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Abstract

The conversion of Trough Clam Shells waste into useful hydroxyapatite, through inexpensive eco-friendly methods has economic
and environmental benefits. Hydroxyapatite (HAp), which has high bioactivity, excellent osseoconduction, and good biocompatibility, is the
best choice for biomedical applications. In this work, trough clam shells (Mactridae) are used as a natural source containing beneficial elements
for bone growth to produce nano-hydroxyapatite powder by the wet precipitation method through mixed the prepared 0.5 M of calcium
hydroxide and 0.3 M of phosphoric acid. Then, sintered HAp discs were produced using a solid-state method at a sintering temperature of 1275
°C for 2 h. The produced HAp was characterized through X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) coupled with Energy
Dispersive X-ray Spectroscopy (EDS), Transmission Electron Microscopy (TEM), Thermogravimetric Analysis (TGA) and Fourier Transform
Infrared Spectroscopy (FTIR) to determine the phase composition, morphology, particle size, thermal behavior and elemental composition,
respectively. XRD and FTIR showed that the prepared powder is composed of pure hydroxyapatiteand possess a particle size ranging between
38.51 and 99.92 nm. SEM with EDS showed that HAp particles have semi- rounded shape together with a maintaining interconnected porosity
of = 5.3307%. The hardness and bending strengths were found to be ~856.35 MPa and ~38.73 MPa respectively. The bioactivity of prepared
HAP is tested by immersing the samples in stimulated body fluid solution (SBF). The formation of a rich bone-like apatite layer on the disc's

surface was detected after the immersion for 28 days. The prepared HAp was found to be suitable for bone tissue engineering.
Keywords: Bioceramics; Clam shell; Hydroxyapatite; Mechanical properties; Bioactivity;

1. Introduction Food
and Agriculture Organization (FAO) found that shellfish
aquaculture represents 42.6% of the total fish production [1].
The creation of these significant quantities of seashells is an
important economic activity for many nations. The
aquaculture industry generates around 6 to 8 million tons of
garbage annually [2]. Tens of millions of shells are produced
as bio-waste annually. The decomposition of shellfish waste
can lead to foul smells and an increase in microbial growth,
which can result in the release of higher levels of CO2. To
combat pollution, recycling shellfish waste is necessary.
Researchers have found innovative ways to produce
valuable products from different types of shellfish, including
oysters, mussels, clams, razor clams, scallops, abalones,
crabs, shrimps, and lobsters [3]. Although all shellfish have
similar chemical compositions, they vary in their ratios.
Seashells contain high levels of calcium, which can be
ground and calcined to produce calcium oxide (lime). Lime
has several applications in the biomedical field, including
conversion to tricalcium phosphate and hydroxyapatite [4].
Lime can also be used as a catalyst for biodiesel production
and for removing phosphates from water [5,6]. In the present
study, clam shells will be used especially trough clam shells

