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Abstract

In the present work, the hydroxyapatite (HA) fine powders were synthesized through the co-precipitation in conjunction with

ultrasonic vibration with various pH. The effects of solution pH on the formation and morphology of the HA powders were

investigated. The obtained powders and sintered samples were characterized using various techniques. The bioactivity test was also

examined by using stimulate body fluid (SBF). Pure HA was obtained without any calcination process. The formation and particle

morphology of pure HA powders varied with the pH of the solution, changing from needle like to round shape as the pH increased from

5 to 11. The pH 11 ceramic sample exhibited high thermal stability, while pure phase HA was still present after sintering at 1300 1C. The

pH level also affected the properties of the studied ceramics. The bioactivity test revealed that the pH 8 sample showed a higher amount

apatite layer on the surface than the other samples.

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

Hydroxyapatite [Ca10(PO4)6(OH)2; HA] is one of the
most widely employed bioceramics since it can be used for
human body part replacement. They can be used to replace
bone and teeth because HA ceramics are inert to body
fluids and have a high compressive strength. The HA may
also be employed in the form of powders, porous blocks or
beads to fill bone defects or voids. These defects may arise
when large sections of bone have been removed (e.g., bone
cancers) or when bone augmentations are required (e.g.,
maxillofacial reconstructions or dental applications) [1].
Recently, HA materials have been applied to drug delivery
systems including the delivery of anti-tumor agents and
antibodies for the treatment of osteomyelilis [2]. Synthetic
hydroxyapatite has also been widely used for repairing
hard tissues due to its chemical and structural similarity to
the mineral phase of bone and tooth. Different clinical
applications of hydroxyapatite involve the repair of bone
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defects, bone augmentation, as well as coatings for human
body metallic implants [3]. Several different HA synthesis
techniques have been developed in recent years such as
direct precipitation from aqueous solutions [4], sol–gel
procedures [5] and hydrothermal synthesis [6]. The gen-
eration of homogeneous and high purity nano-size pow-
ders is one of the main objectives of HA preparation. The
control of the pH of the solution was found to be an
important parameter for the synthesis of the HA powders
[7]. In this work we present a preparation of HA nano-
powders created using the co-precipitation method in
conjunction with ultrasonics. The reason why this techni-
que was used, is less time consuming synthesis and cheaper
expense for processing. The effect of varying the pH of the
solution was studied. Properties of ceramics prepared from
the synthesized powder were investigated.
2. Experimental

The HA powders were prepared using the co-precipitation
technique. Initially the diammonium hydrogen phosphate
solution was slowly dropped into a calcium nitrate solution.
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The pH of the mixture was then varied from 4 to 11, by
adding the ammonium hydroxide solution. The ultrasonic
finger was put into the solution and the temperature of the
solution was maintained at 48 1C throughout the precipita-
tion process. After completion of the reaction, the slurry was
formed in the solution. It was separated by filtration and
thoroughly washed with deionized water to remove the
NO3� and NH4þ ions before a final wash with ethanol.

The obtained powders were dried and pressed into discs
of 15 mm in diameter and 2 mm in thickness using the
uniaxial pressing technique. Then the green discs were
sintered at 1300 1C for 2 h under normal air atmosphere.
The densities of all ceramics were determined after sinter-
ing using the Archimedes method. The phase purity and
crystal structure of the obtained powders were examined
by X-ray diffraction technique (XRD, Rigaku Mini Flex
II) with Cu-Ka radiation (l) 1.5406 (Å), employing a
scanning rate of 0.020 s�1 in the 2y range from 201 to
601. The morphology of the HA nanoparticles and ceramic
surfaces were examined by scanning electron microscope
(SEM, JEOL JSM-6335F) using a field emission SEM (FE-
SEM). For mechanical examination, the Vickers hardness
test was performed on the polished surface of the samples
using a microhardness tester. For biological testing, the
obtained ceramics were soaked into a simulated body fluid
(SBF) at 37 1C for 14 days. Morphology of the soaked
samples was examined by SEM.

