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Abstract A glass with the composition of the SiO,—Na,O—
Ca0O-P,05 was synthesized by sol-gel method at temper-
ature of 900 °C, and then yttrium-, silver- and cerium-
containing glasses were prepared at the same conditions
using this base system. The structural and thermal prop-
erties of the glass samples were investigated by X-ray
diffraction, Fourier transform infrared (FTIR) spec-
troscopy, scanning electron microscopy, energy-dispersive
X-ray (EDX) spectroscopy and differential thermal analy-
sis techniques. The Cas(PO,4),(SiO4)¢ phase having the
orthorhombic crystal system is detected for each sample
without any secondary phase, and this phase is confirmed
by the FTIR spectra. With the addition of Y, Ag and Ce to
the SiO,—Na,0-CaO-P,05 system, the variations in the
average crystallite size, crystallinity percent, lattice
parameters and unit cell volume are observed. A decrease
in the crystallization peak temperature and the changes in
the glass transition temperature are seen with the addition
of Y, Ag and Ce to the base system. The addition of Y, Ag
and Ce to the base glass increases significantly its density.
The EDX spectra of the as-prepared samples verify the
introduction of the as-mentioned elements.
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Introduction

The Si0,—Na,O—CaO, which is a specific glass matrix, has
been produced at different concentrations and temperatures,
and the new glasses and glass—ceramics have been manu-
factured by adding of the different oxides to this base system
[1-5]. In 1969, using this ternary system, Hench et al. dis-
covered the 45S5 Bioglass®, which is a major milestone for
the clinical applications such as dentistry and orthopedics,
with the specific composition of SiO,—Na,0-CaO-P,05
(45.0 Si0,, 24.5 Ca0, 24.5 Na,0, 6.0 P,O5 in mass%), and
then this quaternary system has been used as a very popular
biomaterial [6—12]. Some studies reported based on this
quaternary system can be given as follows. Huang et al. [13]
characterized two Na,O—Ca0O-Si0O,—P,05 glasses based on
the bioglasses of 45S5.2 and 55S4.1 and reported these
glasses are candidates for the biomedical applications.
Taherkhani et al. [14] synthesized the new bioglass samples
having the SiO,—CaO-SrO-P,0Os system using sol-gel
method and studied the effects of the addition of Sr to the
glass structure. Mozafari et al. [15] produced the meso-
porous bioactive glass based on SiO,—CaO-P,05 system
and reported its non-toxicity and biocompatibility.
Adams et al. [16] studied the Si0O,—CaO-Na,O-P,05 qua-
ternary bioactive glass—ceramic prepared by sol-gel
method. The magnetic properties of the bioactive glass
having the composition of 41Ca0-445i10,—4P,05—8Fe,03—
3Na,O (in mol%) were investigated by Shankhwar et al.
[17]. The role of Ti addition on structural, biological and
antibacterial properties of Si0,—CaO-Na,O-P,0Os glass—
ceramics was studied by Riaz et al. [18].

In the present work, the SiO,—Na,O—-CaO-P,0s-based
glasses were synthesized via sol-gel method. The effects of
the additives (e.g., Y, Ag and Ce) on the structural, thermal
and morphological properties of this quaternary system
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were studied by X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR) spectroscopy, scanning electron
microscopy, energy-dispersive X-ray (EDX) spectroscopy
and differential thermal analysis (DTA) techniques.

