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Abstract

Bioactive glass and glass-ceramics in the system CaO-MgO-SiO,—P,05 have been prepared by the sol-gel and high temperature sintering
techniques. The obtained samples were characterized by thermogravimetric and differential thermal analysis (TG/DTA), N,-adsorption
measurement, X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). In vitro
bioactivity tests were also conducted in simulated body fluid (SBF). The studies of crystallization kinetics under non-isothermal conditions showed
the activation energy for crystallization to be 381 kJ/mol and the crystallization mechanism gradually changed from three-dimension growth to
two-dimension crystallization with the increase of heating rate. Sintering temperature had great influence on the samples texture and structure. In
addition, the apatite-formation on glass and glass-ceramics was confirmed by in vitro tests, and crystallization decreased the samples bioactivity.

© 2011 Published by Elsevier Ltd and Techna Group S.r.lL.
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1. Introduction

Bioactive glasses and glass-ceramics have been extensively
studied for more than thirty years since Hench et al. [1] reported
bioglass in the system SiO,—-Na,O—CaO-P,Os. At present,
various types of bioactive glasses and glass-ceramics are under
research and development, and a great effort is being put into
the understanding of the mechanisms and factors governing
their properties. A key feature of bioactive glasses and glass-
ceramics is their ability to form an apatite-like layer on their
surfaces in vivo and in vitro [2,3]. Due to ethic constrains
related to the in vivo tests, in vitro tests (either in cellular or in
acellular medium) have been extensively applied to evaluate the
bioactive behavior of materials. For in vitro apatite formation,
factors such as chemical composition, surface topography,
texture (pore size and volume) and structure are believed to play
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an important role in the surface interaction of glasses and glass-
ceramics with the surrounding medium [4-6].

Sol-gel technique provides an available way to prepare
bioactive glasses. Compared with the traditional melting
method, the sol-gel process is performed at lower temperature
and it allows us to obtain glasses with higher purity and
homogeneity. Furthermore, previous studies have demonstrated
that sol-gel derived bioactive glasses possess higher index of
bioactivity Ig (Ig = 100/t 51, Where tg spp, 1S the time for more
than 50% of the implant interface to be bonded to bone) [7] and
degradability.

Magnesium is an important trace element existing in human
body. Enamel, dentin and bone contain 0.44, 1.23 and
0.72 wt.% of magnesium, respectively [8]. Moreover, magne-
sium has been shown to play an important role in bone
development and maintenance [9,10]. Researchers substituted
magnesium for calcium in biological hydroxyapatite and
indicated that magnesium-substituted apatite materials had
excellent biocompatibility and great osteoconductivity over
time [11,12]. In addition, Vallet-Regi et al. [13] and Tahriri and
co-workers [14,15] synthesized sol-gel derived glasses in the
system CaO-MgO-P,05-SiO,. The apatite-formation ability
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Table 1
ITon concentrations of SBF and human blood plasma (mM).

Na* K* Mg2* clr HCO;~ HPO,>~ NeYem
SBF 142.0 5.0 1.5 148.8 4.2 1.0 0.5
Blood plasma 142.0 5.0 1.5 103.0 27.0 1.0 0.5

of glasses was confirmed by soaking them in a simulated body
fluid (SBF), and in vitro experiments with human bone
osteoblastic-like cells (HOB) suggested that bioactive glasses
containing magnesium stimulated HOBs proliferation and
differentiation. Therefore, in this work, we report the synthesis,
characterization and in vitro bioactivity studies of sol-gel glass
and glass-ceramics in the system CaO-MgO-P,05-SiO, with
10 mol% MgO content.

