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Being a major constituent of hard tissues found in humans, synthetic hydroxyapatite (HA) as a
substitute to natural bone and teeth is gaining importance. In particular, nano hydroxyapatite is expected
to impart considerably superior properties. The current research focuses on identification of mechanism
of the formation of HA nano-crystals during its preparation when surfactant nano reactors are used for
their nucleation and growth. In addition to having a rod-shaped morphology, high resolution electron
microscopy has revealed the presence of 2-5 nm crystals within individual particles of HA. The HA
particles were not completely hollow, rather nano sized spherical pores of about 5 nm size, have been
observed in TEM. These pores are suggested to have formed due to evolution of gases during processing.
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1. Introduction

Development of synthetic replacement materials for
orthopedic and orthodontic applications has been the
subject of active research. Traditionally, the key ingredient
of hard tissues in humans is a calcium phosphate, called
hydroxyapatite (HA) or Ca,(PO,),OH™. Besides this, the
remaining constituents are living cells and collagenous
matrix. As a bone graft substitute, the synthetic materials
are expected to assist and encourage natural cell growth and
extracellular matrix formation®“. Other important calcium
phosphate phases, such as a and B tri-calcium phosphates,
have also been used in bioresorbable applications®.

Although synthetic HA is exceptionally biocompatible, its
use has been limited to non load-bearing applications. This is
because of its inadequate mechanical properties, resulting
from poor compaction and sintering characteristics’. It is
believed that nano structured calcium phosphate ceramics
can improve the sintering kinetics due to the presence of
large surface area and subsequently lead to significant
improvement in mechanical properties. In addition, the
properties of HA, including bioactivity, solubility, fracture
toughness and absorption, can be tailored over wide ranges
by controlling the composition, size and morphology of
the powder particles®®. For these reasons, it is important to
further develop synthesis methods for HA.

Recently, surfactant based systems are being explored
for the synthesis of nano-sized materials as they presumably
provide very efficient templates for controlling reactions and
thus the particle size and shape’. The control on the particle
size and morphology using molecule-templates has been
discussed in many review articles'®"*. Micelle formation
of a surfactant in solution is induced by the hydrophobic
interactions between hydrocarbon parts of the surfactant
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molecules balanced by their hydration and electrostatic
repulsive effects'®. These organized organic surfaces can
control the nucleation of inorganic materials by geometric,
electrostatic and stereo-chemical complementarities between
the embryonic nuclei and the functionalized substrates'*'*.
Surfactant assembly also shows more versatility because
the size range of the reaction environment is more extensive
and there is potential for molecular engineering of surface
functional groups'. Cationic surfactants, besides their
surface activity, do show some antibacterial properties and
are also used as cationic softeners, lubricants, retarding and
antiseptic agents and in some cases for consumer uses®.
Cationic surfactants are well known compounds belonging
to quaternary salts and have been examined for their surface
solution behavior using variety of methods*!-*.

The present study is focused on preparation of HA nano
powder by using surfactant molecular self-assembling
technology. A cationic surfactant is used as regulator of
nucleation and crystal growth. The formation of hydroxyapatite
nano crystals has been investigated by using high resolution
electron microscopy.

2. Methods and Material

Hydroxyapatite nano powders were synthesized in nano
reactors that are formed when a suitable surfactant is used in
the precursor solutions. In the present study, cetyl trimethyle
ammonium bromide (CTAB) was used as a surfactant. Other
materials used are calcium chloride (CaCl,) and di-potassium
hydrogen phosphate (K,HPO,). Sodium hydroxide (NaOH)
was used to maintain pH of the solution at required levels.
All the chemicals were of analytical grade supplied by
Merck. Aqueous solutions were prepared by dissolving the
chemicals in distilled and de-ionized water.
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Flow diagram of the synthesis process is shown in
Figure 1. In brief, aqueous solutions of calcium chloride
and di-potassium hydrogen phosphate were prepared by
dissolving the required amounts in 60 ml and 100 ml of
de-ionized water respectively. Surfactant solution with
a concentration of 0.4 M was prepared by dissolving the
required amount of CTAB in 100 ml of de-ionized water.
Both the surfactant and phosphate solutions were then mixed
together while the pH of the resulting mixture was adjusted
to 13 with NaOH. The above solution was kept for two hours
to ensure the co-operative interaction and self assembly
process of micellization to be completed.

Subsequently the CaCl, solution was slowly added to
the prepared solution mixture, yielding a milky suspension,
which was refluxed at 120 °C for 24 h. The precipitates were
than filtered and washed with de-ionized water. A gel like
paste was produced that was dried in an oven at 100 °C for
24 h. The dried powder was subsequently calcinated in air
in a furnace at 550 °C for 5 h to yield HA powder.

To study the composition and functional groups present
in the product powder, Fourier transform infrared (FTIR)
spectroscopic measurements were taken on Perkin-Elmer
FTIR (model Midac 1000 series) spectrophotometer. Infrared
spectra were recorded in the region of 500 cm™ to 4500 cm!
with a resolution of 16 cm™.

The X-ray diffraction (XRD) measurements were taken
by using a Bruker D8 Discover powder diffractometer using
Cu-K radiation with a wavelength of 1.54 A. The instrument
was operated at 40 kV with a current 0of 40 mA. The specimens
were scanned between 20 range of 15° to 70° at a scanning
speed of 4°/min.

The nano powders were characterized including their
particle size, shape and morphology by using a Jeol JSM
6340F field-emission scanning electron microscope. Thorough
analysis of the crystallite size and shape within individual
particles was carried out by using a JEOL 2100 transmission
electron microscope also equipped with a field emission gun.

