Ceramics International 48 (2022) 9681-9691

CERAMICS

INTERNATIONAL

Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

ELSEVIER

Check for

Three routes for the synthesis of the bioceramic powder of the e
Ca0-MgO-SiO; system

Chieko Yamagata® , Daniel Rezende Leme?, Vanessa Galvao Rodrigues?,
Gabriel Trindade Eretides”, Andrea Cecilia Dorion Rodas "

@ Nuclear and Energy Research Institute, Instituto de Pesquisas Energéticas e Nucleares, CCTM (Centro de Ciencia e Tecnologia de Materiais), Sao Paulo, Brazil
Y Biomedical Engineering, Federal University of ABC, Santo Andre, Brazil

ARTICLE INFO ABSTRACT

Keywords: We report three routes for the synthesis of CaO-MgO-SiO; (CMS) bioceramic powder using different Si sources
Bioceramic and synthesis procedures. The ceramic powders were synthesized from Na,SiO3 waste solution by the sol-gel
Ca0-MgO-5i0; system process combined with co-precipitation (synthesis route I and synthesis route II), and from TEOS (tetraethyl
:i?_g:m orthosilicate) by conventional sol-gel (synthesis route III). Ceramic powders of the CMS multiphase system were
Coprecipitation obtained, including diopside, wollastonite, akermanite, monticellite and merwinite, which are suitable for
Characterization application as biomaterial. These powders were sintered at 1200 °C for 2 h to obtain the CMS ceramics. The

ceramics mostly contained diopside and wollastonite crystalline phases. Those ceramics when submitted to
cytotoxicity tests revealed to be non-cytotoxic, according to 1S010993-5:2009. The ceramics were tested for in
vitro bioactivity while soaked in simulated body fluid (SBF) solution. After 14 days, the presence of hydroxy-
apatite particles on the surface of ceramics was confirmed by Fourier Transform Infrared (FTIR) spectroscopy and
Scanning Electron Microscopy (SEM) micrographs. The surfaces were completely covered with hydroxyapatite,
after 21 days. In summary, CaO-MgO-SiOy (CMS) ceramic powder derived from three routes of synthesis have

potential application in the biomedical area. However, further in-vitro and in-vivo studies are needed.

1. Introduction

During the past few decades, extensive research efforts have been
directed towards the synthesis of different bioceramics. The main use of
these bioceramics is for bone and dental root implants. The chemical
composition and physical characteristics of the material such as surface
morphology and chemical resistance determine the cellular response to
the ceramic from the surrounding tissue [1,2]. Bio-glass and glass
ceramic of Ca0-SiO, system have good bioactivity, being the basis of
many bioceramic materials currently in study [3-5]. For instance, cal-
cium silicate (CaSiO3) has revealed great potential in bone restoration
because its bending strength is close to the human cortical bone [6],
which is higher than the hydroxyapatite (HAp) based ceramics. In vitro
tests showed that Ca0O-SiO3 (CS) ceramics induce a very high growth of
the apatite layer formation in simulated body fluid (SBF), implying the
bioactivity of the material [7]. Experiments confirmed that CS ceramics
have excellent osteoconduction within 2 weeks of implantation [8]. CS

ceramics have faster apatite formation rate (bioactivity) than bioactive
glasses in SBF [9], and their ionic dissolution products have been shown
they improve cell proliferation and differentiation. In contrast, their
very fast degradation, i.e., the high dissolution rate is damaging to cells
[10,11], in addition, their mechanical propriety is not ideal [6]. To
develop the harmonizing of physical-mechanical and biomedical prop-
erties of the CS based ceramics, some elements are added, such as Mg, Ti,
Zn, Sr and Zr [12-16]. Studies indicated the incorporation of Mg in
Ca0-Si0,-MgO (CMS) ceramics systems may provide greater func-
tionality compared to the CS alone. Mg is an important bioinorganic
element in the extracellular matrix of bone, which is essential to cell
differentiation and mineralization of bone tissue [16]. Mg can improve
osteoblast adhesion and proliferation [17-19], and its deficiency causes
osteoporosis [20]. This element also plays an important role decreasing
the biodegradation (solubilization) of ceramics [19]. Therefore,
Ca0-Si0,-MgO systems ceramics may be used as bioactive materials for
bone regeneration. Diopside (CaMgSisOg), akermanite (CapMgSizO7),
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7r5i04+ 4 NaOH  600°C_ Nay7r05 + NaSiOs (water-soluble)+ 2 H20

