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Abstract

Hydroxyapatite (HA) powders were synthesized by the wet precipitation method, with and without surfactant, under identical

processing parameters. These powders were then heat treated at 900 1C for 3 h in air. The detailed characterization of the powders was

done by using SEM, dynamic light scattering, nitrogen adsorption, XRD, Raman spectroscopy, and FTIR techniques. The HA phase,

identified by well defined PO4
3� and OH� ion peaks in Raman and FTIR spectra, was observed in all the powder samples. The addition

of surfactant changed the morphology of the particles from spherical to needle/rod-like structure and increased the surface area up to

three times (from 33 to 96 m2/g). Also, suppression in the evolution of b-TCP phase was observed along with decrease in the crystal size

and crystallinity of the powder due to the addition of surfactant. Synthesized nano-HA crystals were found to have diameters and

lengths in the range 10–25 nm and 75–150 nm, respectively. The heat treatment changed the architecture of the particles, increased the

crystallinity and reduced the surface area to E7 m2/g. However, the relative increase in crystallinity was much higher for the powder

synthesized with surfactant. The ratio of the average crystallite size to the crystallinity degree was about 0.5370.07 for all the powders.

The particle size distribution was bimodal and coarser for the powder synthesized without surfactant. The pore size analysis showed

transformation of a predominantly mesoporous structure into a meso- plus macroporous one on heat treatment. The intensity of OH�

group peak in Raman spectra was found to be highly sensitive to the crystalline state of the HA powder and may be used to assess

crystallinity.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Apatites are the most important constituents of hard
human tissues like bones and teeth. Therefore intensive
research is going on these materials for the last several
decades. Amongst the apatites, hydroxyapatite (HA) is the
most important one as its chemical composition is similar
to the inorganic part of human bones and teeth. It is one of
the few materials which have the characteristics of bio-
compatibility, bioactivity and osteoconductivity. It has a
wide range of applications like treatment of bone defects,
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coatings for dental and orthopedic implants, craino-max-
illofacial reconstruction and spinal surgery [1,2]. It is also
used in variety of applications like lighting materials,
catalyst support, chromatographic columns, chemical sen-
sors, ion conductors, agents for drug delivery and prevent-
ing proliferation of cancer cells [3–6]. For each of the
applications there are specific requirements in terms of
morphology, particle size, particle size distribution, crystal-
linity and purity level. For example, their use as coatings
on medical implants demands high crystallinity for
enhanced stability in physiological conditions [7]. How-
ever, for the removal of heavy ions like Pb2þ and Zn2þ

from waste water, low crystallinity and high specific surface
area of HA powders are desirable [8]. It has also been shown
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that protein adsorption on HA particles is influenced by the
volume of micropores in the examined samples; and powders
with higher amount of micropores adsorb more protein [9].
The phase composition of calcium phosphates (HA, a-TCP,
b-TCP etc.) is another important characteristic that defines
the dissolution, and hence the bioactivity, of a particular
phase [10]. Moreover, it is well known that nano-grained
ceramics could be sintered at comparatively low temperatures
as compared to micro-grained counterparts.

A number of routes have been used for the synthesis of
hydroxyapatite (HA) that include the sol–gel method
[11,12], solid-state reaction method [13,14], hydrothermal
method [15,16], template-directed method [17,18] and
micro-emulsion method [19,20]. However, amongst them
all, the wet chemical precipitation method is an easy way
to prepare HA powders. The type of processing route
adopted and the synthesis conditions used affect the
morphology, particle size distribution, the degree of
crystallinity, phase purity, specific surface area and the
porosity of the HA powders, which ultimately define its
use for a particular application.

The chemically synthesized HA particles may have
different morphologies like spheres, needles, rods, fibers,
plates etc. However, the needle or rod-like morphology of
HA is preferred and is of great interest for the researchers.
This is due to the fact that HA like crystals are arranged in
those morphologies in human calcified tissues having
dimensions of 25� 4� 2 nm and 35� 25� 4 nm for bone
and dentin, respectively, as given in review [21] and
references therein. Therefore, to mimic the properties of
natural bone, researchers would like to synthesize HA
crystals with the morphology and the size mentioned
above. To control the morphology and to reduce the
particle size different surfactants/dispersants like cetyltri-
methyl ammonium bromide (CTAB), polyethylene glycol
(PEG), sodium dodecyl sulfate (SDS), citric acid, ethanol
amine and polyvinyl alcohol (PVA) have been utilized
[6,17,18,22–29]. CTAB is a biocompatible cationic surfac-
tant which ionizes in aqueous solutions to generate
positively charged monomers. These monomers then self-
assemble and act as nucleating sites to adsorb (PO4)

3� first
and then Ca2þ ions on their surfaces to produce HA
crystals through precipitation phenomena [30].

