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ARTICLE INFO ABSTRACT

Keywords: This study aims to synthesize pseudo-wollastonite and wollastonite base glass-ceramic from solid wastes, and a
Wollastonite comparative study of their physico-mechanical, bioactivity, and hemolysis properties is conducted. The stoi-
Wastes chiometric amount of chicken eggshells derived CaO (~99%), and rice husk ash (RHA) derived nano SiO,
Eggshells (~99%) is used as ingredients for the formulation of wollastonite. The pseudo-wollastonite (a-W) is synthesized
i‘;;r:;;l;pft};te by sintering the ingredients at 1200 °C for 4 h, and wollastonite glass is made through the quenching method
Hemolysis after melting of the ingredients at 1400 °C. The wollastonite glass-ceramic (GC) is prepared by control heat-

treatment of wollastonite glass at 1200 °C for 1h. Numerous characterizations like X-ray diffraction (XRD),
scanning electron microscopy (SEM), apparent porosity and bending strength of a-W and GC are comparatively
investigated. The GC is composed of the collaborative pseudo-wollastonite nucleation (~35%) and amorphous
phases. a-W and GC show the apparent porosity about 4.23 % and 2.77 %, bending strength about 108 MPa and
139 MPa, and an average grain size about 2.30 um and 0.60 pm, respectively. The obtained results exhibit that
the waste-derived both a-W and GC have excellent bioactivity and good hemolysis index (< 2%). Moreover, GC
shows slightly more hydroxyapatite (HA) layer formation ability than a-W in the simulated body fluid (SBF)
solution. This comparative study of a-W and GC is recommended that the GC is offering more promising
characteristics for biomedical applications.

1. Introduction their unique properties like bio degradability, excellent bioactivity,
nontoxicity, and biocompatibility [4-6]. It has exhibited strong ability

Wollastonite is a calcium-inosilicate mineral, which chemical for- for the formation of apatite layers on their surfaces in simulated body

mula is CaSiOs. It belongs to the pyroxenoid group of white inorganic
materials and consists of ~51.75 wt% of SiO, and ~48.25 wt% of CaO
[1]. It has two polymorphic forms with the different crystal structure,
the most common low temperature synthesized para-wollastonite (p-
CaSi03) consists of a triclinic structure at around 1125 °C. Another is a
high-temperature synthesized phase above at 1125°C, i.e., pseudo-
wollastonite (a-CaSiO3) (a-W), consists of a monoclinic crystal system
[2]. Some unique properties, i.e., high whiteness, low moisture ab-
sorption, low thermal expansion, low shrinkage, low dielectric constant
and loss, fluxing properties, and thermal stability of wollastonite make
useful in different industries include ceramics, chemicals, metallurgical,
construction and polymers [3].

Last two decades, wollastonite bio-ceramic is also attracted in the
field of orthopedics as an artificial bone implant or tissue repair for
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fluid (SBF), artificial saliva, cell culture medium, and in vivo environ-
ments. These apatite layers play an important role for tight bonding
between the host bone tissues and implants [7-9]. Therefore, wollas-
tonite is used as a bioactivity improving agent in different bio-inert
materials such as, ceramics, polymers, and metals, which have been
used in various medical applications, particularly for orthopedics. Aly
et al. [10] have been prepared a nano-fiber bio-ceramic composite of
wollastonite/titanium oxide for bone substitute implant. They have
proposed that this composite shows well in vitro bioactivity with high
mechanical strength, which can be substituted for high load bearing site
bones. Li et al. [11] have been fabricated a wollastonite coating on
titanium alloy (Ti6Al4V) by laser cladding for improving the bioac-
tivity. Titanium alloys generally use as implant materials due to their
superior mechanical and excellent corrosion resistance properties.
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Fig. 1. Preparation scheme of CaO, nano SiO,, a-wollastonite and wollastonite glass-ceramic.

