] and since then, several bioactive glasses and
glass-ceramics formulations have emerged from this bioglass. The main
characteristics of bioactive glass 45S5 are high bioactivity, capability of
bold with soft and hard tissues without side eﬀects such inﬂammations
[2], liberation of therapeutic soluble ions and osteogenic and antimicrobial properties [3–5]. Initially, the 45S5 was developed to replace
and promote tissue regeneration, however nowadays, this bioglass has
several applications in research and commercial products: as in mineralization element in cosmetics and toothpaste [6,7], drug delivery
[8,9], in therapy of embolization [10] and ophthalmological applications [11].
Bioactive glasses and glass-ceramics are commonly produced by
traditional melting-quenching routes or sol-gel techniques [12–14]. The
fusion process involves heating the precursors (silicates and carbonates)
at temperatures above 1300 °C, followed by homogenization and
cooling. The polymeric sol-gel method is based on hydrolysis and gelation of a mixture of alkoxides and metal salts [12,13]. Sol-gel
∗

synthesis stands out over fusion synthesis because it is performed at
room temperature, produces materials with high surface area and allows better composition control and greater structural homogeneity
[15]. Despite the advantages, this method of synthesis still has some
limitations, especially when applied to compositions containing sodium, as a prolonged synthesis time (around one week), in addition to
the high cost and toxicity of the metal alkoxides used [16]. There are
reports that bioglasses of the SiO2–CaO system can be synthesized by
sol gel in a very short time [16,17]. In the case of these systems,
syntheses are generally carried out using the modiﬁed Stober method in
less than a week, under basic conditions. This type of synthesis is also
called co-precipitation, where an increase in pH leads to the formation
of calcium hydroxides and increases the rate of condensation of silica,
as reported by Vieira [18]. However, the introduction of Na2O and P2O5
precursors in the synthesis of 45S5 bioglass generally requires longer
times for complete hydrolysis and polycondensation. A literature search
indicates that most of the works that produce compositions close to the
45S5 bioglass by sol gel report duration times around 7 days [19–22],
but works reporting longer times are common [2,23–25]. Few studies
have been found with a faster sol gel synthesis for the 45S5 or close
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compositions (less than 24 h) and use metallic alkoxides and/or require
complex equipment and processes, such as roto-evaporation and lyophilization [15,26–28].
Typically, the polymeric sol-gel utilizes TEOS as a precursor to silica, triethyl phosphate (TEP) as a precursor to phosphorus pentoxide
(P2O5) and nitrate compounds to provide calcium and sodium in the
synthesis of 45S5. Alkoxides undergo hydrolysis and gelling reactions to
form xerogels [13,29]. The xerogels obtained by the polymeric route
present the formation of Si–O (NBO) bonds (Si–O-X bonds where
X = Ca or Na) at this stage. However, xerogels can also be obtained
using colloidal precursors [13]. In the colloidal route, the gel is formed
by the growth and aggregation of colloidal particles dispersed in the sol
[13], producing a physical mixture of oxides and the formation of NBO
bonds. The colloidal sol gel method allows the synthesis of a bioactive
powder derived from the 45S5 bioglass in a simple way, in a short time
and employing precursors of less toxicity than the metallic alkoxides
most used in the 45S5 analysis.
The objective of this work is to evaluate the inﬂuence in morphology, structure phases, functional groups and bioactivity of two solgel synthesis routes to obtain a glass-ceramic derivate from bioactive
glass 45S5. Besides, the synthesis duration time of polymeric and colloidal routes were also compared.

Table 1
Precursors and quantities used in the synthesis of 25 g the glass-ceramics by
diﬀerent routes. Planned theoretical composition of the 45S5 bioglass, in %
mol, was: 46,1% SiO2, 24,4% Na2O, 26,9% CaO e 2,6% P2O5 [12,56].
Precursors used in syntheses
Polymeric Synthesis
Precursor
HNO3
Deionized water
TEOS
P2O5
NaNO3
Ca(NO3)2·4H2O

Amount (mols)
0,025
0,411
0,185
0,021
0,098
0,110

Precursor
H4SiO4
(NH4)3PO4
NaNO3
Ca(NO3)2·4H2O

Amount (mols)
0,185
0,010
0,098
0,110

Table 2
Particles sizes of BG-Pol and BG-Col samples.
Particles Size (μm)
Samples