The synthesis conditions like temperature, pH and CTAB
concentration strongly affect the morphology, size and phases
of HA and other calcium phosphate particles [5,6,23,29,30]. Li
et al. synthesized HA particles using CTAB:PO4

3�=1:1
proportion at 40, 80, 120 and 160 1C, and reported the
elongation of HA rods at higher temperatures [23]. They
employed CaCl2 and K2HPO4 � 3H2O as Ca and P sources,
respectively. It is also reported that efficacy of CTAB to alter
HA morphology was more prominent when solution pH was
maintained at 9 as compared to solution pH of 13 under
hydrothermal conditions using CaCl2 and H3PO4 precursors
[5]. HA nanostructures with diameters/widths and lengths of
27–120 nm and 200–1000 nm, respectively, were obtained
when CTAB concentration employed was in the range 170–
240 mM [5,29,30]. However, the change in morphology was
not evident when comparatively smaller concentration of
CTAB (5–30 mM) was used in hydrothermal environment
[26]. In that study [26], only spherical/slightly elongated
particles were observed, although the concentration selected
was above the critical micelle concentration (CMC) of 0.9–
1.0 mM. The use of CTAB in aqueous solutions above CMC
promotes rod-like micelles [31] and consequently HA needles/
rods were expected. In the present study, HA powders were
synthesized using the wet precipitation method with and
without a surfactant. The purpose is to evaluate and compare
the effect of surfactant addition and heat treatment on
morphology, size, crystallinity, surface area and porosity of
chemically precipitated HA crystals.

2. Experimental methods and procedures

2.1. Synthesis of powders

HA powders were synthesized by two routes: (i) without
any surfactant—hereafter referred to as ‘NoSurf’, and (ii)
with surfactant—hereafter referred to as ‘Surf’. In the first
(‘NoSurf’) route, the HA particles were synthesized with
calcium nitrate tetrahydrate (Ca(NO3)2 � 4H2O) as a calcium
source, diammonium hydrogen phosphate (NH4)2HPO4 as a
phosphorous source and ammonia solution as an agent for
pH adjustment. In the synthesis process, first a solution was
prepared by dissolving 262.5 g of Ca(NO3)2 � 4H2O in
1600 ml of distilled water by heating it at 80 1C with
continuous stirring. Similarly, a second solution was prepared
with 76 g of (NH4)2HPO4 dissolved in 1100 ml of distilled
water under the same conditions. The pH of (NH4)2HPO4

solution was adjusted to 12 by adding ammonia solution
before the drop-wise addition of Ca(NO3)2 � 4H2O solution
into it. It is reported that the pH greater than 10 is beneficial
for obtaining pure HA [6]. The whole mixture was then
stirred and heated at 80 1C for 2 h. The solution was then left
for 24 h for precipitation of HA crystals, followed by washing
in distilled water. The precipitated powder was dried and
calcined at 80 1C for 24 h and at 550 1C for 2 h in air,
respectively.
The chemical reaction for the synthesis of HA can be

described by the following equation:

10Ca(NO3)2 � 4H2Oþ6(NH4)2HPO4þ8NH4OH
-Ca10(PO4)6(OH)2þ20NH4NO3þ46H2O

In the second route (‘Surf’), cetyltrimethyl ammonium
bromide (CTAB) was used as surfactant to prepare HA
crystals by employing the same synthesis conditions as
used in the first route (‘NoSurf’). The only difference was
the addition of the CTAB solution (36.5 g of CTAB
dissolved in 500 ml of distilled water) to the (NH4)2HPO4

solution before the Ca(NO3)2 � 4H2O solution was trans-
ferred to it drop-wise. Synthesis conditions such as pre-
cursors for Ca and P, pH, temperature and reflux time
were kept constant for the both routes under ambient
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pressure. The CTAB concentration was 60 mM that falls
between the concentrations used in some previous investi-
gations [5,26,29,30] and was expected to produce nanor-
ods/needles of HA with dimensions similar to the ones
found in natural bone and dentin. Moreover, shorter reflux
time (2 h instead of the more common 24 h) was employed,
making the process economical. After synthesis, the pow-
ders produced by two routes (‘Surf’ and ‘NoSurf’) were
heat treated at 900 1C for 3 h in air at a heating rate of
15 1C/min followed by cooling in the furnace. The powders
‘Surf’ and ‘NoSurf’ are designated as ‘Surf-900C’ and
‘NoSurf-900C’, respectively, after the heat treatment. The
synthesis conditions and heat treatment employed are
summarized in Table 1. The concentrations of CTAB
mentioned were calculated by the amount of CTAB
dissolved in combined volume of water used to dissolve
both CTAB and PO4 precursor.

2.2. Characterization of powders

2.2.1. Morphological analysis by SEM

Surface morphology of all the powders (‘Surf’, ‘Surf-
900C’, ‘NoSurf’ and ‘NoSurf-900C’) was analyzed by a
scanning electron microscope (SEM), Jeol JSM-6490A. A
field emission scanning electron microscope (FESEM),
Jeol JSM-6700F, was also used for the analysis of powders
‘Surf’ and ‘NoSurf’. The samples for SEM were prepared
by placing the powders on the conductive carbon tape
without any ultrasonic dispersion. For FESEM analysis,
the powders were dispersed ultrasonically in ethanol for
30 min. A drop of this dispersed solution was then placed
on silicon wafer and was dried. Finally, the samples were
gold coated by sputtering to avoid charging.