Saravanan and Selvamurugan [12] have been investigated the bone
healing ability of mesoporous wollastonite. They have suggested that
the porous wollastonite particles have good bioactive properties and
used as a filling material for the elevation of bone regeneration in vivo.
Lin et al. [13] have been fabricated calcium silicate micro spheres,
which show excellent apatite formation ability with promising drug
release property. They have proposed that the microspheres calcium
silicate is favorable for drug delivery as an injectable filling material for
bone formation. Nevertheless, a different form of wollastonite is ex-
hibited different properties like apatite formation mechanism, me-
chanical strength, and physical characteristics. Therefore, an in-
vestigation is required to analyze which form (B-wollastonite, a-
wollastonite, or wollastonite glass-ceramics) is the most efficient for a
particular application. Several researchers have studied the bioactivity
characteristics of [3-wollastonite [14], a-wollastonite [15], and wol-
lastonite glass-ceramics [16]. Rodriguez et al. [17] and Morsy et al.
[18] have studied the bioactivity of (-wollastonite and a-wollastonite
and compared their bioactivity. To the best of our knowledge, no such
investigation has been found to compare the study of bioactivity of a-
wollastonite and wollastonite glass-ceramics (GC). Glass-ceramics refer
to a composite material constituted of crystals in its glassy matrix. The
controlled heat-treatment develops the crystallinity through nucleation
and growth process in a base glass, which is depicted the unique
properties than amorphous or crystalline states of respective composi-
tions [19].

On the other hand, the world demands for high purity, low-cost
wollastonite for orthopedics application, and its requirement are gra-
dually expanding. Naturally occurring wollastonite contains a small
amount of manganese, magnesium, and iron [20]. Thus, many re-
searchers have described several advanced preparation routes, in-
cluding sol-gel, co-precipitation, thermal decomposition, and
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hydrothermal method for the synthesis of high purity synthetic wol-
lastonite [21-23]. However, the use of expensive and toxic raw mate-
rials and complicated processing methodology are constrained to the
commercialization of these methods. Nowadays, researchers are trying
to find alternative processes, which consist of less expensive, non-toxic,
and abundantly available raw materials. Azam et al. [24] and Sham-
sudin et al. [14] have synthesized a-wollastonite and (-wollastonite,
respectively, from rice husk ash and limestone. Rashid et al. [25] have
produced wollastonite from limestone and silica sand. Fiocco et al. [26]
have reported porous wollastonite for bone regeneration from polymer.
Present work is carried out to fabricate high purity synthetic a-wol-
lastonite, and wollastonite glass-ceramic from 100% abandoned solid
waste, i.e., rice husk ash (RHA) and eggshells through conventional
solid-state route.

Rice industry produces around ~20wt% rice husk (RH) as a by-
product. It is mainly used in the boilers as a fuel to generate energy
through the gasification or by direct combustion [27]. After incinera-
tion of RH, new waste, i.e., rice husk ash (RHA) is generated around
18-25 wt%. This waste has no particular uses rather than land-filling
[28]. Moreover, RHA contains around 90 wt% of amorphous silica,
which has a huge potential to replace the traditional sources of silica
[29]. Eggshells are found as waste from food making industries. It is
disposed of in huge amounts every day and spread bad smells that
create pollution or public health issues. Chicken eggs contain around
~11 wt% of shells of the total weight of eggs. It contains about ~94 wt
% calcium carbonate, 1 wt% tri-calcium phosphate, 1 wt% magnesium
carbonate, and remaining part mainly organic matter [30]. The avail-
ability and chemical composition of RHA and eggshells indicate that
they can be used as an alternative source of silica and calcium, re-
spectively instead of natural ingredients for synthetic wollastonite for-
mulations.
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The present work is carried out to investigate the possibility of using
waste eggshells, and rice husk ash derived SiO, as ingredients for pre-
paring of a-wollastonite and wollastonite glass-ceramic, which may
find suitable application for biomedical fields. The importance is given
to the synthesis of a-wollastonite and wollastonite glass-ceramic, and
their physico-mechanical, bioactivity and blood compatibility proper-
ties. The investigation deals with eco-friendly, sustainable bio-ceramics
for biomedical applications.