(Solution used as Si raw
material in the present
research)

Na,ZrO; + 4HCl — ZrOCl, + 2 NaCl + 2 H,O

Na, ZrSiOs+ 4HCl — ZrOCl, + 2 NaCl + H,SiO; +2 H,O

Fig. 1. Alkali fusion process of zircon sand; basic flow chart of the ore opening.

merwinite (CazMgSi2Og), bredigite (CayMgSisO16) and monticellite
(CaMgSiO4) are crystalline phases belonging to the magnesium con-
taining calcium silicates group [21].

A variety of techniques for bio-glass and glass-ceramic precursor
preparation, including solid-state reaction or fusion process [22,23],
spray pyrolysis [24], coprecipitation [25,26], and sol-gel [27-29] pro-
cesses have been reported.

Fusion process consists of heating the precursor elements; silicates
and carbonates, at temperatures above 1300 °C, followed by homoge-
nization and cooling [22,23].

In the spray pyrolysis technique of synthesis [24], a solution of salts
is atomized through ultrasonic spray generators, into a hot reaction
column in which droplets are dried, decomposed, and melted. The glass
powders with submicron size, spherical shape and non-aggregated
characteristics are obtained at temperatures between 1200 and
1400 °C [24].

Although the solid-state reaction and spray pyrolysis technique of
synthesis are straightforward methods, thermal treatment at tempera-
ture higher than 1200 °C is required to attain the fixed ceramic
crystallization.

Coprecipitation and sol-gel methods are performed from solution
medium; therefore, the homogeneity of the components is at the mo-
lecular level, giving homogeneous products at comparatively low tem-
peratures. By coprecipitation process, chemically homogeneous
crystalline powder can be obtained [25]. Iwata et al. [26] studied sin-
tering behavior and bioactivity of diopside, CaMgSi2O¢, prepared
through coprecipitation. As-prepared powder was synthesized by adding
aqueous ammonia to an ethanol solution containing Ca (NOs)2-4H30,
Mg (NO3)2-6H20, and Si (OC2Hs)4. The dried powder was X-ray amor-
phous and crystallized into diopside at 845.5 °C.

In the sol-gel method, the product is derived from hydrolysis and
gelation of alkoxides mixed with metal salts [27-29]. It is performed at
room temperature that consists in advantages of the route, added to
better control of the composition, obtaining of materials with high
surface area and good structural homogeneity [30]. Despite these ad-
vantages, the method is time consuming (about one week) [31], costly,
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and the precursor materials (metal alkoxides) are toxic. Due to the high
price of silicon alkoxides, the production of glass via the sol—gel process
costs 100 times [30] that of glass obtained via conventional silica
melting and cast. Therefore, the process is only economically viable for
obtaining high value-added products. Precursor materials used in a
typical sol-gel process are commercial oxides (CaO, MgO) or nitrate salts
(Ca(NO3)2-4H,0, Mg (NO3)2-6H50)) and commercial SiOy or Si
(OCyHs)4 (tetraethyl orthosilicate - TEOS).

The objective of this work is to report a novel cost-effective synthesis
of bioceramic powder of CaO-SiO,-MgO systems using a waste solution
as source of silica, instead of TEOS; a reagent usually employed which is
expensive and toxic. The novel procedure combines sol-gel and copre-
cipitation techniques. Ceramic powder of CaO-SiO2-MgO systems was
synthesized from NaySiO3 solution (used in synthesis route I and syn-
thesis route II) and conventional sol-gel from TEOS (used in synthesis
route IIT). NaySiOg3 solution used as source of Si is a waste matter derived
from alkaline fusion process of zircon sand [32]. In the synthesis route I
and synthesis route II, hydrochloric acid was added to sodium silicate
solution resulting in gel of silica under acidic and basic setting catalysis
reaction, respectively. Ca>" and Mg?" ions were co precipitated with
NaOH as respective hydroxides. The co precipitated hydroxides were
mixed with gel of silica. The resulted mixture was submitted to pro-
cessing of filtering, drying, washing and thermal treatment to obtain
ceramic precursor powder. The conventional sol-gel method was per-
formed to synthesize the same ceramic powder using TEOS as raw ma-
terial (synthesis route III). The characteristics of the synthesized
products obtained through three routes were presented. The proposed
routes of synthesis substantially shortened the synthesis time since the
gel formation was reached in 72h for synthesis route I and few minutes
in synthesis route II. The use of NaySiO3, a low-cost raw material for
silica, showed satisfactory results and it may be an attractive substitute
for the traditional TEOS, a high-cost reagent.
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Table 1

