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Abstract: In this study, calcium silicate bioceramic materials of various Ca/Si
ratios were prepared using tetraethyl orthosilicate and calcium nitrate by a
hydrothermal synthesis method, taking into consideration cost-effective and
environmentally friendly, ‘green’, synthesis rules. For comparison purposes, sol-gel
synthesis method was also used. Calcium silicate bioceramic materials produced
by both methods were calcined at 600°C and 950°C. Fourier Transform Infrared
Spectroscopy, Thermogravimetric Thermal Analysis, Field Emission Scanning
Electron Microscopy and X-ray Diffraction methods were used to characterize
calcium silicate bioceramic materials. The characterization results validated the
formation of calcium silicate materials.

Sentez Kosullarinin Kalsiyum Silikat Biyoseramik Malzemelere EtKisi

Anahtar Kelimeler
Kalsiyum silikat biyoseramik,
Malzemeler,

Hidrotermal sentez,
Kalsinasyon,

X 1s1n1 kirinimi

Ozet: Bu calismada, cesitli Ca/Si oranlarindaki kalsiyum silikat biyoseramik
malzemeleri, diisitk maliyetli ve cevre dostu "yesil" sentez kurallar1 goz éniinde
bulundurularak, bir hidrotermal sentez yontemi ile hazirlanmistir. Karsilastirma
amaciyla sol-gel sentez metodu da kullanilmistir. Baslangic materyali olarak
tetraetil ortosilikat ve kalsiyum nitrat kullanmilmistir. Her iki yontemle tretilen
kalsiyum silikat biyoseramik malzemeleri 600 °C ve 950 °C'de kalsine edilmistir.
Fourier Dontisimii Kizil6tesi Spektroskopisi, Termogravimetrik Termal Analiz,
Alan Emisyon Taramali Elektron Mikroskobu ve X-Isini Kirinimi metodlari
kalsiyum silikat biyoseramik malzemeleri karakterize etmek i¢cin kullanmilmistir.
Karakterizasyon sonuglar1 kalsiyum silikat malzemelerinin  olusumunu
dogrulamistir.

1. Introduction

applications. A literature studies indicate that the
structural, physical and chemical properties of

Ceramics developed to repair and reconstruct
damaged or vestigial organs or to replace them, are
called bioceramics. In general, calcium silicate-based
materials are the candidate for bioceramic materials
to be used for repair and regeneration of hard tissues
due to their unique bioactivities [1-7]. Therefore,
they find themselves a wide area of application in the
health sector [8-10]. They also demonstrate anti-
bacterial activity [11] and are used as insulation
materials due to their fire-retardant characteristics
[12]. The biocompatibility, thermal insulation ability
and mechanical properties of them are determined by
their crystalline structure, size, composition and
morphology. Therefore, controlling the structural,
physical and chemical properties of are of great
importance in the industrial and biomedical
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bioceramic materials are changed based on the
synthesis method and the conditions [13-15].
Ceramic materials synthesized by sol-gel (SG)
method have better chemical and structural
homogeneity, and higher bioactivity, than those
produced by other methods [16-18]. However, the
synthesis of calcium silicate by SG method, using an
acid or a base catalyst to accelerate the hydrolysis of
tetraethyl orthosilicate (TEOS) is a disadvantage
when considering and constructing a sustainable
environmental awareness [11]. Over the last years,
although the hydrothermal (HT) synthesis method
has been successfully used for organic and inorganic
syntheses [19], there are a few studies for synthesis
of calcium silicate through an environmentally
friendly and ‘green synthesis HT method using water
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instead of any organic solvents and auxiliary
substances. Therefore, ‘green’ HT method for calcium
silicate synthesis is of great significance based on
environment and sustainable chemistry.

Thus, the purpose of this study is to produce new-
generation calcium silicate material for biomedical
and industrial applications through an easy, low-cost
and environmentally friendly HT synthesis method
using calcium nitrate and TEOS instead of any acids
and organic solvents. SG synthesis method was also
used for comparison. Fourier Transform Infrared
Spectroscopy (FTIR), Thermogravimetric Analysis
(TGA/DTA), Field Emission Scanning Electron
Microscopy (FE-SEM), X-ray Diffraction (XRD) and
Energy Dispersive Spectroscopy (EDS) methods were
used to characterize calcium silicate bioceramic
materials. Additionally, effects of the Ca/Si ratio and
sintering temperature on the morphology and
composition of calcium silicate materials were also
investigated.

