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Nano-hydroxyapatite (HAP) has been synthesized using sol-gel technique. Calcium nitrate tetrahydrate and
potassium dihydrogen phosphate were used as precursors for calcium and phosphorus, respectively. A
detailed study on its transformation during calcination at two crucial temperatures has been undertaken.
The synthesized nanopowder was calcined at 600 and 800 �C for different time periods. The results
revealed that the obtained powders after calcining at 600 and 800 �C are composed of hydroxyapatite
nanoparticles. The nano-HAP powders were characterized by x-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), Fourier transform infrared spectroscopy, thermal gravimetric analysis (TGA), and
BET surface area analyzer techniques. The results indicate that crystallite size as well as crystallinity of
synthesized HAP nanopowders increase with increase in calcination temperature as well as calcination time,
but the effect of temperature is more prominent as compared to that of calcination time. TEM micrograph
revealed the presence of majority of HAP powder particles as agglomerates and a few as individual
particles. It also revealed that HAP produced after sintering at 600 �C is 26-45 nm in size, which is well in
agreement with the crystallite size calculated using XRD data. TGA study showed the thermal stability of
the as-synthesized nano-HAP powder. The BET surface area decreased with increase in calcination tem-
perature and time. The results clearly demonstrate the significant role of calcination parameters on the
characteristics of nano-HAP powders.
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1. Introduction

Bone defects and non-unions caused by trauma, resection, or
abnormal development pose a significant health problem
worldwide with over 500,000 bone repair procedures per-
formed annually (Ref 1). At present, autografts remain the gold
standard for bone repair, substitution, and augmentation
followed by allografts. Although autografts and allografts have
important advantage of being osteogenic or osteoinductive,
they suffer from some disadvantages, including high cost,
trauma, and limited supply, risk of immune rejection or a
chronic immune response and potential viral transmission (Ref
2). The disadvantages of autografts and allografts have
prompted interest in developing the synthetic materials as bone
graft substitutes.

Many commercial substitute materials have been developed,
including metal, natural and synthetic polymers, corals and its
derivatives, human bones (from cadaver bones), cow bones,

synthetic ceramics (calcium phosphates, calcium sulfates,
calcium carbonates, bioactive glasses), and composites (Ref
3). Among these bone substitute materials, the most used
materials are calcium phosphate (Ca-P)-based biomaterials (e.g.,
hydroxyapatite, tricalcium phosphate, octcalcium phosphate,
amorphous calcium phosphate, dicalcium phosphate, etc.) (Ref
4). The reason for the development of the Ca-P-based bioma-
terials is their similarity in composition to the bone mineral and
their good biocompatibility, bioactivity, osteoconductivity, etc.

Hydroxyapatite (Ca10(PO4)6(OH)2) is the most ubiquitous
calcium phosphate that has been intensely studied over the
years. One of the main reasons for the intense focus is because
of its structural and compositional similarity to the mineralized
matrix of natural bone. As a result, this inorganic phosphate has
been studied extensively for medical applications in the form of
powders, composites, or even coatings (Ref 5-9). Furthermore,
it has also been studied for other non-medical applications, for
example, as packing media for column chromatography, gas
sensors, catalysts, etc. (Ref 5). Due to its diverse applications,
the materials� properties accordingly need to be tailored for real
world applications. Hence researchers have tried to customize
its properties such as bioactivity, mechanical strength, solubil-
ity, and sinterability by controlling its composition, morphol-
ogy, and particle size (Ref 9).

Earlier research on the development of HAP was mainly
focused on controlling the stoichiometry of the products, and
now with the development of nanotechnologies, a considerable
interest is shown in controlling the morphology and size of
HAP. Better structural biomimicity and osteoconductivity can
be achieved using nanosized and nanocrystalline HAP (Ref 10-
14). Biocompatibility of such biomaterials is the key factor in
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their possible clinical use. The properties of nano-HAP
prepared by various methods differ in their properties mainly
due to the synthetic procedures, which in turn directly affect its
bioactivity. Hence, synthesis of pure nano-HAP with controlled
size and morphology is highly desirable.