Nominal composition of synthesized ceramic

powders.
Components Mass (%)
SiO, 49.30
Cao 43.19
MgO 7.68
NazSiO3 solution

HCI

A4
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4—‘ Ca*'/ Mg*" hydrochloric acid solution
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| Silica gel, Ca?*, Mg?*acidic suspension

] NaOH (6M)
A

A

I Silica gel, Ca (OH)2, Mg (OH)2 |

Filtering, drying, washing, calcining at 900°C forlh

‘ CaO-Si02-MgO precursor ceramic powder ]

Fig. 2. Flowchart of the synthesis process I; sol-gel method combined with
coprecipitation using Na,SiO3 and acidic pH.

2. Materials and methods

2.1. Obtaining of Na,SiOs starting solution from alkaline fusion process
of zircon sand

Fig. 1 shows a basic flowchart of alkali fusion process of zircon sand
to ore opening [32] for obtaining NaySiO3 solution.

The process was performed at 600 °C for 2h, at that time the reaction
of alkaline fusion of zircon sand takes place and caustic frit is formed,
which is a mixture of sodium zirconate and sodium silicate. This frit was
washed with water (5 times the volume of the frit) to remove the water-
soluble sodium silicate. In the present work, the water-leached solution
(water soluble sodium silicate) was used as raw material of Si.
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2.2. Synthesis process

The precursor of Si used was sodium silicate solution, water-leached
solution from alkaline fusion process of zircon sand. The solution was
obtained as described in item 2. 1. Hydrochloric solutions of calcium and
magnesium were used as sources of Ca and Mg, achieved by dissolution
of the respective oxides in 2 M, HCI.

The nominal composition of synthesized ceramic powders is shown
in Table 1.

2.2.1. Synthesis process I - sol-gel combined with coprecipitation using
NaySiOs as precursor of Si, and acidic pH

Initially, HCI (3 M) solution was slowly added, under mechanical
stirring, to a beaker containing NaySiOs solution up to acidic pH (~pH of
2). After a 72h rest, a monolithic silica gel was obtained. Subsequently,
the gel and hydrochloric acid solutions of Ca?* and Mg?* were mixed to
obtain a suspension of the gel and cations. Then, under mechanical
stirring, NaOH solution (6 M) was added up to pH 10 for coprecipitation
of Ca and Mg hydroxides. The resulting suspension of gel and hydroxides
was filtered, dried at 70 °C for 24h, washed with deionized water until
negative test for CI~ and calcined at 900 °C for 1 h to obtain precursor
ceramic powder. The sample was denoted as SAS (synthesis, acid, so-
dium silicate) sample. Fig. 2 displays the flowchart of the synthesis
process I; sol-gel method combined with coprecipitation using NaSiOs
and acidic pH.

2.2.2. Synthesis process II - synthesis by sol-gel method combined with
coprecipitation using NazSiOs solution as source of Si and basic pH

NaySiO3 solution was mixed with 10% volume ethanol. The pH of
NaySiOs solution is highly alkaline, i.e., close to the pH of 14, as it has
residual NaOH (see Fig. 1). Thus, HCl solution (3 M) was slowly added
under mechanical stirring, until reaching the basic pH of 10, which was
verified with pH meter. In a few minutes there was the formation of
silica gel.

