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Hydroxyapatite is a class of calcium phosphate-based bioceramic, frequently used as a bone graft substitute due
to its chemical and structural similaritywith natural bonemineral. In the present investigation, a novelmethod is
developed to synthesize pure, stable, stoichiometric nano crystalline hydroxyapatite (HA: Ca10(PO4)6(OH)2) at
room temperature via alcohol based sol–gel route using Ca(NO3)2.4H2O andNH4H2PO4 as calcium and phospho-
rous precursors, respectively. We have developed a novel method for the synthesis of nanometer sized HA
particles (HAp) without using any catalyst and was synthesized without any grinding process during the gel
formation. Polycrystalline HAp synthesized by this new technique is characterized by XRD, FTIR, TGA, SEM
and TEM.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In past few decades, synthetic hydroxyapatite (HA:Ca10(PO4)6(OH)2)
has been extensively used as a bone substitute material due to its
chemical and structural similarity with natural bone mineral [1–3]. The
HAwhich can be derived from natural sources or synthesized by various
methods is regarded as a good bioactive substance, since it forms a strong
chemical bond with the host bone tissue, and hence it is recognized as a
good bone graftmaterial. However, the particle size of thenatural apatite
in the bone mineral is in the nano scale with a very large surface area.
Synthetic HA particles (HAp) on the contrary have low surface area
and present strong bonding properties [4]. Many researchers have
attempted to engineer its properties such as bioactivity, solubility and
sinterability by controlling its composition, morphology and particle
size [5–7].

During recent years, a number of different techniques, such as
precipitation, sol–gel, hydrothermal, multiple emulsion, biomimetic
deposition, electrodeposition [8–10], have been applied for the synthe-
sis of HA. The sol–gel method is preferred due to its low synthesis
temperature, high product purity, homogenous molecular mixing
and the ability to generate nano sized particles compared to other
alternatives [11].

Sol–gel method for the preparation of HAp can usually form
fine-grain microstructure containing a mixture of nano-to-submicron
particles with crystalline structure. It has been reported that these
crystals are very efficient to improve the contact and stability at the
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artificial/natural bone interface observed in vitro and in vivo environ-
ments [12].

The synthesis of HAp by sol–gel method requires a correct molar
ratio of 1.67:1 between Ca and P in the final product [13]. Moreover
there are a lot of different calcium and phosphorus precursors used
for HAp synthesis, as reported sol–gel processes in the literature.
Besides, bioactivity of Ca–P based materials is dependent on many
factors such as the synthesis procedure, precursor reagents, impurity
contents, crystal size and morphology, concentration and mixture
order of reagents, pH and temperature. Selection of the route of
synthesis depends on the application [3,5,11–13].

In this work, a novel, low temperature alcohol based sol–gel method
for the synthesis of pure nano-HApwas developed using Ca(NO3)2.4H2O
and NH4H2PO4 as calcium (Ca) and phosphorus (P) precursors. The
advantages of this novel technique over the previous studies [3,14–26]
concerning sol–gel synthesis of HAp most importantly include:
(a) carrying out the reaction at room temperature, (b) obtaining the
gel formation without any dispersant and (c) forming nano sized HAp
without using any grinding process.

The structure of nano-HAp synthesized with this novel method
was investigated using FTIR, XRD, DTA/TGA, SEM and TEM. We have
found that pure HAp phase with hexagonal-crystal structure could
be synthesized at room temperature with nanometer size.

2. Materials and methods

2.1. Sol–gel processing

A very simple method was set up to obtain nano-HAp. The flow
chart given in Fig. 1 outlines the experimental procedure used to
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Fig. 1. The flow chart of HAp preparation.
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generate the nano-HAp. In the synthesis, Ca(NO3)2.4H2O (Merck) and
NH4H2PO4 (Sigma Aldrich) were used as starting Ca and P precursors.
Ammonia (NH3, Merck) was used to adjust the pH of the solution. The
following synthesis reaction was carried out:

10CaðNO3Þ2:4H2OðsÞ þ 6NH4H2PO4ðsÞ þ 14NH
þ
4 ðaqÞ

þ 14OH�ðaqÞ→Ca10ðPO4Þ6ðOHÞ2ðsÞ þ 20NH
þ
4 ðaqÞ þ 20NO

−
3 ðaqÞ

þ 52H2OðlÞ

1.67 M Ca(NO3)2.4H2O solution in ethanol (pH 10) was added at a
constant rate of 3 mL min−1 using a peristaltic pump into the 1 M
NH4H2PO4 solution (Ca/P=1.67) under vigorous stirring at room
Fig. 2. The effect of aging time on the crystal structure
temperature. After the white precipitate solution was obtained, this
is aged for 12, 24 and 48 h at room temperature.

