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Abstract

Mesoporous bioactive glasses (MBGs) have recently been applied as important bone implant materials due to their high reactive surface areas
and superior bioactivities. Various processes have been developed to fabricate MBGs. Among them, the sol-gel process is one of most popular.
However, sol-gel has the drawbacks of discontinuous processing and long processing time, making it unsuitable for mass production. This study
demonstrates a successful synthesis of MBGs using a spray pyrolysis (SP) method to overcome these problems. The bioactivities of the SP
synthesized MBGs are correlated with the main SP processing parameter of calcination temperatures and their structures. Comparisons of the
surface areas and bioactivities for the MBG particles prepared from the sol-gel and the SP process are included. Finally, the MBG formation

mechanism using SP is proposed.

Crown Copyright © 2013 Published by Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In 1971, Hench et al. first developed bioactive glasses (BGs) [1].
Since then BGs have attracted considerable attention due to their
superior bioactivities and biocompatibilities. Early studies demon-
strated that the surfaces of the BGs form hydroxyl apatite (HA)
layers when implanted in the human body [2]. The HA layers
constitute the main inorganic components of humans [3], and they
are shown to chemically bond with human bones [4]. Thus, BGs
have become one of the most popular materials for bone implants.

Various BGs synthesis methods have been investigated and
reported. Early studies used conventional glass processes to prepare
BGs [5,6]. The major advantage of the conventional glass process
is its feasibility for mass production. For example, the 4585 (SiO,:
P,05:Ca0:Na,0=46.1:2.6:26.9:24.4 by molar ratio) BG" is the
first commercial and most commonly available BGs. The sol-gel
process for BG synthesis (firstly reported by Li et al. [2]) on the
other hand, has become an popular alternate synthesis method due
to the benefits of lower calcinations temperature, lower contamina-
tion and better control of chemical compositions for better
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bioactivities [7]. Furthermore, porous BGs have been developed
to increase the specific surface area in order to achieve higher
bioactivities. For example, Yan et al. [8] used tri-block surfactants
of P-123 (EO,xPO;EO,, where EO is polyethylene oxide and PO
is polypropylene oxide) and F-127 (EO;osPO70EO ¢s) to prepare
high surface area and well-ordered mesoporous bioactive glasses
(MBGs) to improve the HA formation [8]. Although MBGs have
much higher bioactivities than BGs [8,9], so far the only method to
fabricate MBGs is sol-gel, which has the drawbacks of discontin-
uous processing, long processing time (~1-2 days) and is
unsuitable for mass production [10]. In order to tackle these
problems, a new MBG synthesis method is urgently needed.
Spray pyrolysis (SP) has the advantages of continuous proces-
sing and a short process time (~1h) [11]. Recently it also has
been applied to prepare borate-based BG submicron particles [12]
and 45S5 BG nanoparticles [13]. However, to the best of authors'
knowledge, no MBGs have been produced using SP. This report
shows the first successful SP synthesized MBG particles.
In addition, the relationships of calcination conditions with the
particle morphologies, crystallographic structures, surface areas and
bioactivities have been investigated. Since carbon contaminations
caused by incomplete decomposition of precursors also affect
bioactivities of the MBGs [10], the thermogravimetric analysis
(TGA) method has been applied to examine decomposition
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properties of precursors and surfactants. Morphologies and particle
size distributions of the particles were characterized using transmis-
sion electron microscopy (TEM) (Tecnai G2 F20, FEI, USA).
Selected area electron diffraction (SAED) patterns were carried to
determine the crystallographic structures. Fourier transform-infrared
spectroscopy (FT-IR) spectra of the precursors and the various
calcinated MBG particles were obtained to examine the potential
carbon contaminations in these particles. Average pore sizes were
measured from more than 50 pores in the each calcinated specimen
using TEM. The surface areas of the particles were also determined
using the nitrogen adsorption method (the Brunauer—-Emmett—
Teller (BET) method) [14] (Tristar, Micromeritics, US) and
compared with the observed morphologies and carbon contamina-
tions. For the in vitro bioactivity test, X-ray diffraction (XRD) (D2
Phaser, Bruker, US) was employed to characterize the BG particles
before and after soaking in the simulated body fluid (SBF), which
has ion concentrations nearly equal to those of human blood
plasma [15]. The results of TEM, FI-IR, BET and XRD
characterization are then correlated with the calcined conditions
of the MBG particles. Based on these results, a particle formation
mechanism is proposed.

