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Abstract: A rapid sol -gel method for preparing hydroxyapatite nanoparticles (nHAP) has been developed. Three
different sets of experimental conditions, in terms of solvents (water and ethanol), synthesis temperatures (25, 40
and 60益), and microwave irradiation (on and off) were explored. Crystal phase composition, functional groups
and morphology of the products were characterized by thermogravimetric analysis ( TGA), X鄄ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT鄄IR), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The solvent and temperature were optimized based on product properties. Most impor鄄
tantly, the microwave鄄assisted method (with little to no ageing necessary) was much faster than the conventional
methods (with slow ageing processes needing from hours to days), while affording pure nHAP with virtually identi鄄
cal morphological and structural properties. This study represents a practical application of the powerful microwave
technique in synthesis of nHAP, offering guidance on the selection of optimum experiment conditions.
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Introduction
Hydroxyapatite (HAP, chemically represented as

Ca10(PO4) 6(OH) 2) is the major constituent (70% -
90% ) of biological apatite in vertebrates[1] . Because
of its close chemical and crystallographic structure re鄄
semblance to natural bones and teeth, along with its
good bioaffinity, superior bioresorption and enhance鄄
ment of osteoconductivity, HAP is one of the most at鄄
tractive and frequently used calcium phosphate鄄based
biomaterials in the form of restorative, grafting, and
coating materials in clinical applications such as dental

and orthopedic implants[1 - 2] . Due to extensive use of
HAP, synthetic HAP, especially nano鄄hydroxyapatite
(nHAP) is of great interest. Various methods have
been developed for the synthesis of HAP nanostruc鄄
tures, including dry processes (such as mechanochem鄄
ical synthesis[3 - 4] and combustion synthesis[5 - 6] ),
and wet chemistry techniques ( such as precipitation
methods[7 - 8], sol - gel processes[1 - 2], hydrothermal
processes[9 - 10], emulsion systems[11 - 13], ultrasonic
techniques[14] and high gravity methods[15] ). Among
them, sol - gel processes, one of the most economic
and environmentally friendly approaches, have attrac鄄
ted much attention because of its well鄄known inherent
advantages, including homogeneous molecular mixing
and thereby homogeneous chemical composition and
high product purity, low processing temperature, abili鄄
ty to produce fine鄄grain nano鄄sized particles, and tre鄄
mendous flexibility to generate powders, bulk amor鄄
phous monolithic solids and thin films[16 - 17] . Howev鄄



er, due to slow reactions between calcium (Ca) and
phosphorus (P) precursors in the sol phase, the sol -
gel preparation processes commonly reported in litera鄄
ture are time鄄consuming that usually need a long period
of time (逸24 h in the order of several days even over a
week) to complete the ageing and drying process[2],
which limits the production application of synthetic
HAP at industrial scale.

Microwave(MW) is electromagnetic wave whose
frequency range falls from 300 to 300 000 MHz. The
electromagnetic energy induces motion of molecular di鄄
pole moments inside dielectric materials, and generates
heat internally and simultaneously both at the core and
the surface of materials. In conventional heating meth鄄
ods, the external heating source transfers energy radia鄄
tively into materials[17] . Hence, MW鄄assisted methods
offer several distinct advantages including rapid heat鄄
ing, throughout volume heating, shorter reaction time,
efficient energy transformation and excellent reproduc鄄
ibility[18] . Recently, MW鄄assisted synthesis of nHAP
has become a fast鄄growing research area[18 - 19] . There
have been several reports demonstrating MW鄄assisted
synthesis of nHAP for various applications[20 - 21] . For
example, MW鄄precipitation methods, MW鄄sintering
methods and MW鄄hydrothermal methods have been
proved to be successful in a rapid synthesis of
HAP[18 - 19,22] .

The sol -gel process may also become faster with
microwave assistance. However, to our knowledge,
there have been few reports on combining these two
techniques[23] . In this study, we reported for the first
time a simple MW鄄assisted sol -gel method (MW-SG)
for rapid (with little or no ageing process) synthesis of
nHAP from calcium nitrate tetrahydrate and phosphoric
pentoxide. In order to clearly understand the process of
synthesis reaction, the effect of different parameters,
such as solvent, temperature and microwave, were in鄄
vestigated. A conventional sol - gel process was also
studied for comparison purpose. The MW鄄assisted sol -
gel method was found to be much quicker than that
used in the conventional ethanol based sol - gel nHAP
synthesis, while their products were chemically identi鄄

cal.