The gel obtained after aging process was filtered and washed
repeatedly using double distilled water to remove NH4

+(aq) and
NO3

−(aq). In addition, the gel was washed repeatedly using pure
acetone (Merck) to change the phase while preventing the agglomer-
ation. The filter cake obtained by this process was then dried at 80 °C
for 12 h in an oven and the dried powder was calcined at 750 °C
for 4 h, using an electrical furnace, employing a heating rate of
10 °C min−1 in air.

2.2. Characterization

The dried samples were first characterized by Fourier transform
infrared spectroscopy (FTIR, Perkin-Elmer Pyris1) in the range of 400–
4000 cm−1 to determine the stoichiometry deviations, i.e. the presence
of anions partially substituting PO4

−3 and/or OH− groups of the
nano-HAp. To investigate the phase composition and crystallinity of the
sintered nano-HAp, the X-ray diffraction (XRD) analysis was performed
at a Rigaku, Dmax 2000 using a CuKα radiation (λ=0.1542 Å), with
the step scanning mode, applying a tube voltage of 40 kV and a tube
current of 50 mA. The XRD patterns were then recorded in the 2θ range
of 20°–60°, with a step size of 0.04° and a step duration of 0.5 s. Peak
broadening in the XRD data can be informative to estimate the crystallite
size in a direction perpendicular to the crystallographic plane, based on
the Scherrer's formula as follows [27]:

D ¼ 0:89λ=βcosθ ð1Þ

where D is the crystallite size (nm), λ is the wavelength of X-ray beam
(nm), β is the full width at the half maximum of the HAp (002) line
(rad), and θ is the diffraction angle (°).

The thermal decomposition of the nano-HApwas studied in nitrogen
atmosphere by using thermo gravimetric analysis (TGA) with NETZSCH
STA 409 PC Luxx TGA performed between 30 °C and 1200 °C, heating
with a rate of 20 °C min−1.

The particle size of the as-synthesized pure nano-HAp is also
measured using scanning electron microscopy (SEM) with a JEOL
JSM-6335F Field Emission SEM. The agglomeration is also observed
using the SEM.

Transmission electron microscopy (TEM) investigations were
performed with a JEOL JEM 2100 HRTEM operating at 200 kV (LaB6
filament). TEM images were recorded by using a Gatan Model 694
Slow Scan CCD camera, where the morphology and the particle size
of HAp sintered at 750 °C in air, measured by XRD.



Table 1
The effect of aging time on the lattice parameters, unit cell volume and the crystallite
size of the synthesized HAp sample.

Sample Lattice parameter
(Å)

Unit cell
volume (Å)3

Crystallite
size (nm)b

a0 c0

Reference HApa 9.418 6.888 528.80
HAp,12 h aging 9.383 6.875 524.16 26.77
HAp, 24 h aging 9.405 6.882 527.13 26.46
HAp, 48 h aging 9.418 6.871 527.75 33.47

a International CentreforDiffraction Data (ICDD)-(JCSD 09-432).
b Calculated from Scherrer equation (Eq. (1)).

Table 2
d spacing of the HAp synthesized after 48 h aging time in comparison with the refer-
ence JCSD 09-432 HAp card.

hkl d (nm) 2θ (°)

Experimental Standard HAp Experimental Standard HAp

002 0.3445 0.3440 25.843 25.879
102 0.3175 0.3170 28.081 28.126
210 0.3085 0.3080 28.922 28.966
211 0.2816 0.2814 31.748 31.773
112 0.2773 0.2778 32.258 32.196
300 0.2725 0.2720 32.845 32.902
202 0.2633 0.2631 34.024 34.048
310 0.2262 0.2262 39.812 39.818
222 0.1943 0.1943 46.704 46.711
312 0.1892 0.1890 48.051 48.103
213 0.1840 0.1841 49.494 49.468
321 0.1805 0.1806 50.514 50.493
402 0.1755 0.1754 52.055 52.100
004 0.1720 0.1722 53.212 53.143

Table 3
Assignments of the observed vibrational frequencies of dried nano-HAp synthesized
using different aging times.

Assignments Observed vibrational frequencies (cm−1)

12 h 24 h 48 h

v1 stretching mode, PO4
3− (w) 962 962 962

v2 bending mode, PO4
3− (w) 474 474 474

v3 stretching mode, PO4
3− (s) 1036–1093 1035–1095 1034–1094

v4 stretching mode, PO4
3− (s,shp) 564–603 565–604 565–603

Librational mode, OH− (m) 633 633 633
Stretching mode, OH− (w) 3564 3564 3564
v2 bending mode, H2O (w) 1636 1634 1635
v2 bending mode, CO3

2− 875 875 875
v3 stretching mode, CO3

2− 1421 1421 1423

w: weak, m: medium, s: strong, shp: sharp.
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of the dried and sintered nano-HAp samples were observed and
analyzed.