Materials and method
Synthesis of the glasses

The chemical compositions (mol%) of the glass samples
are given in Table 1. For the preparation of the samples,
the sol-gel technique was used. All the chemicals were
purchased from Sigma-Aldrich and used without any
purification. Tetraethyl orthosilicate (TEOS, Si(OC,Hs),),
phosphorus pentoxide (P,0Os), sodium carbonate (Na,CO3),
calcium nitrate tetrahydrate (Ca(NO3),-4H,0), yttrium (IIT)
nitrate hexahydrate (Y(NO;);-6H,0), cerium (III) nitrate
hexahydrate (Ce(NO3)3-6H,0) and silver nitrate (AgNO3),
respectively, were used as SiO,, P,0s, Na,O, CaO, Y,03;,
Ce,0O5 and Ag,0 sources. For each sample, the mole per-
centages of SiO,, P,O5 and Na,O were kept at the constant
values of 61.80, 5.92 and 5.01, respectively. The synthesis
procedures of the glass samples are as follows. Hundred
milliliters of 0.1 M nitric acid (HNO3) solution was added
into the appropriate amount of TEOS and mixed for
30 min. The as-listed chemicals in Table 1 were added to
this solution in sequence from left to right, and then
100 mL of distilled water was added. The final solution
was mixed for about 45 min until observing the formation
of the xerogel samples. The as-prepared xerogel samples
were kept at room temperature for 48 h and dried in an
oven at 105 °C for 18 h. Then, the as-dried samples were
heated in an electric furnace at 900 °C for 2.5 h and the
Si0,—-Na,0-Ca0-P,05-based  glass powders  were
observed.

Characterization
For X-ray diffraction (XRD) measurements, the as-synthe-

sized samples were grinded and powdered using an agate
mortar. The XRD analyses of the powdered samples were

Table 1 Chemical compositions (mol%) of the as-synthesized glass
samples

Sample Si0, P,0s Na,0O CaO Ag,0 Ce,O3 Y,0;
Pure-G 61.80 592 501 2727 - - -
Ag-G 61.80 592 501 2427 3.00 - -
Ce-G 61.80 592 501 2427 - 3.00 -
Y-G 61.80 592 501 2427 - - 3.00
Ag-Ce-Y-G 61.80 592 501 2427 1.00 1.00 1.00
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performed using a Rigaku RadB-DMAX II model diffrac-
tometer in the 20 range from 10° to 90° with a step size of
0.02° using Cu Ka (0.15406 nm) with Ni-filtered radiation.
Using the KBr pellet method, Fourier transform infrared
(FTIR) spectra were performed using a PerkinElmer Spec-
trum One spectrometer with a spectral resolution of 4 cm™"
in the wave number range from 400 to 4000 cm™'. A Shi-
madzu DTA 50 was used to investigate thermal behaviors of
the as-synthesized glasses. These measurements were taken
by heating 10 mg of each sample in a Pt crucible in the
temperature range from 25 to 1100 °C at heating rate of
10 °C min~". The density of the as-produced glasses was
calculated from Archimedes method. Each density mea-
surement was repeated three times for each glass sample,
and the average values of the density were found. The
morphology and elemental analysis of the as-prepared glass
samples were performed using a scanning electron micro-
scope (SEM, JEOL JSM 7001F) equipped with an energy-
dispersive X-ray (EDX) spectrometer.

Results and discussion
XRD analysis

By analyzing the XRD patterns of the synthesized glass
samples depicted in Fig. 1, the as-observed peaks on the
XRD patterns are in a perfect harmony with the Joint
Committee on Powder Diffraction Standards (JCPDS)
reference data for the standard calcium phosphate silicate
phase (Cas(PO4),(SiO4)s, PDF no: 83-1494) having
orthorhombic crystal structure. Delben et al. [19] reported
the formation of this phase for the 60Si0,—36Ca0O-4P,05
(mol%) glass synthesized by sol-gel emulsion. For esti-
mating the crystallite size (D) of the as-produced glasses,
the following well-known Scherrer equation was used [20]

Ag-Ce-Y-G
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20/°

Fig. 1 XRD patterns of the as-synthesized glasses
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where 1 is the X-ray wavelength, which is equal to the
value of 0.15406 nm for CuKa radiation, f is the full width
at half maximum (FWHM) or integral breadth, and 6 is the
Bragg angle. The crystallite size is affected by the kind and
amount of the additive(s) and is in the range of
7.99-10.33 nm.