(Mactridae). Mactridae is composed of 0.8% of silicon
dioxide (SiO2), 0.1% aluminium oxide (Al203), 97%
calcium carbonate (CaCOs), 0.1% magnesium oxide (MgO),
0.4% sodium oxide (Naz20), 0.4% sulfur trioxide (SO3),
0.1% sulfate (SOs4) and 1.1% other compounds [3].
According to the calcium ratio present in the clam shells, it
has the highest percentage of calcium compared to other
shellfish. To our knowledge, there are a few reports that deal
with the conversion of Mactridae to hydroxyapatite. Lately,
researchers have been utilizing biogenic waste materials to
create bioceramics because of their advantageous qualities.
These materials are non-carcinogenic, non-toxic, non-
allergenic, widely available, renewable, and can be accepted
by living organisms. Additionally, using them helps with
recycling and preserving the environment. Biogenic waste
materials are also a great source of calcium, which is useful
for creating hydroxyapatite for various biomedical
applications like bone grafts [7], drug delivery [8],
scaffolding [9], and tissue engineering [10]. In modern
times, hydroxyapatite can be obtained from different natural
sources such as eggshells [11], sea shells [12], cockle shells
[13], algae [14], corals [15], mammalian bones (like bovines
[16], horses, camels, and pigs), fish bones [17], and
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limestone [18]. HAp can also be created chemically through
different methods like sol-gel synthesis [19], hydrothermal
transformation [20], wet chemical precipitation [21],
microwave irradiation [22], emulsion and microemulsion
techniques [23], mechanochemical process [24], template
synthesis [25], electrodepositing technique [26], and
ultrasonication process [27]. The chosen preparation method
has a significant impact on the properties of the resulting
HAp, specifically its morphology. Hydroxyapatite (HAp) is
a compound with the chemical formula Caio(POas)s(OH)2
[28] . It has a Ca/P ratio of 1.67 [29] and is considered the
major inorganic material with a structure similar to bone.
Compared to other calcium phosphate compounds like
tricalcium phosphate (TCP) and tetra calcium phosphate
(TTCP), the phosphate group in HAp is more stable at a pH
range of 4-12 and an ambient temperature [30]. It can be
synthesized as bioceramics or combined with other
compounds to form composites that enhance its properties.
In biomedical applications, Hydroxyapatite (HAp) is a
commonly used material due to its biocompatibility,
bioactivity, biodegradability, non-inflammatory nature,
thermodynamic stability in its crystalline state, and
osteoconductive properties [31-34]. Synthetic HAp can be
found in various forms, such as powders, micro-/nano-
crystals, dense [35] or porous scaffolds/sheets/ceramics, thin
films, and composites with glasses, metals [36], and
polymers. This paper focuses on manufacturing dense HAp
since the porous form is unsuitable for load-bearing.
However, fully dense HAp is difficult to make. The
manufacturing process of HAp involves two steps: shaping
the powder using techniques like tape casting, slip casting,
uniaxial pressing, cold isostatic pressing, and compaction in
the presence of a magnetic field. Shaping is always followed
by a sintering step. There are several sintering methods to
choose from, including conventional sintering, hot pressing,
hot isostatic pressing, spark plasma sintering [37],
microwave process [38], hydrothermal sintering, vacuum
sintering, and the two-step sintering method [39].

K. Dhanaraj , 2018, [40] used sea shells
(Anadaragranosa shells) as raw material to get calcium
carbonate  for nanohydroxyapatite  preparation by
microwave assisted irradiation method. Poly ethyl glycol
(PEG) and poly vinyl alcohol (PVA) are used to prevent
nuclei formation. The results showed that the capped
hydroxyapatite with PVA was more efficient than PEG
which appears in decreasing the crystalline size. M. Zulhasif
Ahmad Khiri, 2019, [41] used Arc clam shells as calcium
source in hydroxyapatite preparation by wet chemical
precipitation method. Then it was sintered at different
temperatures from 200 to 1000 °C. It was found that by
increasing the sintering temperature, the density, hardness,
linear shrinkage and crystalline size increases and the
porosity  decreases. The results concluded that
hydroxyapatite was prepared by sintering temperature 1000
°C and pH =10, it gives high hardness more than other
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conditions. G. Karunakaran, 2020 [42] used blue mussel
(Mytilus edulis) as a bio-waste to elicit calcium source from
it to prepare hydroxyapatite by microwave-assisted
synthesis method and doped it by magnesium which the
doping carried out under organic  modifier
(polyvinylpyrrolidone). The results showed that the
prepared HA had hexagonal structure and observed that Mg-
doped HA is non-toxic and has antibacterial activity. S.
Hussain, 2021 [43] prepared hydroxyapatite from Indian
clam shells by hydrothermal technique between 700 to 1100
°C . The results conducted to by increasing the heating time,
the particle size increases due to the agglomeration of nano-
HA grains and the shape changed from rods/needle to
spherical shape. M. Harkat, 2022 [44] synthesized nano-
crystalline  hydroxyapatite ~ from  the  bio-waste
(Strombidaestrombus) seashells as a calcium source by wet
chemical precipitation method. The results revealed that the
prepared HA consisted of single phase with hexagonal
structure. As mentioned in the previous studies, different
species of sea shells are used as biowaste to produce
hydroxyapatite powder. However, in our study we used new
species of sea shells and it is widely available in Egypt to
prepare hydroxyapatite powder and hydroxyapatite discs.
Moreover, we make the needed measurements for
biomedical applications such as mechanical and biological
tests. To our knowledge no studies have been conducted on
the production of hydroxyapatite powder or bodies through
the use of clam shells (Mactridae) speicies by simple and
inexpensive co-precipitation method.