2. Experimental procedures
2.1. Raw materials synthesis

The preparation scheme of CaO from eggshells, nano SiO, from
RHA, a-W, and GC are depicted in Fig. 1. At first, eggshells were col-
lected from a local restaurant, and then it was washed in tap water. The
shells were dried in sunlight and ground in a ball mill for about 1 h at
300 rpm with a weight ratio of powder to balls of about 1:10. Later, the
ground powder was calcined at 950 °C for 2 h in a muffle furnace and
yielded a pure calcium oxide (~99%). Silica was extracted from RHA
through alkali extraction method, which is deeply described in our
previous publication [31]. First, RHA was collected from Samrat rice
mill, Burdwan, India where, rice husk was used as a fuel in the boiler.
The RHA was cleaned with 0.5 N HCI solutions to remove minerals and
dirts. Then, 20 gm of clean dry RHA was mixed with 27 gm of NaOH
(assay 99%) pallet in 200 ml water and heated at 90 °C for 1h with
continuous magnetic stirring. It was then left for 24 h at room tem-
perature for completion of the reaction (reaction 1), and the silicate
solution was filtered from the mixture through the Millipore filter pa-
pers. The filtrate was acidified by addition of HCl solution until the sol
was completely transformed into a gel (reaction 2). The formed gel was
left for aging for 1 day, and then deionized water was used for washing
to eliminate the excess other ions. The obtained gel was then dried at
110°C for 10h and ground into fine SiO, powder. The following re-
actions are taking place during the silica extraction from RHA:

Si0,(RHA) + 2NaOH — Na,SiOs(ag. ) + H,0 6))

Na,SiO; + HCl — SiO,(gel) + NaCl(aq. ) + H,O 2)

2.2. Wollastonite synthesis

The pseudo-wollastonite was synthesized by the conventional solid-
state route through the mixing of stoichiometric (1:1 M) ratio of cal-
cined eggshells (~99% CaO), and RHA extracted SiO, (—99% SiO,) as
ingredients. Mixed mass was wet milled in a planetory ball mill (Model
No: MBM-07, Insmart Systems, Hyderabad, India) using high purity
zirconia balls of 5mm diameter for 2h with 600 rpm in water as a
medium. For pelletization, the wet mixture was dried at 110 °C for 5h,
and the dry powder was pressed at a pressure of 200 MPa under the
uniaxially hydraulic pressed. The green plates were sintered in a con-
trolled muffle furnace (Bysakh & Co, Kolkata, India) at 1200 °C for 4 h
with a heating and cooling rate of 3 °C/min.

2.3. Wollastonite glass ceramic synthesis

The calcined eggshells and RHA derived silica (1:1 M ratio of CaO
and SiO,) was wet-mixed in a ball milled for 2 h with 600 rpm in water
as a medium. After mixing, this material was transferred into the pla-
tinum crucible of capacity 30 ml and melted at 1400 °C for 2h in a
globar furnace with air atmosphere. The molten mass was then quickly
transferred into distilled water containing aluminum bowl to protect
the possibility of crystallization (quenching method), and yielded with
transparent glass. The wollastonite glass was grounded and passed
through 60 pm sieve. The glass powder was pressed by a uniaxially
hydraulic pressed at a pressure of 200 MPa after mixing 3 wt% of PVA
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as a binder. The pressed plates were heat-treated in a controlled muffle
furnace at 1200 °C for 1 h with a heating and cooling rate of 10°/min.

2.4. Characterizations

The chemical compositions of RHA derived SiO, and calcined
eggshells were evaluated by the X-ray fluorescence (XRF) spectrometer
(Philips PW 2400, Netherlands). The present phases in the waste RHA
derived silica, calcined eggshells, synthesized a-W, and GC were ex-
amined by X-ray diffraction (XRD) analysis carried out through the
X'Pert Pro diffractometer equipped with Ni filter and Cu-ka (1.5406 A)
radiation, the step size of 0.02° in the range of 10°-80° with 3°/min
scanning rate. The percent of crystallinity (CI) developed in the glass-
ceramic was evaluated by the ratio of the crystalline area (CA) to the
total area (TA) (TA = amorphous area + crystalline area) in the XRD
diagram of the glass-ceramics [32], by using the following equation (3):
cr9 = CA X 100/TA @)

The functional groups present in a-W and GC were analyzed at room
temperature in the range of frequency 4000-400 cm ™' using a Fourier
transform infrared spectrometer (FTIR) (BRUKER, TENSOR 27-3772)
by the attenuated total reflection (ATR) method. The particle mor-
phology of RHA derived SiO, and calcined eggshells, along with surface
morphology of a-W and GC samples were carried out using a scanning
electron microscope (FEI, Nova Nano SEM 450, Netherlands). Particles
size of RHA derived SiO, was measured by the transmission electron
microscopy (TEM) (FEI, TECNAI G2-20 TWIN, Netherlands). The ap-
parent porosity (AP) and bulk density (BD) of the synthesized a-W and
GC was measured according to ASTM C20. Three-point bending
strength of a-W and GC specimens was done according to ASTM C133
(UTM, H10KL-10129).