Size
Φ 50%

BG-Col

2. Materials and methods
BG-Pol

2.1. Synthesis
The glass-ceramic derivate from bioactive glass 45S5 (%mol:46.1%
SiO2, 26.9% CaO, 24.4% Na2O, 2.6%-P2O5; or %wt: 45% SiO2, 24,5%
CaO, 24,5% Na2O e 6% P2O5) were synthesized via sol-gel using two
synthesis routes: i) traditional polymeric route based on TEOS hydrolysis (BG-Pol) and ii) colloidal route (BG-Col) employing H4SiO4 as a
silica precursor. The molar ratio of the precursors used in both syntheses was designed according to obtain the molar ratio of SiO2, P2O5,
Na2O and CaO in the 45S5 bioglass. The sol gel synthesis process is
known for allowing a great compositional homogeneity in the bioactive
glass and bio-ceramics synthesized by this method, since the synthesis is
carried out at room temperature and there is no volatilization of precursors. The ﬂowchart of Fig. 1 details the experimental procedure for
obtaining the glass-ceramics.
For BG-Pol synthesis, a solution of nitric acid and water was prepared in a beaker under stirring and the related precursors in Table 1
were added at 30 min intervals. The sol was kept for ten days at room

Colloidal Synthesis

Xerogel
850°C
1000°C
Xerogel
850°C
1000°C

20
19
20
18
18
16

temperature for gelation. Then, the gel formed was aged at 70 °C for
48 h and dried at 120 °C for 24 h. The process lasted 13 days. After
drying, the xerogel was obtained, which was ground wet (in isopropyl
alcohol) using 5 mm diameter alumina beads by weight of 10:1
powder/balls for 72 h (Marconi model MA500 jar mill). After milling,
the powder was dried for 24 h and sieved in 200 mesh sieves for
deagglomeration, resulting in a ﬁne powder of xerogel. Finally, xerogel
samples were calcined at 600, 850 and 1000 °C.
In the synthesis of BG-Col, H4SiO4 was obtained by an ion exchange
reaction between a sodium metasilicate solution (Na2SiO3) and previously activated cationic resin [29,30]. For the synthesis of composition 45S5, the precursors listed in Table 1 were added to a beaker
containing 0.5 mol/L H4SiO4 under constant stirring. The obtained sol
was added into petri dishes and immediately placed in an oven at

Fig. 1. Illustrative ﬂowchart showing synthesis of silicic acid and the 45S5 polymeric and colloidal syntheses.
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Fig. 2. X-ray patterns of (a) BG-Pol; (b) BG-Col and FT-IR spectra of (c) BG-Pol; (d) BG-Col xerogel and calcinated samples at 600, 850 and 1000 °C. n:NaNO3; г:
NaCaPO4; c:Na15·78Ca3(Si6O12); w: CaSiO3; H: Ca5(PO4)3(OH).

3. Results

100 °C for 24 h. The obtained xerogel was then ground, sieved and
calcined at 600, 850 and 1000 °C.

3.1. Synthesis and calcination
2.2. Characterization
The mean size and particle size distribution of xerogels and calcined
powders were determined by laser diﬀraction (Cilas, model 1190). The
X-ray diﬀraction (XRD) analyses were performed on a diﬀractometer
(PANalytical, PANalytical X'pert Powder model) at 20–40°, with a 0,01
of scan step size, and CuKα radiation. FTIR analyzes (PerkinElmer
spectrometer, Spectrum Frontier model) were carried out covering the
wavelength range from 4000 to 400 cm−1, in UATR mode using a
diamond crystal. The morphology of the BG-Pol and BG-Col particles
was analyzed by scanning electron microscope (SEM, TESCAN MIRA 3
model) operating at 10 kV. The bioactivity of calcined powders at 850
and 1000 °C (nitrate-free) was evaluated by in vitro test in simulated
body ﬂuid solution (SBF), according to Kokubo et al. [31], by 12, 24,
72, 120, 168, 360 e 504 h in dynamic conditional. The test was performed with samples in triplicate for each immersion time. The pH
variation during the SBF test was evaluated, using a benchtop pHmeter
(Marconi MA522), with a glass electrode pH meter (AF405). The pH
was taken as the average of the three measurements. In the test, a
powder concentration of 0.002 g/ml was used (40 ml of SBF to 0.08 g of
powder) and the SBF was not changed during the test. The Shaker's
agitation speed was 100RPM. The Test was repeated twice and the
results of the second test were presented here. After the bioactivity test,
the powders were analyzed by XRD, FT-IR and SEM to verify the apatite
formation (mineralization). Bioactivity tests were not performed at
xerogels obtained after the synthesis and at the powders calcinated at
600 °C since these samples show inherent cytotoxicity because of the
presence of nitrates, observed in XRD analysis.