A mixture of Ca?* and Mg?" hydrochloric acid solutions was slowly
added to a beaker containing NaOH (6 M), under constant stirring, for
precipitation of Ca?* and Mg?" hydroxides at pH of 10. This resultant
solution containing precipitates of Ca and Mg hydroxides were mixed
with the above formed silica gel, and then, this mixture was homoge-
nized for 20 min by energetic mechanical stirring. Then, it was filtered,
dried at 70 °C for 24 h, washed with deionized water until negative test
for C1I” and calcined at 900 °C for 1h to obtain the precursor ceramic
powder. The sample was denoted as SBS (synthesis, basic, sodium sili-
cate). Fig. 3 shows the flowchart of the synthesis process II; sol-gel
method combined with coprecipitation using NaSiOs and basic pH.

NaOH (6M)

A

[«— Ca?" and Mg*" hydrochloric acid solution

Na,SiO; solution + ethanol 10 vol%
HCl >
v
Gel silica

| Ca (OH) 2, Mg (OH), ‘

|

A 4

Stir mechanically for 20 min

Gel silica, Ca (OH) 2, Mg (OH) |

A 4

Filtering, drying, washing, calcining at 900°C for 1h

Ca0-Si0,—-MgO precursor ceramic powder

Fig. 3. Flowchart of the synthesis process II; sol-gel method combined with coprecipitation using Na,SiO3 and basic pH.
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TEOS + Ethanol

4—( Ca*" and Mg*"hydrochloric acid solution

A

A
l Monolithic gel Si with Ca*" and Mg** ‘

Thermal treatment at 150°C and
calcining at 900°C for 1h

A 4

Ca0-Si0,-MgO precursor ceramic powder

Fig. 4. Flowchart of the synthesis process III; sol-gel method using TEOS and
acidic pH.

2.2.3. Synthesis process III- synthesis by sol-gel method using TEOS, as a
precursor of Si, and acidic pH

In a beaker, TEOS was mixed with ethanol in the volume ratio of 1:1.
The hydrochloric acid solution of Ca®" and Mg?t was slowly added,
under constant stirring, in the beaker. Then, it was left at rest and after 6
h; a monolithic gel of silica containing Ca?" and Mg?* was produced.
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Afterward, this gel was thermal treated on a hot plate (~150 °C) and
calcined at 900 °C for 1h, to obtain the precursor ceramic powder. The
sample was denoted as SAT (synthesis, acid, TEOS). Fig. 4 shows the
flowchart of the synthesis process III; sol-gel method using TEOS and
acidic pH.

2.2.4. Processing of ceramic powder for obtaining ceramic body

The precursor ceramic powder was compacted in a cylindrical matrix
of 15 mm in diameter in hydraulic press using pressure of 2.49107 Pa.
The obtained compact was sintered in an electric oven at 1200 °C for 2 h,
with heating rate of 10 °C'min~". The sintered ceramic body was used
for cytotoxicity and bioactivity in vitro testing.

2.3. Characterization

2.3.1. X-ray diffraction

The X-ray diffraction technique was applied to analyze the obtained
crystalline phases in ceramic powder and sintered samples, using a
Multiflex model diffractometer from Rigaku, with a source of mono-
chromatic radiation CuKa (A = 1.54148 A). The analyses were per-
formed with a step of 0.06°, in the angular range 10° < 20 < 90° and
counting time of 4s per step. The Crystallographic Search Match
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Fig. 5. XRD patterns of SAS, SBS and SAT powders calcined at 900 °C for 1h and XRD patterns of SAS, SBS and SAT ceramic body sintered at 1200 °C for 2h.
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Table 2
Main crystalline phase of ceramic samples.

Sample Precursor of Si Main crystalline phase
SAS Na,SiO3 Wollastonite

SBS Na,SiO3 Diopside

SAT TEOS Diopside, merwinite

software was used to identify crystalline phases by qualitative inter-
pretation. The peaks displayed in the XRD pattern of the samples were
compared with the database patterns from the ICDD (The International
Centre for Diffraction Data). Following the model adopted by Choudh-
ary et al. [33], the main phase of each sample was qualitatively
indicated.