2. Experimental procedures
2.1. Synthesis

The MBG particles calcinated at temperatures of 500, 600,
700 and 800 °C were prepared by SP. The precursors of the
solid particles were 6.70 g tetraethyl orthosilicate (TEOS,
Si(OC,Hs)y4, 99.9 wt%, Showa, Japan), 1.40 g calcium nitrate
tetrahydrate (CN, Ca(NOs), - 4H,0, 98.5 wt%, Showa, Japan)
and 0.73 g triethyl phosphate (TEP, (C,Hs)3POy, 99 wt%, Alfa
Aesar, USA). Also, the precursors were 6.7 g TEOS, 1.40 g
CN, 0.73 g TEP and 7.00 g tri-block F-127 surfactant (Pluro-
nic F-127, Sigma-Aldrich, Germany). The precursors were
dissolved in 1.0 g 0.5 M HCl and 60.00 g ethanol and stirred at
room temperature for 24 h. For SP, the solution (the mixture of
the 10 ml precursor solution and 390 ml DI-water) was
dispersed into fine droplets with the frequency of 1.65 MHz
using the ultrasonic nebulizer (King Ultrasonics Co., Taiwan).
Subsequently, these droplets were heated in the tube furnace
(D110, Dengyng, Taiwan), with three zones of pre-heating,
calcinating and cooling. In order to control pore structures, the
main SP parameter of calcination temperatures (500, 600, 700
and 800 °C) was chosen to prepare various MBG powders.
Also, the temperatures of the pre-heating and cooling zones
were kept at 400 and 500 °C, respectively. The surface of these
powders was charged by electron released from the tungsten
corona wire at high voltage (16 kV). Finally the negative
charged powder was neutralized and condensed in an earthed
stainless steel collector.

2.2. Characterization
The decomposition behaviors of the precursor mixtures of

TEOS, CN and TEP and the sufactants of F-127 were
characterized by TGA (Q500, TA, USA) under an ambient

airflow to remove decomposition products. The heating rate
was 5 °C/min. For morphological observations, various cal-
cined powders were first dispersed in acetone in an ultrasonic
bath for 5 min, and then a drop of suspension was placed onto
a lacy carbon film grid. Then, the solvent on the lacy carbon
grid was evaporated at room temperature. The field emission
gun TEM, operated at 200 keV, was carried out to characterize
particle morphologies. The SAED patterns were recorded to
check their crystallographic structures. FT-IR spectra of the
precursors and the various calcined particles were obtained
using a FT-IR spectrophotometer (FTS1000, Digilab, USA).
For this purpose each powder was mixed with KBr (in a
powder:KBr ratio of 1:20) and was pressed into a ~200 mg
pellet with a 12 mm diameter. Infrared absorption spectra were
obtained over the frequency range of 600—3500 cm™". Further-
more, the specific surface area data of these powders were
determined by the BET method from nitrogen adsorption and
desorption isotherm data obtained at —196 °C on a constant-
volume adsorption apparatus. The as-prepared samples were
degassed at 150 °C for 3 h before measurements. The average
values and their standard deviations of the specific surface
areas from a number of repeated measurements were obtained.

2.3. In-vitro bioactive test

The in-vitro bioactivity tests for the various annealed MBG
particles were carried out using SBF. The ion concentrations in
SBF are Na* 142.0, K* 5.0, Mg** 1.5, Ca** 2.5, CI” 147.8,
HCO;~ 4.2, HPO,>~ 1.0, and SO4>~ 0.5 mmol L™ (mM). The
bioactivity was tested by immersing the particles in SBF at the
solid:liquid ratio of 1 g:10 ml at 37 °C for 4 h. X-ray diffract-
ometer (D2 Phaser, Bruker, Germany), with Ni-filtered Cu Ko
radiation, was used to characterized the surfaces of the various
calcinated MBG particles before and after soaking in SBF.

