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ABSTRACT

Hydroxyapatite (HA) is a major non-organic component of bones and is widely used as orthopaedic and dental
material. It is widely used in biological materials due to the apatite-like structure of enamel, dentin, and bones. Black
Sea Rapana venosa shells may be used as natural raw material for solid-state synthesis of hydroxyapatite. Huge
amounts of rapana shells fall on the shores of the Black Sea and lead to environmental pollution. The wide availability
and low cost of rapana shells, as well as the fact that they contain mainly calcium carbonate, make them a low-cost
raw material for the solid-state synthesis of hydroxyapatite. In this paper a solid-state synthesis of hydroxyapatite
from the Black Sea Rapana venosa shells and monocalcium phosphate monohydrate Ca(H,PO,),.H,0 is discussed.
The raw materials previously were calcined at high temperature of 1000°C to increase their reactivity and formation
of a good crystal structure. Then they were homogenized at a 1 to 1 weight ratio in ball mill. Samples with dimensions
of 3x 0.5 cm were pressed at a pressure of 50 MPa on a hydraulic press and then fired at 1180°C with 2 hours hold
at maximum temperature. Synthesized hydroxyapatite was confirmed by XRD and FTIR spectroscopy analyses.
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INTRODUCTION

Marine shellfish farming is an essential component
of the global aquaculture industry with a trend for
continued future growth. This industry generates
significant waste products mainly in the form of shell
material, which is currently underutilized and is a
major source of environmental pollution. The material
of the sea rapana venosa shells attracts attention due to
the high content of calcium carbonate, low price, and
availability provided by the rapidly growing seafood
industry. Black Sea rapana venosa shells are functional
biomaterials and CaCO, in them can be converted into
a biogenic CaO. The most widely discussed biomedical
use for them is in bone and tissue reconstruction [1 -
8]. The CaO powder from sea rapana venosa shells
has been shown to have osteogenic properties and to
act as a substrate on which new osteoblasts can grow
and release bone [8]. Researchers have suggested

that from sea shells may be formed hydroxyapatite
[Ca,(PO,),(OH),), HA] and tricalcium phosphate
[Ca,(PO,),, B-TCP] which are a class of ceramic
materials that are widely used in tissue regeneration
and biomedical applications owing to their excellent
bioactivity and biocompatibility [9- 12]. Hydroxyapatite
is a material that is classified as bioactive and used in
orthopedic, dental, and maxillofacial applications.
It is widely used in biological materials due to the
apatite-like structure of enamel, dentin and bones.
Hydroxyapatite may be applied in forms such as
powders, porous blocks, and dense ceramics [13 - 17].
Hydroxyapatite can be obtained from natural marine
sources such as snail shells, rapana venosa shells,
anadara granosa shells, corals and others by solid state
synthesis and hydrothermal synthesis [18 - 20].

The purpose of this paper is a solid-state synthesis of
hydroxyapatite from Black Sea rapana venosa shells and
monocalcium phosphate monohydrate Ca(H,PO,),.H,O.
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EXPERIMENTAL

Black Sea Rapana venosa shells are one natural raw
material for solid-state synthesis of hydroxyapatite. In
previous research, we have proven that rapana venosa
shells contain over 98 % calcium carbonate. For the
synthesis of hydroxyapatite, we first crushed and ball-
milled the rapana venosa shells to a powder with particle
size under 63 um. In our previous research, we found
that shell powder is decarbonized to CaO at 1000°C,
so we calcined this powder at 1000°C for 1 hour to
produce CaO. The other raw material for the synthesis of
hydroxyapatite is monocalcium phosphate monohydrate
Ca(H,PO,),.H,0. It is also calcined to 1000°C and
passed through a sieve with a particle size of fewer than
63 um. Calcination at the high temperature of the starting
raw materials leads to an increase in their reactivity and
to the formation of a good crystal structure. Then, in a
ball mill, the two powders in a weight ratio of 1:1 were
homogenized and tablets with dimensions of 3 x 0.5 cm
were pressed at a pressure of 50 MPa on a hydraulic
press. The pressed samples were fired at 1180°C with
a hold of 2 hours at the maximum temperature. Then
the samples were ground to powder. For the production
of dense samples from the synthesized hydroxyapatite
powder and sintering additive of 5 mass % Li,CO,
were pressed tablets with dimensions of 3 x 0.5 cm at
a pressure of 50 MPa on a hydraulic press and fired at
1100°C for 1 hour hold at maximum temperature. To

Intensity, a. u.

analyze the raw materials and the fired samples were
used X-ray diffraction (DRON 3M diffractometer, Cu Ka
radiation, wavelength 1.7903 A, 28 mA current and 40
kV voltage) and FTIR spectroscopy (apparatus “Perkin-
Elmer Spectrum1000” in the area 4000 cm™ - 400 cm™).
The microstructures of the synthesis hydroxyapatite
powder and the sintered hydroxyapatite samples were
studied by a scanning electron microscope Tescan FIB-
SEM LYRA operated at 20 kV acceleration voltage.