Simulated body fluid (SBF) solution was prepared according to
Kokubo and Takadama [33] to study the in vitro bioactivity of a-W and
GC. The ion concentrations in SBF solution were similar to human blood
plasma. The SBF solution was synthesized by dissolving the required
amount of reagent grade NaCl, NaHCO3, Na,SO,4, KCl, MgCl,6H,0,
K,HPO43H,0, and CaCl, in double distilled water and the solution was
buffered at pH~7.4 with TRIS (trishydroxy methyl amino methane) and
1 N HCI solution at 37 °C. For performing the in vitro bioactivity test,
0.25 gm of each sample was kept in a bacteriological polyurethane in-
cubator with 25 ml (10 mg/ml) SBF solution at 37 °C for 1, 3, 5, 7, 10,
14, 21 and 28 days to study the different levels apatite formation.
During soaking, the change of pH value of SBF solution was measured
through a digital pH meter (Toshcon Industries Pvt. Ltd., Ajmer, India).
After soaking, the specimens were filtered from SBF solution, rinsed
with distilled water and then dried at 40 °C for 5h in an electric air
oven. The formation of an apatite layer on the a-W and GC surface was
examined by the XRD, FTIR, SEM, and energy-dispersive X-ray (EDX)
analysis.

The hemolysis assay analysis was performed according to ASTM F
756-00 [34]. a-W and GC specimens with 7 ml of phosphate-buffered
saline (PBS) for each test were added in polypropylene tube and in-
cubated for 72 h at 37 °C. Later, the PBS solution was removed, and
1 ml diluted blood (9.02 mg/mL) of acid citrate dextrose (ACD) rat
venous was added to each specimen at 37 °C for 3 h. Positive (+ve) and
negative (-ve) controls were organized by mixing the same amount of
ACD blood with 7 mL of distilled water and PBS, respectively. For
proper contact of material with blood, the tubes were carefully up-
turned twice within 30 min interval. After incubation, the fluids were
transferred into the centrifuge tube and centrifuged at 2000 rpm for
15 min. The hemoglobin was unconfined by hemolysis, which was re-
corded by the optical densities (OD) of the aliquot at 540 nm using a
Micro-plate Reader, Synergy HT Multi-Mode (BioTek, USA). All tests
were performed three times for better accuracy. The following equation
was used to measure the percentage of hemolysis:


http://www.astm.org/Standards/C20
http://www.astm.org/Standards/C133
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Table 1
Chemical composition of calcined eggshells and alkali extraction silica from
RHA.

Compound (wt.%) Calcined eggshells Silica
SiO, - 99.32
Na,O 0.17 0.31
P,0s5 0.23 0.11
K,0 - 0.08
CaO 99.08 0.07
Fe 03 0.08 0.05
TiO, - 0.02
MgO 0.29 0.04
SrO 0.15 -
% hemolysis — ODsample - ODnegative control % 100
O. positive control — ODnegativc control (4)

3. Results and discussion
3.1. Characterization of raw materials

The discussion about RHA and eggshells were reported in our pre-
vious study [35]. Table 1 illustrates the chemical compounds present in
the calcined eggshells, and RHA extracted silica. It contains above 99 wt
% of CaO and SiO,, respectively. Fig. 2(a) shows the XRD image of
calcined eggshell, and it is composed of mainly calcium oxide [CaO]
and portlandite [Ca(OH),]. The humidity of the atmosphere may be
causing the formation of portlandite in calcined seashells. A similar
result was also observed by Leite et al. [36]. The SEM micrograph of
calcined eggshell powder is shown in Fig. 3. The powder is contained
mostly of unevenly shaped particles with an average size of 0.87 um as
calculated by “linear intercept method” from SEM image through
“Image-J1.48V” software.

Fig. 2(b) describes the XRD analysis of RHA extracted silica. It is
shown only a broad peak, centered at around 22°, which represents the
existing of SiO, (JCPDS 47-0715) [37]. Consequently, absences of any
sharp diffraction peaks in the pattern indicate that it’s amorphous in
nature [38]. Fig. 4(a) and (b) depictes the SEM and TEM micrograph of
RHA extracted silica. Both images exhibit that the silica particles are
nearly spherical in shapes with bad agglomeration. This is due to the
high ratio of surface to volume of silica particle, and it is ascribed to the
strong attractive forces between the silica particles. Therefore, particles
are agglomerated, and the average size of the particle is attributed

€: calcium oxide (78-0649),
p: portlandite (72-0156)
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Fig. 2. XRD analysis of (a) calcined eggshells and (b) RHA derived nano SiO,.
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Fig. 3. SEM micrograph of calcined eggshells powder.

around ~25nm.