3. Results and discussion
3.1. Precursor decomposition behavior

In order to achieve complete decomposition of precursors,
SP calcination temperatures may be higher than the decom-
position temperatures of precursors (measured by TGA with
the heating rate of 0.083 °C/s) as the fast heating rate (100—
200 °C/s) used in the SP method may not be able to reach
thermodynamic equilibrium for complete decomposition. The
complete decomposition is critical for avoiding carbon con-
tamination. For this reason, further FT-IR analysis for carbon
contaminations is required to confirm the suitable SP calcina-
tion temperature setting. Fig. 1 shows the thermal decomposi-
tion of the precursor mixtures of TEOS, CN and TEP as well
as the surfactant, F-127. For the precursor mixtures, the major
weight-loss stage in a temperature range from 50 to 400 °C can
be attributed to the continuous decomposition of the precursor
mixtures to form silicon dioxide, calcium oxide and phos-
phorus pentoxide (see Fig. 1(a)). The remaining weight
percentage of the precursor mixtures (28%) was consistent
with the expected value (31%). In addition, Fig. 1(b) shows the
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Fig. 1. TGA results of (a) the TEOS, CN and TEP precursors and (b) F-127
surfactant.

complete decomposition of the F-127 surfactants (zero weight
remaining) from 150 to 330 °C. In summary, the TGA results
show no indication of carbon remaining from the precursor
mixtures and surfactants above 400 °C, and therefore SP
temperature should be set up higher than 400 °C in this study.

3.2. Morphology and crystallographic structure

Fig. 2 shows the TEM images of the particles calcined at
temperatures of 500, 600, 700 and 800 °C. The images clearly
show that all the particles are spherical. The spherical
morphology suggests that the precursors have high solubilities
in water since the solute in the precursor droplets precipitates
homogenously to generate spherical particles (i.e. volume
precipitation [16]). In addition, the corresponding SAED
patterns (Fig. 2 insets) present the diffused rings without any
clear diffraction spots or well-defined rings, suggesting that the
particles are amorphous. In these TEM images, for the speci-
men with a uniform composition, the image contrast is mainly
associated with thickness, mass and crystal orientation, where
the darker contrast represent higher thickness, mass or (close

to) Bragg's conditions. In this case, the contrast is only
associated with the thickness as the MBG particles are
amorphous and have a uniform composition. Therefore the
brighter areas are correlated with the presence of the pores.
Based on our statistical analysis, the average pore sizes and
their standard deviation values are 5.3+ 1.1, 6.5+ 0.8,
7.1+ 1.1 and 4.9 + 0.9 nm for particles calcined at 500, 600,
700 and 800 °C, respectively. The combined TEM and SAED
results conclude that these particles are glassy (amorphous)
and spherical shaped and mesoporous. Also, BET has been
carried out to confirm the porosity.

Both the particle size [13] and particle porosity [17] govern the
surface areas and therefore both have effect on the bioactivities of
the bioglasses. For simplification, this study attempted to control
the particle sizes, in order to investigate how mesoporous structures
(e.g. pore size) affect the bioactivities. To control the particle size,
the same solution concentration and ultrasonic frequency were
applied to the particles calcined at various temperatures, since it has
been shown that solution concentration and ultrasonic frequencies
determine the particle sizes [18]. Fig. 3 shows the size histograms
for the MBG particles calcined at 500, 600, 700 and 800 °C with
their average diameters of 624 + 335, 701 4+ 406, 618 + 317 and
573 + 322 nm, respectively. This result reveals that these particles
have a similar size and distribution, and therefore surface areas of
this study are mainly contributed by the mesopores.

In order to confirm whether carbon contamination (i.e. incom-
plete decomposition of precursors) existed in the MBG particles,
FT-IR has been employed. The FT-IR spectra in the 3300-
600 cm™" range of the precursors and the calcined particles are
shown in Fig. 4. The spectrum of the precursors show several
features attributed to silicates (~ 800, ~ 850, and ~ 1100 em™! for
Si-0-Si) [19,20], phosphates (970 cm™" for P-O and 1030 cm™
for PO4>~ [19]), carbon oxide (~1430cm™" for CO3>~ and
~2350 cm™" for CO, [21]), carbonates (C—C for 2900 cm™" and
CH, for 3000 cm™! [22]) and residual water (OH for ~ 1630 cm™!
[20]). The MBG particles calcined at 500 and 600 °C contain most
peaks in the spectrum of precursors including silicates, phosphates,
carbon oxide and residual water except carbonates. The presence of
the carbonate indicates carbon contamination due to incomplete
decomposition of precursors (Fig. 4). This result does not conflict
with TGA result because the heating rate of SP is much faster than
that of TGA. When the particles are calcined to 700 and 800 °C,
there is no indication of carbonates in FT-IR spectra (Fig. 4).
In summary, residual carbonates decompose completely when SP
calcination temperature is above 700 °C.

