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Abstract

Nano-sized hydroxyapatite (HA) particles were prepared by chemical precipitation through aqueous solutions of calcium
chloride and ammonium hydrogenphosphate. The influence of temperature, ripening time and calcination on the crystallinity
and morphology of the HA nanoparticles were investigated. It was found that the crystallinity and crystallite size increased
with the increase of synthetic temperature and ripening time. XRD and TEM results showed that the morphology change
of HA nanoparticles was related to their crystallinity. High crystallinity of HA led to regular shape and smooth surface of
the nanoparticles. The crystallinity of HA powders increased greatly after calcination at 650 °C for 6 h but the change of
the crystallite size after calcination was dependent on the crystallinity and crystallite size of “as prepared” HA nano-

particles.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The synthesis of HA has been a major subject for
chemists and materialists over the years since it is one
of the most attractive and important bioceramics.!
The synthetic HA has excellent biocompatibility and
promising bioactivity due to its resemble composition
and structure to bone and tooth minerals.>™* Although
the chemical synthesis of HA came back to several
decades ago, the synthetic methodology has been
developing over the years in order to satisfy the
requirements for various biomedical applications.
There are various routes available for HA prepara-
tion. These include mechanochemical synthesis,”> com-
bustion preparation,® and various techniques of wet
chemistry, such as direct precipitation from aqueous
solutions,’”® electrochemical deposition,® sol-gel proce-
dures,!®!" hydrothermal synthesis,!>!3 and emulsion
or microemulsion routes.'*!> Among them, chemical
precipitation from aqueous solutions provides a ver-

* Corresponding author. Tel.: +44-1509-223150; fax: +44-1509-
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satile and economic route. The resulting suspension
can be used as surface coatings,'®!7 as bulk materials
after drying,'® or to form HA powders with controlled
morphology by atomisation or spray drying,'>?° etc.
However, the microstructure and property of the
resulting HA suspensions vary greatly with synthetic
variables. The pH value of the reaction system is cru-
cial for HA formation?! and the synthetic tempera-
ture,”> purity of starting materials>®> and mixing
procedure of reactants® are also of great importance
for HA formation.

The properties of synthesised HA powder, such as
crystallinity, morphology and particle size will affect the
effectiveness of the powder in its application. It was
reported that small changes in particle size and mor-
phology in the HA/polyethylene composites had sig-
nificantly effects on the mechanical properties of the
composite.?*

Although the influence of temperature on crystallinity
of precipitated HA was mentioned in several
reports,?>2> no details were presented. The objective of
this work is to study the effects of temperature, ripening
time and calcination upon the particle morphology and
crystallinity of the HA nanoparticles.
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2. Experimental details
2.1. Synthesis of HA

Nano-sized HA particles were prepared by chemical
precipitation through aqueous solutions of the reactants.
Calcium chloride and ammonium hydrogenphosphate
(both supplied by Aldrich) were first dissolved in de-
ionised water to form 0.5 and 0.3 M aqueous solutions,
respectively. Equal amounts of these two aqueous solu-
tions were separately pre-heated to the synthetic tem-
perature and then mixed under vigorous stirring.
Meanwhile, ammonium hydroxide (Fisher Scientific
UK) was added immediately to adjust the reaction mix-
ture to pH 10. The pH value was kept constant through-
out the experiment. After ripening for a specified period
of time, the precipitates were recovered by centrifuge and
then washed with water. At least five cycles of washing
and centrifuging were required to ensure complete
removal of the by-product, ammonium chloride.

For the HA prepared at various temperatures from 15
to 99 °C (refluxing), the ripening time was kept for 24 h.
For those with various ripening times from 1 to 96 h, a
set of samples was obtained from the same batch of the
reaction by sampling at time intervals, so that minimises
the experimental error.

The calcination of HA powders synthesised under
different temperatures and ripening times was carried
out by first drying the samples at 70 °C for 24 h in a
vacuum oven and then calcining at 650 °C for 6 h at the
ramp rate of 5.0 °C/min in a tube furnace.

2.2. Characterisation

The phase composition and crystallinity of the “as
prepared” and calcined HA nanoparticles were analysed
by X-ray diffraction (XRD) using a Briikker AXS, D8
Advance Diffractometer with CukK, radiation
A=0.15406 nm at 40 kv and 30 mA. Data were collected
over the 20 range 20—45° with a step size of 0.014° and a
count time of 0.5 s.