3.2. Characterization of wollastonite and wollastonite glass-ceramic

Fig. 5(a) shows the room temperature XRD of sintered wollastonite
at 1200 °C. From this figure, it is confirmed the formation of a pure
phase of wollastonite. The highly active amorphous nano-SiO, and
eggshells derived active CaO is more potentially reacted with each
other through diffusion reaction and forms a pure wollastonite phase.
Any unreacted silica and calcium oxide are not detected in the system.
Mainly the pseudo-wollastonite, i.e., a-wollastonite (anorthic, C-1)
phase is attained at 1200 °C sintered wollastonite samples. However, an
insignificant amount of untransformed para-wollastonite, i.e., B-wol-
lastonite (monoclinic, P21/a) phase is also observed in the system.
Above 1100 °C, wollastonite phase is undergone through a polymorphic
transformed reaction, i.e., low-temperature phase ((3-wollastonite) to
high-temperature phase (a-wollastonite) [39]. The eutectic invariant
point in CaO-SiO, binary system is around 1500 °C for 1:1 M ratio of
CaO and SiO, [40]. However, in this work, glass was melted lower than
the eutectic point. This is due to eggshell and RHA, which contains
more active CaO and SiO, (amorphous) than conventional sources,
respectively. Further, the fineness of ingredients is also greatly affecting
the melting temperature of material [41]. Therefore, nano silica
(~25nm) and micro calcium oxide (~0.87 um), may be accelerated the
reaction, and it's melted at low temperature than the eutectic invariant
point.

Fig. 6(a) shows the XRD analysis of wollastonite glass, and the ab-
sence of any crystalline peak demonstrates that the melted wollastonite
at 1400 °C is transferred into a purely amorphous form. However, some
crystallinity is developing in the wollastonite glass after heat-treatment
at 1200 °C, as shown in Fig. 6(b) and the value of CI% is around ~35%.
The formed crystals contain purely pseudo- wollastonite phase identi-
fied through the JCPDS No 74-0784. Therefore, at 1200 °C heat-treated
glass is composed of collaborative pseudo-wollastonite and amorphous
phases, which may be called ‘a-wollastonite glass-ceramic.’

The presence of chemical bonds in the a-W and GC are analyzed
through FTIR analysis, as shown in Fig. 7(a) and Fig. 8(a), respectively.
The peak at around 990cm™! is recognized to the asymmetric
stretching vibration of Si-O-Si bridge bonds in [SiO4]-tetrahedra. Con-
sequently, symmetrical stretching vibrations of Si-O bands are attrib-
uted through the strong absorption region at about 650-960 cm ™! [21].
The bending vibrations of Si-O group are assigned by the peak in be-
tween 450-600 cm ™! spectrum. The peak confirms the [CaOg]-octa-
hedra in the structure at 423-450 cm ™ *and 940 cm ™! [13]. The char-
acteristic bonds of Ca-O-Si are assigned through broadband at about
860 cm ! [22].

The surface morphology of a-W and GC are shown in Fig. 9(a) and
(b), respectively. It can be observed that both exhibit a dense structure,
but the size and shape of the grains are different. The average grain size
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Fig. 4. (a) SEM and (b) TEM images of waste RHA derived silica.
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of a-wollastonite is around 2.30 um, and the shape is uneven. Conse-
quently, the glass-ceramic contains small size (~0.60 um) grains than
a-wollastonite with nearly spherical in shape and some glassy phases. It
may be happened due to wollastonite glass, which starts crystallization
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Fig. 7. FTIR spectrum of wollastonite (a) before soaking in SBF and (b) after
soaking in SBF for 7 days, (c) 14 days and (d) 28 days.
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at around 1051 °C [42] through the homogeneous nucleation me-
chanism, and its rate is very slow. However, the formed nucleus starts
to grow at 1200 °C but, lack of time to grow the nucleus and transfor-
mation of glass to crystal is stopped. Therefore, the size of formed
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Fig. 9. SEM micrograph of (a) wollastonite and (b) glass-ceramic.