Numerous HAP synthesis techniques have been developed
which include mechanochemical synthesis (Ref 15), combus-
tion preparation (Ref 16), and various techniques of wet
chemistry, such as direct precipitation from aqueous solutions
(Ref 17), electrochemical deposition (Ref 6), sol-gel procedures
(Ref 18), hydrothermal synthesis (Ref 19), and emulsion or
micro-emulsion routes (Ref 20), etc. The most commonly used
technique for the preparation of HAP nanopowders is the sol-
gel technique as it is an elective method for the preparation of
highly pure powder due to the possibility of a strict control of
the process parameters. This method offers a molecular mixing
of the calcium and phosphorus, which is capable of improving
the chemical homogeneity. The sol-gel product is characterized
by nano-size dimension of the primary particles and this small
domain is a very important parameter to improve the contact
reaction and the stability at the artificial/natural bone interface.

In this study, we report the synthesis of pure, nanocrystalline
HAP without any other additional phase, up to 1000 �C, giving
emphasis on the effect of calcination parameters on the
characteristics of nano-HAP powders using potassium dihy-
drogen phosphate (KH2PO4) as a phosphorous precursor (Ref
21). It has been noted that the effect of temperature and time of
calcination on the characteristics of sol-gel synthesized nano-
HAP using KH2PO4 as a phosphorous precursor has not been
studied in detail (Ref 22).

2. Materials and Methods

2.1 Synthesis of Hydroxyapatite Nanopowders

The flowchart shown in Fig. 1 outlines the experimental
procedure used to synthesize the HAP nanopowder in this study.
A stoichiometric amount of calcium nitrate tetrahydrate
(Ca(NO3)2Æ4H2O, Merck, AR grade), and potassium dihydrogen
phosphate (Merck, AR grade) were used with the molar ratio of
10:3, which is the desired Ca/P ratio observed in hydroxyapatite
(Ref 23). Deionized water was used as the solvent. 1 M solution
of calcium nitrate tetrahydrate was added dropwise to 0.6 M
solution of potassium dihydrogen phosphate. Mixing was done
under continuous stirring conditions. The pH was adjusted to 11
by adding liquid ammonia. Increased pH of mixture is reported
to significantly improve gelation process of hydroxyapatite sol-
gel (Ref 23). After mixing was complete, continuous stirring
was done for 1 h and the solution was aged for 24 h at room
temperature. Then the solution was filtered and washed using
warm double-distilled water so as to remove the undesired K+,
NH4

+, and NO3
�1 ions. The gel obtained after filtration was dried

at 55 �C in oven and then crushed using mortar and pestle.
The reaction involved in the formation of HAP during the

sol-gel preparation and drying can be expressed as follows
(Ref 23):

10Ca NO3ð Þ2�4H2Oþ 6KH2PO4 �!
20NH4OH

Ca10 PO4ð Þ6 OHð Þ2
þ 6KOHþ 20NH4NO3 þ 52H2O ðEq 1Þ

The dried HAP powder was subjected to calcining at a rate
of 5 �C/min up to 600 and 800 � for different time periods in a
muffle furnace and finally was placed in air for cooling to
ambient temperature. The powders were labelled as: powder
dried at 55 �C (HAP1), calcined at 600 �C for 1, 2, 3, and 4 h
(HAP21, HAP22, HAP23, HAP24) and calcined at 800 �C for 1,
2, 3, and 4 h (HAP31, HAP32, HAP33, HAP34), respectively.

2.2 Characterization

X-ray diffraction (XRD) analysis was performed on all the
nanopowders using a Philips Xpert diffractometer with CuKa
(k = 1.54 Á̊) radiation. The data were recorded over the 2h
range of 20� to 80� with a 0.017� step size and scan step time of
20.03 s. Phase analysis, estimation of crystallinity, and crys-
tallite size of nanopowders were carried out from the XRD
patterns obtained.

Transmission electron microscope (TEM) (Hitachi, 7500)
was used to observe the particle morphology and size of the
powders.

Fourier transform infrared (FTIR) spectroscopy analysis
(Perkin Elmer Spectrum RXI FT-IR system) was carried out to
identify the functional groups. The spectrum was recorded in
the 4000-400 cm�1 region with 2 cm�1 resolution.