2. Experimental
2.1. Synthesis

Ca0-MgO-P,05-Si0; (28% CaO, 10% MgO, 4% P,0O5 and
58% Si0,, based on mol%) quaternary system was prepared by

the sol-gel method. The gel was synthesized by hydrolysis and
polycondensation of stoichiometric amounts of tetraethyl

orthosilicate  (Si(OC,Hs)4, TEOS), triethyl phosphate
(OP(OC,Hs);, TEP), calcium  nitrate  tetrahydrate
(Ca(NO3),-4H,0) and magnesium nitrate hexahydrate

(Mg(NO3),-6H,0) in the presence of deionized water (mol
of H,O/(mole of TEOS + mole of TEP) = 10). Nitric acid
(HNO3, 2 N) was used as catalyst with a molecular ratio of
HNO5/(TEOS + TEP) = 0.05. The synthesis procedure was
carried out as follows: the TEOS was mixed with deionized
water and HNOj;, then TEP, Ca(NOj),-4H,O and
Mg(NO3),-6H,0O were successively added by keeping 1h
intervals between additions. After mixing all reagents, the
solution was introduced into a sealed polyethylene container
where it was allowed to gel at room temperature and aged at
60 °C for 3 days. Then the drying process was carried out at
130 °C for 6 h, followed by ball milling and sieving to obtain
the xerogel with sizes ranging from 38 to 74 wm. Finally, the
powders were respectively treated at 700, 900, 1000 and
1200 °C for 2 h, using a heating rate of 5 °C/min.

2.2. Characterization

Thermogravimetric and differential thermal analysis (TG/
DTA) was carried on TA Instrument SDT Q600 simultaneous
thermal analyzer. Non-isothermal experiment was performed
by heating 15 mg xerogel powders in Pt crucible with Al,O3 as
the reference material under an air atmosphere with a heating
rate of 5-30 °C/min.

N,-adsorption was performed using a Micromeritics
ASAP2010 instrument. The specific surface area was obtained
using the Barrett—-Emmett-Teller (BET) method [16], while
pore volume, average diameter and pore size distribution were
determined from the isotherm desorption branch by the Barrett—
Joyner—Halanda (BJH) method [17]. The powders were

accurately measured by an FA2104 electronic balance with a
0.1 mg precision. Before measurements all samples were
degassed at 120 °C for 2 h.

X-ray diffraction (XRD) patterns were obtained in a Bruker
D8 Advance X-ray diffractometer using Cu Ko radiation
produced at 40 kV and 40 mA. Data were collected from 10° to
70° 26 with a scan rate of 4°/min and a step size of 0.02°.

Fourier transform infrared spectra (FTIR) were registered in
a Bruker Optics VERTEX-70 spectrometer using KBr pellets.
A total of 32 scan iterations were performed between 400 and
2000 cm ™' using a resolution of 4 cm™".

Scanning electron microscope (SEM) on a JEOL JSM-
6380LA microscope system was conducted, and before tests
samples were coated with a film of gold.

2.3. In vitro tests in SBF

In vitro tests were performed by soaking samples in SBF (pH
7.25) at 37 °C. The SBF proposed by Kokubo et al. [18]
contains a similar ionic concentration as find in human blood
plasma, as shown in Table 1. A mass to volume ratio of 0.1 g/
100 ml was used and the SBF was continuously replaced every
2 days. After soaking, specimens were withdrawn from the
solution, rinsed with deionized water and dried with acetone in
air at room temperature. The formation of an apatite-like layer
on the sample surface was determined by XRD, SEM and FTIR
as described above.

3. Results and discussion
3.1. Thermal property analysis

Thermogravimetric and differential thermal analysis curves
recorded at various heating rates are given in Fig. 1. The weight
loss from TG curves shows three stages. The first weight loss
between 60 and 170 °C is associated with the removal of
physically adsorbed water, and it corresponds to an endother-
mic peak around 150°C in DTA curves. The second
commences from the end of the first weight loss (170 °C)
until about 360 °C, which was attributed to the loss of organics.
Then the third drop occurs from the end of the second weight
loss (360 °C) until around 570 °C, with a sharp endothermic
peak at 550 °C. This last process is attributed to the elimination
of the residual nitrates introduced in the sol preparation.
Afterwards, the weight remains constant up to 1100 °C.
Furthermore, as shown in DTA curves, there is a small
endothermic peak attributed to the glass transition temperature
range; its minimum refers to the glass transition temperature
(Ty). There is also an exothermic peak originating from the
amorphous—crystalline transformation, where the maximum
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Fig. 1. (a) TG and (b) DTA curves of xerogel at different heating rates.

temperature refers to the crystallization peak temperature (7},).
Most significantly, the exothermic peak becomes broad and
shifts to higher temperature with the increase of the heating
rate. The values of T, and T}, recorded at various heating rates
are given in Table 2.

