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Abstract

In this investigation, hydroxyapatite (HAp) nanostructure with uniform
morphologies, controllable size, nano-dispersion and narrow-size distribution in
diameter has been synthesized successfully by low-temperature hydrothermal
process, and the as-synthesized powders were characterized by energy-dispersive
X-ray spectroscopy, scanning electron microscopy, high-resolution transmission
electron microscopy (HRTEM), Fourier transform infrared, and induced couple
plasma (ICP). In the present work, a novel technique of sono-chemical of
CaHPO,.2H,0/NaOH/distilled water with cetyltrimethylammonium bromide
((CH4(CH,),sN*(CH,),Br) designated as CTAB) under hydrothermal condition to
synthesize HAp nanostructure was described. Furthermore, the usage of a high basic
condition a water environment is the two crucial keys in ensuring the formation of
HAp the hydrothermal/sonochemical processes. However, the crystallite size and
crystallinity degree of the HAp increased with the addition of annealing temperature.
Indeed, the present work will introduce new method in synthesis of HAs for
scientific and medical engineering.
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1. Introduction

There is an escalating interest in calcium
phosphates, particularly apatites, which seems
to be driven mainly by the requirements for the
development, understanding, and manufacture
of biomaterials [1]. Compounds with the
apatite (Ca,,(PO,)((F, Cl, OH),) structure
have been widely studied due to their potential
applications as biomaterials [2], catalysts [3],
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ion exchangers [4], oxide ion conductors [5],
and luminescent materials [6]. Many synthetic
strategies have been developed to produce
these nanostructures, such as the solid-state
reactions [7] and sol-gel method [8]. Recently,
hydrothermal reactions have been used
successfully as a non-traditional way of
producing nanopowder, single crystals, and
nanostructure [9-11]. Depending on the super-
saturation level and the solution pH, a number
of calcium phosphates may be formed at
ambient temperatures and pressure. In aquatic
solution of pH>4, the order of increasing
solubility is as follows: tricalcium phosphate
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(Cay(PO,),, TCP), octa-calcium phosphate
(Ca,H(PO,),.2.5H,0, OCP), dicalcium
phosphate dihydrate (CaHPO,.2H,0, DCPD),
and hydroxyapatite (HAp) with a hexagonal
structure with space group P6,/m and lattice
parameters a=b=9.4225 A and ¢=6.8850 A
[12]. There are two formula units per unit
cell and the arrangement is typical of the
calcium apatites and can be viewed as
consisting of unconnected, robust PO,
tetrahedral with Ca*2 in the space between and
a chain of OH- ions along the c-axis to balance
the change (Figure 1). Monoclinic structures
with four formula units permit unit cell have
also been reported [13, 14], where the
monoclinic unit cell is obtained from the
hexagonal one by doubling the b lattice
parameter and by having different
arrangements of the anion chains. Difficulties
in obtaining the stoichiometric compound,
particularly with regarded to the hexagonal
phase of HAp presents a problem. Following
failed attempts to fix X-ray diffraction data
using the space group P6,, the structure was
found with space group P6,/m through the
addition of two mirror planes perpendicular
to the (001) and passing through z=1/4 and
z=3/4. However, this structure has four
possible sites for the two OH groups per unit
cell, a difficulty which was resolved by
assuming 0.5 occupancy per site resulting

from disorder in very anion column or
disorder from column to column [15]. Among
of them, HAp, thermodynamically the most
stable calcium phosphate salt, has been
extensively studied because it is the main
inorganic compound of hard tissues in
vertebrates. Although the precipitation of
HAp is of particular importance in the biomin-
eralization processes, very little is known
about the crystal growth mechanism. In
present work, the hydrothermal technique
was developed for the formation of HAp
nanostructures. The nano-HAp is interestingly
crystalline with high-yield. These high-quality
HAp nanorods represent well-defined
nanoscale structure needed for both
fundamental studies and clinical applications.

2. Materials and methods

In the present work, the alkali solution of
HAp was prepared by dissolving
CaHPO,.2H,0/NaOH/distilled  water,
followed by adding 2.0-3.0 g cetyltrimethy-
lammonium bromide (CTAB). Before being
transferred to a Teflon-lined autoclave, the
solution mixture was pretreated under an
ultrasonic water bath for 30-40 min. The
hydrothermal syntheses were conducted at
150 °C for 2 h in an electric oven. After the
reactions, white paste products (HAp
nanorods) were harvested by and decanted

Figure 1. Hydroxyapatite structure viewed along the ¢ axis.
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with distilled. The obtained HAp nanorods
were characterized with scanning electron
microscopy, energy-dispersive X-ray
spectroscopy (SEM/EDX, XL30), and
transmission electron microscopy. The size
distribution and morphology of the samples
were analyzed by field emission gun (FEG)
transmission electron microscope, selected
area electron diffraction (TEM/SAED
observation on a Philips CM200 transmission
electron microscope operated at 200 kV). X-
ray diffraction (XRD) patterns were recorded
in the angular range 26=20-60°. For these
experiments, a Siemens diffractometer (30
kV and 25 mA) with the K, radiation of
copper (A=1.5406 A), was used. The powder
product was further investigated using Fourier
transform infrared (FT-IR) spectroscopy in a
Bruker-IR spectrometer from 500 to 4000
cm! using the KBr technique and operating
in the transmittance mode.