A Perkin Elmer STA 6000 Simultaneous Thermal Analyzer
was used to study thermal gravimetric analysis (TGA) of the
nano-HAP powder (HAP1). For determining the mass variation
in the sample, the sample was heated from room temperature to
1000 �C, at a heating rate of 10 �C/min under nitrogen flow.

The BET surface area of the nanopowders was evaluated by
N2 adsorption (Quantachrome Instruments NOVA 2200e
Surface Area Analyzer) using Brunauer-Emmett-Teller (BET)
method (Ref 24). The linearized form of BET equation is
expressed as:

p

vðpo � pÞ ¼
1

vmc
þ c� 1

vmc

p

po

Fig. 1 Flow chart of sol-gel synthesis of HAP nanopowder
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where p/po is the relative vapor pressure of the adsorbate, v is
the volume of gas adsorbed, vm is the volume of gas
adsorbed in a monolayer, and c is a constant related to the
energy of adsorption. A linear regression of the left side of
the BET equation and p/po yields a slope and intercept from
which c and vm are obtained. The BET surface area is then
calculated from vm (Ref 25).

3. Results and Discussion

In Fig. 2, the XRD patterns of HAP1, HAP21, and HAP31
powders are compared. All spectra show only the HAP
reflections (JCPDS II 74-0566). The powders are found to be
hexagonal and have matched well with JCPDS Card No. 74-
0566. Both cell parameters, a and c, have been calculated using
the equation given below (Ref 26):

1

d2
¼ 4=3

h2 þ hk þ l2

a2

� �
þ l2

c2

where d is the distance between adjacent planes in the set of
Miller indices (h k l). The cell parameters of HAP1, HAP21,
and HAP31 powders are reported in Table 1. On comparing
the cell parameters for HAP21 and HAP1 powders, a small
contraction of the reticular parameter, a, accompanies by an
increase in c value resulting eventually in a slight unit cell
volume decrement. The parameters a and c both have
decreased for the HAP31 powder with obvious decrease in
volume of unit cell. The HAP1 powder bears with it the char-
acteristic pattern of HAP but not with much resolution and
intensity. It does not contain any phase other than HAP.
Broad peaks at (002) and (211) indicate that the HAP powder
crystallites are tiny and poorly crystallized.

Crystallite size, Xs, is calculated using Scherrer�s equation
(Ref 22, 27). For this purpose, three different peaks (002),
(202), and (222), which are well separated and having high
intensities were chosen for the measurement. Mean crystallite
size of all samples are summarized in Table 1. HAP1 has the
smallest crystallite size of 20 nm. The crystallite size has
increased to 42 and 67 nm for HAP21 and HAP31 powders,

respectively. The crystallinity degree (Xc) of as-dried and
calcined powders, corresponding to the fraction of crystallite
phase present in the examined volume was evaluated as follows
(Ref 28):

Xc ¼ 1� V112=300=I300

where I300 is the intensity of (300) reflection of HAP and
V112/300 is the intensity of the hollow between (112) and
(300) reflections, which completely disappears in noncrystall-
line samples. In agreement with Landi et al. (Ref 28), verifi-
cation was made as follows:

b0023
ffiffiffiffiffi
Xc

p
¼ K

where K is a constant equal to 0.24 for a very large number
of different HAP powders, and b002 is the full width at half
maximum (in degrees) of the (002) reflection. HAP1 powder
has poor crystallinity degree of 0.12. The calcination at 600
and 800 �C has resulted into increase in crystallinity of HAP
to 0.62 and 0.90, respectively. It is observed that there is sig-
nificant increase in intensity and enhanced resolution of all
XRD peaks when the calcination temperature is raised from
600 to 800 �C. New crystalline phases are not observed; this

Fig. 2 XRD patterns of HAP1 (as-synthesized), HAP21 (calcined at 600 �C for 1 h) and HAP31 (calcined at 800 �C for 1 h), HAP (calcined at
1000 �C for 1 h)

Table 1 Crystallite size, crystallinity, and lattice
parameters of nano-HAP powders

