Effect of sonication time on the characteristics of nanophase hydroxyapatite crystals
synthesised by the sol-gel technique
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An examination has been conducted of the effect of sonication time (25 kHz) at a constant temperature of 25°C on the structure of
hydroxyapatite (HAp). Diammonium hydrogen phosphate and calcium nitrate tetrahydrate were used as starting materials. The gel formed
by mixing the starting materials solution was subjected to sonication for 0, 5, 10, 20, 30 and 40 min. After sonication, HAp was dried at
room temperature and calcined at 600°C for 2 h. The crystallisation, morphology and functional groups of the prepared nanoHAp were
inspected by X-ray diffraction (XRD), transmission electron microscopy (TEM) and Fourier transform infrared (FTIR) spectroscopy. The
XRD results revealed crystalline sizes in the range 50-58 nm and 3-5 of the crystalline fraction. The TEM results proved that the particle
size of nano-HAp decreased with increasing sonication time. In addition, the FTIR spectroscopy confirmed that an increase of sonication
time led to an increase in the concentration of carbonate groups

1. Introduction: Human bone is composed of 33-43% apatite
materials, 32-44% organics and 15-25% water [1].
Hydroxyapatite (Ca;o(PO4)s(OH),, HAp) occurs in the bone
mainly in platelet form, with a length of 40-60 nm, width of
about 20 nm and thickness of 5 nm, arranged alongside collagen
fibres [2]. Synthesised HAp is well known as a bioceramic
material that can be used for hard tissue replacement because of
its structure and composition being similar to that of mineralised
human bone [3-4]. Many researchers have therefore attempted to
synthesise HAp [1-4]. To improve the properties of synthesised
HAp, this present research has improved the method of
preparing HAp at nanoscale. It is well known that nanosized
Hap, which has a grain size of less than 100 nm, has a high
surface activity and ultrafine structure, similar to the mineral
found in the bone tissues of humans [5]. Many studies have
reported that a sono-chemical method is available for preparing
nanosized HAp particles [1-8]. The advantages of this method
are that fewer chemicals are used, with low cost, high phase
purity, nanosized HAp and with narrow size distribution [5].
However, the ultrasonic apparatus used for preparing HAp has
not been calibrated. In many papers, only the power input was
given as a measure of the ultrasonication intensity, while
ultrasonic reaction conditions (sample volume, distance between
sample cell and transducer, diameter of ultrasonic probe) have
not been reported [1-4]. Therefore the ultrasonic apparatus used
for preparing HAp in this work was calibrated by means of KI
oxidation dosimetry [9]. HAp nanoparticles were also
synthesised using the sol-gel method with sono-chemical
methods. In addition, the structure and morphology of the
synthesised HAp powders were studied by X-ray diffraction
(XRD), transmission electron microscopy (TEM) and Fourier
transform infrared (FTIR) spectroscopy.

2. Experimental procedures

2.1. Calibration of ultrasonic reactor apparatus: An ultrasonic
apparatus was set up as previously in our work [10]. The
standard method used for the determination of sono-chemical
efficiency (SE-value) is by means of KI oxidation dosimetry [9].
Deionised water was used for the preparation of 0.1 M KI. The
reactor consists of an ultrasonic horn (diameter=0.5 cm) which
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generates ultrasonic waves at 25 kHz and the power of the
ultrasonic probe was 200 W. The Schlenk tube (100 cm?,
diameter 50 cm) was the reactor flask and its temperature was
maintained at 25+ 1°C by circulating thermostatically controlled
water (10 dm®) throughout the flask. The SE value of the reactor
was 5.52 x 10~'" mol/J.