2.2.2. Particle size distribution

The particle size distribution was determined by the
dynamic light scattering (DLS) technique using a Malvern
Zetasizer ZS90 with laser of wavelength 632 nm. For DLS
measurements, the HA powder was dispersed in dilute
deionised water by ultrasonication for 30 min at room
temperature before transferring it to the measurement cell.
The analysis was carried out 3 times and averaged.

2.2.3. Surface area and porosity analysis

Surface area and porosity of the powders were investi-
gated by adsorption of N2 at 77 K using a gas adsorption
Table 1

Synthesis conditions and heat treatment employed for HA powders.

Nomenclature Synthesis conditions

Surfactant Refluxing

NoSurf No 80 1C, 2 h

NoSurf-900C No

Surf CTAB

Surf-900C CTAB
analyzer Micromeritics ASAP 2020. Prior to N2 adsorp-
tion, the powders were degassed for 3 h at a temperature of
350 1C and a pressure of 5 mm Hg. The surface area of the
powder was determined according to the Barrett–Emmett–
Teller (BET) equation, while the pore volume and pore
width were calculated from the adsorption data of iso-
therms in accordance to the Barrett–Joyner–Halanda
(BJH) model.

2.2.4. Phase analysis by XRD

Phase analysis was carried out on a Siemens D5005 X-
Ray diffractometer in locked couple mode using CuKa
radiation with the scan step size of 0.021 and 3 s dwell time
per step. The diffractometer was operated at 40 kV and
40 mA.

2.2.5. Raman spectroscopy

Raman spectroscopy was performed for verifying functional
groups such as (PO4)

3� and (OH)� using a Renishaw inVia
Raman microscope. The wavelength of the laser used was
532 nm. The samples were scanned in the range 1200–
200 cm�1 and 3500–3640 cm�1 with spectral resolution of
1 cm�1.

2.2.6. FTIR analysis

The presence of functional groups was also investigated
by the Fourier transform infrared (FTIR) spectroscopy. A
mixture of synthesized powder and spectroscopic grade
KBr was ground in an agate mortar and was pressed at
10,000 Psi in a stainless steel die to obtain thin transparent
pellet. FTIR spectra were collected by a Perkin-Elmer
Spectrum 100 FTIR spectrometer in the spectral range
4000–400 cm�1 with a resolution of 4 cm�1.

3. Results and discussion

3.1. SEM analysis

The SEM images of powders ‘NoSurf’, ‘Surf’, ‘NoSurf-
900C’, and ‘Surf-900C’ are shown in Fig. 1(a)–(d).
Fig. 1(a) and (c) shows that before the heat treatment
the HA particles are mostly agglomerated nano particles,
with the particles of powder ‘Surf’ being finer and more
porous than powder ‘NoSurf’. After the heat treatment,
the nano particles coalesce for both types of powders
and an interconnected porous structure of micron sized
Heat treatment

Drying Calcination

80 1C, 24 h 550 1C, 2 h No

900 1C, 3 h

No

900 1C, 3 h



Fig. 1. SEM micrograph exhibiting morphology and microstructure of the particles before and after the heat treatment: (a) powder ‘NoSurf’, (b) powder

‘NoSurf-900C’, (c) powder ‘Surf’ and (d) powder ‘Surf-900C’.

Fig. 2. FESEM images exhibiting morphology of the particles: (a) Powder ‘NoSurf’, showing the presence of spherical particles, agglomerates (encircled)

and large particles and (b) powder ‘Surf’, showing rod/needle-like morphology of the particles.
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particles is evolved, as shown in Fig. 1(b) and (d). Once
again the features of powder ‘Surf-900C’ are finer as
compared to those of powder ‘NoSurf-900C’. Necking
among the coalesced particles is clearly seen in heat treated
powders which is an indication that sintering has started at
900 1C. The above mentioned features were observed when
the SEM analysis was carried out without dispersing the
powders by ultrasonic treatment. Powders ‘Surf’ and
‘NoSurf’ were also analyzed by FESEM after ultrasonic
dispersion in ethanol, and the results are shown in Fig. 2.

The morphology of HA particles is influenced by many
factors such as pH, temperature, concentration of pre-
cursors, and dispersant species during the synthesis process
[6,24,25,29,32]. Sphere like HA particles are reported at
pH=11, 150 1C, and plate morphology at pH=6, 150 1C
[32]. In the current investigation (pH¼12, 80 1C), the
morphology of the particles of powder ‘NoSurf’ is sphe-
rical as well as plate-like. The plate-like particles are much
larger in size. Some particles in the form of agglomerates
(encircled in Fig. 2a) are also seen. The spherical particles
are about 40–60 nm in diameter, while the large particles/
plates are between 200 nm and 1.5 mm in length. Similar
spherical particles (50–100 nm) of HA are reported when
no surfactant was used under hydrothermal conditions
[29]. In the current study, the presence of sphere and thick
plate-like morphology in powder ‘NoSurf’ could be
explained on the assumption that first a random precipita-
tion of HA crystals in the form of spheres predominated
and then the growth of some spherical particles occurred
preferably in one direction that resulted in the evolution of
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thick plate-like morphology. Plate-like morphology has
also been reported [32] but under different synthesis
conditions as mentioned above.