In this study, sintered hydroxyapatite was
fabricated from clam shells (Mactridae) using a wet
chemical precipitation method and uniaxial pressing,
followed by conventional sintering. The discs were fired at
various temperatures between 1200°C and 1300°C to
determine the ideal temperature for achieving low porosity
and high density, which are important for improving
mechanical properties like bending strength and hardness.
The hydroxyapatite was characterized using several
techniques, including XRD, TEM, FTIR, and SEM with
EDX to examine its physical and morphology properties.
Finally, the resulting sintered hydroxyapatite was tested in
vitro to evaluate its bioactivity and biodegradability.

2. Materials and methods

2.1. Materials

Clam shells (Mactridae) were collected from fish store.
Trough clam shells (mactridae) is belong to Kingdom:
Animalia, Phylum: Mollusca, Class: Bivalvia, Order:
Venerida, Superfamily: Mactroidea, Family: Mactridae
[45]. Orthophosphoric acid, H3sPO4 (85%) from s d Fine-
Chem Limited, MUMBAI 400 030, Ammonia Solution
max. 33% NHs, extra pure from Riedel-deHaén, Sigma-
Aldrich Laborchemikalien GmbH. D-30926 Seelze, distilled
water. Reagent-grade NaCl, NaHCOs, KClI,
NazHPO4-2H20, MgCl2:6H20, CaClz, and NazSOa. For
stimulated body fluid preparation were buffered with TRIS-
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HCI buffer trishydroxymethyl aminomethane
((CH20H)3CNHz2) and hydrochloric acid (HCI).
2.2. Preparation of hydroxyapatite powder from clam
shells

The collected clams shells were washed several
times with tap water and then deionized water (DI) to
remove any contaminated materials, boiled for 1h in DI
water and dried at 100°C for one day, then calcined in the
furnace at 900°C for two hours with a rate of 5°C/min. The
temperature was maintained at 900°C for 2 hours to ensure
all pigments and organic materials attached to shells were
decomposed. The samples were left to cool overnight in the
furnace chamber. CaO was produced after the calcination
process. The produced CaO powder was preserved in a tight
air desiccator to avoid its absorbance to moisture. Then, CaO
powder is used for calcium hydroxide preparation directly.
Firstly, 0.5 M of calcium hydroxide and 0.3 M of phosphoric
acid were mixed to produce a hydroxyapatite precipitate.
The phosphoric acid solution was added to the calcium
hydroxide solution drop-by-drop with slow stirring at 70°C
to get a 1.67 Ca/P ratio and maintain the pH of the solution
at the range of 10.5-11 by adding ammonia solution. After
the amount of phosphoric acid has been finished, the
solution was left with vigorous stirring at 70°C for one hour.
Then the cloudy solution was left at room temperature for
24 hours. The white precipitate was filtered and washed
several times to get rid of the excess amount of ammonia.
Then the precipitate dried in an oven at 110°C for 24 hours.
The hydroxyapatite formation equation was described as the
following equation:

10 Ca(OH)2 + 6H3P04 ====Cq10(P04)6(0H)2 + 18H20

The dried powder was calcined at a temperature of 900°C of
for 2 hours. Then, the calcined powder was ground by a ball
mill at 300rpm for 2h and sieved with a 90 um stainless steel
sieve to get a homogenized powder. The powder was
characterized by an X-ray Diffractometer (XRD), Fourier
Transform Infrared Spectroscopy (FTIR), and Transmission
Electron Microscopy (TEM).
2.3. Preparation of sintered hydroxyapatite discs
The obtained HAp powder was converted to discs of 10 mm
diameter and 5 mm thickness by uniaxially pressing in a
steel mould at room temperature using a universal testing
machine with an applied pressure of 30 KN. The prepared
discs were sintered at different temperatures ranging
between 1200°, 1225°, 1250°, 1275° and 1300°C for two
hours as a soaking time at the peak temperature with a
heating rate of 5°C/min in a static air electric oven. The
processing scheme for hydroxyapatite bodies preparation is
illustrated in Fig. 1.
2.4. Characterization