3.3. Specific surface area

It is established that the surface area dominates bioactivities
of bioglasses [21]. The BET data reveal that the specific
surface areas of the MBG particles calcinated at 500, 600, 700
and 800 °C are 121.8 +0.2, 136.4 +0.6, 261.3 +0.9 and
211.8 + 1.3 m?/g, respectively, as shown in Fig. 5. The surface
area increases with increasing calcination temperatures, and it
reaches the maximun value at 700 °C. The surface area of the
MBG particles shows a decrease of ~18.9% (~49 m%/g)
when calcined from 700 to 800 °C. Likewise, the pores' sizes
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Fig. 2. Microstructures of the MBG particles calcinated at the temperatures of (a) 500, (b) 600, (c) 700 and (d) 800 °C. SAED patterns of the various calcinated

MBG particles are in (a)—(d) are shown as insets in the corresponding images.

determined from the TEM images shown in Fig. 2 (discussed
previously) follow a similar trend: it slightly increases with
increasing calcination temperature and reaches a maximun
value at 700 °C, and the pore size then decreases for ~30.9%
from 700 to 800 °C. The decrease of surface area from 700 °C
to 800 °C may be due to pore shrinkage (7.1 nm for 700 °C
and 4.9 nm for 800 °C), as supported by the particle diameter
shrinkage (618 nm for 700 °C and 573 nm for 800 °C).
Although the particles calcined at 600 and 700 °C have a
similar pore size (6.5 + 0.8 nm for 600 °C and 7.1 + 1.1 nm
for 700 °C), the surface area of the particles calcined at 700 °C
(2613 + 0.9 m%/g) is two times larger than that at 600 °C
(136.4 +£ 0.6 mzlg). This result may be due to the carbon
contamination covering some pores in the particles calcined at
600 °C, resulting in the surface area reduction.

3.4. In-vitro bioactive test for bioactive glass

Fig. 6 shows the XRD patterns of the calcinated MBG particles
before and after immersing in SBF for 4 h. The XRD patterns of
the MBG particles confirm the absence of any crystalline phases
(amorphous) before soaking: no diffraction maximum is observed
and only a broad band between 20° and 37° is apparent, as shown

in Fig. 6(a). After immersing in SBF for 4 h, as shown in Fig. 6(b),
four diffraction peaks appear at 31.9°, 45.6°, 56.6° and 75.4°,
corresponding to the (211), (222), (322) and (432) planes of HA
(JCPDF number of 84-1998). Bioactivities are directly related to
the crystal growth rates of HA in SBF. In order to minimize the
errors, the (211) peaks have been chosen for HA crystal size
estimation using Scherrer's formula [23]. The HA crystal sizes for
the particles calcined at 500, 600, 700 and 800 °C are 14.9, 17.2,
35.2 and 21.5 nm, respectively, suggesting that the bioactivities of
the MBG particles follow the order of 700 °C > 800 °C > 600 °
C> 500 °C. This trend agrees well with the order of specific
surface area (700 °C > 800 °C > 600 °C > 500 °C), suggesting
that the higher specific surface area does enhance bioactivities
for the MBGs. Based on the experimental results of TEM, FT-IR,
BET and the in-vitro bioactive tests (XRD), the SP particles
calcinated at 700 °C produce the carbon contamination free MBG
particles with a higher specific surface area and a better bioactivity.

3.5. Morphology formation

Fig. 7 shows a schematic diagram of the MBG formation
mechanism. The precursor mixtures of TEOS, CN and TEP are
orientated randomly with the F-127 surfactant in droplets.



S.-J. Shih et al. / Ceramics International 39 (2013) 8773-8779

20 -

Population (%)

0 PR I A I A

PR A 1 PN P I P A I .l—H.

[ |

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

25

Particle Size (nm)

20 -

15

10 -

Population (%)

.|.|.|.mT|Tm‘|‘|.|.|.—.—.|.—.—.

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Fig. 3. Particle size histograms of the MBG particles calcinated at the temperatures of (a) 500, (b) 600, (c) 700 and (d) 800 °C.