The BG-Pol and BG-Col samples had a size range that ranged from a
few microns to a few tens of them (5–50 μm). Table 2 shows the average
diameter d0.5 of the BG-Pol and BG-Col samples.
There were no signiﬁcant diﬀerences between the mean particle
sizes of BG-Pol and BG-Col, and the particle size distribution was also
very similar. Likewise, there were no signiﬁcant changes in the average
particle sizes after calcination of the xerogels at the two temperatures,
850 °C and 1000 °C. Average sizes and size distribution can inﬂuence
dissolution rate and, consequently, in vitro mineralization. Thus, to
avoid dubious interpretations in the bioactivity test, we seek to obtain
powders with similar size distributions.
X-ray patterns and FT-IR spectra of BG-Pol and BG-Col samples are
presented in Fig. 2, before (xerogel) and after calcination at 600, 850
and 1000 °C. The X-ray patterns of BG-Col and BG-Pol were similar after
synthesis and characteristic of the glass-ceramic derived from the 45S5
bioglass after calcination. After synthesis they crystallized as single
crystalline phase, NaNO3 (sodium nitrate, JCPDS 36–1474). The diffractograms the BG-Col xerogel (after synthesis) and after calcination at
600 °C were identical, while the BG-Pol sample calcined at 600 °C also
showed the Ca5(PO4)3(OH) phase (hydroxyapatite, HA, JCPDS
09–0432). In both samples, all the nitrate was eliminated after calcination at 850 °C, forming the silicate Na15·78Ca3(Si6O12) (high-combeite, JCPDS 78–1650) and the phosphate NaCaPO4 (rhenanite, JCPDS
29–1193) of sodium-calcium. BG-Pol also show peaks related to CaSiO3
phase (wollastonite, JCPDS 27–0088). After calcination at 1000 °C, the
phases observed at 850 °C remain the same.
The silicates and phosphate of sodium-calcium formed are known to
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Fig. 3. XRD patterns of calcined BG-Pol and BG-Col powders at 850 and 1000 °C after in vitro bioactivity assay. r: NaCaPO4; c:Na15·78Ca3(Si6O12); w: CaSiO3; H’:
(Ca10(PO4)3 (CO3)3 (OH)2); k: CaCO3.

induce rapid mineralization in vitro and in vivo tests [22,23,32–36],
upper the wollastonite. The combeite is a high biocompatible phase,
while the rhenanite is not only bioactive and biocompatible [37], it is
also can be transformed in HA after reacts with water, acting as a
precursor to HA nucleation [38]. However, the rhenanite biodegradability is limiting, being lower than other calcium phosphates [39], and
its conversion kinetics to HA is slow [40].
The FT-IR spectra of the BG-Pol and BG-Col xerogels (after synthesis) were similar, presenting characteristic bands of the 45S5 composition (Fig. 2c and d) synthesized by the sol-gel method. In addition to
SiO-NBO bonds, it was observed asymmetric elongation of oxygen
bridges (Si–O–Si ~ 1000-1300 cm−1 and 450 cm−1), nitrates (NO3 ~
800-850 cm−1, 1300-1350 cm−1 e ~1445-1460 cm−1) and the water
ﬂexing vibration (~1636 cm−1). After calcination, it were observed
phosphate groups [41] (~500-630 cm−1), Si–O(NBO) stretching vibration (~910-960 cm−1), and Si–O stretching and bending vibrations
of O–Si–O (~1020, 695 and 443 cm−1) in both samples. At 850 and
1000 °C, BG-Pol (Fig. 2c) also showed a peak at 648 cm −1, related to
wollastonite. Moreover, BG-Col presented a CO (~1434 cm-1) bonds at
850 and 1000 °C, and a NO3 band at 600 °C. The peaks relative to NBO
stretch vibration occur due to the incorporation of sodium and calcium
in the glass network [24], indicating the occurrence of crystallization in
the glass and conﬁrming the presence of the identiﬁed XRD combeite
phase [22,41]. After calcination at 850 °C, there was an increase in the
relative intensities between the NBO and Si–O–Si peaks in BG-Col
compared to the same ones in BG-Pol. This indicates an increase in the
amount of NBO. The presence of these bonds in greater quantities induced crystallization of the combeite in BG-Col after calcinations and
increased dissolution in vitro, as will be discussed again.