2.2. Hydroxyapatite preparation: Calcium nitrate tetrahydrate (Ca
(NO3),4H,0) (4.15 g; 98%, Kanto Chemical) dissolved in ethanol
(99.9%, Labscan Asian) was prepared (25 ml). Diammonium
hydrogen phosphate ((NH4),HPO,) (5.90g; 99%, BDH) was
dissolved in deionised water (25 ml). Next, the two solutions were
mixed in the Schlenk tube and placed in the ultrasonic reactor. The
gap between the ultrasonic horn and the sample tube was
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Figure 1 XRD patterns of HAp powder as various sonication times com-
pared with that of the standard data for pure HAp (ICCD No. 09-0432)
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Table 1 Parameters of HAp obtained from XRD line broadening
calculated from XRD patterns of HAp sample

Nanocrystalline HAp  d-spacing, 211 nm  Crystallite size, nm X

HApO 0.28172 57.59+6.25 4.60
HAp5 0.28170 50.13+3.89 3.02
HApl0 0.28117 55.33+3.52 4.02
HAp20 0.28162 57.53+4.80 4.55
HAp30 0.28149 52.83+6.75 3.63
HAp40 0.28165 55.27+6.61 4.13

controlled at 0.5 cm. A white was precipitate formed and the mixture
was continuously irradiated with ultrasonic waves for 0, 5, 10, 20, 30
and 40 min. Therefore the powder samples obtained at various
sonication times were: HApO, HApS, HAp10, HAp20, HAp30 and
HAp40, respectively. During the ultrasonic treatment, the
temperature of the mixture was controlled at 25+ 1°C. No pH
adjustment was made throughout the whole process [11]. After the
optimum time, the samples were allowed to age for 24 h at room
temperature. The gel obtained was dried at 65°C for 24 h in a hot
air oven (UF110, Memmert). In the next step, the powder for the
dried gel was washed three times using deionised water to remove
NH; and NOj. Finally, the powder was calcined in a Muffle
furnace (M12/14P, Chavachote) at 600°C at a heating rate of 3°C/
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Figure 2 Selected FTIR spectra of HAp powder at various sonication times

min in air. The chemical reaction of HAp can be described by the
following reaction

10Ca(NO,), - 4H,0 + (NH,),HPO, —
Ca,(PO,)s(OH),+12NH,NO,+8HNO; +38H,0 (1)
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Figure 3 TEM images with corresponding selected area electron diffraction (SAED) patterns of HAp powders calcined in air for 2 h at 600°C
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2.3. HAp powder characterisation: The white powder obtained was
ground into a fine powder and analysed using XRD, TEM and FTIR
spectroscopy. XRD of all powder was carried out using D2 Phaser,
Bruker AXS Analytical Instruments with Cu Kea radiation (4=
0.15406 nm). The crystalline size (D) of the particles was
calculated from the XRD line-broadening of the (002), (211),
(300), (202), (310), (222) and (213) effects using the Debye-
Scherrer’s equation as follows [12, 13]

KX
" BcosH

2

where K is a constant (0.89), A is the wavelength (0.15406 nm), 3 is
the full width at half maximum and 6 is the diffraction angle. In
addition, the fraction of the crystalline phase (X.) of HAp was
determined using the following equation [4]

0.24\°
(%) ©

For the FTIR analysis, 1 mg of powder was mixed with 10 mg of
KBr and palletised under vacuum. The powder sample was
determined by FTIR spectroscopy (Shimazu, 809, Bara Scientific)
in the range of 4000-500 cm™" at a scan speed of 23 scan/min with
4 min~" resolution. The morphology of the powder was observed
by TEM (Tecnai G220, FEI, USA). The particle sizes of HAp were
evaluated by analysis of the TEM images through ImagelJ analysis
(NIH) [14].

3. Results and discussion

3.1. XRD analysis: Broad-range XRD patterns of the calcined HAp
powder in comparison with ICDD data are shown in Fig. 1. Phase
peaks were observed around (002), (211), (300), (202), (310), (222)