1摇 Experimental
1郾 1摇 Materials and equipment

Calcium nitrate tetrahydrate (Ca(NO3)2·4H2 O),
phosphoric pentoxide (P2O5), absolute ethanol
(CH3CH2OH) and ammonia hydroxide (NH4OH) and
all other reagents were purchased from Sinopharm
Chemical Reagent Beijing Co. Ltd. , and were analyti鄄
cal reagent grade and used without further purification.

All microwave鄄assisted reactions were carried out
in a microwave鄄assisted reactor (MCR - 3, Shanghai
Purdue Biochemical Technology Co. , Ltd. , Shang鄄
hai) . The power source to generate microwave at a fre鄄
quency of 2郾 45 GHz is installed because it has suitable
penetration depth to interact with chemical compounds.
This system is operated at 50 Hz and a maximum power
of 800 W, and the power could be tuned from 0 to
100% and controlled by temperature from 40 益 to a
maximum of 250 益 .
1郾 2摇 Preparation of hydroxyapatite

Calcium nitrate tetrahydrate (Ca(NO3) 2·4H2O)
and phosphoric pentoxide (P2O5) dissolved in absolute
ethanol were used as the starting precursors for calcium
and phosphorous, respectively. The calcium solution
was stirred at room temperature and the phosphate so鄄
lution was added dropwisely. The reactants were mixed
according to the stoichiometric hydroxyapatite molar ra鄄
tio (nCa / nP = 1郾 67). Ammonium hydroxide (NH4OH)
was used to adjust the pH of the solution to 8. The ob鄄
tained mixture was heated to the required temperature
(25, 40 and 60益) in a conventional water bath reac鄄
tor or in a microwave reactor (2郾 45 GHz, 800 W) for
10 min with vigorously stirring. A white viscous solu鄄
tion was obtained, and then aged at room temperature
for different time periods up to 48 h. The white gel
transformed from the solution was filtered and washed
repeatedly using distilled water. The filtered gel鄄like
cake was dried overnight in air oven at above 80 益
(labeled as precursor) . The dried precursor was then
calcined at 600 益 for 2 h in air using a muffle furnace
to produce hydroxyapatite.
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1郾 3摇 Characterization of hydroxyapatite
1郾 3郾 1摇 Thermal gravimetric analysis (TGA)

TGA was conducted under an air atmosphere in a
NETZSCH STA 449C apparatus ( Shimadzu, Japan)
with a 10 益 / min ramp between 20 and 800 益 . Ap鄄
proximately 4 mg of sample was ground with a mortar
and pestle and then placed in a ceramics sample pan
for analysis.
1郾 3郾 2摇 X鄄ray diffraction analysis (XRD)

The crystalline phases of the samples were exam鄄
ined by XRD analysis ( XRD - 6000, Shimadzu, Ja鄄
pan), using Cu K琢 radiation (姿 = 0郾 154 06 nm) in a
2兹 range of 5毅 to 90毅 at a scan rate of 5 (毅) / min.
Powder samples were densely packed in an aluminum
holder. The experiments were operated at a voltage and
current setting of 40 kV and 30 mA, respectively.
Spectrum analysis software MDI Jade V 5. 0. 37 was
used. Crystallographic identification of the XRD pat鄄
terns was accomplished by comparing with standard da鄄
ta compiled by the International Centre for Diffraction
Data (ICDD).
1郾 3郾 3摇 Fourier transform infrared spectroscopy ( FT鄄

IR)
Infrared transmittance spectra of the samples were

obtained using a Fourier transform infrared spectrome鄄
ter ( Bruker Optics VERTEX70, USA) in the trans鄄
mission mode in the range of 400 - 4 000 cm - 1 with a
resolution of 4 cm - 1 . Pellets for FT鄄IR were prepared
by mixing the sample with potassium bromide (KBr)
in a mass ratio of 1 颐 100 to form a homogeneous mix鄄
ture, and compressed at 10 MPa to form disks at room
temperature.
1郾 3郾 4摇 Scanning electron microscopy (SEM)