Particle Size (nm)

Transmittance

Precursor

Si-O-ISi

1
3500 3000

Fig. 4. FTIR spectra of the MBG particles calcinated at the temperatures of

500, 600, 700 and 800 °C.

1 1
2500 2000 1500
Wavenumber (cm™')

1000

b

Population (%)

Population (%)

25

20

20

15

10

Surface area (m?/g)

8777
1 1 | 1 11 1 | 1 1 | 1 11 1 1 P = e
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Particle Size (nm)
NI ' B T|_h_h_' T, o B, o B TPy }

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

300

Particle Size (nm)

250 |

200 |-

150 -

100

I
500

1 1
600 700
Calcination temperature (°C)

1
800

Fig. 5. Surface areas of the MBG particles with calcination temperatures of
500, 600, 700 and 800 °C.



8778 S.-J. Shih et al. / Ceramics International 39 (2013) 8773-8779

a
S
S
2
i)
c
(0]
=
" 1 " 1 " 1 " 1 " 1 "
20 30 40 50 60 70 80
Two theta (°)
b
@1 m  Hydroxyl apatite (JCPDS 84-1998)
(222)
u
5
s
2
B
c
bl
IS
" 1 " 1 " 1 " 1 "
20 30 40 50 60 70 80

Two theta (°)

Fig. 6. The XRD patterns of the MBG particles (a) before and (b) after soaking
in SBF solution for 4 h. The indexed peaks belong to the HA phase (JCPDF
number of 84-1998).

Atomization

=)

F-127

Solvent evaporation Solute decomposition

These surfactants in the droplets form micelles when they
reach a critical concentration in the atomization stage [24]. For
these micelles, the hydrophilic PO groups gather outside,
whereas the hydrophobic EO groups gather inside. The
micelles aggregate themselves to form a supramicellar struc-
ture [24], and the TEOS, CN and TEP precursors are
subsequently surrounded by hydrophilic PO groups (outside
of the micelles), as shown in Fig. 7. After the stages of
evaporation, decomposition and calcination, these micelles
form a porous framework for the MBG particles.

We have conducted comparisons of the surface area and
bioactivities between the SP derived particles and the sol-gel
derived particles with the same chemical composition [10].
Firstly, for the same surfactant concentration, the SP particles
have a lower surface area (121.8-261.3 m*/g in this study)
compared to that of the sol-gel particles (320.0-469.2 m?/g).
The pores are irregularly arranged in the SP particles (Fig. 2)
due to the rapid calcination time (~ 10 s), whereas the pores in
the sol—gel particles are ordered (hexagonal arrangements) due
to the longer calcination time (~2-6 h) [9,10]. Secondly, for
the same SBF immersing time (4 h in SBF), the HA crystal
size is 35.9 nm (with surface area of 261.3 mzlg) for the SP
particles, which is much larger than that (~4.0 nm (obtained
from the XRD pattern in Ref. [10] using Scherrer's formula))
for the sol-gel particles (with surface area of 328.0 m*/g). This
comparison suggests that the SP particles have higher HA
formation rate than that of the sol-gel particles. The reason
why the SP articles have higher bioactivity than the sol-gel
particles even though the SP particles have lower surface area
is described as follow. SP process offers a faster cooling rate
than that of sol-gel, and therefore the process favors the
existence of the metastable siloxane [25]. The presence of the
siloxane provides more nucleation sites for the formation of
HA layers and therefore gives higher bioactivities [26].
Therefore the SP particles have superior bioactive properties
than that of the sol—gel particles although the SP particles have
less surface area than that of the sol—gel particles.

Calcination

F-127: tri-block surfactants
EO: ethylene oxide surfactants
PO: propylene oxide

Fig. 7. The schematic diagram of the MBG particles prepared using SP.
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4. Conclusions

This study reports the first synthesis of the MBG particles
using the SP process. The study also correlates the morphol-
ogies, crystallographic structures, chemical compositions,
specific surface areas with the bioactivities of MBG particles
at various calcination conditions. With increasing calcination
temperatures, the pore size and surface area reach the max-
imum values at 700 °C and then decrease at 800 °C. The in-
vitro bioactive tests confirm that the particles calcined at
700 °C have the highest surface area, highest HA formation
rate and therefore better bioactivities. Finally, this study
proposes a formation mechanism for the MBGs synthesized
using the SP method, contributing to an improved synthesis
method to this important materials for bone implants.
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