2.3.2. In vitro cytotoxicity tests

The cytotoxicity of samples SAS, SBS and SAT were investigated, as
the first biological test recommended by the ISO10993-1:2018. The test
was standardized according to ISO 10993-5:2009 at Biotechnology
Centre of Nuclear and Energy Research Institute — Brazil, by indirect
method, which involved the preparation of cell and sample as following.
The 3T3/NIH (ATCC® CRL 1658) fibroblasts were cultured with DMEM
(Dulbecco-modified Eagle culture medium - Invitrogen) supplemented
with 10% FBS (fetal bovine serum — Athena Biotecnologia) and 1%
antibiotic/antimitotic solution (Invitrogen) in an incubator at 37 °C with
5% carbon dioxide (CO2). They were grown to 80% confluence in a
culture treated flask and detached with an EDTA/trypsin solution
(Sigma). The cells in suspension were counted in a Neubauer chamber
and seeded in a 96-well plate or subcultured. For sample preparation,
the recommendations of the 1SO10993-12:2021 were followed. The
samples were initially sterilized in an autoclave (at 121 °C for 15 min —
humid heat) and after that, all procedures were done in laminar flow.
Then the samples were immersed in supplemented culture medium for
NIH/3T3 cells in the ratio 3 cm? mL ™! in a sterile tube for each sample.

Ceramics International 48 (2022) 9681-9691

The tubes with the sample and the culture medium were placed in a
water bath at 37 °C for 72h under kind stirring to obtain the sample
extract. For cytotoxicity test, a 96-well plate was seeded with 2 x 10*
cells NIH/3T3 per well in 10 out of 12 columns for 24h in an incubator at
37 °C and 5% carbon dioxide (CO5). Then, the medium of each well was
changed by the extract samples from SAS, SBS, SAT, the material of
interest; and alumina as a negative reference material; latex as a positive
reference material; and supplemented culture medium as 100% of cell
viability - control. The extract was pipetted onto a column (n=8), for
another 24h in the incubator. After the second incubation, the extracts
were aspirated and pipetted to the new culture medium culture medium

SBS SAT

SAS Latex
Fig. 7. Results of indirect cytotoxicity test of the cell viability assay of SAS, SBS
and SAT.

120

100

80

6

o

4

Cell viability (%)
o

2

o

Control Alumina

Fig. 6. Scanning electron micrograph of SAS (a), SBS (b) and SAT (c) powder, calcined at 900 °C forlh.
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Fig. 8. FTIR spectra of SAS, SBS and SAT sintered surface, before and after
soaking in SBF for 3, 7, 14 and 21 days.

with  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) MTS (Promega) and incubated
again for 2 h in the incubator. Colorimetric measurement was performed
in a spectrophotometer at 490 nm. Cell viability was calculated by the
following equation:

ODc

CV(%) = 5pe 100

Where: CV = cell viability, ODc = optical density - control, ODs = op-
tical density - sample.
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2.3.3. In vitro bioactivity evaluation (hydroxyapatite formation)

To verify the hydroxyapatite (HAp) formation ability on the surface
of sintered ceramics, they were soaked in simulated body fluid (SBF) at
solid (S) to liquid (L) loading of 1 - 10071 (g mL ") and then keptat 37°C
for 3, 7, 14 and 21 days. SBF solution was prepared according to the
procedure described by Kokubo et al. [34]. Hydroxyapatite deposition
on the surface of the samples, after immersion in SBF, was established by
Fourier infra-red technique, performed in a frequency range of
500-4000 cm? (Thermo Scientific Nicolet 6700 FT-IR). The surface
morphology and microstructure of the samples, after soaking in the SBF,
were also observed by SEM.

3. Results and discussion

In Fig. 5, XRD patterns of SAS, SBS and SAT powders calcined at
900 °C for 1h and XRD patterns of SAS, SBS and SAT ceramic body
sintered at 1200 °C for 2h are shown.