Table 2
Apparent porosity, bulk density and bending strength of sintered samples.

Samples Apparent porosity  Bulk density (gm/  Bending strength (MPa)
(%) cc)
Mean s.d. Mean s.d. Mean s.d.
Wollastonite 4.23 0.58 2.562 0.093 108.35 8.70
Glass-ceramic  2.77 0.47 2.623 0.074 139.57 11.60

grains in glass-ceramic is lower than purely crystalline wollastonite.
Some unconverted amorphous phases are present in the system, as
shown in Fig. 6 (b).

The mean values for apparent porosity, bulk density, and bending
strength of pseudo wollastonite and glass-ceramic are illustrated in
Table 2. Both samples have exhibited low porosity than previously re-
ported values in different studies, where wollastonite was synthesized
from conventional ingredients and different low melting oxides, which
were used to decrease the porosity as a sintering aid [43,44]. In this
study, the uses of the solid-waste (eggshell and rice husk) derived re-
active precursors are the main reason to lower the porosity of sintered
wollastonite and glass-ceramic. However, slightly lower porosity is
found in glass-ceramic specimens than wollastonite. It may be resulted
due to the amorphous and crystalline particles, which are densifying
through different mechanisms, i.e., viscous flow and diffusion, respec-
tively [45]. The principle of viscous sintering is quietly simple and more
effective for densification than diffusion mechanism, and it could be
attributed to a more dense body. Consequently, the bending strength of
GC is significantly higher than a-W. It can be ascribed due to GC spe-
cimen contains the small size of grains and low porosity. Small size
grains have introduced the number of the grain boundary, which in-
hibits the crack propagation through the system. Additionally, lower
porosity of GC is reduced the number of cracks and its propagation site.
These results in the higher strength value of GC than a-W. However, the
bending strength values of both GC and a-W are comparable, and both
have above the minimum required value for human cortical bone ap-
plication [46,47].

3.3. Characterization of samples after soaking

Fig. 5(b—d) and Fig. 6(c—e) show the room temperature XRD analysis
of a-W and GC, respectively, after soaking in SBF solution. It can be
observed that the intensity of a-W phases is reduced with soaking time
for both the samples. It is attributed due to the formation of hydro-
xyapatite (HA) phase on the surface of a-W and GC. The formation of
HA phase is confirmed through the characteristic peak of HA at around
20 = 32° [16]. Consequently, the number of HA peaks increases with
soaking period 7-28 days. It indicates that the amount of HA pre-
cipitation on the surface is increased. By comparing the number of HA
peaks in Figs. 5(d) and Fig. 6(e), it is confirmed that the GC is more
degradable than a-W in SBF solution. Therefore, the result shows that
the GC has more HA formation capability than a-W.
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The a-W and GC are characterized through FTIR analysis before and
after soaking in SBF solution, and the results are presented in
Fig. 7(b—d) and 8 (b-d), respectively. FTIR spectrum for before soaking
in SBF are discussed earlier in “characterization of wollastonite and
wollastonite glass-ceramic” section. After soaking in SBF, some newly
peaks have appeared in the spectrum at 554, 1085, 1482, and
1632 cm ™. The broad peak center at 1085 cm ™! and a minor peak at
554 cm ™! could be ascribed to the stretching and bending of phosphate
groups (PO4>7) of the formed apatite layers, respectively. The carbo-
nate groups (CO527) are assigned through the 1482 cm ™! band [48].
The minor peak at 1632cm ™! and broadband center at 3435cm ™!
ensure the existence of O-H groups in the system [13]. This study fur-
ther confirms that the formation of hydroxyl carbonate apatite (HCA)
layers on the surface of the specimens after soaking in SBF solution.
Consequently, the intensity of characteristic absorption bands in the
FTIR spectrum is significantly increased with the soaking time (7-28
days) in SBF and increase the HCA layers concentration. The ability of
HCA formation on the surface is essential for a bioactive material. It is
playing an important role to develop the tight chemical bonds between
the neighboring tissues, and bioactive materials derived implant [8,9].
Thus, the results of FTIR analysis have suggested that the solid wastes
derived a-W and GC both have excellent bioactivity and excellent
material for biomedical application.