3. Results and discussions

3.1. XRD patterns

The XRD patterns of the nano-HAp crystals sintered at 750 °C are
shown in Fig. 2 for different aging periods. Phase analysis was
performed using PDF card no. 009-0432 for HA and 29-0359 for
Ca3PO4 (β-TCP), providing information in the 2θ range of 20°–60°.
Phase analysis revealed that all major peaks of HAp were present in
the synthesized powder. The peak which was observed at 31.71° in
the XRD patterns of the samples that were synthesized using 12 h
and 24 h aging times corresponds to (034) Miller plane, corresponds
to the β-TCP phase with JCPDS number 29-0359. This could suggest
that a small amount of β-TCP might be formed as an impurity phase
together with HAp. After 48 h aging time, β-TCP phase gradually
disappeared and the apatite phase was found to be predominant.
These observations finally suggest that the critical aging time is
essentially required for the sol to obtain phase-pure apatite samples.
As seen in the XRD patterns, the broad peaks highlighted the smaller
size of the crystallite/particle in the powder. As the diffraction peak at
25.9°corresponding to (002) Miller plane is an isolated sharp one, it
was selected for the calculation of the crystalline size. This corre-
sponds to the crystal growth following the c-axis of the hexagonal
HAp structure, as reported in the literature [28]. The lattice parame-
ters, unit cell volumes and the calculated mean particle sizes of the
samples are given in Table 1. The list of the major peaks observed in
the X-ray powder diffraction pattern of HAp synthesized after 48 h
aging time and the respective data for reference HAp are shown in
Table 2. The refined lattice parameters and d spacing values of the
HAp samples are in a good agreement with the reference HAp
reported from ICDD-JCSD 09-432.

3.2. FTIR spectra

The assignments of the observed vibrational frequencies of dried
nano-HAp synthesized using different aging times are summarized
in Table 3. Fig. 3 shows the FTIR spectrum of as-dried sample after
48 h aging time. The first indication of the formation of HAp is in
the form of broad FTIR band centered around 1000–1100 cm−1

[29]. Furthermore, the peaks around 3570 cm−1 and 630 cm−1 are
the characteristic peaks of stoichiometric HAp [30]. The peak at
962 cm−1 [31–34] corresponds to a non-degenerate symmetric
stretching mode, ν1, of the P\O bond in phosphate group. The
weak peak at 474 cm−1 [18,20] is the doubly degenerate bending
mode, ν2, of the phosphate group. As a major peak of phosphate
group, triply degenerate asymmetric P\O stretching peak, ν3,
which is the most intensified peak among the phosphate vibration
modes, could be identified approximately around 1094 cm−1
[31–33,35]. The band between 564 cm−1 and 604 cm−1 [31,33]
belongs to triply degenerate ν4, O\P\O bending mode in the
phosphate group, which occupies two sites in the crystal lattice.
Two distinguishable splitting of ν4 vibrations indicate the low site
symmetry of molecules, as two peaks confirm the presence of more
than one distinct site for the phosphate group in hydroxyapatite lat-
tice [36]. The peaks at 633 and 3564 cm−1 [31–33] are assigned to
the librational mode and intro molecular stretching vibration of the
hydroxyl group in crystal structure of HAp, respectively. The peak at
1635 cm−1 [37] is signature of the bending mode of hydroxyl group
in the adsorbed water. The peak at 3564 cm−1 is assigned to free
O\H stretching mode, which may be present on the surface of the
crystallites. As the crystallization was carried out in alkaline range
(pH=10.5), dissolving of atmospheric CO2 yielding CO3

2− based on
the peaks at 1422 and 875 cm−1 [38]. The band at 875 cm−1 [36]
indicates ν2 bending mode of CO3

2−group and suggests a B type
carbonate substitution. The ν3 stretching mode of CO3

2− groups was
also observed at 1422 cm−1 [39] in the FTIR spectra. The shape of
the ν3 peak and the absence of the C\O absorption band at
700 cm−1 indicate that no calcite was associated with the HAp.
Carbonate ions can substitute for either OH− or PO4

3− ions in the
apatite structure. Since carbonates are constituents of bone struc-
tures [40], the presence of CO3

−2 may improve the bioactivity of
HAp rather than being a cause of concern.

3.3. Thermogravimetric analysis (TGA/DTA)

The TGA of the dried sample which was aged for 48 h in air was
carried out between 30 °C and 1200 °C in nitrogen atmosphere at a



Fig. 3. The FTIR spectrum of as-dried Hap sample after 48 h aging in air.