RESULTS AND DISCUSSION

Fig. 1 and Fig. 2 illustrate XRD of the initial raw
materials. In Fig. 1 XRD of rapana venosa shells is
observed that the predominant crystalline phase =~ 82
% is calcite (CaCO,, PDF # 05-0586). The other phase
that is detected is aragonite (CaCO,, PDF # 41-1475).
XRD of monocalcium phosphate monohydrate is shown
in Fig. 2. On the diffractogram, only peaks characteristic
for monocalcium phosphate monohydrate (Ca(H,PO,),.
H,O, PDF # 09-0347) are observed.

Figs. 3 and 4 show diffractograms of the initial
calcined raw materials. After calcination at 1000°C
the shells contain over 95 % calcium oxide (CaO,
PDF # 37-1497) and 5 % portlandite (CaOH, PDF #
01-070-5492). On the diffractogram of the calcined at
1000°C monocalcium phosphate monohydrate, delta
(d-Ca(PO,),, PDF # 09-0363) and alpha a-(Ca(PO,),)
metacalcium phosphate were detected [21]. There is

—1CaCo, - Calcite
== CaCO; - Aragonite

10 20

40 50 60

20 CuKa, degree

Fig. 1. Powder X-ray diffractogram of rapana shells.
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Fig. 2. Powder X-ray diffractogram of monocalcium phosphate monohydrate.
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Fig. 3. Powder X-ray diffractogram of powdered rapana shells calcined at 1000°C, 1 hour.

no dispute in the literature regarding the conversion
of monocalcium phosphate monohydrate to calcium
metaphosphates as a result of heat treatment. On the
other hand, the question of polymorphic transformations
of metaphosphates is complex and unclear. The position
of the most intense peaks of the diffractogram in Fig.
4 do not match to those of the phases a-Ca(PO,), and
b-Ca(PO,),, which are expected at the corresponding
heating temperature.

Figs. 5 and 6 show the FTIR spectra of the calcined
raw materials. The FTIR spectrum of powdered rapana
shells calcined at 1000°C for 1 hour is shown in Fig. 5.

The narrow absorption band at 3641 cm™! is due to
stretching mode of O-H in the structure of portlandite
Ca(OH), [22]. The absorption bands at 1480-1420 cm'!
and at 870 cm! are assigned to vibration modes C-O of
carbonate groups CO,*[22, 23]. This is indication for
slight carbonation of the sample in the air. Moreover,
there are some bands in the spectra at 1648 cm™! and =
3412 cm! which could be attributed to HOH deformation
and to O-H stretching vibrations of water molecules.
The FTIR spectrum of monocalcium phosphate
monohydrate after calcination shows also three set of
bands, ranging from 471 cm™ to 800 cm™, 940 cm™!
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Fig. 4. Powder X-ray diffractogram of mono calcium phosphate monohydrate calcined at 1000°C, 1 hour.
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Fig. 5. FTIR spectrum of powdered rapana shells calcined at 1000°C, 1 hour.

to1084 cm™ and 1114 ecm to 1629 c¢cm’!, in accordance
with Moustafa el al. [24]. The bands posited at 471 cm™,
491 cm™, 551 ecm™ and 567 cm can be ascribed to the
bending vibration or bending phosphorus such as O-P-O
and O=P-O [24]. The band at 534 cm™! could be detected
as O=P-O bending mode [24] and those at 713 cm™!,
755 cm! and 800 cm! can be related to the symmetric
stretch of O-P-O bridges (v P-O-P) in compliance with
[24]. The band at 940 cm™ and a band with very small
intensity at 1002 cm™' can be ascribed to PO, stretching
vibrations [24 - 27]. The bands at 1034 cm™, 1084 cm!,
1114 cm™ could be related to the v  P-O-P [24] and
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symmetric stretching PO, [24, 25]. The band with very
small intensity, centered at 1247 cm™ can be correlated to
the bridging PO, antisymmetric stretching vibration [25].
On the other hand, the bands posited at 1269 ¢cm™' and
1629 cm' can be assigned to the presence of v PO, [24,
25, 27] and P-OH [24]. In addition, the bands, centered
at471 ecm™, 559 cm™, 718 cm™, 750 cm™', and 946 cm’!
could be rated also to the Ca(PO,), in accordance with
our XRD data.