and (213) as the main phase of HAp matched well with the Powder
Diffraction File (PDF Card No. 9-0432). No significant change can
be seen in the main phase of HAp even while irradiating with
different times. However, it was clearly observed that the
B-tri-calcium phosphate (B-TCP) phase decreased with increasing
sonication time. This result is consistent with that of Campos
et al. [15], who found that the ultrasonic couple with the wet
chemical method showed a lower intensity of A-TCP in
comparison with that obtained by mechanical stirring. This
finding indicates that ultrasonic radiation improves the purity of
HAp [3]. The parameters of HAp obtained from XRD line
broadening are shown in Table 1. The crystalline sizes observed
from XRD line broadening were estimated to be 57.59 +6.25,
50.13£3.89, 55.33+£3.52, 57.53+4.80, 52.83+6.75 and 55.27
+6.61 nm for HApO, HAp5, HApl0, HAp20, HAp30 and
HAp40, respectively. The d-spacing ranged from 0.28117 to
0.2172 nm and the fraction of the crystalline phase ranged from
3.02 to 4.60. From the work, no apparent relationship has been
observed between sonication time and HAp crystallinity.
However, decreased size and a lower fraction of crystallinity were
observed in HApS. Interestingly, in contrast to ultrasonic
irradiation, a lower fraction of crystallinity of the ultrasonic
couple was obtained using the sol-gel method.

Fig. 2 shows selected spectra of the calcined HApO, HAp20 and
HAp40. The bands at 3572 and 631 cm™" are from the stretching,
librational and translation modes of OH ™ ion [16]. The bands at
962 and 1040 cm™! arise from v, PO;™ [16, 17] and v; POi_
[13, 16, 18]. The bands at 601 and 574 cm™" result from v, [16],
the two peaks at 875 and 1418 cm™" correspond to the CO3~ func-
tional group [19]. Gopi et al. [3] suggested that the presence of the
carbonate group is because of entrapment of atmospheric carbon
dioxide during the stirring and calcination steps of the reaction.
The broad band from about 3700 and 2500 cm™" is associated
with the v; and v; stretching modes of hydrogen-bonded H,O
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Figure 4 Selected particle size distribution of powders calcined in air for 2 h at 600°C
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and the band at 1630 cm™" is associated with the PO; v, bending
mode of the H,O molecules [16]. Interestingly, it was observed
that the intensity of the cog— peak was more clearly observed
with increasing sonication time.

The TEM images of the HAp samples are shown in Fig. 3. The
HAp sample contained agglomerations of rod- and spherical-shaped
particles. Moreover, the selected electron diffraction area has a
stippled ring appearance, indicating random orientation of the crys-
talline components of HAp [11].

Using Image] calculation, the particle size distribution curves of
HAp are shown in Figs. 4a—c. The particle size distribution curves
were skewed in the case of HApO and HAp20. The narrow distribu-
tion range was obtained by an increase in sonication time. This
result is consistent with that of Kim and Saito [8], who concluded
that ultrasonic irradiation leads to the formation of very fine HAp
particles with a relatively narrow size distribution. The average dia-
meters (size distribution) of HAp0, HAp20 and HAp40 were found
to be 75.60 £ 30.60, 65.30 +21.26 and 54.12 + 19.27 nm, respect-
ively. These results reveal that the average diameter decreased with
increase in sonication time. These findings are consistent with those
of Rouhani et al. [6], who found that the particles generated by son-
ication were generally smaller and more spherical than those
obtained without sonication. In addition, Poinern et al. [7] also
found that the longer ultrasonic contact time showed a decrease
in the level of particle agglomeration, thus the average particle
size decreased. The smallest HAp particles have a larger aggregate
surface area, facilitating the adsorption of atmospheric CO,. This
explanation is congruent with the FTIR spectroscopy result
(Fig. 2), which indicates that a higher intensity peak of CO? is
observed at the longest sonication time.

4. Conclusion: Nano-HAp particles were prepared using the sol—
gel method incorporating calibration of the ultrasonic reactor
apparatus (5.52 x 107" mol/J). The optimum sonication time for
producing a decreased crystalline size was 5 min. The crystalline
size of HAp was found to be independent of sonication time.
However, the ‘average’ particle size is dependent on the
sonication time. A longer ultrasonic irradiation time for HAp
resulted in a smaller HAp particle size. Normal particle size
distribution in HAp was observed at longer ultrasonic contact times.
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