Sample
Crystallite
size, nm

Crystallinity,
Xc

Lattice
parameters

a = b, A� c, A�

HAP1 20.0 0.12 9.4358 6.8780
HAP21 42.0 0.62 9.4276 6.8880
HAP22 44.0 0.69 9.4251 6.8890
HAP23 45.0 0.71 9.4210 6.8900
HAP24 46.0 0.71 9.4170 6.8920
HAP31 67.0 0.90 9.4102 6.8640
HAP32 67.5 0.96 9.4085 6.8644
HAP33 68.0 0.96 9.4035 6.8687
HAP34 69.0 0.96 9.4002 6.8734
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precludes even amorphous phases, as the patterns appear very
resolved for HAP powder calcined at 800 �C. Also increase
in intensity is noticed for every peak with increase in calcina-
tion temperature from 600 to 800 �C, this implies that growth
of crystal is not restricted to the planes of maximum
intensity.

The XRD spectra of HAP calcined at 600 and 800 �C for
four different time periods from 1 to 4 h are compared in
Fig. 3(a) and (b), respectively. Variation in cell parameters a
and c for the calcined HAP powder crystallites are given in
Table 1. The reference for hydroxyapatite is JCPDS #74-0566
(a = 9.418 Å, c = 6.88 Å). With increase in calcination time,
gradually small contraction in a parameter is accompanied by
small increment in c parameter at both calcination temperatures,
i.e., 600 and 800 �C, which eventually results in slight
decrement in the unit cell volume. Analysis of the unit cell
parameters suggests that there are minimal changes in a and c
parameters after calcination of hydroxyapatite at 600 and
800 �C. The parameter a lies between 9.41 and 9.43 Å and c
lies between 6.87 and 6.89 Å. These values are within the range
reported in literature for stoichiometric HAP (Ref 29). The c/a
ratio is approximately 0.73 for all the nanopowders, which
clearly indicate the crystallographic stability of HAP nano-
powders.

The crystallinity of HAP22 and HAP23 powders is 0.69 and
0.71, showing an increase in crystallinity by 11 and 3%, when

the calcination time is increased from 1 to 2 h and 2 to 3 h,
respectively. The increase in calcination time to 4 h has shown
no further effect on crystallinity. HAP31 powder has crystal-
linity of 0.90, which increased by 6.6% to a value of 0.96 when
calcined for 2 h and then it remained the same even after
increase of calcination time to 3 or 4 h, respectively. From
Table 1, it can be observed that with increase in calcination
time, the crystallite size increases for either of the calcination
temperatures. The morphological shape and size of nano-HAP
powder (HAP21) observed using TEM is shown in Fig. 4.

The TEM image revealed the crystallite size of HAP
nanopowder (HAP21) particles ranging between 26.0 and
45.6 nm, which is well in agreement with the crystallite size
calculated using XRD data.

Figure 5 presents FTIR patterns for as-dried as well as
calcined HAP powders. The spectra for HAP31 possess sharp
and strong band at 3571 cm�1 corresponding to OH� group
and a weak broad band corresponding to strongly adsorbed and/
or bound H2O ranging between 3550 and 3350 cm�1 as
compared to HAP21 and HAP1. The band at 1650 cm�1

corresponding to H2O bending mode is more prominent in case
of HAP1 as compared to HAP21 and HAP31. The strength of
peak present at 1384 cm�1 corresponding to NO3

�1 group
reduces in hydroxyapatite on calcination at 600 and 800 �C.
There are two characteristic bands at 1093 and 1039 cm�1

corresponding to m3 mode (stretching vibration) of the

Fig. 3 (a) XRD patterns of HAP calcined at 600 �C: HAP2 (1 h), HAP2 (2 h), HAP2 (3 h), and HAP2 (4 h). (b) XRD patterns of HAP cal-
cined at 800 �C: HAP3 (1 h), HAP3 (2 h), HAP3 (3 h), and HAP3 (4 h)
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phosphate group. The spectra show the m1 PO4
3� mode peak at