XRD of synthesized at 1180°C hydroxyapatite,
presented in Fig. 7, confirmed the formation only of one
crystal phase of HA (PDF # 01-089-6440). The FTIR
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Fig. 6. FTIR spectrum of powdered monocalcium phosphate monohydrate calcined at 1000°C.
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Fig. 7. Powder X-ray diffractogram of hydroxyapatite synthesized at 1180°C, 2 hour at maximum temperature.

spectrum of the synthesized hydroxyapatite is shown in
Fig. 8.

There are four infrared active vibrational modes for
phosphate ions n, n,, n, andn, [28 - 30]. In the infrared
spectrum of hydroxyapatite powder the n, band has
two sites present at 1090 cm and 1044 cm!. Phosphate
n band is present at 961 cm™. Phosphate n, band has
three sites observed at 631 cm™', 601 cm™ and 569 cm™'.
According to some researchers [30], the band at 631 cm!
in the apatite spectrum refers to OH- oscillations. The
weak band at 471 cm™ is in the region of phosphate n,
bands. The number and positions of the phosphate bands

ofinfrared spectrum are characteristic for hydroxyapatite
in accordance to [28]. The OH- band visible at 3569
cm! (O-H stretching) is also a characteristic feature
of the apatite spectrum. Assignment of observed
infrared band positions for synthesized hydroxylapatite
powder is given in Table 1. Carbonate ions occupy two
structural sites in carbonated apatite. Characteristic
carbonate absorption corresponding to the CO, n, and
CO, n, infrared active vibration modes can be observed
respectively around 840 cm™ - 900 cm™ (873 cm™!) and
1300 cm™ - 1650 cm™ [28, 29]. The shoulder detected
in the spectrum at 879 cm™ is assigned to the CO, n,.
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Fig. 8. FTIR spectrum of hydroxyapatite synthesized at 1180°C, 2 hour at maximum temperature.

Table 1. Observed infrared band positions for synthesized hydroxylapatite powder.

Observed band position Peak assignment Ref.
3642 O-H stretching characteristic for Ca(OH), 22
3569 Hydroxyl stretch 28
3530 . o

O-H stretching vibrations of water molecules 29
3425
1624 HOH deformation
1455 n,CO> 28
1410 n, CO> 28
1090 )

n, PO,* (asymmetric valence mode) 28,29
1044
961 n PO (symmetric valence mode) 28
879 shoulder n,CO*» 30
860 shoulder n,CO*» 32
777 n P-O-P linkages 31
740 symmetric valence oscillations of the P-O-P bridge bonds, 13

formed by condensation of the PO * tetrahedron
714 n P-O-P linkages 31
631
601 n,PO,* (asymmetric deformation mode) 28,29
569
471 n, PO > 28
416 shoulder n, PO > 34,35
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The occupancy of the n, sites depends on competition
between the OH and CO,* groups [28]. On the other
hand, it is possible that the shoulder at 879 cm™' may be
due to P-OH stretching vibration of HPO,* [30]. The
occupancy of n, is considered to occur competitively
between PO, and CO,>. The observed bands in the
region 1400 cm™ - 1500 cm™ are assigned to CO, n, as
well as to surface carbonate ions. In addition to bands
that refer to structural groups in the composition of
the apatite phase, bands that refer to other phases
are found in the experimental infrared spectrum. The

SEM HV: 20.00 kv WD: 9.584 mm
Vac: Hivac Det: SE
SEM MAG: 10.32 kx

5 pm
Date(m/d/y): 10/05/22

well-defined band at 3642 cm™ is related to the O-H
stretching mode in the structure of Ca(OH),. Water
bands are also seen ~ 3425 cm™.

SEM pictures of synthesized at 1180°C hydroxy-
apatite and sintered with 5 mass % Li,CO, additive
are shown in Figs. 9 and 10, respectively. The SEM
image, presented in Fig 9, shows a homogeneous
porous structure with a grain size below 10 microns.
Idiomorphic crystals of various sizes are observed, with
a predominance of those 4 - 5 microns in size. In Fig.
10 a sintered dense hydroxyapatite ceramic is visible.
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Fig. 9. SEM of synthesized at 1180°C hydroxyapatite powder.
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Fig. 10. SEM of sintered at 1100°C hydroxyapatite ceramic.
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CONCLUSIONS

With the present experiment, we proved that the
Black Sea rapana venosa shells could be used as initial
material for the solid-phase synthesis of hydroxyapatite.
Hydroxyapatite was successfully obtained by solid-
state synthesis from rapana shells and monocalcium
phosphate monohydrate after firing at 1180°C with
a hold of 2 hours at the maximum temperature. The
synthesized hydroxyapatite was proven using the
XRD, FTIR spectroscopy, and SEM methods. A
hydroxyapatite ceramic was also obtained after sintering
the hydroxyapatite powder with addition of lithium
carbonate at 1100°C heating for 1 hour at the maximum
temperature.
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