The morphology study performed on the “as pre-
pared” HA nanoparticles was done using a transmission
electron microscope (TEM) (JEM 100CX, Jeol, Japan).

FTIR spectra were obtained using a Mattson 3000
FTIR spectrometer (Unicam Ltd., England). The spec-
tra were recorded from 600 to 4000 wavenumbers at 4
cm~! resolution averaging 64 scans. The HA powders
used for FTIR measurement were dried in a vacuum
oven at 70 °C for 2 weeks. Small amount of HA pow-
ders were blended with KBr and then pressed into discs
for the measurement.

Thermogravimetry and differential thermal analyses
(TG-DTA) were carried out on a 2690 Simultancous
TG-DTA analyser (TA instruments). The measure-
ments were conducted from ambient temperature to

750 °C at heating rate of 5.0 °C/min under air atmo-
sphere. The sample size is 20 mg and the samples were
dried in a vacuum oven at 70 °C for 2 weeks before
measurement.

3. Results and discussion
3.1. Effect of temperature

The XRD spectra of HA powders prepared at differ-
ent synthetic temperatures are shown in Fig. 1. All
samples resulted in diffraction peaks that only corre-
sponded to the standard for hydroxyapatite.”® Broad
diffraction peaks were observed for the HA powders
synthesised at low temperature (15 °C). With the
increase in synthetic temperature these diffraction peaks
become sharp, indicating the increase in crystallinity of
HA powders synthesised.

The fraction of crystalline phase (X.) in the HA pow-

ders can be evaluated by the following equation:?>

Xe =1—(Vi12s300/T500) (1)

where 39 is the intensity of (300) diffraction peak and
V1127300 is the intensity of the hollow between (112) and
(300) diffraction peaks of HA. The evaluated degrees of
crystallinity for these samples are given in the Table 1.
The crystallinity increased from 0.03 to 0.53 for the HA
powders prepared at 15 and 99 °C (refluxing), respec-
tively, which indicated a strong synthetic temperature-
dependence of the crystallinity of the HA prepared. It
was noticed that the increase of the crystallinity with
temperature was not linear. There was no significant
change in crystallinity when the synthetic temperature
was lower than 70 °C. However, sharp increases in the
crystallinity were observed when the synthetic tempera-
tures were over 70 °C, as the crystalline activation
energy of the HA was overcome at that temperature.
Bouyer et al. reported a similar phenomenon.?> They

@11)
(002) (112)

(300)

(202)
(310)

20 25 30 35 40 45
26 (%)

Fig. 1. XRD spectra of the HA nanoparticles synthesised at various
temperatures with ripening time for 24 h.
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Table 1
The effect of synthetic temperature on the crystallinity and crystallite
size of HA nanocrystals before and after calcination at 650 °C for 6 h

Temperature (°C) Crystallinity X (%) Crystallite size X (nm)

Before After Before After
calcination calcination calcination calcination

15 0.03 0.39 20.8 35.1

50 0.06 0.58 27.8 37.3

70 0.10 0.63 34.9 42.7

80 0.32 0.65 45.9 44.0

90 0.48 0.71 50.0 46.5

99 0.53 0.72 52.7 47.4

found that 60 °C was a transition temperature. Below
that temperature the HA crystals are monocrystalline,
while above this temperature the HA crystals become
multicrystalline. The sharp increase in the crystallinity
of HA synthesised above 70 °C in this study is also due
to the formation of multicrystalline HA crystals.

The peak broadening of XRD reflection can be used
to estimate the crystallite size in a direction perpendi-
cular to the crystallographic plane based on Scherrer’s
formula as follows:?’

X; = 0.94/(FWHM x cosb) (2)

where X is the crystallite size [nm]; 4 the wavelength of
monochromatic X-ray beam [nm] (4=0.15406 nm for
CuK, radiation); FWHM the full width at half max-
imum for the diffraction peak under consideration [rad];
and 0 the diffraction angle [°]. The diffraction peak at
26 =26.04° was chosen for calculation of the crystallite
size since it is sharper and isolated from others. This
peak assigns to (002) Miller’s plane family and shows
the crystal growth along the c-axis of the HA crystalline
structure.?® The calculated X, for the HA powders syn-
thesised at different temperatures based on this diffrac-
tion peak using Scherrer’s formula is also listed in
Table 1. The crystallite sizes of the “‘as prepared” HA
powders were smaller than 50 nm and an increase in
crystallite size of the HA powders with the increase of
synthetic temperature was observed, i.e. the higher of
the synthetic temperature, the larger of the crystallite
size of the HA nanocrystals formed.