From XRD patterns shown in Fig. 5, it is observed that the SAS, SBS
and SAT powder samples show multi crystalline phases. The pattern of
the SAS powder presents the crystalline phases: diopside (ICDD 75-
1092), akermanite (ICDD 35-592), merwinite (ICDD 35-591) and mon-
ticellite (ICDD 35-590), with high proportion of diopside. SBS powder
sample pattern shows the crystalline phases: diopside (ICDD 75-1092),
akermanite (ICDD 35-592), silicon oxide (ICDD 51-1379) and clinoen-
statite (ICDD 75-1406). Diopside is the main phase. The presence of free
SiO5 observed in SBS powder sample may indicate that the mixture of Ca
(OH),, Mg (OH), with silica gel in the process (Fig. 3) was not as much as
necessary to obtain an adequate homogeneity of the components.
Increasing the mixing time might improve the homogeneity and the
presence of SiOy in calcined powder will possibly be prevented. SAT
powder sample presents the phase: wollastonite (ICDD 73-11 10),
diopside (ICDD 75-1092), merwinite (ICDD 35-591), magnesium silicate
(ICDD 74-1684), calcium oxide (ICDD 3-865) and cristobalite (ICDD 82-
512). The cristobalite phase is the predominant. In the process of
obtaining this sample (Fig. 4), a monolithic silica gel is formed by the
addition of Ca" and Mg?" hydrochloric solution in the solution con-
taining TEOS and ethanol. In this gel the ions (Ca®* and Mg?") were
distributed homogeneously, so homogeneity is expected to be preserved
through processing. However, the presence of CaO and cristobalite
(SiOy) are confirmed in the spectra. Segregation of these oxides, prob-
ably, occurred during the heat treatment of the sample at 150 °C.

Fig. 5 shows that crystalline phases such as diopside, akermanite,
merwinite, monticellite and wollastonite, were obtained in the synthe-
sized powder samples. Clinoenstatite, cristobalite, magnesium silicate,
silicon oxide and calcium oxide present in the SBS or SAT powders might
be transformed into desired crystalline phases (diopside, akermanite,
merwinite, monticellite and wollastonite) by the sintering process. In
the XRD pattern of SAS ceramic sample, Wollastonite, monticellite,
diopside and akermanite phases are observed, according to: PDF No. 76-
186, PDF No.35-590, PDF No. 83-1817 and PDF No.87-50, respectively.
It was found that the wollastonite is the main phase while the others are
secondaries. Wollastonite (PDF No.76-186), diopside (PDF No.83-
1817), merwinite (PDF No.35-591), monticellite (PDF No0.35-590) and
quartz (PDF No.86-1562) are observed in SBS ceramic sample.
Remarkably diopside is the main crystalline phase and the others are
secondaries. In sintered SAT ceramic sample, it is observed the diopside,
merwinite, akermanite and bredigite phases, according to: PDF No.83-
1817, PDF No.35-591, PDF No.87-50 and PDF No0.36-399, respec-
tively. The main crystalline phases are diopside and merwinite.

Table 2 shows the relationship of the main crystalline phases of
ceramic samples.

All sintered ceramic samples presented multi crystalline phases,
among them; diopside [35], akermanite [36], merwinite [37], mon-
ticellite [38] and wollastonite [39]. According to the literature, all those
crystalline phases indicate they have the bioactivity property, since they
induce the formation of hydroxyapatite on the ceramic body in SBF
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Fig. 9. SEM micrographs of sintered SAS ceramic sample surface, before (a) and after soaking in SBF for 3 (b), 7 (c), 14 (d) and 21 (e, f) days.

solution. In addition, they also present good rate of osteoblast stake on
the surface of the ceramic, indicating their biocompatibility.

Scanning electron micrograph of SAS, SBS and SAT powders calcined
at 900 °C for 1h are shown in Fig. 6.

It is observed that the samples SAS powder (Fig. 6 (a)) and SBS
powder (Fig. 6 (b)) present agglomerates (<30 pm) which are porous
like and constituted by rounded morphology particles smaller than 3
pm. In Fig. 6(c), hard-looking clusters smaller than 30 pm with irregular
morphology particles are observed in the sample SAT powder.

In Fig. 7, the plotted column shows the result of the indirect cyto-
toxicity test, whose cell viability assay selected molecules, obtained
from the liquid extract of the samples, which have toxic effects on
fibroblast proliferation and eventually leads cell death. Fibroblast
(control), negative reference material alumina (non-cytotoxic) and
positive latex reference (cytotoxic) were used as parameters to deter-
mine the concentration of cells that were dead due to contact with
possibly toxic molecules present in the liquid extract.