Using the values of the total area under crystal peaks
(3>~ Ac) and total area under amorphous peaks (3~ Au), the
crystallinity percent (Xc%) was calculated from the fol-
lowing relation [21]:

> Ac
STAc+ D Aa

As can be seen from Table 2, the X% values change
with the addition of an element (e.g., Y, Ag and Ce), that
is, the addition of the as-mentioned elements affects sig-
nificantly the crystallization mechanism of the SiO,—
Na,0-CaO-P,05 glass-system.

By aid of the Miller indices (hkl) and distance (d) for
two adjacent plane, the lattice parameters (a, b and c) of the
orthorhombic unit cell were estimated using the following
relation [20]:

1 n k¥ P
2 2 pta 3)

Xc% = x 100. ()

Then, the unit cell volume for each sample was com-
puted by the following equation.

V = abc. 4)

All the lattice parameters change with the addition of
different element(s). With the addition of Y, Ce and Ag,
the values of the lattice parameters of a and ¢ of the base
glass increase, as well as the unit cell volume (V). The
value of the lattice parameter of b also varies, but this
change is not a continuous increase or decrease.

Table 2 Calculated values of the crystallite size, crystallinity per-
cent, lattice parameters and unit cell volume

Sample Dinm X%  alnm b/nm ¢/nm Vinm®
CPS* - - 0.9400 2.1710 0.6830 1.3938
Pure-G 8.74 49.52 09395 2.1674 0.6838 1.3924
Ag-G 10.33  70.03 0.9644 2.1702 0.6856 1.4349
Ce-G 9.10 4090 09427 21702 0.6874 1.4059
Y-G 8.14 4854 09424 21628 0.6878 1.4019
Ag—Ce-Y-G  7.99 54.17 09421 21671 0.6872 1.4030

Where CPS* denotes the standard calcium phosphate silicate phase
(PDF no: 83-1494)

FTIR spectroscopy

If we look at the FTIR spectra illustrated in Fig. 2, we can
see that there is not any notable shift in the positions of
the as-observed bands. The assignments of the FTIR
bands are summarized as follows. The bands detected at
476 and 726 cm™ ! are related to the vibration modes of
the Si—O-Si bounds [22, 23]. The band at 799 cem~ s
associated to the Si—O stretching of non-bridging oxygen
atoms. The bands observed at 1030 and 1384 cmfl, which
are assigned to the silicate network, are interpreted as the
Si—-O-Si symmetric stretching and the Si—O-Si asym-
metric stretching, respectively [14, 24]. The wide band
positioned at approximately 1035 cm ™' is ascribed to the
stretching vibrations of phosphate groups [19]. Two bands
detected at 569 and 603 cm™' are attributed to the P-O
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Fig. 2 FTIR spectra of the as-produced glass samples
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Fig. 3 DTA curves of the glass samples at the temperature range
from 25 to 1100 °C at heating rate of 10 °C min™"'
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bending vibration mode of the crystalline phosphates [25].
The bands at 3569 and 1637 cm™' are interpreted as
adsorbed water in the samples [26]. We can see that there
is not any notable shift in the positions of the as-observed
bands, and all the as-observed bands in the FTIR spectra
verify the Cas(PO,4),(S104)¢ phase detected from the XRD
data.

DTA analysis

The exothermic peaks are observed in the DTA plots of the
as-prepared glass samples illustrated in Fig. 3. According to
the reports in the literature, the peaks appeared on the DTA