3. Result and discussion

The XRD patterns of precipitated powders prepared at
different pH are displayed in Fig. 1. The diffractograms
revealed that all samples except the pH¼4 sample showed
pure HA phase. The analysis was carried out based on the
JCPDS 09-0432. It should be noted that precipitation through
Fig. 1. X-ray diffraction pattern of as-dried HA. Inset shows degree of

crystallinity of HA at various pH values.
the ultrasonic process can produced pure HA powder without
any calcinations process. In addition, the XRD peak positions
of all samples remained unchange, suggesting that the lattice
parameters of the precipitated HA powder remained the same.
Further, the XRD peaks exhibit a low intensity, indicating
that the samples had low degree of crystallinity. To check the
effect of pH on the degree of crystallinity (Xc) [8], the Xc was
estimated using the expression

B0 0 2

ffiffiffiffiffiffi
Xc

3
p

¼K ð1Þ

where B0 0 2 is full width at half maximum (FWHM) of peak
(0 0 2) plane XRD reflection and K is a constant (�0.24). In
the inset of Fig. 1, it can be seen that there is no relation
between Xc and pH, however the values of Xc indicated that
the pH¼7 samples exhibited the highest degree of crystallinity.
SEM images of the synthesized powders are displayed in

Fig. 2. All powders exhibited a very fine grain structure
(nano-particles) and pH had an effect on particle morphol-
ogy. Further, the powder exhibited higher agglomeration
with increased pH levels. For the pH 5 sample, the
particles of obtained powder showed a plate like shape
Fig. 2(a). The average thickness of the plate was 20 nm and
500 nm in average length. The shape of particles became
rounded with increasing pH. For example, the pH 7
sample had about 300 nm long spikes (Fig. 2(b)) while
the pH 11 sample showed rather round grain with the
average diameter of 100 nm (Fig. 2(c)).
Fig. 3 shows XRD patterns of sintered pellets prepared

with different pH levels. The main phase of the sintered
pellets is HA, but second phase such as a-tricalcium
phosphate still occurred for most samples. However, it
should be noted that pure phase of HA was present for the
pH 11 samples, while previous works reported that the
second phase only occurred at lower sintering temperature
(r1150 1C). The same results were also obtained by
Mostafa [9] and Raksujarit et al. [10]. This result indicates
that the pH affected the phase of the prepared samples.
Selected SEM images of fracture surface of the ceramics

are displayed in Fig. 4. The porosity levels in the SEM
images of fracture surfaces are consistent with the trend in
measured density values (Table 1). The micro structural
analysis also showed that change in pH resulted in a
change in grain size. Average values of grain size, as
calculated by the linear intercept method, were in a range
of �1.6–6.8 mm, but the pH 9 samples showed the highest
value of 6.8 mm (Table 1).
It is known that mechanical hardness property is

important for biomaterial applications. In the present
work, the Vickers hardness test was chosen for the hard-
ness examination. The Vickers hardness value as a function
pH is listed in Table 1. It seems that there is no direction
trend between pH and hardness value, but the pH 9 sample
showed the maximum Vickers hardness value of 6.1 GPa.
The higher hardness values of the samples could be linked
to the density data where the high density was found for
pH 9–11 samples.



Fig. 2. Selected SEM images of hydroxyapatite powders prepared with

different pHs: (a) pH 5, (b) pH 7, (c) pH 11.

Fig. 3. X-ray diffraction pattern of the sintered pellets prepared with

different pH levels and sintered at 1300 1C (�¼a-tricalcium phosphate).

Fig. 4. SEM images of fracture surface for the ceramics prepared at:

(a) pH 5 and (b) pH 11.

Table 1

Properties of HA ceramics prepared with different pH levels.

pH Density (g/cm3) Grain size (lm) Hardness (GPa)

5 2.7570.10 2.1970.74 3.1270.28

6 2.8270.14 1.6470.66 3.3970.29

7 2.8370.14 1.7270.81 3.5070.30

8 3.0070.10 5.9771.52 4.6370.24

9 3.0470.08 6.8171.48 6.0670.25

10 2.9870.15 4.3471.26 4.6870.23

11 3.0270.12 2.3871.06 4.6770.21
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For bioactivity test the samples were immersed in SBF at
37 1C for 14 days. Tiny flakes or apatite layer were observed
on the surface of all the tested samples (Fig. 5). This
microstructure is similar to that observed in previous works
[11]. However, the pH 8 sample showed higher amount of the
flake structure (Fig. 5(b)). The Ca/P value has been determined
by EDS at many areas of surfaces and it was in a range of
1.46–1.78. These values suggested a variation of apatite
composition at the surface of the tested samples.
4. Conclusions

This work demonstrated that the co-precipitation
method when associated with ultrasonic vibration could
produce pure homogeneous and fine hydroxyapatite
particles. The formation and morphology of the particles
were found to depend on the pH (from 4 to11) of the
solution. The particles changed from plate like to round
shapes with increases in pH level. However, the pH r4
samples showed impure phase while the pH 7 sample had
the highest crystallinity. Properties of ceramic samples
prepared from the obtained powder were found to have
no direction trend with the pH level. However, the pH 9
sample exhibited higher hardness value. In addition, the
pH 8 samples showed a good response for the bioactivity
testing.



Fig. 5. Microstructure of the samples soaked in SBF solution: (a) pH 5,

(b) pH 8, and (c) pH 11.
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