The major and trace elements of clam shells
powder before calcination were recognized by using x-ray
fluorescence XRF (PW2404 with 6 analyzing crystals)
which depends on the emission of fluorescent x-ray from the
material has been excited by high energy that is greater than
the energy of bounding electron. A small quantity of finely
grounded clam shells pre-calcination was used to analyze
the change of its mass with the change of temperature by
using thermogravimetric analysis TGA (Setaram,
Francelab) which depends on continuously recording the
change of mass during a specified time — temperature
program. The phase composition of clam shells and prepared
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hydroxyapatite were analyzed by x-ray diffraction analysis
(X"Pert PRO with secondary monochromator, Cu-radiation
of wavelength (\=1.542A) at potential 45 Kv and current
constant 35 mA and scanning speed 0.040/sec) which based
on the scattering at the Bragg condition for each crystalline
plane. The functional groups of the calcined hydroxyapatites
powder were examined using Fourier transform infrared
(ATR FTIR) spectroscopy mode, Bruker VERTEX 70
model which is based on the measurement of vibration of a
molecule that excited by infrared radiation. The bonds
between atoms absorbs the light at different frequencies. The
particle size of calcined hydroxyapatite was investigated by
transmission electron microscope TEM (JEOL, JEM2100-
HR, Japan, Electron probe micro-analyzer) in which a beam
of electrons transmits through an extremely thin specimen,
and then interacts with the specimen when passing through
it
HsPOs
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Fig.1. Processing scheme for hydroxyapatite bodies
preparation.

The bulk density and apparent porosity were measured
for sintered discs by applying the Archimedes method states
that, when a body is immersed in a fluid system either
wholly or partially, it is buoyed or lifted up by a force that is
equal to the weight of the fluid displaced by the body
(ASTM C-20) [46]. The discs that possess the highest
density and the lower porosity were examined by X-Ray
Diffractometer (XRD), and Scanning Electron Microscopy
(SEM). The microstructure of hydroxyapatite before and
after in vitro test was investigated by using a Scanning
Electron Microscope attached to EDS (SEM Model XL 30,
Philips, Eindhoven, Netherlands, with an attached EDX
unit) which based on the generation of electron-hole pairs by
the backscattered electrons which escape the sample and are
absorbed by the detector. The bending strength was
measured by a 3-point bending test on a universal testing
machine (Model Tinius Olsen 25 ST, Honeycrock Land,
Salfordsn Surrey RH15DZ, UK), with a crosshead speed of
0.01 mm/min). When a specimen is bent, it experiences a
range of stresses across its depth. At the edge of the concave
face of the specimen, the stress will be at its
maximum compressive value. The hardness of sintered
sample was carried out by using a hardness tester (Omnimet
automatic MHK system Model Micro Met 5114, Buehler
USA), use force a diamond spheroconical indenter under
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specified conditions into the surface of the material
and measure the difference in depth of the indentation.

2.5. In-vitro bioactivity estimation:
Bioactivity test

The stimulated body fluid (SBF) is a fluid which
mimics the human body plasma in its ion concentrations. It
was prepared by dissolving reagent grade chemicals of
NaCl, NaHCOs, KCI, Na2HPO4-2H20, MgCl2-6H20, CaCly,
and NazSOx4 in deionized water, and 50 mM tris buffer tris
hydroxymethyl aminomethane (CH20H)3CNHz). 45 mM
hydrochloric acid (HCI) was added as a buffer to the solution
to keep the PH at 7.25. The prepared solution was
maintained at 37°C throughout the preparation time [47].
The specimens were soaked in the stimulated body fluid for
various periods (1, 3, 7, 14, 21, and 28 days) before being
taken out and washed gently. Following these immersion
times, inductively coupled plasma—optical emission
spectrometry (ICP-OES) (5100 ICP-OES torch, Agilent,
Australia) were used to analyze the solutions and determine
the concentration of calcium and phosphorus ions. To
confirm the data, each value was measured three times, and
the average value was determined. The samples were
characterized by SEM with EDX to show the formation of
an apatite layer on its surface at the end of the immersion
time.
Weight loss test