2. Material and Method

During synthesis, Ca(NO3)2.4H20 (calcium nitrate
tetrahydrate, Sigma Aldrich) and Si(OCzHs)4
(tetraethyl orthosilicate, TEOS, Sigma Aldrich), were
used as calcium and silicon sources, respectively.
Furthermore, HNO3 (nitric acid, Merck) and C2HsOH
(ethyl alcohol, Sigma Aldrich) were used as catalyst
and solvent, respectively. All solutions were of
analytical reagent grade and prepared using 18
MQ.cm de-ionized water. Calcium silicate were
synthesized using the method suggested by Chen et al
[11].

2.1. Synthesis of calcium silicate by Hydrothermal
(HT) method

In the first step, TEOS was added into water (1/10
ratio by volume) drop by drop and they were mixed
for 2 hours and kept for a while. In the second step,
sufficient amount of Ca(NO3)2.4H20 were added to
above aqueous solution to obtain the desired Ca/Si
ratio (0.67, 0.83, 1.0, 1.2 and 1.5) and then they were
mixed to obtain a gel in ambient conditions at 24 h.
The mixture was then put inside covered Teflon cups
and kept in an oven at 120°C for one day for
maturation of the gel and finally cooled until ambient
temperature. Finally, cover was opened to remove
water and any organic/inorganic solvents and kept at
120 °C for 24 h.

TEOS

!

Ca(NO;)2.4H20

Jl Different Ca/Si molar ratio

B -

A
-
7 Mixture:

1:10 mol ratio - at room temperature for 24 h and
at 120°C for 24 h: Homogenous

(H:0) gelation and drying

—_— (TEOS+ —
H0)
- at 600 °C and 950 °C for 2 h:

Calcination

—— P
Magnetic ]

.
Magnetic
Stirrer Stirrer

Figure 1. Schematic represantation of HT synthesis method
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2.2. Synthesis of calcium silicate by Sol-Gel (SG)
method

Fistly, HNOs and ethyl alcohol were added into TEOS
solution as 10:10:1 molar ratio (HNOs:ethyl
alcohol: TEOS), respectively and they were mixed at 1
h. Secondly, sufficient Ca(NOs)2.4H20 was added on
above solution to obtain the desired Ca/Si ratios
(0.67, 1.0 and 1.5) and then mixed at 1 h. Finally, the
solution was put into a polypropylene bottle with an
impermeable cover at 60°C and kept in an oven for a
day to obtain a gel.

The materials obtained by both methods were
calcined at 600°C and 950°C at 10°C/min heating rate
in an ash oven at 2 h to sinter them completely and to
obtain the calcium silicate powder. The products
were coded as 0.67Ca/Si-HT600 or 0.67Ca/Si-SG600
for specifying the ratio of Ca/Si, synthesis method
and sintering temperature, respectively.
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Figure 2. Schematic represantation of SG synthesis method
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2.3. Characterization studies

XRD (A Bruker AXS D8 Advance Model powder
diffractometer) with Cu-Ko radiation operated at
40 kV and 40 mA was used for the crystalline material
measurements obtained from 10° to 70° at 1.2°/min
rate and 0.02° step size. EDS (Bruker) was used to
determine elemental compositions of materials.
Additionally, morphologies of them were investigated
by FE-SEM (ZEISS Supra 55). FTIR (Perkin Elmer)
spectra of materials performed using the KBr pellet
with a 4 cm-! resolution in the range of between 4000
and 400 cm-1were taken to determine the functional
groups. TGA/DTA (Seiko SII TG 7200) measurements
of materials using nitrogen gas at 10°C/min heating
rate from ambient atmosphere to 1000°C were
performed to determine their sintering reactions.

2.4. Bioactivity studies

Bioactivity studies of calcium silicate materials
synthesized by HT and SG methods were performed
in Simulated Body Fluid (SBF). It was prepared
according to composition of blood, ion concentration
and pH [20]. For this, 150 mg calcium silicate powder
samples were pelleted under 3 MPa, then immersed
in 30 mL of SBF in the polyethylene bottles and
incubated for 7, 14, 28 and 34 days in a shaking water
bath at 37 °C. During the waiting period, SBF was
renewed as every 2 days to avoid the change for the
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cation concentrations [21]. After reaching the desired
retention times, the pellets were removed from the
mixture by filtration, washed with de-ionized water
and then dried in ambient conditions. The
hydroxyapatite formation was investigated by XRD.
Additionally, XRD was used to determine the phases
formed in the materials suspended in SBF.