Fig. 10 illustrates the surface morphology of a-W and GC samples
after soaking in SBF solution for different periods. It has been seen that
the surfaces of both specimens are significantly changed after soaking
for 7 days in SBF. The surface of a-W and GC are fully covered with fine
needle-like HA particles. In comparing the surface characteristic of a-W
and GC (Fig. 10), significant change doesn't observe for 7 days soaking;
both contain less than 30nm diameter worm-like apatite particles.
However, different changes are observed in the size and shape of the
apatite particles that are deposited on a-W and GC samples with
soaking periods. After 28 days of soaking, both samples show different
surface morphology. The growth of apatite particles is uneven in GC. It
indicates a rough surface of amorphous layers and needle-like crystal-
line apatite's. Consequently, a-W attributes a dense layer with nearly
spherical in shape apatite particles.

The elemental mapping images of a-W and GC for 28 days soaking
specimens are depicted in Fig. 11 (a) and (b), respectively. It is ob-
served that the P and Ca element are uniformly distributed on the
surface, and these elements are the main constituents for the formation
of HA. The present analysis is another evidenced to the formation of HA
layer on the surface of a-W and GC samples.

The variation of pH values in SBF solution with a soaking time of
specimens is shown in Fig. 12. Before soaking, pH value of SBF solution
is 7.4, which is nearly equal to the human blood plasma [33], and this
value increases with soaking time. The pH values of a-W and GC after 5
days reach up to 8.35 and 8.52, respectively. This is attributed due to
ion exchange in between of Ca" ions in material and H* or OH™ ions
in SBF solution through the succeeding reaction [49]:

CaSiOs3(s) + H*(aq. ) — HSIiO;3 (aq. ) + Ca’*(aq. ) (5)
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Fig. 10. SEM micrograph of wollastonite and glass-ceramic after soaking in SBF solution for 7days, 14 days and 28 days.

CaSiO;3(s) + OH (aq. ) — SiO3(OH); (aq. ) + Ca?*(aq. ) (6) CaSiO;(s) + H,0(aq. ) — SiO§~ (ag. ) + Ca?*(aq. ) + 2H* (aq. )
(8)
. .. ot _
CaSi0;(s) + Hy0(aq. ) — HSiO5 (aq. ) + Ca’*(aq. ) + OH" (aq. ) Reaction (5) is faster than other reaction due to the lowest Gibbs
@ free energy and higher equilibrium constant [49]. Therefore, H* ions
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Fig. 11. Elemental mapping images for phosphorous (P) and calcium (Ca) of (a) wollastonite and (b) glass-ceramic after 28 days of soaking in SBF solution.
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Fig. 12. Variation of pH value in SBF solution during soaking of wollastonite
and glass-ceramic specimens.

deficiency may occur in the SBF solution, and it is enhancing the pH
value. Subsequently, the pH value gradually decreases after 5 days of
soaking for both the samples. It may be happened due to apatite layers,
which are starting to deposit on the surface of the material through the
absorption of phosphate (PO,37) and carbonate (CO527) ions from the
SBF solution. Therefore, phosphate (HPO427) and carbonate (HCO®™)
ions in the SBF may be decomposed as: HPO,~ — PO;~ + H* and
HCO?~ — CO$~ + H* [14]. These reactions are increased the H* ion
concentration in the system and decreased the pH value. Consequently,
the pH value of the GC containing SBF is exhibited slightly higher than
a-W containing the solution. The rate of Ca* ion exchange may be
high in CaSiOj3 glass-ceramic than pure crystalline CaSiOg. It results in
more HA formation on the GC specimens, as shown in XRD (Figs. 5 and
6), FTIR (Figs. 7 and 8) and SEM (Fig. 10). Generally, glass-ceramic is
retaining an asymmetrical structure, and the entropy is higher than
crystalline materials. It is responsible for releasing the ions for de-
creasing the total energy of the system.
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The apatite layer formation on the wollastonite is very much de-
pendant on the releasing rate of Ca and Si ions from the material when
it is immersed in SBF solution [49]. The mechanism of HA formation on
the wollastonite surface is graphically illustrated in Fig. 13. First silica
(=Si-OH) reach surface is developed through the reaction of (5), and
this is demonstrated a negative charge on the surface with (=Si-O")
functional groups. The (=Si-0O") groups can promote the formation of
heterogeneous nucleation of HA through the absorbing of calcium and
phosphate ions from the surrounding. The amount of HA deposition on
the surface spontaneously increases with soaking time by consuming
the requisite ions, which is verified through EDX analysis, as shown in
Fig. 14. The amount of P is increased, and Si is gradually decreased with
soaking time from 7 to 28 days. It is demonstrated the growth of the HA
layer on the material surface. The Ca/P ratio of a-W and GC after 28
days of soaking is 1.52 and 1.65, respectively. This data indicates that
the a-W surface is containing a calcium-deficient HA (CDHA) because
the stoichiometry ratio of Ca/P in HA is around 1.67. However, the Ca/
P ratio of the GC surface is nearly stoichiometry ratio apatite. It may be
ascribed due to higher ion exchange capability of GC than a-W.
Therefore, GC immersed SBF contains more Ca®* ions, and it eliminates
the deficiency of Ca ions for formation of HA.