The degradation test was used for evaluating the
weight loss (%) of the studied sintered HAp discs in 200 mL
of TRIS-HCI buffer (Trizma base 0.05 M, NaCl 0.15 M,
Sodium azide 0.01% w/v) at 37°C (pH 7.4). the prepared
discs were weighed before and after immersed in TRIS-HCI
buffer for a various immersed time (1, 3, 7, 14, 21, 28 days).
Weight loss% was carried for three measurements, and the
mean value was taken to guarantee the accuracy of the
measurement data
The weight loss (WL) was calculated according to the
following equation [48]:
(Wo —wt)

where WO is the initial weight of sample and Wt the final
weight of sample after soaking in Tris solution.
3. Results and discussion

3.1. Characterization of Trough clam shells:

The chemical composition of trough clam shells was
analyzed using XRF, and the results are presented in Table
1. The analysis revealed that the shells are mainly composed
of calcium oxide (55.48%). Additionally, during the
calcination process, there was an ignition loss of 43.59% due
to the decomposition of calcium carbonate (CaCOs) and the
release of carbon dioxide (COz). According to Table 1,
trough clam shells contain various valuable trace elements
in different ratios. The main components of these trace
elements are strontium (Sr), zirconium (Zr), barium (Ba),
and cobalt (Co). Strontium (Sr) is known to boost
osteoblasts, inhibit osteoclasts, and improve bone strength
[49]. Barium (Ba) plays a vital role in increasing apatite
formation, enhancing bioactivity, and promoting good
proliferation and viability of different cell lines [50]. Recent
studies have shown that zirconia (ZrOz) and Zr-ions
stimulate the growth and development of human osteoblasts
[51]. Some in-vitro studies have indicated that Co
encourages angiogenesis and the growth of new bone [52,
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53]. Although small amounts of cobalt (50-100 mol/L)
enhance osteogenesis, higher levels of cobalt inhibit cell
growth [54]. Other elements, such as lanthanum (La),
rubidium (Rb), and zinc (Zn), are also present in small
percentages.

According to the data, the levels of lead (Pb) and chromium
(Cr), which are heavy metals, were found to be within safe
limits that meet the specifications for ASTM F1538-03
biomaterials [55]. The prepared biomaterial should have
controlled heavy metal concentration (ppm) like arsenic
(As) less than 3 ppm, mercury (Hg) less than 5 ppm,
cadmium (Cd) less than 5 ppm, and lead (Pb) less than 30
ppm. In the present study, there were no traces of (Hg),
cadmium (Cd), and arsenic (As) found in the chemical
composition of the trough clam shells.

Calcite, aragonite, and vaterite are three distinct
polymorphic minerals of calcium carbonate. Although they
share the same chemical structure, calcite and aragonite have
different crystallinity. Figure 2 displays XRD pattern for
clam shells, which are composed of calcium carbonate with
an identified aragonite polymorph (JCPDS: 76-0606).
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Fig.2. XRD pattern for trough clam shells powder.
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Fig.3. TGA graph for trough clam shells powder.

The idea of this method is obtaining high intensity scattered
x-ray due to instructive interference which is resulted from
bombardment by monochromatic x-ray. The following
equation states Debye- Scherrer method [56]:

b= B Cos 6
Where D: crystalline size of nano particles (nm), k: Scherrer
constant =0.9, A: the wavelength of x-ray source = 1.542A,
B: the full width at half maximum (FWHM) (radians), 6:
peak position (radians).The result indicated that the average
of the clam shell particles size obtained from XRD data is
36.87 £ 3.50 nm.
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Table 1: XRF analysis of main oxides and trace elements for trough clam shells.

Main
Oxide
i CaO  Si P,0O. g
i0, SO, 205 Na,0O TiO, ALO, MnO MgO KO Cl  Fe, 0, LOI
5548 018 016 913 005 002 <001 <001 001 <001 <001 001 43.59
Trace
Elements
(PPM) Sr Zr Ba Co La Rb Zn Pb v Cr Ni Cu Nb
9810 106 430 230 8.0 6.4 4.0 4.0 <2 <2 <2 <2 <2
Figure  (3) displays the results of and 1021.27cm, with symmetric stretching vibration® (P-

thermogravimetric analysis (TGA) for trough clam shells,
from room temperature up to 1000° C. The calcium
carbonate (CaCOs) decomposition pattern exhibits two
distinct stages. The first stage involves a minor weight loss
between room temperature and 675° C, as a result of the
removal of water and pigments present in the clam shells.
The weight loss in this stage is approximately 6.1%. The
second stage is observed at around 580°C and ends at 815°C.
A rapid reduction in weight loss is detected between 700°
and 900°C, due to the conversion of CaCOs contained in the
clam shells into CaO, along with the removal of organic
matter. In this stage, the weight loss drops and reaches about
36.2%. The weight of the clam shell remains consistent up
to 900° C [57].