3. Results and discussion
In Figure 2, the XRD patterns of the three
samples are presented. It can be found that,
with the prolonging of the reaction time, the
basal lines of the samples become flattened,
which indicates that the crystalline quality
of the samples improved. Furthermore, the
intensity of the peaks of HAp also increased
when the reaction time prolonged in constant
4500
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temperature 150 °C. This result may indicate
that, amorphous HAp transformed into
crystalline HAp under high-temperature and
high-pressure hydrothermal conditions.
Moreover, at a higher temperature of 200 °C,
the peak ascribed to HAp phases show better
crystallization compared with HAp formed
150 °C even for a long reaction time. It means
that the rates of precipitation and the crystal-
lization increase with the temperature and
the reaction period, resulting in lager size
and that cause sharper peaks of XRD. So,
we may conclude that the HAp powders do
not crystalline completely below 150 °C (not
shown).

Figure 3 shows the SEM image of HAp
nanostructures. The typical spherical HAp
nanostructures consisted of the HAp rod-like
with 50-30 nm in diameter and several
micrometers in length. By definition of the
rod-like HAp nanostructures, it is impossible
that the aggregation resulted in the rod-like
nanostructures, because long time ultrasonic
treatment could not destroy the nanostructures.

In Figure 4, TEM image reveals the
morphology of nanostructure formed at 150
°C for 20 h with diameters of 15-40 nm and
length of 70-150 nm. It is quite obvious that
the morphologies of the products change
considerably as a functions of the residence
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Figure 2. XRD patterns of HAp samples at different reaction times. (A): 15 h, (B): 20 h and (C): 25 h.
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Figure 3. SEM images of as-synthesized HAp obtained at hydrothermal condition.

time in the autoclave. On the basis of the
morphologies observed by TEM, it can be
concluded that the size of the particles increase
with the increase of reaction time, a fact that
is consistent with the results of the XRD
patterns.

The selected area electron diffraction
(SAED) pattern taken from the as-prepared
HAp nanostructure synthesized at 150 °C for
20 h consists of a number of rectangular and
some distinct spots along the ring contours,
suggesting a hexagonal structure. The spots
in an electron diffraction pattern arise due to
the diffracted electron beam from a set of
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Figure 4. TEM images of HAp nanostructure.
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lattice planes in the crystalline present in the
sample satisfying the Bragg diffraction
condition. In other words, the ring is an
envelope of all diffracted spot. Among same
of the rings a few spots appear to be
prominent, which indicates the formation of
crystallites. The interplanar spacing values
are calculated from Bragg’s diffraction
equation using the diffraction ring diameter
and the camera length of the TEM. The
chemical stoichiometry of nanorods was
investigated with EDX which indeed gave
an atomic ratio of HAp ~ 1.67. At the same
time, this result is consistent with the




inductively coupled plasma (ICP) calculation.
More details about the structure of HAp
nanostructures were investigated by the SAED
pattern and TEM.

FT-IR analysis revealed the presence of
carbonate on the surface of the HAp. FT-IR
showed the transmittance infrared spectrum
of synthetic HAp in the 4000-650 cm! region.
A narrow band located near 965 cm!
represents the v, mode of PO, ions in apatite.
The main signal of phosphate appears in the
triply degenerate v; domain (1000-1100 cm?).
The adsorption band at 3500 cm™! confirmed
the presence of OH- groups. The v, peak of
CO,? is located at 875 cm!; this absorption
results from out-of plane stretching. The v,
mode, near 1400 cm-1, is the strongest IR
peak for carbonate. This peak is actually
composed of two bands [16, 17]. The shape
of the v, signal and the absence of the C-O
absorption bands at 700 ¢cm™! indicate that
no calcite was associated with the HAp.
Carbonate ions can substitute for either OH-
or PO, ions in the apatite structure (type A
CO,? or type B CO,%) [18, 19].

4. Conclusion

In summary, an effective method was
developed for the formation of ultra-
crystallinity rod-like HAp. The nano-rods are
highly high aspect-ratio, high-crystalline and
uniformly structured. These high-quality HAp
nano-rods represent well-defined nanoscale
structure needed for both fundamental studies
and clinical applications. As the matter of
fact, this method (hydrothermal synthesis)
guarantees its production in the synthesis of
HAs for different applications.
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