3. Results
3.1. XRD Patterns

XRD patterns of materials synthesized using the HT
and SG methods with different Ca/Si ratios, and
calcined at 600 °C and at 950 °C were shown in
Figures 3 and 4, respectively.The sharp and strong
peaks observed in the XRD patterns of materials
synthesized by both methods indicate that calcium
silicate materials were efficiently crystallized. On the
other hand, for the material synthesized by HT
method with a 0.67 Ca/Si and calcined at 600 °C for 2
h, the weak peaks were observed at 20=32.43°.
Additionally, peak at 41.06° indicated the formation
of a larnite ($-Ca2Si04) phase [1, 11, 22]. Weak peaks
observed in the XRD pattern of the 0.67Ca/Si-HT600
material at 20=37.26° and 53.77° were due to
formation of a lime (CaO) compound. The weak
magnitudes of peaks revealed that the amounts and
crystallinity of the phases in this material were
extremly low. On the other hand, it was observed that
the magnitudes of peaks at 20=32.43° and 41.06°
due to a larnite phase, and at 20 =37.26° and 53.77°
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due to a lime phase were increased when Ca/Si ratio
was increased and the highest peak magnitude was
obtained in the case Ca/Si ratio was 1.5 (Figure 3A).
These results showed that increasing calcium
amount, and therefore the amount of crystallinity
favored the formation of larnite and lime phases [11,
23].

After calcination of materials at 950 °C, peak at
20=17.66° due to a portlandite phase [22], peaks at
20=23.16° 25.27°, 26.86° and 29.95° due to a
wollastonite phase and a peak at 26 =29.3° due to a
calcite phase were observed in the XRD patterns of
0.67Ca/Si-HT950 and 0.83Ca/Si-HT950 (Figure 3B).
It was seen that a calcite phase observed at 26 =29.3°
was not observed in other materials and the
magnitudes of the peaks of the wollastonite phase at
20=23.16°, 25.27°, 26.86° and 29.95° decreased with
increasing Ca/Si ratio. Chen et al. [11] and Ciprioti et
al. [23] observed the wollastonite phase in calcium
silicate materials with a low amount of calcium. In
general, calcium silicate based materials have been
widely used in many industrial sectors due to their
unique characteristics. Among them, the wollastonite
has been preferred as a filler material in rubber,
paper, ceramics and building sectors due to its
moisture stability, air permeability, its fire-retardant,
non-toxic characteristics, not dissolving in water
and/or organic solvents, and its high hardness value
[24, 25].
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Figure 3. XRD patterns of calcium silicate bioceramic materials prepared by HT synthesis calcined at (A): 600°C (B): 950°C.
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When the XRD patterns of materials (Ca/Si ratios
were 0.67, 1.0 and 1.5, respectively) synthesized by
SG method and calcined at 600 °C (Figure 4A) were
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investigated, peaks at 20 = 17.95° and 46.89° due to a
portlandite phase and peak at 26=29.3° due to a
calcite phase were present for material with a Ca/Si
ratio of 0.67. It was seen that the portlandite phase
disappeared in the product with a Ca/Si ratio of 1.0,
while the magnitude of the peak belonging to the
calcite phase observed at 20=29.3° was increased.
However, for the material with a Ca/Si ratio of 1.5,
the magnitudes of peaks belonging to the portlandite
and calcite phases were considerably increased.
Moreover, for this material, new peaks due to a
larnite phase were observed at 20=33.14° and
33.94°, respectively [26]. When the effects of
calcination temperature on crystalline structure of
materials synthesized by SG method were
investigated, peaks due to a portlandite phase
(observed at 20=17.9°) and a calcite phase
(observed at 20=29.3°) were disappeared for the
0.67Ca/Si-SG600 material in the case of increasing
calcination temperature from 600°C to 950°C;
however, a vaterite phase due to CaCO3 was formed
at 20=27.51° [22]. In addition, new peaks due to
wollastonite phase observed at 26 =23.13°, 25.28°,
25.97°, 26.87° and 29.95° (Figure 4B). It showed that
the characteristic peaks of the larnite, calcite, lime
and wollastonite phases were preserved when Ca/Si
ratio was increased, but magnitude of peak belonging
to the wollastonite phase was decreased as seen in
materials synthesized by the HT method.