On the other hand, the morphology of the particles of
powder ‘Surf’ is predominantly rod/needle type as shown
in Fig. 2b, although some spherical particles are also
observed. Rods are about 10–25 nm in diameter and 75–
150 nm in length. In a previous study, the rods with the
diameter of about 50–120 nm and about 200–700 nm long
with the use of CTAB (170 mM), are also reported in
hydrothermal environment [29]. In another investigation,
the needles of about 27 nm in diameter and 255 nm in
length are reported by using CTAB (240 mM) under
hydrothermal conditions [5]. Yao et al. have shown the
formation of 50–100 nm thick and 500–1000 nm long HA
nanostructures by employing CTAB (240 mM) using the
wet precipitation route [30]. Rod-like morphology in the
current and previous reports could be linked to the fact
that the concentration of CTAB used was above its critical
micelle concentration (CMC) of 0.9–1.0 mM. The use of
CTAB in aqueous solutions above CMC promotes rod-like
micelles [29,31] and HA crystals may then precipitate on
these micelles in the form of rods. In the present study,
60 mM of CTAB was used which is well above the CMC
and subsequently promoted rod-like growth. The forma-
tion of finer HA nanorods in the current study could be
attributed to the smaller concentration of the CTAB
employed as compared to previous reports [5,29,30]. The
important features of utilizing comparatively less CTAB
concentration in the present study is that the needles/rods
(10–25 nm in diameter and 75–150 nm in length) produced
are closer to natural HA crystals (25� 4� 2 nm and
35� 25� 4 nm) found in bone and dentin [21] as well as
making the synthesis process economical. Aside from
CTAB, rod-like morphology of HA particles is also
reported by employing citric acid as a surfactant [33].

It is also observed that the particles size distribution for
powder ‘Surf’ (Fig. 2b) is more uniform as compared to
powder ‘NoSurf’ (Fig. 2a). The reason for this uniform
distribution of particles by using surfactant may be
explained by the fact that the surfactant provided more
nucleation sites for the precipitation of HA, resulting in
inhibited growth of precipitated particles/needles
randomly.

3.2. Particle size distribution

Particle size measurement was carried out by the
dynamic light scattering (DLS) technique and the results
for powders produced without surfactant (‘NoSurf’) and
with surfactant (‘Surf’) are shown in Fig. 3(a) and (b).
Fig. 3b shows that the particle size distribution is bimodal
(having two distributions) for powder ‘NoSurf’. The range
of particles is 140–400 nm for the first distribution and
700–2000 nm for the second one. This bimodal distribution
of HA particles is also evident from the SEM image
(Fig. 2a) where smaller spherical particles and larger
particles in the form of plates are clearly observed. It is
also observed that the particles (140–400 nm) of the first
distribution measured by the DLS technique (Fig. 3b) are
larger compared to the particles (40–60 nm) revealed by
FESEM analysis (Fig. 2a). This difference could be
attributed to the agglomeration of the small particles into
clusters, which are measured by DLS. These clusters of
particles are also visible in FESEM analysis (encircled
agglomerates in Fig. 2a). In the case of second distribution
(relating to large particles in the form of thick plates), the
particle size measured by DLS (Fig. 3b) is consistent with
the size revealed by FESEM image (Fig. 2a) but the
fraction of large particles (in the form of thick plates)
seems to be smaller in DLS measurement (Fig. 3b, 2nd
distribution) as compared to FESEM analysis (Fig. 2a). A
possible reason for this difference is that some large
particles may have settled down during DLS measurement.
On the other hand, the particle size distribution for powder

‘Surf’ is unimodal (Fig. 3b) and the size range is 40–400 nm
which is centered at 80 nm diameter. These features are
consistent with FESEM observation (Fig. 2b). The particles
that are above 150 nm in DLS measurement (Fig. 3b) could
again be linked to the particles agglomeration.
Comparing the particle morphology and size distribu-

tion (by SEM and DLS) of powders synthesized by two
routes, it can be deduced that CTAB has changed the
morphology of HA particles from sphere to rod-like.
Secondly, it also acts as a nucleating site and helps to
produce HA particles with more uniform and finer size
distribution.