For SEM experiments, the samples were carefully
fixed on aluminum stubs and then coated by 5 nm of
gold, and measurements were performed on a TESCAN
MAIA3 microscope (TESCAN, Czech).
1郾 3郾 5摇 Transmission electron microscopy (TEM)

TEM experiments were performed on an HT7700
microscope (Hitachi, Japan). The samples for TEM
characterization were prepared by dissolving in absolute
ethanol and evaporating a droplet of dispersion on a Cu
grid. The morphology and size of the samples were in鄄

vestigated. Diameters and lengths and corresponding
distributions were derived from the TEM images using
ImageJ (NIH, USA).

2摇 Results and discussion
2郾 1摇 The sol -gel process

Various methods for microwave鄄assisted ( MW)
synthesis of nano鄄hydroxyapatite (nHAP) have exten鄄
sively investigated the effect of MW on the properties of
nHAP, such as Ca / P ratio, particle size and shape,
phase and crystal structure, morphology and biological
properties. The aim of this work was to evaluate the
MW鄄assisted method as a synergetic strategy for sol -
gel synthesis of nHAP. The reaction involved in the
present study can be expressed as follows:

10Ca(NO3 ) 2·4H2O + 3P2O5 + 20NH4 寅OH
Ca10(PO4) 6(OH) 2 + 20NH4NO3 + 49H2O.

Figure 1 showed representative photographs of the
asprepared products in the form of gels during the sol -
gel method.

Fig. 1摇 Representative photographs of the asprepared
products of the sol -gel process

2郾 2摇 Solvent effect
It has been reported that a typical aqueous sol -

gel synthesis of HAP often requires ageing and drying
periods up to a week or more, while non鄄aqueous etha鄄
nol鄄based process can be significantly faster[2] . For
comparison, the sol -gel processes were carried out in
both water and ethanol in this study. After drying, the
precursor was evaluated by thermal gravimetric analysis
to investigate its thermal stability (Figure 2(a)) and
optimized sintering temperature. For the aqueous sol -
gel process, the first stage of weight loss was at T臆
250益 due to evaporation of absorbed and lattice water;
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the second one was at 250 益臆T臆320 益 and the third
one was at 320 益臆T臆450 益 . For the ethanol鄄based
sol -gel process, the first one was at T臆280 益 due to
lattice water and ethanol evaporation, and the second
one was at 280 益 臆T臆600 益 due to decomposition
and burnout of ethanol and crystallization of nHAP.
Beyond 600 益, there was no significant change in
weight loss representing stable nHAP. It has been
mentioned that the decomposition / degradation tempera鄄
ture of nHAP was in the range of 600 - 900 益 [2] and
that HAP transformed into other phases during heating
up to 1200益 [24] . As a result, the calcination temper鄄
ature was set as 600 益 in the present study.

Fig. 2 摇 TGA, XRD and FT鄄IR analysis results showing the
effect of different solvents on the structure of the
products

In order to determine any potential preferential

crystalline orientation produced by the variation of re鄄
action solvents, X鄄ray powder diffraction was used to i鄄
dentify the crystalline phases of sintered products at
600益. The XRD patterns were shown in Figure 2(b).
The XRD patterns of product prepared by the aqueous
sol - gel process exhibited characteristic patterns of
nHAP. But low resolution and intensity suggested poor鄄
ly crystalline single phase of HAP. The XRD patterns
of product prepared by the ethanol鄄based process
showed increase in resolution and intensity at (0 0 2)
and (2 1 1) planes. Again there was no crystalline
phase other than HAP. In addition, FT鄄IR spectrosco鄄
py was used to confirm the molecular structure and
functional groups in the nHAP. Figure 2 ( c) showed
all bands corresponding to nHAP. Bands at 600 and
1 020 cm - 1 represented the 淄4 and 淄3 bending vibra鄄
tions of PO3 -