298 F. Bakan et al. / Powder Technology 233 (2013) 295–302
heating rate of 20 °C min−1, as shown in Fig. 4. A steep slope or a
sharp weight loss that could be attributed to the decomposition of
HAp was not observed in the thermogram and the total weight loss
of the sample is found to be 10.52%. This weight loss can be associated
to the evaporation of adsorbed and structurally incorporated water
and solvent molecules. There is no significant weight loss observed
above 600 °C, indicating that the synthesized HAp generates a stable
phase after heat-treatment at temperatures above 600 °C.
3.4. Observation of particle morphology (FEG-SEM)

Surface morphology was observed using two different field-
emission SEMs. Prior to the SEM observation, particle surface was
vacuum coated with a thin film of platinum. Figs. 5(a) and 6(a)
shows the SEM images of the as-dried powder and the powders
obtained after heat-treatment at 750 °C for 4 h in stagnant air,
respectively. After the heat treatment, the mean particle size and
Fig. 4. TGA/DTA of the a
morphology changes can be clearly observed from SEM micrographs.
The sintering process caused not only shrinkage and bending of the
needle-like structures, but also the growth of the particle size.

The EDX spectrums of the synthesized powders before and after
heat treatment are shown in Figs. 5(b) and 6(b), revealing the
elemental composition of nano-HAp. Clear peaks corresponding to
Ca, P and O were obtained, as there have been no other significant
elements detected. Through this analysis, the Ca/P ratio was calculat-
ed to be approximately 1.70, confirming the purity of HAP.
3.5. TEM analysis

In addition to the TEM bright field images, selected area electron dif-
fraction patterns (SAED) were also measured for dried and sintered
HAp. Using the diffraction pattern of the nano-crystal we can determine
its orientation with respect to the electron beam and to any adjacent
crystals. The positions of the allowed hkl reflections are characteristic
s-dried Hap sample.



a

b

Fig. 5. SEM micrograph (a) and energy dispersive X-ray analysis spectrum (b) of as-dried HAp synthesized aged for 24 h in air.
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to the crystal system. From the indexing of the spots, the orientation of
the crystal in terms of the zone axis [UVW] in which the indexed planes
lie can be deduced [41].

In the TEM micrographs, needle-like nano-HA crystals with the
average particle diameters ranging from 9–15 nm were observed
and this may suggest that the sintering process promotes the particle
growth and agglomeration. The distance between crystal planes was
measured using the standard, indexed, diffraction patterns for hcp
crystals in the beam directions taking the ratios of the principal
spot spacing into consideration, as well as the angles between the
principal plane normal.

Fig. 7(a) and (b) shows the TEMmicrograph and SAED of the dried
HAp synthesized after using 24 h aging time. The HAp sample
showed nano-sized needle-like morphology with a mean particle
size of 12 nm in diameter. The inter-planar spacing taken from the
[0110] zone axis along the [2110] direction was measured to be
~3.3 Å (a) and from the [1213] zone axis and along the [1101]
direction was measured to be ~3.9 Å (b). The ring pattern and the
fast Fourier transform image can also be seen in Fig. 7(b). The TEM
micrograph and SAED of the same HAp sample sintered at 750 °C is
presented in Fig. 8. Due to the agglomeration and crystal growth,
the mean particle size is 50 nm. The inter-planar spacing taken
from the [1213] zone axis along the [1010] direction was measured
to be ~3.1 Å.

4. Conclusions

We have successfully developed a novel method to synthesize
pure, hexagonal, needle‐like and thermally stable nano-HAp powder
at a lower temperature than the other existing methods in literature
[3,14–26]. More importantly, in this novel and simple alcohol based
process, gel formation was obtained without using any catalyst and
nano-HAp was synthesized without any need of grinding process.
XRD, FTIR, TG-DTA, SEM, and TEM have been used for atomic scale
characterization. The nano-crystalline structure has been determined
by XRD, FEG-SEM and HR-TEM micrographs. From the SEM and TEM
micrographs, the apatitic structure was identified to be hexagonal
nano-needle like with a 12 nm mean particle diameter and 65 nm
mean particle length. XRD results revealed that the Ca3(PO4)2 evolves
as an impurity phase if aging time is not sufficient and the pure HAp



Fig. 6. SEM micrograph (a) and energy dispersive X-ray analysis (b) spectrum of HAp sintered at 750 °C and aged for 24 h in air.
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could be obtained after 48 h aging time. In addition to the character-
istic peaks of the stoichiometric HAp, peaks, which belong to the car-
bonate groups, were also observed in the FTIR spectra. As carbonates
are constituents of bone structures, the presence of these might even
be more advantageous to improve the bioactivity of HAp.

The proposed method is very simple and inexpensive. Therefore, it
can be suggested for preparing pure, stoichiometric, nano crystalline
HAp, needed for the large-scale productions of various biomaterial
applications.
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