3.3. Surface area and porosity analysis

N2 adsorption isotherms of synthesized HA powders are
shown in Fig. 4a–d. It is observed that much larger
amount (about 400 cm3/g) of N2 is adsorbed on powder
‘Surf’ than that of powder ‘NoSurf’ (about 82 cm3/g). It is
also revealed that before the heat treatment (powder ‘Surf’
and ‘NoSurf’) adsorption starts at very low P/Po value and
there is a gradual increase in the adsorbed quantity prior
to the onset of an abrupt increase in adsorption due to
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capillary condensation at P/PoE0.9. Whereas, after the
heat treatment (powder ‘Surf-900C’ and ‘NoSurf-900C’),
there is a little adsorption before P/PoE0.9. It means that
adsorption is easier on non-heat treated powders at low
pressures.

Pore size distributions (shown in insets in Fig. 4) are 2–
63 nm, 6–100 nm, 2–70 nm and 9–120 nm for the powders
‘NoSurf’, ‘NoSurf-900C’, ‘Surf’ and ‘Surf-900C’, respec-
tively. Analysis of this data indicates two trends. Firstly,
the fine pores (o5 nm) have collapsed, and secondly, the
pore size distribution has widened towards higher pore
widths after the heat treatment. It means that the shrink-
age in HA particles has occurred and a predominantly
mesoporous HA structure has changed to meso- plus
macroporous one upon heating at 900 1C.

BET surface area, cumulative pore volume and average
pore width derived from N2 adsorption isotherms are
shown in Fig. 5a–c. It is observed that powder ‘Surf’ has
higher surface area (96 m2/g) than that of powder ‘NoSurf’
(area¼33 m2/g). It may be explained on the basis that the
surfactant (CTAB) evaporated during the synthesis process
of powder ‘Surf’ (calcination at 550 1C), inducing very fine
pores. This hypothesis is corroborated by the studies in
which evaporation of CTAB from HA powders has been
reported in the temperature range 200–550 1C by thermo-
gravimetric analysis [23] and the formation of nano sized
pores along the length of HA rods as evidenced by TEM
analysis when the HA powder, synthesized with CTAB
(240 mM), was calcined at 550 1C [30]. The pores among
the agglomerated particles (Fig. 1c) may also contribute to
the overall surface area of this powder (‘Surf’). Moreover,
the surfactant also acted as a template/nucleating site and
inhibited the particle growth that might result in higher
surface area. Similar surface area (of about 88 m2/g) for
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HA powder is reported by the use of CTAB [29]. However,
much higher surface area (4200 m2/g) was obtained for
mesoporous calcium phosphate using non-ionic surfactant
in un-calcined condition [27] at synthesis temperature of
25 1C. In that work [27], the surface area reduced to about
90 m2/g when the synthesis temperature was raised to
80 1C. In the current study, the surface area of about
96 m2/g obtained at process temperature of 80 1C (powder
‘Surf’) is comparable to the surface area obtained in
the work [27] at process temperature of 80 1C using a
non-ionic surfactant. It shows that the process temperature
is an important parameter in controlling the surface area
of HA crystals irrespective of the kind of surfactant used.
In case of the powder synthesized without surfactant

(‘NoSurf’), it is assumed that the pores were created only
among the agglomerated particles (Fig. 1a) and fine pores
induced by the evaporation of surfactant were absent.
Consequently, there were comparatively less number of
fine pores in this powder that resulted in lower surface area
(33 m2/g). This hypothesis is also supported by the pre-
sence of higher proportion of fine pore volume for powder
‘Surf’ as compared to powder ‘NoSurf’ which is indicated
by insets in Fig. 4a and c. The other possible reason for
lower area is the presence of large particles, evidenced by
both FESEM imaging (Fig. 2a) and DLS measurement
(Fig. 3b), in this powder (‘NoSurf’).
The heat treatment of powder ‘Surf’ at 900 1C reduced

the surface area from 96 to 6 m2/g. A similar trend of
reduction in surface area (32–7 m2/g) upon heating is
observed for powder ‘NoSurf’, but the relative reduction
is much smaller as compared to powder ‘Surf’. In fact, the
two powders have reduced to more or less similar surface
area after heat treatment at 900 1C for 3 h. This reduction
in surface area could be associated to the assumption that
the fine pores on the surface of the particles and among the
agglomerated ones would have collapsed by heat treatment
at 900 1C. And the particles/grains/crystals coalesced
together and shrank, resulting in the formation of larger
pores. This assumption is supported by the SEM analysis
(Fig. 1) where the agglomerated particle structure before
the heat treatment [Fig. 1 (a&c)] was transformed to an
interconnected semi-sintered structure by coalescence of
particles after the heat treatment [Fig. 1 b and d]. The
absence of fine pores having size less than 5 nm (insets of
Fig. 4) and enhancement in the average pore width
(Fig. 5c) in heat treated powders also validate this
assumption. Melville et al. [34] reported that the heat
treatment of HA crystals at 900 1C for 1 h resulted in an
area equal to 8 m2/g which is close to the one (6–7 m2/g)
observed in the present study after the heat treatment.
Analysis of Melville et al. work [34] and present investiga-
tion suggests that heating the chemically precipitated HA
crystals at 900 1C results in a similar area irrespective of
initial surface area and treatment time.
It is also observed that the cumulative pore volume