3.4. Hemolysis assay analysis

Hemolysis of blood cells is a destructive event. It could be taken
place when the blood cell comes in contact with certain foreign mate-
rials. Thus, it is essential to analyze the in vitro blood compatibility of
biomaterials before clinical applications. Fig. 15 (a) displays the % of
hemolysis occurred by a-W and GC for 5mg/ml concentration. Both
samples exhibit fewer hemolysis values than the threshold value
(< 2%) [34]. The visual inspection of the micro-centrifuge tubes is also
shown in Fig. 15(b). It shows that the color of a-W and GC containing
tubes are similar to the negative control (-ve) tube. These results de-
monstrate that both specimens are non-hemolytic. However, GC (1.928
%) sample is exhibiting the slightly higher value of hemolysis than a-W
(1.505%). It is ascribed due to GC sample, which is leaching more
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Fig. 13. Schematic representation of apatite formation mechanism for wollastonite in SBF solution [50].

cationic particles in the solution and helps to damage the cells [51]. GC samples perform similar to the negative control (-ve) and exhibit
Fig. 16 shows the microscopic observation of the red blood cells (RBC) very less aggregation of the RBC cells with very little hemolysis in both
aggregation after incubation. These pictures display that the a-W and the samples. Conversely, positive control (+ve) is completely
2o (a-W_07) VEiement | Weight % | oo (c-W_23)  Element Weight %
ea OK 32.36 osex T oK 24.06
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Fig. 14. EDX analysis of wollastonite and glass-ceramic after 7 days and 28 days.
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Fig. 16. Micrographs of RBC cells after incubation with +ve and -ve control, wollastonite and glass-ceramic.

aggregated. Hence, the waste-derived a-W, and GC is non-toxic, when
these are contacted with blood.

4. Conclusions

Based on the results obtained in the present investigation, it is found
that the waste RHA derived nano SiO, and chicken eggshells derived
CaO can be used for preparing high purity wollastonite and glass-
ceramic for biomedical applications. The physic-mechanical and
bioactivity properties of a-W and GC have been comparatively in-
vestigated, and the following results are obtained:

e At 1200°C sintered sample of chicken eggshells derived CaO
(~99%), and rice husk ash (RHA) derived nano SiO, (~99%) mix-
ture containsthe pseudo wollastonite, i.e., a-wollastonite (anorthic,
C-1) as a major phase.

e At 1200 °C heat-treated wollastonite glass is composed of colla-
borative pseudo wollastonite (CI %~35) and amorphous phases.

e a-W and GC both have exhibited dense microstructure, but the
density and bending strength of GC are slightly higher than a-W.

e The XRD, FTIR, and SEM analysis has suggested that the wastes
derived a-W and GC both have excellent bioactivity.

o The surface of both the samples is fully covered by worm-like apatite
particles (diameter < 30nm) after 7 days of soaking in SBF
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solution. a-W shows a dense layer with nearly spherical in shape
apatite particles and GC attributes a rough surface of amorphous
layers and needle-like crystalline apatites after 28 days.

e The a-W surface contains a calcium-deficient HA (CDHA), and GC
has maintained the stoichiometry ratio of Ca/P in HA.

e Both wastes derived specimens show good blood compatibility, i.e.,
hemolysis index is lower than 2% for 5 mg/mL concentration.

This study suggested that the GC shows more favorable physico-
mechanical and bioactivity properties for biomedical applications than
a-W.
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a-W Pseudo-wollastonite
GC Glass-ceramic
XRD X-ray diffraction
SEM Scanning electron microscopy
HA Hydroxyapatite
SBF Simulated body fluid
AP Apparent porosity
BD Bulk density
FTIR Fourier transform infrared spectrometer
CI Crystallinity
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