3.2. Bioactivity in vitro tests
Fig. 3 shows the XRD patterns of BG-Pol and BG-Col calcined at 850
and 1000 °C after the in vitro bioactivity assay. They showed the
crystallization of carbonated hydroxyapatite (HCA (Ca10(PO4)3 (CO3)3
(OH)2), JCPDS 19–0272) in both powders and CaCO3 (calcite, JCPDS
01–0837) in BG-Col, in both temperatures.
HCA phase appears after 120 and 360 h of testing in samples BG-Col
calcined at 850 and 1000 °C, respectively. In BG-Pol, the dissolution of
the phases and the formation of HCA occurred more slowly and in a
smaller amount. This can be veriﬁed due to the presence of peaks of the
original phases even after 504 h. Besides, peaks of HCA appeared in
regions of the spectrum previously occupied by rhenanite.
Fig. 4 shows the FTIR spectra of BG-Pol and BG-Col powders calcined at 850 and 1000 °C after in vitro bioactivity assay. The calcined
BG-Col at 850 °C showed bands around 870 cm−1 and 1416 cm−1 attributed to C–O bonds after 12 h of immersion. The SiO (NBO), Si–O
and Si–O–Si bands at 920, 880 and 695 cm−1, respectively, disappeared
and the bands at 617 and 517 cm−1 (P–O) gave way to a band at
560 cm−1. After 72 h, a slight band appeared at approximately 800 cm
−1 and could be related to amorphous Si–OH. This bond is common in
the early stages of bioglass mineralization [22].
The simultaneous presence of groups P–O and C–O after immersion
in SBF indicated the formation of HCA, conﬁrming the XRD analysis.
For BG-Pol calcined at 850 °C, a slight band appears at approximately
1413 cm−1 after 120 h and a poor intensity band at approximately
874 cm−1 assigned to the C–O groups after 168 h. Nevertheless, BG-Pol
sample calcined at 1000 °C only presented C–O connections after 360 h
of testing. These results indicate a higher formation of HCA in BG-Col
sample, as well as a higher dissolution capacity of the original phases,
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Fig. 4. FTIR spectra of BG-Pol and BG-Col powders calcined at 850 and 1000 °C after in vitro bioactivity assay.

Fig. 5. Variations in pH as a function of the immersion time in SBF.

as a consequence of a greater amount of NBO bonds [42] and the
crystallization of bioactive sodium-calcium phosphates and silicates.
The slower dissolution kinetics of the BG-Pol phases is related to the
lower number of NBO bonds observed in comparison to BG-Col since
phases that have more NBO bonds are more soluble. Additionally, the
larger amount of crystallized bioactive phases in BG-Col also contributed to the greater mineralization in the SBF assay, indicating

higher bioactivity.
In the analysis of the pH curves as a function of the time spent in the
SBF (Fig. 5), there was a blunt increase in pH in the ﬁrst 12 h, followed
by a milder increase between 12 and 24 h, for all samples. Most samples
(with the exception of BG-COL 1000 °C) showed a small pH drop between 24 and 72 h in the SBF, which increased again with the continuation of dissolution of the glass-ceramics. This drop in pH after the
initial blunt increase was observed in other studies and was attributed
to the release of acidic silicon species from the glass-ceramics in the
early stages of the dissolution and biomineralization process [15,43]. In
BG-Col samples, the pH starts to drop smoothly after 120 h of immersion, while in BG-Pol samples this occurs after a longer time, starting
from 360 h.
The initial pH elevation was higher in BG-Col at both temperatures,
which indicates a greater dissolution in SBF than BG-Pol. The higher
dissolution leads to a greater supply of Ca2+ and Na+ ions in the
medium. This increases the pH and changes the composition of the SBF
that becomes even more saturated in relation to HA, favoring its precipitation. With the beginning of mineralization, between 72hs and
360hs, the saturation of the medium decreases, and the pH value decreases slightly. As seen in Fig. 5, this drop in pH occurs after 120 h for
BG-Col and only after 360 h for BG-Pol. It was also found that BG-Pol
calcined at 1000 °C was more bioactive than calcined at 850 °C,
showing higher dissolution of the original phases (Fig. 3(a)) and pH
elevation (Fig. 5). This was attributed to the presence of a greater
amount of the combeite phase. According to the spectra of Fig. 2a, the
BG-Pol sample calcined at 850 °C showed more intense wollastonite
peaks than combeite peaks. However, the increase of the calcination
temperature to 1000 °C, which favors the formation of combeita [42]
(silicate with higher bioactivity), led to its increase in relation to
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Fig. 6. SEM micrographs of the BG-Pol (a, b, e, f, i, j) and BG-Col (c, d, g, h, k, l) calcined at 850 and 1000 °C before and after SBF assay.

wollastonite.
Fig. 6 shows SEM micrographs of powders before and after the
bioactivity assay (Figs. 6a–1). After calcination at 850 and 1000 °C, BGPol and BG-Col, respectively, showed particles with needle-like morphology, probably sodium-calcium silicate [42,44]. After the SBF test
(Fig. E−1), the needles disappeared, completely covered by the layer of
mineralized HCA. This conﬁrms the surface mineralization observed in
the FT-IR and DRX analyzes and the good bioactivity of the samples.
The identiﬁcation of needles as sodium-calcium silicate is also
corroborated by XRD analysis. They showed that the combeite phase
was gradually dissolved with increasing residence time in SBF, disappearing completely in BG-Col samples and almost entirely in BG-Pol.