(Fig. 5b) is the highest for powder ‘Surf’ in accordance to
the highest surface area for this powder (Fig. 5a). Again,
the decrease in pore volume (from 0.64 to 0.1 cm3/g) after
heating powder ‘Surf’ is observed but it remains constant
(E0.13 cm3/g) for powder ‘NoSurf’ before and after
heating (Fig. 5b).
Overall, the careful analysis of adsorption isotherms

implies that the powders have more surface area, more
pore volume and are predominantly mesoporous before
the heat treatment. Hence, these powders (‘Surf’ and
‘NoSurf’) may be better suited for applications that require
adsorption of species like proteins and cells on their
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surfaces for biomedical applications and may prove more
bioactive as compared to the heat treated ones (‘Surf-
900C’ and ‘NoSurf-900C’). Among non-heat treated pow-
ders, the powder prepared with surfactant (‘Surf’) could be
more effective. The above mentioned proposition may also
be true for removal of heavy ions like Pb2þ and Zn2þ

from waste water in addition to biomedical applications
[8,9].

3.4. XRD of the powders

XRD patterns of the powders are shown in Fig. 6. All the
powders show predominantly a HA phase except one small
b-TCP peak observed in powder ‘NoSurf-900C’. A shoulder
of b-TCP is also observed in the pattern of powder ‘NoSurf’
that developed into a well resolved small peak upon heating
at 900 1C (powder ‘NoSurf-900C’). No b-TCP phase is
detected in powder ‘Surf-900C’. The standard diffraction
data cards used for HA and b-TCP phase identification were
JCPDS 09-0432 and 09-0169, respectively. Appearance of b-
TCP phase in the powder prepared without surfactant could
be explained as follows.

Synthesis of HA phase in calcium phosphates is dependent
on the reaction parameters, especially pH, temperature and
stirring rate. One recent study showed that pH greater than
10 was beneficial to obtain pure HA phase [6]. In that study,
the researchers synthesized HA powders at initial pH of 8, 9,
10 and 11 at process temperature of 40 1C using the chemical
precipitation method. In their XRD patterns a high intensity
b-TCP peak appeared at pH¼8, whose intensity decreased
greatly at pH¼9 (both HA and b-TCP peaks appeared) and
it completely disappeared at pH ¼10 and pH¼11. The
authors correlated the appearance of b-TCP with change in
morphology of the precipitated phase with corresponding
change in pH. A predominant b-TCP phase (with minor HA
phase) has also been reported in another work at pH¼8 [35].
In contrast to these two above mentioned reports, pure HA
phase has also been observed at pH¼6, 7 and 9.2 [32]; at
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Fig. 6. XRD patterns of synthesized powders. From bottom to t
pH¼6, 9 and 14 [16]; and at pH¼6.5–7.5 [36] under different
processing conditions. It means that achieving a pure HA
phase in the wet precipitation method is a complicated
process which may depend on the combined effect of
synthesis conditions like pH, temperature and reflux time
etc. In this regard only a set of precise synthesis conditions
may produce a pure HA phase. The CTAB is a cationic
surfactant and ionizes in aqueous solutions completely,
creating cations (CTAþ ) possessing tetrahedral structure.
Similarly (PO4)

3� ion is also tetrahedral. Due to charge and
stereochemistry complementarity, (PO4)

3� ions could be
bound to existing nuclei/micelles (CTAþ). The addition of
Ca2þ into the solution results in the formation of Ca9(PO4)6
clusters having tetrahedral structure which are favorably
adopted by the identical hexagonal arrangement of micellar
rods of CTAB. Further, optimized reaction conditions favor
more Ca2þ and OH� on Ca9(PO4)6 clusters through reflux.
Subsequently, the growth of HA particles takes place on
these micelles as explained in previous reports [5,17,29,30]. It
means that CTAB acts as a regulating agent in crystallization
and growth of HA particles. In the present study when HA is
synthesized without any surfactant/template, there are possi-
bilities that some particles grow into bigger ones and phases
other than HA may develop. One of the plausible reason is
that inside the bigger particles the reaction conditions,
required for HA phase, may not be reachable to some extent
from the bulk reaction mixture. On the other hand, in
synthesis with surfactant, each CTAB micelle would have
acted as a separate reactor and did not allow the particles to
grow or agglomerate, and hence, the conditions of the
reaction mixture (necessary to form pure HA) were distrib-
uted uniformly all over. As a result, pure HA (without b-
TCP) was formed using CTAB. The presence of the bigger
particles in powder ‘NoSurf’ is evidenced by the FESEM
image (Fig. 2a) and DLS measurement (Fig. 3b). Since, in the
present study, there was no difference in synthesis conditions
between the two routes except the use of CTAB, and a minor
b-TCP phase appeared only in the powder synthesized
40 45 50 55

HA

°

β −TCP

op: powder ‘Surf’, ‘Surf-900C’, ‘NoSurf’ and ‘NoSurf-900C’.