Phases observed in materials synthesized by both
methods were consistent with those formed in
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materials synthesized by using the same, or different,
silica and calcium sources and ratios in the literature.
Baciu and Simitzis [27] reported that an amorphous
glassy phase formed after calcination at 700 °C, and a
CaSiOs crystal phase was formed after calcination at
1000 °C in the material synthesized by SG method
using TEOS and Ca(NOs)z in which Ca/Si ratio was
1.0. On the other hand, Chiang et al. [26] indicated
that a f-Ca2SiO4 phase was formed in the product
calcined at 800 °C for 2 h in which Ca/Si ratio was 1.5
synthesized by the SG method.

3.2. FE-SEM-EDS analysis results

FE-SEM images of calcium silicate materials were
obtained to determine their shape and surface
structures. Additionally, their chemical compositions
in the stack phase were investigated by EDS analysis.
Elemental distribution maps of some materials were
also produced to investigate distribution of elements.
When FE-SEM images of calcium silicate materials
calcined at 600 °C and 950 °C were investigated with
a magnification of 100,000, it was seen that the
surface structures of the materials synthesized by the
HT method were changed with respect to Ca/Si ratio
(Figure 5). A sponge-like morphology/structure
consisting of spherical particles was observed in the
materials in which Ca/Si ratios were 0.67, 0.83 and
1.0 calcined at 600 °C, while particles with various
dimensions and shapes were formed in the materials
in which Ca/Si ratio was higher than 1.0.
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Figure 4. XRD patterns of calcium silicate bioceramic materials prepared by SG synthesis calcined at (A): 600°C (B): 950°C.
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Figure 5. FE-SEM micrographs of calcium silicate bioceramics materials prepared by HT and SG synthesis methods as

(aH1:0.67Ca/Si-HT600;  bH1:0.83Ca/Si-HT600;

cH1:1.0Ca/Si-HT600;

dH1:1.2Ca/Si-HT600;  eH1:1.5Ca/Si-HT600;

a$1:0.67Ca/Si-SG600: bS1:1.0Ca/Si-SG600; cS1:1.5Ca/Si-SG600; aH2:0.67Ca/Si-HT950; bH2:0.83Ca/Si-HT950; cH2:1.0Ca/Si-
HT950; dH2:1.2Ca/Si-HT950; eH2:1.5Ca/Si-HT950; aS2:0.67Ca/Si-SG950: bS2:1.0Ca/Si-SG950; ¢S2:1.5Ca/Si-SG950

Additionally, it was observed that gaps between
grains were increased. Particularly in the materials in
which a Ca/Si ratio was 1.2, a structure consisting of
a laminated leaf and fibers of various lengths was
formed. In materials where a Ca/Si ratio was lower
than 1.0, although gaps were formed between the
particles due to increasing calcination temperature
from 600 °C to 950 °C, it was seen that the particles
were bonded more tightly to each other. On the other
hand, in the products in which a Ca/Si ratio was
higher than 1.0, it was observed that both particle
and pore sizes were increased in the case calcination
temperature was increased to 950 °C. Moreover,
cracks were formed on the surfaces of materials
depending on the removal of gases formed due to the
increase in calcination temperature. It was also
observed that due to agglomeration of small-sized
particles, large-sized particles were formed as a
result of the increasing temperature. It was observed
that the surface morphologies of the materials
synthesized by SG method similar to the HT synthesis
method but they were changed with respect to the

Ca/Si ratio. However, more homogeneous particles
were obtained in SG synthesis method compared to
the particles synthesized by the HT method and
higher amounts of cracks were formed on the
surfaces of particles depending on the removal of
gases formed due to heating, and higher amounts of
gaps were present between particles. The fibrous
structure observed in the material synthesized by HT
method and calcined at 600 °C in which a Ca/Si ratio
was 1.2 was also observed in the material in which a
Ca/Si ratio was 0.67 synthesized by SG method and
calcined at 600 °C. These results revealed that both
synthesis method and ratio of Ca/Si influenced
morphologies of calcium silicate materials.

EDS analyses of materials where Ca/Si ratios were
0.67, 1.0 and 1.5, respectively synthesized by HT and
SG methods, were also performed and the amounts of
calcium and silicon were summarized in Table 1 as
calcium oxide (CaO) and silicon dioxide (SiO2),
respectively.