4. Discussion
XRD and FT-IR analyses indicated a great structural similarity between the materials obtained from the two routes. The high crystallinity
observed in the XRD (Fig. 2a and b) below the 45S5 (600 °C) crystallization temperature [45] was already expected as the sol-gel method
can lead to the formation of crystalline phases within the glassy
structure of the glass even in low temperatures [26,46–49]. Thus, it is
diﬃcult to incorporate additives, such as sodium, without destroying
part of the silica glass network [49]. The use of nitrate-containing
precursors makes a calcination step indispensable for its elimination,
thus the crystallization of the samples is inevitable, since the nitrate
elimination temperatures overlap with the crystallization of the bioglass [50–52]. However, this is not limiting, since a possible drop in
bioactivity due to crystallization is oﬀset by the large amount of NBO
bonds formed in sol-gel synthesis, which favorably aﬀect the degradability and mineralization of glass-ceramics [42].
It was observed that the total elimination of nitrates was only

complete at 850 °C, along with the precursor crystallization process.
Colloidal precursors were more homogeneous than polymeric precursors at all calcination temperatures as they crystallized only in
combeite and rhenanite phases. In the polymeric precursor, there is HA
and wollastonite formation, indicating phase segregation in this material, which implies lower bioactivity. The crystallization of apatite
phases in bioglass synthesis by sol-gel is related to the segregation of
calcium nitrate from the vitreous silicate agglomerates during the gel
drying process [53]. This phenomenon was not observed in the colloidal synthesis derived powder. Crystallization of combeite and rhenanite is highly desirable due to the high bioactivity of these phases,
and the increased amount of NBO bonds induced a greater formation of
them in BG-Col.
FT-IR analyses showed that, in the polymeric xerogel, the relative
intensity of the NBO band (950 cm−1) relative to the BO band
(1100 cm−1) after synthesis was slightly higher than in the colloidal
one. However, after calcination, this relationship is reversed, making
the colloidal precursor richer in NBO than the polymeric one. This increase in NBO bonds after calcination in BG-Col favored the crystallization of combeite and rhenanite [45]. This induced greater dissolution and mineralization in vitro assays, higher than those observed in
BG-Pol. This is conﬁrmed by the increase in pH and complete surface
coverage by the mineralized layer observed in the XRD and SEM analysis. More SiO-NBO groups can improve surface ion exchange, resulting in the formation of Si–OH groups, a key step for further reactions [42].
The presence of soluble phases favored dissolution which leads to
pH elevation and formation of preferential sites for HCA nucleation.
The solution saturation in Ca2+ ions induced its precipitation, which
led to greater crystallization of HCA in BG-Col. The identiﬁcation of the
mineralized layer as HCA was also conﬁrmed by FT-IR analysis. They
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indicated the simultaneous presence of PO ﬂexion bands located at
approximately 560 and 604 cm−1 and CO stretch bands around
870 cm−1, which indicates carbonate substitution in apatite [22,54].
The time of onset of hydroxyapatite mineralization veriﬁed in the
bioactivity tests (ﬁve days for BG-Col) were considered satisfactory,
since they were similar to the times reported in other studies that
synthesized the 45S5 bioglass by sol gel. For example, Pirayesh [22],
Siqueira [55] and Peitil [32].
5. Conclusions
This work presented a colloidal sol-gel synthesis route to produce a
glass-ceramic derivate from bioactive glass 45S5. This route eliminated
the prolonged hydrolysis step of the metal alkoxides employed as precursors in traditional polymer sol-gel synthesis. The replacement of
TEOS by H4SiO4 as a precursor of SiO2 enabled a 92% reduction in total
synthesis time from 13 to 1 day. The synthesized xerogel presented
morphology, crystalline phases and functional groups similar to the
traditional route. The greater number of bioactive phases and NBO
bonds formed after calcination in BG-Col led to better performance in
vitro bioactivity tests in concern to HCA formation capacity and dissolution capacity in the medium.
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