M. Khalid et al. / Ceramics International 39 (2013) 39–50 47
without CTAB, it may be inferred that CTAB played a
role in suppressing b-TCP phase formation under the given
conditions.

Summarizing, it could be inferred that the use of CTAB
not only affected the particle size and morphology of HA
but also helped to produce a pure HA phase (without b-
TCP) at controlled reaction parameters.
3.4.1. Determination of average crystallite size and

crystallinity degree

The average crystallite size of the powders is inversely
proportional to the peak width according to the Scherrer
equation [37]:

Dð2hÞ ¼
0:9k

DCos hð Þ

where D(2y) represents the peak width at half of the
maximum intensity of the (002) reflection, l is the wave-
length for CuKa (0.154056 nm), D is the average crystallite
size in nanometers and y is the Bragg angle.

The crystallinity degree (Xc) of powders was calculated
using the relation [36]

Xc� 1-ðV 112=300= I300Þ

where V112/300 is the intensity of the hollow between (112)
and (300) reflections that disappears completely in non-
crystalline samples, while I300 is the intensity of (300)
reflection.

The average crystallite size and the crystallinity degree of
synthesized powders are shown in Fig. 7. The HA powder
synthesized using surfactant (‘Surf’) exhibits the lowest
average crystallite size of about 6 nm. On the other hand,
HA synthesized without using surfactant (‘NoSurf’) shows
the average crystallite size of about 30 nm. This could be
explained on the basis that since powder ‘Surf’ has more
surface area (Fig. 5a), and hence, it would have more
disordered atoms on the surface, resulting in higher peak
broadening. Secondly, the synthesis conditions prevailing
in the process using surfactant may result in smaller
crystallite size inherently. It is also observed that the
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Fig. 7. Crystallite size and crystallinity degree of synthesized powders.
average crystallite size increases for both powders when
they are heat treated at 900 1C. The trend of increasing the
crystallite size by heating is also depicted in XRD patterns
(Fig. 6) by enhancement in peak intensities for both types
of powders. The analysis of data shows that crystallite size
of HA crystals can be increased by heat treatment and by
preparing them without surfactant. Similar trends in
crystallinity degree (%) are observed for all the powders.
The increase in crystallinity degree of HA powder with
heating was also observed previously [25].
One interesting observation is that the ratio of the

average crystallite size (nm) to the crystallinity degree
(%) is 0.5370.07 for both types of powders before and
after the heat treatment. It shows a direct relationship
between them despite the fact that the two parameters have
been measured by different methods.
It is reported that the dissolution rate of hydroxyapatite

in vivo depends on the composition and the crystallinity of
the powder produced such that the higher the crystallinity,
the lower the dissolution rate [38]. The applications such as
coating of HA on metallic implants require higher crystal-
linity to make the coating stable in vivo, while other
applications such as scaffolds for bone repair demand
controlled dissolution of HA in vivo. It is observed in the
current study that heat treatment can be applied to change
the crystallinity of HA crystals, and hence, it may be
utilized accordingly. Another noteworthy point is that the
decomposition of HA phase was not observed by heating,
up to 900 1C, for both types of powders.

3.5. Raman spectroscopy

To evaluate the presence and the state of functional
groups associated with HA, Raman spectra of the powders
were collected and are shown in Fig. 8a and b in two scan
ranges. Depending on the crystallinity and the phase,
vibration modes due to (PO4)

3� tetrahedra normally
appear in hydroxyapatite and other calcium phosphates
at four different frequency ranges [39]. It consists of the n1
symmetric stretching mode (P–O bonds), n3 asymmetric
stretching mode (P–O bonds), n2 bending mode (O–P–O
bonds) and n4 bending mode (O–P–O bonds). The peaks
appearing in the current study are designated as follows.
Peaks in the range 400–480 cm�1 can be assigned to the n2

mode, 575–615 cm�1 range to the n4 mode, intense peak at
962.75 cm�1 to n1 mode and in range of 1025–1080 cm�1 to
the n4 mode, which are in accordance to the work reported in
reference [40]. Small peaks appearing in Raman spectra in the
range 200–350 cm�1 could be due to the translational modes
of Ca2þ and PO4

3� sub-lattices and rotational modes of PO4
3�

group [41]. It has been reported that the appearance of
additional bands at 940 and 970 cm�1 indicates the presence
of b-TCP and a-TCP phases in the structure [42] and a
doublet at 941 and 947 cm�1 confirms the presence of
tetracalcium phosphate (TTCP) phase [43]. Appearance of a
doublet at 963 cm�1 indicates the existence of HA as well as
b-TCP in the material [43]. In the current study, these features
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are not observed in the Raman spectra of any powder before
and after the heat treatment. Therefore, it can be inferred that
powders produced by two methods are predominantly in the
HA phase. However, one minor b-TCP peak, observed in
XRD reflections for powders ‘NoSurf’ and ‘NoSurf-900C’
(Fig. 6), is not revealed in Raman spectra. This may be
attributed to the lower concentration of b-TCP in these
powders.