In Fig. 7, it is observed that the cellular viability of the SAS sample is
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above 70%. It was greater than 90% for the SBS and SAT samples. Ac-
cording to ISO 10993-5:2009 [40], in which the cytotoxicity parameter
in the indirect test is defined; it specifies a cell survival rate greater than
or equal to 70%, for the test to be considered appropriate. Thereby, the
samples SAS, SBS and SAT can be considered non cytotoxic, that is the
first criterion analyzed for continuing investigate their biocompatibility.

The integration and binding of bioactive material to living bone is
achieved by the formation of Hap layer on the surface of this material
when it is implanted. The presence of bone-like Hap layer is considered
predictive of bioactivity of the material in vivo. This apatite formation
behavior, however, depends on several factors, such as the chemical
composition, the crystalline phase, the surface chemistry, the solubility,
the porosity, the morphology of the powder, the microstructure of ce-
ramics etc. The in vitro indicator of the bone-bonding ability of materials
can be recognized in simulated body environment Kokubo’s SBF [41].
Although this approach has been discussed over the last decade, and that
in vitro conditions may not be the exact same in vivo, the test remains
important for medical implants, which is widely accepted by materials
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Fig. 10. SEM micrographs of sintered SBS ceramic sample surface, before (a) and after soaking in SBF for 3 (b), 7 (c), 14 (d) and 21 (e, f) days.

researchers [41], and it might help to predict the bioactivity of
biomedical materials. We investigated the apatite formation behavior on
prepared ceramic samples under in vitro condition using SBF developed
by Kokubo [34]. The presence of Hap on the surface of samples was
cheeked using FTIR (Fourier transform infrared) analysis. FTIR spec-
troscopy analysis of sintered SAS, SBS and SAT samples, before and after
soaking in SBF for 3, 7, 14 and 21 days are shown in Fig. 8.

In Fig. 8 it is verified that the spectra presented by the samples are
very similar. In these figures, in the curve indicating O days, it is
observed the presence of a typical silica related band with frequency
around 2300 cm ™! and a less intense peak in the region of 650 cm™,
which agree with the literature [42,43]. The first region corresponds to
the silanol linkage, while the second region is assigned to the siloxane
linkage. Typical bands might indicate the presence of hydroxyapatite
[44] in the spectra, i.e., when peaks of infrared absorption between
1000 and 1100 cm ™! that can be attributed to (PO4) % bond, and be-
tween 1380 and 1580 ¢cm ! attributed to (COg)Z' bond [9,45] are veri-
fied. According to Sldsarczyk et al. [45] groups (C03)2' and (P04)3' also
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have mild peaks of approximately 870 cm ™! and 963 cm ™%, respectively.
The presence of typical bands that can be attributed to hydroxyapatite, is
observed. This is clear for the samples after soaking 14 and 21 days in
SBF. Those results show that the samples SAS, SBS and SAT have
apatite-formation ability in the simulated body fluid, and this might
indicate their bioactivity.

Micrographs obtained by SEM of sintered SAS ceramic sample sur-
face are shown in Fig. 9, before (Fig. 9(a)) and after soaking in SBF for 3
(Fig. 9(b)), 7 (Fig. 9(c)), 14 (Fig. 9(d)) and 21 (Fig. 9(e) and (f)) days.

Fig. 9(a) (SAS sintered ceramic sample) and Fig. 9(b) (sample 3d
soaked) are not significantly different from one another, the presence of
hydroxyapatite was not verified on both, i.e., in Fig. 8, the typical ab-
sorption peak at 1022 cm™! attributed to the group (PO,4) 3 was not
present in spectra of the samples. In Fig. 9(c) (sample 7d soaked) it is
possible to observe the presence of few rounded morphology particles
that could be attributed to hydroxyapatite on the sample surface, but its
presence is not obvious in the FTIR spectrum in Fig. 8. In Fig. 9(d)
(sample 14d soaked), a significant amount of rounded morphology
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Fig. 11. SEM micrographs of sintered SAT ceramic sample surface, before (a) and after soaking in SBF for 3 (b), 7 (c), 14 (d) and 21 (e, f) days.

particles is observed, and it is even greater in Fig. 9(e). In high magni-
fication micrograph (Fig. 9(f)) the surface of ceramic sample (Fig. 9(a))
cannot be seen, as a result the substrate was completely covered. The
morphology of these particles suggests they might be hydroxyapatite.
This can be confirmed by the results shown in Fig. 8, where the presence
of typical hydroxyapatite bands is observed in the samples after soaking
by 14d (Figs. 9(d) and 21d (Fig. 9(e, f)). Therefore, the SAS sample can
form hydroxyapatite on the surface from 14 days of soaking in SBF.