3.2. Characterization of the prepared hydroxyapatite
powder from trough clam shells:

The XRD analysis of the prepared hydroxyapatite
powder from trough clam shells by co-precipitation method
at 900°C for 2 hours, is demonstrated in fig. 4. The diagram
indicates that the powder was composed completely of
hydroxyapatite phase matches with JCPDS (009 — 0432),
without appearance of another secondary phase. The peak's
strength and sharpness of the prepared HAp reflected high
crystallinity development [58]. Moreover, the result
indicated that the average particle size of the prepared HAp
powder obtained from XRD data is 55.04 £ 11.78 nm.
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Fig.4. XRD patterns for hydroxyapatite powder calcined at
900°C.

Figure 5 displays the FTIR spectra of calcined
hydroxyapatite powder scanned from 400 to 4000 cm™L. The
presence of Caio(PO4)s(OH)2 components such as PO4*",
CO3?", and OH™ are represented by bands in the spectra. The
appearance of COs>” is due to some compounds not
transforming during sintering. The absorption bands of
PO4* in regions 473.92, 599.25, 563.47, 962.28, 1088.60,
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O) existing for PO4*~ exists at the frequency 962.28cm-
L. There are other various vibrations present in PO4% such as
the symmetric bending vibration? (P-O) at 473.92cm™* and
the asymmetric bending vibration 4 (P-O) at 599.25cm* and
563.47cm™. An absorption band of OH" can be observed in
the range of 629.69cm! as vibration mode and 3572.21cm!
as stretching mode. Additionally, the presence of CO3z*
stretching vibration mode is indicated by the absorption band
at 1411.81cm™%. Two unidentified bands in the spectra can be
seen at the frequency of 430.27cm™ and 673.72cm. The
FTIR results suggest that the main compound present is
hydroxyapatite [59-61].
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Fig.5. The FTIR of hydroxyapatite powder calcined at
900°C.

The transmission electron microscope (TEM) for
calcined hydroxyapatite at 900°C is shown in Fig. 6a. It
shows that hydroxyapatite has hexagonal and semi-rounded
morphology. A dense agglomerated particle appears in the
sample, whose particle size ranges between 38.51 and 99.92
nm. The selected area electron diffraction (SAED) pattern in
Fig. 6b shows that hydroxyapatite powder possesses a well-
crystalline structure.

10 1/nm

Fig.6. TEM images of calcined nano hydroxyapatite (a),
SAED image of calcined nano hydroxyapatite powder (b).
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3.1. Characterization of fabricated hydroxyapatite
dense bodies

Figure (7) displays the influences of the firing temperature
on the bulk density and apparent porosity of the fabricated
hydroxyapatite discs. From the result of graph, as the firing
temperature increases from 1200°C to 1275°C, the apparent
porosity decreases and the bulk density increases due to its
grains become more dense packing. Meanwhile, from
1275°C to 1300°C it is found that decrement in the bulk
density occurred, it may be assigned to the decomposition of
HAp phase to B-TCP [35]. Sintering temperature of HAp
was detected at 1275 °C with the lowest apparent porosity
and highest bulk density.

The bulk density has fluctuation phase with change
temperature. Accordingly, sintering at 1275°C is the best
choice for further investigation; for mechanical and in-vitro
tests. The results indicated that the firing temperature
influenced the physical properties in terms of apparent
porosity and bulk density.

T T T [—m— Apparent porosity|
124 - Bulk density -

Apparent porosity (%)
.
I~I y
Bulk density (g/crm®)

T T T T T T T 24
1200 1220 1240 1260 1280 1300 1320

Temperature (°C)

Fig.7. The influence of sintering temperature on the apparent
porosity and the bulk density of HAp discs.