4 . Bands at 3 570 and 630 cm - 1 were at鄄
tributed to the characteristic 淄3 and 淄L OH - stretching
of the nHAP lattice[25] . Further structural analysis of
the synthesized nHAP was characterized using both
scanning electron microscopy and transmission electron
microscopy (Figure 3 and 4). The nHAP synthesized
through the ethanol鄄based sol - gel process exhibited
nano鄄sized morphology, while that of the aqueous sol -
gel process was mainly amorphous with no distinct ed鄄
ges (Figure 3(a)、(b) and Figure 4(a)、(b)). This
result agreed well with the above XRD results. In sum鄄
mary, different reaction solvents affected the crystalline
properties of nHAP product, and it was found that eth鄄
anol was a better solvent for the sol -gel method. Mo鄄
reover, most reports in literature indicated that the
sol -gel derived HAP was always accompanied by sec鄄
ondary phase of calcium oxide, which might not be fa鄄
vorable for certain applications[26] . In contrast, this
study represented an ethanol鄄based sol -gel synthesis of
pure phase nHAP.
2郾 3摇 Temperature effect

It has been reported that temperature affects the
morphology, crystallinity and stoichiometry of nHAP
precipitation[27] . The sol - gel processes were carried
out at 25, 40 and 60益, respectively. The TGA traces
were shown in Figure 5( a). For precursors produced
at 25 and 40益, there were three major weight loss sta鄄
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Fig. 3摇 Representative SEM images of hydroxyapatite nanoparticles prepared under different reaction conditions
摇

Fig. 4摇 Representative TEM images of hydroxyapatite nanoparticles prepared under different reaction conditions
摇

ges, while two stages for 60 益 . As for the crystalline
phase, the XRD patterns were similar in all three ca鄄
ses, showing single crystalline phase HAP (Figure 5
(b)). The FT鄄IR spectra in Figure 5(c) showed the
characteristic bands of nHAP. Besides, the spectra of
all the samples showed a sharp and strong band at
about 3 570 cm - 1 and a weak broad band ranging from
3 200 to 3 600 cm - 1 . The 3 570 cm - 1 around band cor鄄

responded to the OH - group, and the broad band cor鄄
responded to the strongly adsorbed / bound water
(stretching mode) in the structure. Even though the
crystal phases were similar in all ethanol鄄based sol -gel
processes, morphological properties might differ due to
different processing temperature.

More detailed structural analysis by SEM and
TEM was performed. Figure 3(b) - (d) and Figure 4

·11·第 3 期摇 摇 摇 摇 摇 摇 CHEN ChunYu et al: Microwave鄄assisted sol -gel synthesis of hydroxyapatite nanoparticles



Fig. 5 摇 TGA, XRD and FT鄄IR analysis results showing the
effect of the temperature on the structure of the prod鄄
ucts

摇

(b) - (d) showed representative images of the nHAP
produced at 25, 40 and 60益, respectively. It was ob鄄
served that the particle sizes of the nHAP increased a鄄
long with the reaction temperature. It can be seen that
the nHAP prepared at 60 益 was much larger than that
at 25 益 . More specially, the HAP prepared at 25 益
was mainly nanosphere鄄shaped ( Figure 3 ( d) and 4
(d)), while that prepared at 40 益 was nanoellipse鄄
shaped (Figure 3(c) and 4(c)) and that prepared at
60 益 was a mixture of nanoellipse鄄shaped and nano鄄
rod鄄like structures ( Figure 3 ( b) and 4 ( b)). This
trend was consistent with the previous report that the
increase of reaction temperature favored formation of

calcium phosphate with larger particle size[20] . In sum鄄
mary, temperature did not affect the crystalline phase
(XRD), slightly affected the functional groups ( FT鄄
IR), but did affect thermal stability of the precursors
( TGA ) and nanostructure morphology ( SEM and
TEM) of the final nHAP.
2郾 4摇 Microwave effect