Fig. 10 presents SEM micrographs of the sintered SBS ceramic sample
surface before (Fig. 10(a)) and after immersion in SBF for periods of 3
(Fig. 10(b)), 7 (Fig. 10(c)), 14 (Fig. 10(d)) and 21 (Fig. 10(e) and (f))
days.

The micrographs shown in Fig. 10 are like those shown in Fig. 9.
Comparing the images in Fig. 10(a) and (b) it is not possible to observe
any substantial difference. In Fig. 10(c) it can be verified that the sample
surface is covered by rounded morphology particles. As previously
commented, the presence of these particles is indicative of hydroxyap-
atite (peak absorption at 1022 attributed to PO4 > group) which can be
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confirmed by the results obtained by FTIR shown in Fig. 8. The hy-
droxyapatite layer gradually became more compact from Fig. 10(c),
followed by Fig.10(d) to Fig.10(e). In Fig. 10(d) and (e) the surfaces are
completely covered by a dense apatite layer. Particles with worm-like
morphology, which is typical of hydroxyapatite, are observed in high
magnification micrographs shown in Fig. 10(f).

Fig. 11 presents micrograph obtained by SEM from the surface of
sintered SAT ceramic sample before Fig. 11(a)) and after immersion in
SAT for periods of 3 (Fig. 11(b)), 7 (Fig. 11(c)), 14 (Fig. 11(d)) and 21
(Fig. 11(e) and (f)) days.

Comparing the images of Fig. 11(a) and (b) (immersion in SBF by 3d)
it is possible to notice in the latter, the presence of small, rounded
morphology particles. According to Fig. 8 they were identified as hy-
droxyapatite (peak absorption at 1022 cm ™' attributed to (POg) >
group). There is no significant difference between Fig. 11(c) and (d), but
there was a gradual growth in the size and volume of these particles,
from the 3d soaked sample to the 21d soaked sample as shown in Fig. 11
(e). In Fig. 11(f) there is high magnification surface image of 21 soaked
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sample; a very dense layer of hydroxyapatite can be highlighted.
4. Conclusions

This work reported three routes for the synthesis of the bioceramic
powder of the CaO-MgO0-SiO5 system. Two processes of synthesis were
proposed from NaySiOs. The first was performed in acidic pH and the
other in basic pH medium. Both processes combined the sol-gel and
coprecipitation techniques. The conventional sol-gel method from TEOS
was also presented. In the proposed route from Na,SiO3 in acidic pH, the
time of silica gel formation was of 72h. This time is substantially short
than those reported by others researches that employ the traditional
polymer sol-gel synthesis in which the metal alkoxides are used as
precursor of silica and therefore a prolonged hydrolysis step is required.
In the route from Na,SiOs3 in basic pH, the gel-formation occurred within
few minutes. It is important to highlight that in these two synthesis
routes, NaySiOs was used instead of TEOS. TEOS, which is traditionally
used in the conventional sol-gel process, is a high toxicity and expensive
reagent.

Ceramic bodies obtained from synthesized bioceramic powders, and
sintered at 1200 °C for 2h, presented multi crystalline phases, mainly
diopside and wollastonite.

The in vitro cytotoxicity test has shown that, all ceramic samples can
be considered no cytotoxic. The cell viability was greater than 70% that
characterizes a great potential for biocompatibility of samples. FTIR
spectroscopy and SEM micrographs demonstrated that those ceramics
have apatite-formation ability after 14 days soaking in SBF. After 21
days of soaking, the surface of these ceramic samples, were completely
covered with hydroxyapatite.

Finally, the sol gel method combined with coprecipitation, which to
our knowledge is not found in the literature, can be applied for synthesis
of other silicate based ceramic powders.
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