Fig. 4 SEM images, EDX
spectra and elemental analysis
report of the as-obtained glasses

curves are interpreted as follows. The peak observed in the
range of 600-700 °C is associated to the glass transition
temperature (7). The T, values for Pure-G, Ag—G, Ce-G,
Y-G and Ag—Ce-Y-G are detected at 639.60, 670.02,
647.45, 609.47 and 681.84 °C, respectively. With the addi-
tion of Y to the SiO,—Na,O—-CaO-P,05 glass-system, the
value of glass transition temperature decreases, whereas T,
value increases with the addition of the rest additives. The
exothermic peak located in the interval of 950-1050 °C is
attributed to the crystallization of calcium silicates attested
from the XRD results [27, 28]. For Pure-G, Ag-G, Ce-G,
Y-G and Ag—Ce-Y-G samples, the crystallization peak
temperatures (7,) are observed at 1032.83, 965.76, 968.85,

|
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Detected elements (atomic %)
Sample Si P Na Ca Ag Ce Y
Pure—G 62.07 | 2463 | 193 | 2.08 | 9.29
Ag-G 65.05 21.88 1.83 2.22 8.08 0.94
Ce-G 63.74 22.79 1.67 2.01 8.60 1.19
Y-G 64.77 22.41 1.61 2.12 8.79 0.30
Ag-Ce-Y-G 64.84 22.83 2.04 2.24 7.16 0.31 0.45 0.13
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980.17 and 961.27 °C, respectively. The change in 7, value
can be explained as follows. The addition of new ele-
ment(s) to the base glass may affect the mobility of the
chains of PO, and SiO,4 [29]. It can be seen clearly that all
the additives decrease the T, value of the base glass, that is,
as expected, the addition of the as-mentioned elements
changes the thermal properties of the SiO,—Na,O—-CaO-
P,O5 glass-system.

Density measurements

As mentioned previously, the well-known Archimedes
method was used to calculate the density (p,) of the glasses
[30]:

) )

where W, and W, are weights of the sample in air and
liquid, respectively. p; is the density of the immersion
liquid, and the ultra-pure water was used as immersion
liquid. According to the reference data for calcium phos-
phate silicate phase with the PDF no: 83-1494, the theo-
retical value of pg is 2247 kg m . The density values are
found to be 2263, 2803, 2572, 2317 and 2394 kg m > for
the Pure-G, Ag-G, Ce-G, Y-G and Ag—Ce-Y-G, respec-
tively. All the additives increase the density of the base
glass-system. This increase can be explained as follows.
The densities of Ca, Ag, Ce and Y are 1550, 10,490, 6770
and 4472 kg m >, respectively. The additives of Ag, Ce
and Y may substitute with Ca (See Table 1), and the
densities of all the additives are significantly greater than
that of Ca. The replacement of a lighter element (Ca) with
the heavier elements (Ag, Ce and Y) leads to a significant
increase in the value of the density. Hence, the increase in
the density with the addition of the as-mentioned elements
is an expected result.

SEM observations and EDX analysis

Figure 4 shows the SEM images of the as-synthesized
glasses, as well as their EDX spectra. From the SEM
images, it can be seen that all the additives and their
amounts in the glass structure cause the variations in the
morphology, and all the samples are composed of the
nanoparticles with the different shapes such as rods and/or
spheres. The EDX spectra confirm the formation of the
calcium phosphate silicate phase for each sample. No
impurity is found, and the introduction of the additive(s) is
detected. Among the additives, the incorporation of Ce is
the highest, while the entrance of Y is the lowest. In brief,
the morphology of the base glass is affected significantly
by the amount and kind of the additives.

Conclusions

The remarkable consequences of the present study can be
sorted as follows. The Si0,—Na,0-CaO-P,0s-based glasses
may be produced using the sol-gel route. By analyzing the
XRD data, the calcium phosphate silicate phase (Cas(-
PO4)»(8104)6) with orthorhombic crystal structure is detected
for each glass. The amount and kind of the additive(s) affect
the lattice parameters, unit cell volume and crystallinity of the
samples. From the FTIR spectra, the presence of the functional
groups of silicates and phosphates is detected. The findings in
FTIR spectra support the XRD results. The changes in the
thermal behavior of the base glass in the temperature range of
25-1100 °C are observed from the DTA curves. The glass
transition temperature varies, and the crystallization peak
temperature decreases with the introduction of the additive(s).
Thanks to the element addition, the density of the base glass
increases. The EDX results also are in a very good agreement
with the XRD and FTIR results.
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