Table 1. CaO and SiO:z percentages of calcium silicate bioceramic materials, which are obtained by energy dispersive

spectroscopy (EDS)

Samples prepared by using HT synthesis method

Sample code Ca0 (%) Si0z (%) Sample code Ca0 (%) Si0z (%)
0.67Ca/Si-HT600 35.47 64.53 0.67Ca/Si-HT950 34.33 65.67
0.83Ca/Si- HT600 48.69 51.31 0.83Ca/Si- HT950 45.72 54.28
1.0Ca/Si- HT600 60.78 39.22 1.0Ca/Si- HT950 56.73 43.27
1.2Ca/Si- HT600 63.85 36.15 1.2Ca/Si- HT950 63.47 36.53
1.5Ca/Si- HT600 72.59 27.41 1.5Ca/Si- HT950 69.42 30.58
Samples prepared by using SG synthesis method
0.67Ca/Si-SG600 17.84 82.16 0.67Ca/Si-SG950 15.68 84.32
1.0Ca/Si- SG600 54.83 45.17 1.0Ca/Si- SG950 52.82 47.18
1.5Ca/Si- SG600 56.56 43.44 1.5Ca/Si- SG950 55.42 44.58
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It was observed that the amounts of Ca0 and SiO2 in
the materials were changed with respect to the
synthesis method and sintering temperature.
Ca0/Si0: ratios obtained from the EDS analyses did
not equal the theoretical Ca/Si ratios. Ca was lower
than the theoretical value in materials having a lower
Ca content, while it was higher than the theoretical
value in materials having a higher Ca content. This
phenomenon could be explained by the decrease in
silicon hydrolysis with increasing Ca content under
HT synthesis conditions. By contrast, while Ca/Si
ratio was higher than the theoretical one for
materials synthesized by SG method in which Ca/Si
ratio was 1.0, that was lower in other materials. This
result could be due to the fact that the effects of the
increase in the Ca amount on silicon hydrolysis in SG
synthesis conditions were less in the HT method.

Figure 6 showed elemental distribution maps of the
materials in which a Ca/Si ratio was 1.5 synthesized
by the HT method and calcined from 600 °C to 950 °C,
as well as the material having the same Ca/Si ratio
but synthesized by SG method and calcined at 600 °C.
It was observed that Ca, Si and O elements were
present at different concentrations and they were
concentrated in certain regions.

Figure 6. EDS mapping analysis of (a) 1.5 Ca/Si-HT600
sample (b) 1.5 Ca/Si-HT950 and (c) 1.5 Ca/Si-SG600
samples

3.3. FTIR spectra of samples

FTIR spectra of calcium silicate materials synthesized
by HT and SG methods, and calcined at different
temperatures were shown in Figure 7 and Figure 8,
respectively. In the material in which a Ca/Si ratio
was 0.67 and calcined at 600 °C, characteristic bands
were observed at 470cm-!, 490cm-! and 668 cm-1,
indicating bending vibration of Si-O-Si bonds in the
SiO4 tetrahedron. Moreover, in the same material, a
broad peak was observed at 1035 cm-! due to
stretching vibration of the Si-O-Si bonds in the SiO4
tetrahedron. A broad and weak peak was observed
between 1335cm-! to 1556cm-! for a carbonate
group [28, 29]. Although for the material where a
Ca/Si ratio was 0.67 and calcined at 600°C, peak was
observed at 1035 cm-! due to Si-O-Si stretching,
when increasing the Ca/Si ratio, peaks were divided
into three at 996 cm-1, 921 cm-! and 848 cm-! due to
forming Si-0O-Ca bonds [30, 31], and the highest
magnitude peaks were obtained for the material in
which a Ca/Si ratio was 1.5. Moreover, in the material
having the highest calcium content, a strong peak,
different from other materials, was observed
518 cm-! due to the Si-O-Ca bond (Figure 7A). Peaks
observed at 921cm-! and 518cm-! indicated the
larnite crystalline phase, while the peak observed at
848 cm-! indicated the wollastonite crystalline phase
[28]. Changes observed in FTIR spectra were due to
transformations caused by diffusing calcium ions into
the Si-O-Si network. The FTIR results validated the
XRD results. FTIR spectra and the peak positions due
to the stretching and bending vibrations of Si-O-Si
bonds for calcium silicate materials were consistent
with Wang et al. [22] and Ciprioti et al. [23].