Non-isothermal crystallization kinetics of glass can be
described using Kissinger equation [19]:

T2
In—=2 =

B

where B is the heating rate, R is the universal gas constant, C is
the constant and E, is the activation energy of crystal growth. E,
(381 kJ/mol) can be calculated by plots of ln(TPZ/ B) versus 1/T,,
which are shown in Fig. 2.

The Avrami constant (n) was further evaluated using the
Augis—Bennett equation [20]:

E,

RT, M

+C

25

Atrwam

RT,?
X p

E, 2

n

where Atpwim i the width of the exothermic peak at the half
maximum intensity. The value of n close to one means that one-
dimension growth (surface crystallization) is dominant during
crystallization, the value of two indicates two-dimension crys-
tallization, and three implies a significant contribution of three-
dimension growth (bulk crystallization) [21-23]. From the
results shown in Table 2, it is suggested that the crystallization

Table 2
The thermal parameters obtained at various heating rates.
B (°C/min) T, (°C) T, (°C) E, (kJ/mol) n

5 742 934 2.92
10 748 951 3.05
20 765 973 381 2.78
25 770 983 2.51
30 7717 990 2.34

of glass gradually changes from bulk to surface crystallization
with increasing heating rate.

3.2. Sample characterization

The evolution of textural properties versus sintering
temperature is shown in Fig. 3. The specific surface area
(Sger) greatly decreases from 223 to 21 m? g_l between 700
and 900 °C, as shown in Fig. 3(a). The total pore volume (V)
shows a similar behavior. The sample treated at 900 °C suffers a
sharp reduction of the pore volume, reaching a value of
0.056 cm® g~ '. For samples treated at higher temperatures
(1000 and 1200 °C), the values of Sggr and V, are 13 m? gfl,
0.038cm’® g™ and 1m?g', 0.0048 cm®g™!, respectively.
Fig. 3(b) shows the plots of pore volumes (V) versus diameter
(Dp) for the samples treated at various temperatures. A narrow
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Fig. 2. Plots used for the determination of activation energy (E,) of crystalli-
zation using Kissinger equation.
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Fig. 3. (a) Specific surface area and total pore volume and (b) pore size distribution of samples obtained at various temperatures.

monomodal distribution centered at 5 and 11 nm is observed for
the samples obtained at 700, 900 and 1000 °C, while the
distribution for sample treated at 1200 °C is not pronounced.

Fig. 4 shows the XRD patterns of samples sintered at
different temperatures. The pattern of sample obtained at
700 °C corresponds to amorphous materials; no crystalline
phases were detected. According to the results of TG/DTA, the
optimal sintering temperature of glass was determined to be
700 °C, where nitrates have been completely eliminated and the
chosen temperature is below the crystallization temperature.
For samples sintered at 900 and 1000 °C, pseudowollastonite
Cas(Si309) (JCPDS 74-0874) and wollastonite [B-CaSiO;
(JCPDS 42-0547) crystal phases were detected, together with
some diffraction peaks assigned to akermanite Ca,MgSi,O,
(JCPDS 35-0592). At higher temperature (1200 °C), besides
the majority phase of wollastonite, crystalline peaks corre-
sponding to akermanite and cristobalite SiO, (JCPDS 27-0605)
appeared. Compared to the CaO-P,05—SiO, ternary system
sintered at this temperature [24], the incorporation of
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Fig. 4. XRD patterns of samples sintered at various temperatures.

magnesium induces the formation of new Ca,MgSi,O; crystal
phase and promote the crystallization of SiO,.