To appraise the presence of OH� ions in the synthesized
powders, spectra were also collected in the range 3500–
3640 cm�1 (Fig. 8b). In all the powders a characteristic
HA peak was observed at 3576 cm�1 which could be
attributed to the stretching mode of OH� group. Whereas,
the peak appearing at 335 cm�1 (Fig. 8a) is due to
translational mode associated with OH� sub-lattice [41].
The Raman peak appearing at 3576 cm�1 is especially
sensitive to the crystalline state of HA [44,45]. It is
observed that the intensity of this peak increases when
the powders are heat treated (‘Surf-900C’, ‘NoSurf-900C’).
Moreover, the intensity of this peak is also higher for
powder ‘NoSurf’ as compared to powder ‘Surf’. This
enhancement in the peak (3576 cm�1) intensity by heat
treating and by synthesizing HA powder without surfactant
is consistent with XRD results discussed in Section 3.4.
It implies that the intensity of the OH� group peak (at
3576 cm�1) increases with increase in crystallinity and may
be used to monitor the crystallinity of HA crystals.

3.6. FTIR analysis

The functional groups associated with HA were also
analyzed by Fourier transform infrared spectroscopy
(FTIR) and the results are shown in Fig. 9. The IR spectra
of calcium apatites mainly consist of phosphate (PO4),
hydroxyl (OH�) and carbonate (CO3

2�) groups (for car-
bonated HA) [46,47].
In the FTIR data, the bands appearing at 1097 and

1044, 963, 603 and 564 and 474 cm�1 are assigned to the v3
(P–O) asymmetric stretching mode, v1 (P–O) symmetric
stretching mode, v4 (O–P–O) bending mode and v2 (O–P–
O) bending mode, respectively. These assignments are in
complete agreement with earlier reports [42,48,49].
Broad bands appearing at around 3450 and 1636 cm�1

could be linked to adsorbed or bound water [5]. A sharp
peak at 3571 cm�1 is associated with OH� stretching mode
and a peak appearing at 632 cm�1 is also related with OH�

bending mode [46,48]. The appearance of these two bands in
the IR spectra confirms that the powders produced are
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predominantly HA. The intensity of these two bands (3571
and 632 cm�1) is the lowest for the powder synthesized using
surfactant (‘Surf’; Fig. 9). This decreased intensity of the
above mentioned bands may be attributed to the smaller
crystallite size for this powder (Fig. 7) and to the incorpora-
tion of CO3

2� ions in HA structure [47]. The bands appearing
at 1412 and 1456 cm�1 are attributed to the presence of
CO3

2� ions in the structure [47]. The intensity of CO3
2� ion

bands is the highest for the powder produced using surfactant
(‘Surf’; Fig. 9). This could be linked to the fact that this
powder adsorbed more CO3

2� ions from the atmosphere
during its synthesis due to its large surface area (Fig. 5a). The
decrease in intensity of these CO3

2� ion peaks, with corre-
sponding increase in OH� ion peaks (3571 and 632 cm�1), is
observed when the powders are heat treated. The increase in
OH� intensity by heat treatment has also been observed in
Raman spectra (Fig. 8).

Comparing the PO4
3� group peaks appearing in Raman

and FTIR analysis, it is noted that all the vibrational modes
(vl, v2, v3 and v4) are resolved by Raman spectroscopy. In
FTIR analysis, the v3 and v4 modes are prominent, whereas,
the vl and v2 modes generate very weak signals as they are IR
inactive [50].

Combined Raman and FTIR analyses imply that all the
powders are predominantly in the HA phase, crystallinity of
the powders increased after heat treatment and powder ‘Surf’
adsorbed more CO3

2� ions as compared to other synthesized
powders.
4. Conclusions

Following conclusions could be drawn:
1.
 The use of surfactant played an important role; to produce
pure HA powders (without b-TCP) and to change the
morphology of particles from spherical to needle/rod-like.
It also increased the surface area up to three times;
consequently more CO3

2� ions were adsorbed on its
surface as compared to the powder produced without
surfactant.
2.
 The employment of 60 mM CTAB surfactant produced
10–25 nm diameter and 75–100 nm long HA crystals
which are close to HA like crystals found in natural
calcified tissues.
3.
 Heat treatment to 900 1C reduced the surface area and
increased the average crystallite size as well as crystal-
linity degree of HA powders, considerably. A direct
correspondence was found between the average crystal-
lite size and the crystallinity degree, though these
parameters were measured by two different methods.
Moreover, SEM and N2 adsorption analysis indicated
that the powder prepared with surfactant may be more
bioactive and better suited for heavy ions removal
before the heat treatment.
4.
 The intensity of OH� group peak in Raman spectra is
highly sensitive to the crystalline state of HA crystals
and may be used to gage the crystallinity of the
synthesized powder.
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