FTIR spectra of materials synthesized by the HT
method and calcined at 950 °C were shown in Figure
7B. For materials in which a Ca/Si ratio was higher
than 0.67 and calcined at 600 °C, a division was
observed in the peaks between 800cm-! and
1200 cm-! due to increasing calcination temperature.
Moreover, it was observed that the magnitude of the
divided peaks was higher than those materials
calcined at 600 °C. On the other hand, after
calcination at 950 °C, the presence of peaks at 650
cm-! and 750 cm-1 due to CaSiO3 was obtained for all
materials except for those materials in which Ca/Si
ratios were 0.67 and 1.5, respectively. Moreover,
carbonate peaks observed between 1335 cm-! and
1556 cm™1, due to increasing calcination temperature,
were not seen in the materials having a low Ca/Si
ratio. Changes observed in FTIR spectra based on
increasing calcination temperature revealed that
transformations formed in the Si-0-Si network due to
the temperature effect.
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Figure 7. FTIR spectra of calcium silicate bioceramic materials prepared by HT synthesis calcined at (A): 600°C (B): 950°C
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Figure 8. FTIR spectra of calcium silicate bioceramic materials prepared by SG method calcined at (A): 600°C (B): 950°C

By contrast, FTIR spectra of materials synthesized by
SG method and calcined at different temperatures
were different from that of materials synthesized by
the HT method. It was seen that for the material in
which a Ca/Si ratio was 0.67 and calcined at 600 °C, a
broad peak was observed at 1035cm-1. Due to an
increasing Ca/Si ratio, that was divided into two
peaks at 937 cm-! and 875 cm-! and the magnitudes
of the broad and weak peaks for characteristic band
of carbonate group between

733

1335cm™! and 1556cm~! were considerably
increased (Figure 8A). As a result of increasing
calcination temperature, many new peaks formed in
three materials between 400 and 1000 cm-! due to Si-
0-Si stretching and bending vibrations, and formation
of the Si-0-Ca bond. It was observed that magnitudes
of some newly formed peaks were at maximum in the
materials having the highest Ca/Si ratio (Figure 8B).
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3.4. TG/DTA analyses

Simultaneous TG/DTA analyses were performed for
different temperature from ambient atmosphere to
1000 °C to investigate the thermal behaviours of
materials in which a Ca/Si ratio was 1.5 and calcined
at 950 °C synthesized by the HT method and dried at
120 °C. TG/DTA analyses were also performed in the
same temperature range to to investigate the effects
of the synthesis method on the thermal behaviour of
the materials by SG method. The results were shown
in Figure 9. The mass losses were observed after
stepwise reactions. It was observed in Figure 9 that
the mass loss was continuously proceeded with
increased heating rate, and it was continued from
ambient atmosphere to 1000°C with increasing and
decreasing rates.

The mass loss of the material where a Ca/Si ratio was
0.67 was found to be approximately 53%. It was
sometimes proceeded rapidly and sometimes
proceeded slowly, and stopped in some regions; but it
could be understood that it was proceeded
dynamically from ambient atmosphere to 1000°C.
Approximately 36% mass loss was occurred in a
temperature range from 500 to 600 °C and 69% of
the total mass loss was occurred at this time.
Approximately 12% of the mass loss was occurred up
to 500 °C. This percentage was constituting about
23% of the total mass loss. The increases in total
mass losses were observed with increasing Ca/Si
ratio. Maximum temperatures of apparent
endothermic peaks observed in the DTA curve of the
material in which a Ca/Si ratio was 0.67 were found
to be 108 °C and 547 °C, respectively, while the
temperature of a single exothermic peak was found to
be 872 °C (Figure 9B). The first endothermic peak
showed the withdrawal of physical water from the
structure [32], while the second one indicated
temperature transitions accompanying the
degradation of organics/nitrates [33]. It was
considered that the exothermic peak was due to the
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formation of crystalline structures from the
amorphous state or transformations/oxidations in
the crystalline state. Increases in crystallinity of this
product that were seen in XRD patterns after
calcination at 950 °C supported this result. Increases
in the number of endothermic peaks observed below
200 °C, due to increases in the Ca/Si ratio, indicated
that the withdrawal of physical water was occurred
in two or three steps with respect to the number of
peaks formed, while increases observed above 500 °C
revealed that organics/nitrates were removed in a
few steps. When TG/DTA curves of the material
synthesized by the HT synthesis method in which a
Ca/Si ratio was 1.5 and were compared to the
material with same Ca/Si ratio but synthesized by SG
method, it was observed that their total mass losses
were close to each other, but their mass loss
tendencies were opposite. Although the highest mass
loss in the material synthesized by HT was observed
in a temperature range from 500 to 600 °C, the
highest mass loss in the material synthesized by SG
was observed in the region of 500 °C, resulting in
85% of the total mass loss.