963 cm�1 due to stretching vibration. The bands at 569 and
602 cm�1 are assigned to the m4 phosphate mode (bending
vibration), and the peak at 473 cm�1 is assigned to the m2
phosphate mode (bending vibration). The characteristic peak at
632 cm�1 is due to OH� bending mode in the hydroxyapatite
lattice. The bands obtained for respective phosphate and
hydroxyl groups of synthesized HAP, are in agreement with
other published data (Ref 23, 30, 31). FTIR patterns shown in
Fig. 6(a) and (b), for HAP powders calcined at 600 and 800 �C
for different time periods from 1 to 4 h, revealed that the
strength of hydroxyl stretching vibration bands (at 3550-
3350 cm�1) has reduced substantially, while the strength of m3
mode PO4

3� stretching vibration peaks at 1093 and 1039 cm�1

have increased in hydroxyapatite calcined for longer time at
both the calcination temperatures.

TGA curve (Fig. 7) of the as-dried powder shows the first
weight drop of 5% at temperature T� 100 �C, which is due to

water evaporation. A subsequent weight loss of 13% occurs
until 700 �C, which is attributed to decomposition and
elimination of ammonia, nitrogenated substances as NOx and
the release of gas inside the sample. However, there was very

Fig. 4 TEM micrograph of HAP2 (calcined at 600 �C for 1 h)

Fig. 5 FTIR spectra of HAP1 (as-synthesized), HAP21 (calcined at
600 �C for 1 h), and HAP31 (calcined at 800 �C for 1 h)

Fig. 6 (a) FTIR spectra of HAP calcined at 600 �C: HAP21 (1 h),
HAP22 (2 h), HAP23 (3 h), and HAP24 (4 h). (b) FTIR spectra of
HAP calcined at 800 �C: HAP31 (1 h), HAP32 (2 h), HAP33 (3 h),
and HAP34 (4 h)

Fig. 7 TGA plot of HAP1 (as-synthesized) showing the weight
loss
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minute weight loss on heating up to 1000 �C, which indicates
the high thermal stability of the synthesized HAP. The thermal
stability was also confirmed by analyzing the XRD pattern of
this HAP calcined at 1000 �C, which indicated the absence of
b-TCP peak (Fig. 2). Raynaud et al. (Ref 32) proved the
reliability of Ca/P ratio of the initial HAP powder calculated
from the proportions of HAP and b-TCP in calcined biphasic
calcium phosphates. Calcium-deficient HAP changes to stoi-
chiometric HAP and b-TCP with thermal treatment, according
to the following equation:

Ca10�x HPO4ð Þx PO4ð Þ6�x OHð Þ2�x! 1� xð Þ Ca10 PO4ð Þ6 OHð Þ2
þ 3xb� Ca3 PO4ð Þ2þxH2O ðEq 2Þ

This is in agreement with the research of Yoshimura et al.
(Ref 19) as well, in which he indicated that Ca-deficient HAP
tends to transform to b-TCP on heating at 900 �C depending on
the deficiency of calcium.

The results for BET surface area of the samples are
presented in Table 2. The BET surface area of HAP1 was
found to be 40.20 m2 g�1 and it was observed that with an
increase in temperature and/or time of calcination at 600 or
800 �C, the BET surface area decreased. The decrease in the
surface area at a higher calcination temperature was due to
sintering effect within the powder particles (Ref 33). In Fig. 8,
the corresponding BET lines are reported for HAP1, HAP21,
HAP24, HAP31, and HAP34 powders. The high correlation
coefficients give evidence for the accuracy of BET surface area
measurements (Ref 34).

4. Conclusions

The influence of calcination temperature and time on the
characteristics of nano-HAP synthesized through the water-
based sol-gel process using calcium nitrate tetrahydrate and
potassium dihydrogen phosphate as the precursors was inves-
tigated using XRD, electron microscopy, FTIR, thermal
analysis, and BET surface area analyzer. XRD and FTIR
studies confirmed the crystallized sample to be pure and nano-
HAP. The crystallinity and particle size of the HAP nanopow-
der increased with the increase in temperature of calcination.
TGA studies showed that hydroxyapatite crystals were ther-
mally stable up to 1000 �C. The BET surface area decreased
with increase in the calcination temperature and time. It is
obvious that the contact reaction and the stability of the
prepared nano-HAP powder at the artificial/natural bone
interface can be improved by the control of its structure and
surface area through calcination parameters.
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