Figure (8a) shows the XRD of sintered
hydroxyapatite discs sintered at 1275°C for 2h. The XRD
diagram indicated that the sintered samples were composed
mainly of pure hydroxyapatite JCPDS (009 — 0432) with the
appearance of B-tri-calcium phosphate as a secondary phase.
The B-TCP was produced as a result of the decomposition of
hydroxyapatite at high sintering temperatures (>1200°C)
[35]. Numerous studies have suggested the use of HA/-TCP
biphasic calcium phosphate composites in bone repair or
regeneration because they are more successful than pure
phases and have an acceptable rate of biodegradation
[62,63].

The SEM micrograph (Fig.8b) demonstrates the
microstructure features of the sintered HAp bodies. It shows
that the sintered HAp bodies exhibited non-homogeneous
sizes for the grains. It was noticed that the polyhedral grains
tend to agglomerate. Such grain agglomeration results in the
entrapment of pores within grains, thereby accelerating the
grain growth. The figure indicates the presence of few [3-
TCP grains formed due to the high sintering temperature.
The XRD diagram confirmed the presence of B-TCP traces
in the samples' diagram. The presence of some cracks was
also noticed in the sample SEM micrograph. The existing
pores had different sizes and shapes, some were rounded,
while others with no specific shape.
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bodies at 1275°C for 2 h.

The mechanical properties of HAp discs are
shown in Table 2. The results reveal that the bending
strength value is 38.42+ 2.1 MPa and the hardness is
856.35+36.42. It was noticed that the results of the studied
samples are relatively low. Lessing the body's grain size is
regarded as one of the effectual routes to ameliorate the
mechanical properties of ceramic bodies [35], Accordingly
with the increase in the grain size the mechanical properties
were decreased as shown in the present study. In addition,
generally, decreases in the mechanical properties are
enhanced by flaws in the ceramic body, such as pores and
microcracks (white arrows in Fig. 8b). As pores are areas of
stress concentration, the cracks present around such pores
are subjected to different levels of stress and together with
the existing pores they concentrate stresses and lead to
mechanical properties failure [64]. In our next article, we
worked on the production of dense hydroxyapatite
composites that have high mechanical properties and are
suitable for application as a hard bone substitute.

Table. 2: The bulk density, apparent porosity, bending
strength, and hardness of HAp discs.

NEEREES

So3888

Bulk Apparent Bending

density, porosity, strength, I\H/l&gg”ess
glem? % MPa

2.86 * 38.73 *  856.35+36.42
0.02 533121

3.2. In-vitro test

The ICP analysis for the average calcium and
phosphorus ions concentrations for the studied sintered
hydroxyapatite disks as a function of incubation time in 1.5
SBF (pH 7.4) at 37°C, is demonstrated in Fig. 9a. The results
showed that the concentration of calcium ions sharply
decreased during the 1% to the 14" incubation day from 140
to 41 mg/l. During the period from the 14" to the 21% days
of incubation, an increase in the calcium ions concentration
was observed from 41 to 55 mg/l followed by a slight
decrease on the 28™ of incubation, to reach 54.6 mg/l. On the
other hand, the phosphorus ions concentration decreased
dramatically from the 1st to the 21 incubation day from 60
to 18.46 mg/l. On the 28™ day of incubation, an increase in
the phosphorus of 33 mg/l was observed. The above
variations in the calcium and phosphorus ions concentration
in the SBF solution may be assigned to the development of
two phenomena occurring during the incubation period. The
first is the apatite particle formation on the sample surfaces,
which reduced the concentration of calcium and phosphorus
ions. The second is the dissolution process of the examined
body, which raises the concentration of calcium and
phosphorus ions. The rapid decrease in both calcium and
phosphorus ions concentration that was detected in the early
incubation period up to the 21 incubation day reveals that
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the apatite particle formation rate is higher than the
dissolution rate during this period. The apatite particle
formation rate decreased with the end of the incubation
period after the consumption of most of the calcium and
phosphorus ions of the SBF environment and the creation of
an apatite layer over the hydroxyapatite disk surface [65].

The in vitro bioactivity evaluation results
indicated the pH alteration for the samples immersed for
different incubation periods in the 1.5 SBF solution (Fig.
9b). The pH of the SBF solution slightly decreased from 7.44
to 6.88 during the initial day up to the 28th immersion day.
The pH decreased as a response to the creation of apatite
deposits and the OH- ions consumption [66].
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Fig. 9. The changes of the average calcium and phosphorus
ions concentration (a), and pH measurements (b) of the
sintered HAp samples in 1.5 SBF solution as a function of
incubation time.