Fig. 5 shows the FTIR spectra of samples obtained at various
temperatures. The FTIR spectrum of glass obtained at 700 °C

OH’ é Si-0-Si
700°C / C:) (s,sym) P-O(b)
7}

900°C Si-0-5i(r)

Transmittaance(%)

1200°C

2000 1800 1600 1400 1200 1000 800 600 400
W avemunbcr(cm'l)

Fig. 5. FTIR spectra of samples obtained at different temperatures. Symbols are
related to the vibration modes of pseudowollastonite (O), wollastonite(@),
akermanite (4) and cristobalite(ll).
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presents characteristic silicate absorption bands [25-28]. The
band at 1090 cm ™! corresponds to the Si—O-Si(s, asym)
asymmetric stretching mode, the one at 800 cm ™' is associated
to symmetric stretching vibration Si—O-Si(s, sym) and the
rocking vibration Si—O-Si(r) is identified at around 460 cem .
In addition, the shoulder at 950 cm ' related to the non-
bridging oxygen bond (NBO) is also detected. Conventionally,
magnesium oxide is thought to behave like calcium oxide, as a
network modifier, within a silicate glass structure. However, on
examination of the Dietzel’s ionic field strength 1 (/ =Z/r2,
where Z and r is the cation charge and the radius, respectively),
Mg** (4.73 A7?) falls on the boundary between being a
network modifier and an intermediate oxide. Watts et al. [29]
pointed out that part of magnesium oxide could act as a network
intermediate and enter into the silicate network as MgO,
tetrahedral units. Besides, the peak at 570 cm ! related to the
bending vibration P-O (b) and the vibration band around
1630 cm ™' due to the deformation mode of H-O—H were also
detected [30]. At higher temperatures, in both samples sintered
at 900 and 1000 °C, new bands appeared at around 989, 936,
898, 717 and 642 cm_l, which correspond to pseudowollas-
tonite and wollastonite. For the glass-ceramics obtained at
1200 °C, most of the vibration bands were related to the
wollastonite besides the band at 620 cm™' corresponding to
cristobalite and the vibration bands correlating to akermanite.

The SEM micrographs of glass and glass-ceramics obtained
at various temperatures are shown in Fig. 6. For glass obtained
at 700 °C, irregular particles with voids among them were
observed, as shown in Fig. 6(a). After being sintered at higher

Intensity(a.u)

10 20 30 40 50 60 70

Fig. 7. XRD patterns of samples sintered at (a) 700 °C, (b) 900 °C, (c) 1000 °C
and (d) 1200 °C after soaking in SBF for 7 days.

temperatures (900-1200 °C), tiny spherical crystallites were
observed, and with the increase of the sintering temperatures,
grain growth occurred (Fig. 6(b—d)).

3.3. In vitro tests in SBF

Fig. 7 shows the XRD patterns of glass and glass-ceramics
after 7 days soaking in SBF. The XRD pattern of glass sample

Fig. 6. SEM micrograph of samples sintered at (a) 700 °C, (b) 900 °C, (c) 1000 °C and (d) 1200 °C.
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Fig. 8. FTIR spectra of samples sintered at (a) 700 °C, (b) 900 °C, (c) 1000 °C
and (d) 1200 °C after 7 days of soaking in SBE. Symbols are related to the
vibration modes of pseudowollastonite (O), wollastonite (@), cristobalite (I))
and akermanite (@ ).

shows diffraction peaks at 26, 32° and 39° (26), corresponding
to (002), (211) and (3 10) reflections of the apatite phase
(JCPDS 24-0033). For the glass-ceramics obtained at 900 and
1000 °C, the diffraction peaks assigned to apatite were also
detected. Moreover, wollastonite was still observed in the glass-
ceramics sintered at 1000 °C. In the glass-ceramics obtained at
1200 °C, besides the slight apatite peaks, other diffraction
peaks assigned to wollastonite, akermanite and cristobalite
phases were also observed. It is worth noting that pseudo-
wollastonite and wollastonite diffraction peaks intensity greatly
decline after soaking in SBF, which can be attributed to their
dissolution [31,32].