3.5. Evaluation of in vitro bioactivity results

XRD patterns of the materials incubated in SBF at 37 °
C for 7, 14, 28 and 34 days were shown in Figure 10,
respectively. The ability of calcium silicate materials
with different Ca/Si ratio to form hydroxy apatite was
depending on the Ca/Si ratio. Since the presence of
intense peaks were observed at about 26 = 26 ° and
32° due to hydroxy apatite in the case Ca/Si ratios
were 0.67 and 1.5, the lowest and highest calcium
silicate materials had a better ability to form
hydroxyapatite than the other materials. The
formation of hydroxy apatite was observed after 28th
days in the material including low calcium content
(0.67Ca/Si-HT-950), whereas it was observed after
7th days in the material including high calcium
content (1.5Ca/Si-HT-950).

40
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30 -

o 100 200 300 400 500 600 700 800 900 1000

Temperature (OC)

Figure 9. TG/DTA curve of of calcium silicate bioceramic materials prepared by HT and SG synthesis

734



Y. Arslan vd. / The Effect of Synthesis Conditions on Calcium Silicate Bioceramic Materials

| 0.67Ca/Si-HT950 0.83Ca/Si-HT950

1.0Ca/Si-HT950

1.2Ca/Si-HT950 1.5Ca/Si-HT950

(e)

Intensity (au)

(d)
()

e

(b)

()

10 20 30 40 50 40

2-theta (%) 2-theta (%)

2-theta (°)

30 40 50

40

2-theta (°) 2-theta(®)

Figure 10. XRD patterns of materials prepared HT synthesis method calcined at 950°C. (a) no treatment with SBF (b)7 days
(c) 14 days (d) 28 and (e) 34 days treatment with SBF, respectively

4., Discussion and Conclusion

In this study calcium silicate bioceramic materials
were synthesized by HT and SG methods,
respectively. Furthermore, the properties of the
synthesized materials are satisfactory for the
biomedical applications. The mechanism of the
synthesis of the calcium silicate bioceramic materials
are based on inorganic polymerization reactions
including metal alkoxide precursors. The hydrolysis
and condensation of these precursors cause to form
calcium silicate bioceramic materials [27].

As a result of mineralogical analyses performed by
the X-ray diffraction method, larnite and lime phases
were observed in all materials prepared by the HT
synthesis method and calcined at 600 °C, and it was
seen that the magnitudes of these phases increased
with increasing Ca/Si ratio. After calcination at 950
°C, the presence of portlandite, wollastonite and
calcite phases, in addition to larnite and lime phases,
was also observed. It was seen that the magnitude of
the peak belonging to the wollastonite phase
decreased with increasing Ca/Si ratio. However,
portlandite and calcite phases were observed with
larnite and lime phases in the material in which a
Ca/Si ratio was 0.67 synthesized by SG method and
calcined at 600 °C, unlike the material synthesized by
the HT method. Significant differences were observed
in SEM images of calcium silicate materials having
different Ca/Si ratios, in accordance with XRD results,
depending on the synthesis method and the
calcination temperature. The morphology of the
material changed from cubic shaped to laminated leaf
and fibers with various lengths, depending on the
Ca/Si ratio increase. EDS analysis results did not
validate theoretical Ca/Si ratios. It could be seen from
TG/DTA analysis results that the most important
mass losses were in temperature from 500 to 600 °C.
The highest and lowest mass losses in this
temperature range were obtained for 1.0Ca/Si-HT
and 0.67Ca/Si-HT materials, respectively. It was
determined that the mass loss was observed in the
material where a Ca/Si ratio was 1.5 synthesized by
SG method (1.5Ca/Si-SG) was higher than that
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synthesized by the HT method (1.5Ca/Si-HT). It was
determined that the mass loss of the material
calcined at 950°C was low.

The main novelty of this study is that calcium silicate
bioceramic materials were synthesized at ambient
temperature and pressure and the synthesis was
performed in only water without need any acids or
bases. Additionally, the properties of materials
obtained by HT synthesis are comparable with that
of SG method. Therefore, because any chemical
products and hazardous substances were not used,
synthesis conditions refer the green chemistry.
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