The ions release of the sintered HAp samples was
estimated through immersion of the samples in Tris-HCI
buffer solution at different immersion periods ranging
between initial to 28 day (Fig. 10a). The Tris-HCI buffer
solution was chosen since it does not contain any of the
elemental components of the hydroxyapatite phase. The
results demonstrated an acute increase in the concentration
of the calcium and phosphorus ions detected on the 21% day
of immersion. It is due to the dissolution process of the
immersed bodies, which is accompanied by positive weight
loss values during the incubation period. At the end of the
28" incubation day, a slight decrease in calcium and
phosphorus ions concentration took place. This drop is due
to apatite particle formation, which consumed these ions and
accompanied by negative weight loss % (Fig. 10b).

The degradation behavior of the sintered
hydroxyapatite discs was evaluated by measuring their
average weight loss% as a function of incubation time in
Tris-HCI buffer solution at pH 7.4 and 37°C, Fig. 10b. A
sharp increase in weight loss % was detected on the 3
immersion day equal to 0.24%, followed by lesser increase
values during the 71, 14" and 215 immersion days equal to
0.03, 0.02, and 0.07% respectively. At the end of the 28™
incubation day, a weight loss was detected equal to 0.13%,
which related to the creation of apatite particles. We believe
that low weight loss results are related to the limited amounts
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of calcium and phosphorus ions released from the sintered
HAp discs.
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Fig. 10. The changes in the average Ca?* and PO4* ions
concentration (a) and change in the weight loss % (b) of HAp
discs during immersion in Tris-HCI buffer solution as a
function of incubation time.

The SEM results of the sintered hydroxyapatite
discs after immersion in 1.5 SBF solution for 28 days are
illustrated in Figure 11. In comparison with un-immersed
HAp samples (Fig. 8b), A highly precipitated dense
agglomerated clusters apatite layer appeared over the surface
of the studied immersed HAp discs in SBF, Fig. 11. The
results pointed out the high surface bioactive of the prepared
HAp bodies. Kim, et al., demonstrated that the synthetic
HAp promotes bone-like apatite formation on its surface
after immersion in SBF solution [67-68]. The bone-like
apatite layer formation takes place when the positive calcium
ions in the SBF solution interact with the negative ions such
as the hydroxyl (OH") and phosphate (PO4%) groups on the
sample's surface, to produce the Ca-rich ACP (amorphous
calcium phosphate) and hence, the surface acquires a +ve
charge. The formed amorphous calcium phosphate interacts
with (-ve) phosphate ions in the SBF solution to produce the
Ca-poor ACP. The produced Ca-poor ACP is then
crystallized into bone-like apatite in the SBF environment
[29].Ca, P and O elements are detected by EDS analysis and
the Ca/P ratio was 1.89. The obtained ratio is in the range of
1.2 to 2.2, which is described for amorphous calcium
phosphate (ACP) by Dorozhkin (2007) [69].
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Fig. 11. SEM micrographs and EDS analysis for the surface
of the sintered HAp disc after 28 days of immersion in 1.5
SBF solution at different magnifications; (b) and (c) show
high magnification of (a) micrograph to show the details of
the microstructure.

4. Conclusions

In the present study, nanocrystalline HAp powder was
produced from clam shells (Mactridae) as a natural biowaste
resource rich with valuable bio-elements. The nano-HAp
was fabricated through economical and eco-friendly
approaches. Moreover, the obtained nano HAp powder was
used to create sintered bodies that mimic the biological
activity and structure of the natural bones. The results
revealed that:

»  The prepared powder comprised pure hydroxyapatite
with a particle size meandering between 38.51 and 99.92 nm.
«  Dueto HAp's partial dissociation and the creation of the
B-TCP phase, pure HAp bodies' apparent porosity increases
while their bulk density drops as the sintering temperature
rises to 1300°C.

»  The optimum HAp bodies sintered at 1275°C for 2h
possess bending strengths of 38.73 + 0.4223.66 MPa and
Vickers hardness of 856.35+36.42 MPa.

« Based on bioactivity measurements and the in vitro
tests, a thick apatite layer was developed on the surface of
sintered HAp bodies after 28 days of immersion in 1.5 SBF.
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