Nearly all types of thermally driven chemical reac鄄
tions could be accelerated by microwave irradiation. To
evaluate the effect of MW on the sol -gel process, re鄄
actions were carried out with and without MW. The re鄄
action temperature was set as 40 益 for two reasons:
(1) SEM and TEM results (Figure 3(c) and 4(c))
indicated that the particle size distribution of nHAP at
40 益 was the most uniform and least agglomeration;
(2) 40 益 was the lowest temperature limit of the MW
reactor used in the present study. After 10 min鄄heating
at 40 益, 5 min鄄ageing was taken for the MW鄄assisted
sol -gel process, while 48h鄄ageing was taken for the
conventional heating method. It is noteworthy that, in
most previous reports, the reaction temperature was not
mentioned as there were no temperature measuring
tools in domestic MW ovens, which lacked control, re鄄
producibility and safety[18 - 20] . A commercially availa鄄
ble single鄄mode microwave reactor was employed in
this study which was installed with built鄄in magnetic
stirring, temperature and pressure sensors, power con鄄
trol and feedback control. This microwave system ena鄄
bled easy, repeatable, reliable and effective control of
the reaction temperature.

From Figure 6, it can be seen that there were no
significant differences between the products synthesized
via the MW鄄assisted sol -gel process and that from the
conventional heating method. Meanwhile, the matura鄄
tion degree of the resultant precipitate revealed that the
conventional method required a longer time to approach
the thermodynamic equilibrium than the MW鄄assisted
heating. The reaction of Ca(NO3) 2·4H2O with P2O5

in ethanol resulted in the formation of a gel. Whether
the resultant gel was transparent or translucent depen鄄
ded on the precipitate concentration. As shown in Fig鄄
ure 7, the gels resulted from MW鄄assisted heating with鄄
out any ageing stages were more translucent than that
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Fig. 6摇 The TGA, XRD and FT鄄IR analysis results showing
the effect of microwave irradiation on the structure of
the products at 40 益 (the lowest temperature limited
by the microwave reactor)

from the conventional method even after 48 h鄄ageing.
These results highlighted the speediness of the MW鄄as鄄
sisted sol - gel method proposed in the present work,
which could potentially avoid the ageing process entire鄄
ly. The short reaction time was consistent with previ鄄
ously reported MW鄄assisted synthesis methods of
nHAP[18 - 19, 22] . This could be attributed to the interac鄄
tion of the MW with the dielectric nHAP and solvent
molecules at the molecular level. The MW energy
raised local temperature, and consequently reduced the
maturation time required for formation of nHAP
phase[28] . Instead of spending hours or even days syn鄄

Fig. 7 摇 Photographs of sol - gel materials aged for different
time periods showing products obtained from conven鄄
tional heating ( left) and microwave鄄assisted heating
(right)
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thesizing nHAP, the same sol - gel reaction could be
accomplished in minutes. Further structural character鄄
ization using SEM and TEM (Figure 3(e) - ( f) and
Figure 4(e) - ( f)) revealed nanoellipse鄄shaped mor鄄
phologies with no obvious differences, suggesting that
the MW has no significant influence on the morphology
of nHAP. In previous studies, via MW irradiation,
Lak et al. [29] reported the synthesis of rod鄄like
hydroxyapatite, Liu et al. [30] reported the synthesis of
needle鄄like hydroxyapatite. But in both above cases the
nanostructures showed poor crystallinity, and the mor鄄
phology could not be well controlled. In the present
study, the use of sol -gel synthesis in combination with
microwave heating made it possible to obtain nHAP
with high crystallinity and uniform morphology.

3摇 Conclusions
We developed a new microwave鄄assisted sol - gel

method with obviously higher efficiency over conven鄄
tional methods for preparing hydroxyapatite nanoparti鄄
cles (nHAP). The innovative fast process required lit鄄
tle or no aging while the conventional method involved
a 48h鄄aging period. The morphological and structural
properties of nHAP were investigated. It was found that
ethanol was a better solvent for the sol -gel method in
producing nHAP with high crystalline pure phase, and
that the particle size of the nHAP increased along with
the reaction temperature. In addition, the microwave
irradiation did not affect the morphological or structural
properties of nHAP. Therefore, the microwave鄄assisted
sol -gel method has great potential as a rapid technique
to prepare nHAP, and the fast production broadens the
scope of nHAP for future academic and industrial ap鄄
plications.
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