The morphologies of the HA particles prepared at
different synthetic temperatures are shown in Fig. 2. All
the HA samples showed nano-sized needle-like mor-
phology with particle width ranged from 20 to 40 nm
and the length from 100 to 300 nm, respectively. How-
ever, the appearance of these nanoparticles was quite
different from each other. The particles synthesised at
low temperatures were a bit thinner and longer, with

(d) 99°C

Fig. 2. TEM micrographs of the HA nanoparticles synthesised at various temperatures.
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more irregular and less clear contours. Also the particles
showed high tendency to agglomerate. On the other
hand, for the samples prepared at higher temperatures,
the particles were slightly thicker and shorter, with more
regular shape and clearer contours and less aggregation.
The change from irregular to regular particle morphol-
ogy with the increase in synthetic temperature was cor-
responding to the increase of the crystallinity of the HA
nanocrystals, that is, more regular shape of the particles
was observed when the powders had higher crystallinity.

3.2. Effect of ripening time

Ripening time is another important factor to influence
the crystallinity and the morphology of the HA nano-
particles synthesised. Fig. 3 shows the XRD diffraction
patterns of the HA prepared at 80 °C with various
ripening times. The increase of crystallinity with the
increase of the ripening time was observed clearly by the
sharpening of the diffraction peaks of the HA powders.
The crystallinity and crystallite size calculated by Egs.
(1) and (2) as a function of ripening time are given in
Table 2. Both the crystallinity and crystallite size of the
HA powders increased very rapidly at the early ripening
stages and gradually levels off as ripening lasted. Similar
results were obtained when the synthetic temperature
was raised to 99 °C (refluxing). The absolute values of
crystallinity and crystallite size, however, were higher

Table 2
The X. and X values for the HA powders prepared at 80 °C as a
function of ripening time

Ripening  Crystallinity X, (%) Crystallite size X (nm)
time (h)
Before After Before After
calcination  calcination  calcination calcination
1 0.13 0.45 34.2 36.3
3 0.15 0.49 389 394
6 0.21 0.50 394 40.9
12 0.27 0.59 43.0 423
24 0.32 0.62 45.9 43.3
96 0.44 0.71 48.5 44.8
Table 3

The X. and X, values for the HA powders prepared at 99 °C as a
function of ripening time

Ripening Crystallinity X. (%) Crystallite X (nm)

time (h)
Before After Before After
calcination calcination calcination calcination

1 0.34 0.69 46.1 45.5

3 0.46 0.70 494 48.1

6 0.50 0.70 51.7 48.4

12 0.50 0.71 52.5 50.2

24 0.53 0.72 53.9 51.3

96 0.64 0.75 58.3 55.7

for the HA powders prepared at 99 °C (Table 3) than at
80 °C.

This profile of crystallinity increase with ripening time
was also proved by FTIR analysis. Fig. 4 shows the
FTIR spectra of HA powders synthesised at 80 °C with
ripening time for 1 h (X.=0.13) and 96 h (X.=0.44).
The spectrum for the calcined powder is also displayed
in this figure. The characteristic bands for HA are
exhibited in all the three spectra: 900-1200 cm~! for
phosphate stretching, 602 cm~! for phosphate bending,
632 and 3571 cm~! for hydroxyl vibrations.”!>2° The
intensities of these two hydroxyl absorption bands and
the band at 940 cm~! for phosphate can be used as an
indication of the HA crystallinity.!> It is seen that the
intensities of these three bands increase with the ripen-
ing time, by comparison of spectra (a) and (b) in Fig. 4.
This result is consistent with the above XRD results
(Fig. 3). In addition, the broad band at 2500-3700
cm™!, which is a reflection of the combined water in HA
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Fig. 3. XRD spectra of the HA nanoparticles synthesised at 80 °C
with various ripening times.
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Fig. 4. The normalised FTIR spectra of HA powder synthesised at
80 °C for different ripening times: (a) 1 h, (b) 96 h and (c) after calci-
nation of sample (b).
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powders, also decreases with increasing the ripening
time. The lower combined water content results from
the higher crystallinity of HA powder, implying the
crystalline HA powder is less hydrophilic than its
amorphous counterpart.