The formation of apatite is also confirmed by FTIR. After
soaking for 7 days in SBF, glass and glass-ceramics treated at
900 and 1000 °C displayed the doublet bands at 603 and
568 cm ™! (Fig. 8(a—c)), which are assigned to crystalline
calcium phosphate [33,34]. Moreover, the vibration bands
corresponding to the carbonate groups around 1490, 1423 and
874 cm ™! were also found, suggesting that CO5>~ ions replaced
the PO437 site (B site) in the apatite structure [35]. The FTIR
spectrum of the glass-ceramics obtained at 1200 °C after 7 days

of soaking in SBF (Fig. 8(d)) was similar to that registered
before soaking, and the characteristic vibration bands of apatite
were slight.

The SEM morphologies of obtained glass and glass-
ceramics after soaking in SBF for 7 days are shown in
Fig. 9. The samples of glass and glass-ceramics treated at 900
and 1000 °C showed similar behaviors. Formation of apatite
can be observed. After soaking for 7 days in SBF, the surface
was fully covered by a new layer constituted by numerous
spherical particles, however, appreciable morphology differ-
ences were also found. Different from above samples, after
soaking in SBF, the surface of glass-ceramics prepared at
1200 °C was only partially covered and numerous pores were
observed, attributed to the presence of soluble phases in the
glass-ceramics.

The in vitro studies in SBF revealed that the incorporation of
10 mol% MgO and crystallization do not suppress the apatite-
formation ability of the Si0,—CaO-MgO-P,Os5 glass and glass-
ceramics. The nucleation and growth mechanism of apatite on
the glasses in the system CaO-SiO, was proposed by Hench
and co-workers [36] It is notified that an interchange between
the Ca®* ions of the glass and the H;O" from SBF can give rise
to the formation of Si—~OH groups on the glass surface that
induces the apatite nucleation. According to the above
mechanism, it can be expected that the higher the Ca®* release
is the faster the apatite is formed. When the sample was treated
at a relative lower temperature (700 °C) than that necessary for
the crystallization, the amorphous glass sample took a rapid
exchange between Ca®* and Mg”* ions locating at the non-
bridging oxygen bonds (NBOs) and H;O" from solution. At
higher sintering temperatures (900-1200 °C), Ca3(SizO9), B-
CaSiO; and Ca,MgSi,O; crystal phases were obtained. The
crystal phases hindered above ions exchange, and therefore
decreased the apatite crystallization and growth. In addition,
samples texture (Sggr and V;) greatly decreased with the
increase of the sintering temperature, as shown in Fig. 3(a).
Apatite deposition in SBF is extensive in rougher regions and
sparse in flatter regions. Pereira et al. [37] showed that the rate
of apatite formation on a substrate depends on its texture and
pointed out that pores may act as nucleation sites where the
degree of supersaturation for precipitation of apatite is attained
faster.

Although crystallization decreases the samples bioactivity, it
does not suppress their apatite-formation ability, even for the
glass-ceramics obtained at 1200 °C. For the binary CaO-SiO,
system, CaSiO3 ceramics are regarded as potential bioactive
materials for bone tissue regeneration due to their good
bioactivity. However, CaSiO; ceramics suffer from their high
dissolution rate leading to an alkalinization environment, which
is deleterious to cell proliferation and limit their application
[38]. In this study, CaSiO3;—Ca,MgSi,O-based glass-ceramics
were successfully prepared. Ca,MgSi,O,; phase has been
reported to show excellent cytocompatibility and bioactivity,
and possesses a significantly lower ionic release rate than
CaSiOs, suggesting potential application of CaSiO3;—Ca,Mg-
Si,07-based glass-ceramics in skeletal tissue regeneration
[39,40].
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gy~

Fig. 9. SEM micrographs of samples sintered at (a) 700 °C, (b) 900 °C, (c¢) 1000 °C and (d) 1200 °C after soaking in SBF for 7 days.

4. Conclusions

Glass and glass-ceramics in the CaO-MgO-P,05-SiO,
system have been successfully synthesized. Samples texture is
greatly influenced by the sintering temperature, and the
incorporation of magnesium promotes the crystallization of
Ca,MgSi,O; and SiO,, inducing the formation of CaSiO;—
Ca,MgSi,O;-based glass-ceramics. In vitro tests indicate that
the synthesized glass and glass-ceramics are bioactive,
although the crystallization decreases the apatite-formation
ability of the glass-ceramics.
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