3. Results and Discussion

In order to create nano-reactors of micelles, surfactant
is dissolved in water. When cationic surfactants are added
to aqueous media, their molecules spread on the surface,
resulting in a decrease in surface tension. With increasing
concentration of the surfactant, the aqueous surface
eventually gets saturated, thereby, encouraging formation
of micelles inside the aqueous medium. Depending on the
actual concentration of the surfactant above critical micelle
concentration (CMC), micelles can have shapes which are
either spherical, rods (with varying aspect ratios), or lamellar.

Next, the surfactant solution containing micelles is mixed
with the phosphate precursor solution. Adsorption of phosphate
onto the micelle surfaces during the surface treatment of
micelles occurs due to electrostatic force of attractions of the
oppositely charged ions. Subsequently, with the addition of
calcium precursor solution, Ca** approaches the surface of
micelles containing phosphate to form calcium phosphate as
surface layer (see Figure 2). By adjusting to the required pH,
temperature and reflux conditions, the conversion of calcium
phosphate to hydroxyapatite took place. These parameters
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are also important to control the morphology of the nano
particles®. Significantly high concentration of the surfactant,
above the CMC, renders the surfactant molecules to adopt a
cylindrical shape. Since the HA particles form on the surface
of micelles, they are anticipated to also take a cylindrical
shape with an inner core of surfactant molecules. Calcination
process is used to eliminate the nano-reactor templates from
inside the particles, presumably leaving hollow HA particles,
while simultaneously improving crystallinity of HA phase.

The HA powder obtained was observed to have a white
color with good flow properties. In powder form, the nano
particles of HA are clustered into large agglomerates of
irregular shapes. However, the particles are weakly bonded
and the clusters break easily with ultrasonic agitation in an
aqueous medium. This method was used to prepare samples
for SEM and TEM studies. XRD results (Figure 3) revealed
the presence of hydroxyapatite phase with a hexagonal crystal
structure (PDF card number 009-0432 and 01-072-1243).
The crystallite size was calculated by using Scherrer formula®.
The HA nano particles were composed of tiny crystals of
about 5 nm size.

Figure 4 shows FTIR spectrum of the HA after calcination.
The bands at 566 cm™ and 607 cm™" are derived from v,
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Figure 1. Flow diagram of procedure for the synthesis of nano
hydroxyapatite.
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Figure 2. Schematic of hydroxyapatite phase formation on CTAB
micelles.
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Figure 3. X-ray diffraction pattern of calcined hydroxyapatite
powder. All the peaks match with the hexagonal hydroxyapatite.
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Figure 4. FTIR spectrum of calcined hydroxyapatite.

bending vibrations of P-O mode and the 960 cm™ band
resulted from the v, symmetric P-O stretching vibrations?’.
The peaks from 1400 cm™ to 1600 cm™!' are attributed
to carbonates which are observed in the given spectrum.
The strong bands at 1033 cm™ and 1089 cm™' are also
assigned to the P — O stretching vibrations of PO .
The broad bands at 3100 cm ™" and 3400 cm™' are related to
the absorbed water and OH ', respectively, while the weak
peak at 3785 cm™! corresponds to the stretching vibration
of OH™! ions in the HA lattice”. A very small peak at
2357 cm™ indicates the possible presence of traces of CTAB
molecules left in the HA powder after calcination process.

SEM image (Figure 5) shows that the HA powders, as
expected, are composed of rod-shaped particles with fairly
consistent size and shape distribution —rods having a diameter
of about 50 nm and lengths varying between 200-300 nm.
There has been no evidence of hollowness or continuous
empty space inside the cylindrical particles.

The TEM analysis in Figure 6 shows general shape and
distribution of size range of the HA particles, whereas the
image of individual particle taken at higher magnification
is shown in Figure 7. Complete surface morphology of the
cylindrical particles has been revealed. Apparently, individual
particles do not have a smooth surface, rather a jagged and
very uneven surface is observed. It also shows round bright
patches, of size 5 nm or less, distributed randomly in all the
particles. These patches are suggested to be nano-pores that
may have been formed while the powder is being dried and
subsequently calcinated during the final stages of preparation.
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Figure 5. SEM image of rod-shaped nano particles of calcined
hydroxyapatite.

Figure 6. TEM image of nano rods of hydroxyapatite particles
showing some variation in size.

Figure 7. TEM image of a single nano rod of hydroxyapatite showing
jagged surface and also spherical nano pores.
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(b)

Figure 8. (a) TEM image showing hydroxyapatite nano rods; (b) electron diffraction and lattice imaging of several nano crystals present
in a small part of hydroxyapatite nano rod shown in the square box in (a).

The spherical nature of pores or voids (see Figure 7) is
usually attributed to the evolution of gases during processing.
It can also be noted here that the particles does not show
any evidence of continuous cylindrical porosity throughout
the rods. Thus, the particles are not hollow from within as
may have been expected due to the proposed mechanism
of formation.

It is further revealed by the high-resolution TEM that
individual particles are composed of small crystallites.
This is evident from Figure 8, where lattice images of many
crystallites that form the particle, are revealed clearly and
independently. The size of these crystallites is between
3-5 nm. This observation also agrees well with the crystal
size calculation according to the XRD. It is proposed that the
small crystallites are formed on the surface of the cylindrical-
shaped micelles during synthesis. These HA crystals would
self assemble to form a continuous film assuming the
shape of the micelle, while the surfactant molecules and
their hydrocarbon tails are trapped inside forming a core.
Calcination of synthesized HA powders would then release
the organic surfactant molecules presumably leaving pure,
cylindrical shaped HA particles. However, the absence of
any large pores or hollowness inside the particles suggest
that the self-assembled nanocrystalline film of HA may have
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4. Summary
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