A further evidence for the change of combined water
with ripening time was provided by the TG-DTA mea-
surements. As shown in Fig. 5, the weight loss of HA
powders heated up to 750 °C is about 7.6 and 6% for 1-
and 96-h ripening samples, respectively. The area of
endothermic peak on DTA curve shows the same result,
too. The weight loss starts at about 100 °C and ends at
about 500 °C based on the DTA curves. This weight
loss comes from the elimination of combined water.3°
There is also a small endothermic peak at about 480 °C,
which may be resulted from the decomposition of
ammonium chloride residues. No such small endother-
mic peak can be distinguished for the calcined sample
(curve c).

This crystalline behaviour as a function of ripening
time can be explained by the mechanism of crystal
growth in solution. It is well known that precipitation of
particles involves nucleation and growth from a super-
saturated solution. Chemical precipitation often experi-
ences high reaction-induced supersaturation, leading to
high nucleation rates. In this case, a crystal nucleus
usually has a rough surface due to the rapid production
of insoluble materials. This rough surface provides
energetically favourable conditions for crystal growth
because the molecules adding on it has greater sticking
probability.3! So the rough surface results in high
growth rate. However, as the crystal continues to grow,
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Fig. 5. TG-DTA curves for the same samples as in Fig. 4.

its surface becomes smoother and as a result, the rate of
crystal growth slows down. This is because the addition
of molecules on the smooth surface has lower sticking
probability.3! Our results shown above are in close
agreement with the trend predicted by this mechanism.
TEM observations on the morphology changes of the
HA as a function of ripening time (Fig. 6) provide fur-
ther evidence that this mechanism is controlling the rate
of crystallisation. These TEM micrographs clearly show
that the particles become increasingly regular and
smooth with increasing ripening time.

3.3. Effect of calcinations

The influence of calcination on the crystallinity and
crystallite size of the HA nanoparticles was also inves-
tigated. The XRD diffraction patterns for the HA pow-
ders prepared at different temperatures and ripening
times after calcination at 650 °C for 6 h are shown in
Figs. 7 and 8, respectively. The calcined HA powders
show much sharper diffraction peaks and higher crys-
tallinity (X.), compared with the corresponding ‘“‘as
prepared” ones (Figs. 1 and 3; Tables 1-3). However, it
is interesting to notice that the change in crystallite sizes
(X,) after calcination is dependent on the crystallinity
and crystallite sizes of ‘“‘as prepared” HA powders.
After calcination, the X, values increase for the HA
powders with lower crystallinity and smaller crystallite
sizes but decrease for those with high crystallinity and
larger crystallite sizes (Tables 1-3). This unusual change
in crystallite size after calcination was also observed by
Gibson et al.?? for the Ca-deficient apatites after heating
to temperatures between 650 and 750 °C for 2 h, which
was attributed to the loss of water (dehydration) in the
Ca-deficient apatites during the phase transformation
from Ca-deficient apatites to B-tricalcium phosphate.
The water loss was confirmed by FTIR analysis as the
disappearance of characteristic peak at 3569 cm~! for
the hydroxyl group in the Ca-deficient apatites.?®2°

As shown in the previous section, the broad peak
ranged from 2500 to 3700 cm~! in the FTIR spectra of
the our samples (Fig. 4) reflects significant amount of
combined water in the samples, especially for the “as
prepared” ones. The intensity of this peak decreases
very much after calcination, indicating the water loss
occurred during calcination. However, the two small
sharp peaks at 632 and 3571 cm~', which are attributed
to the hydroxyl group in HA chemical structure,
remains after calcination. Furthermore, the XRD
results (Fig. 7) show that no new phases are formed
after calcination except for HA. These results suggest
that no dehydration happens within the HA molecules
during calcination and the water loss in the samples is
resulted from the loss of combined water in the HA
powders. The TG-DTA analyses give the same results.
The calcined sample shows much less weight loss com-
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Fig. 6. TEM micrographs of the HA nanoparticles synthesised at 80 °C with various ripening times.

pared to its “as prepared” counterpart (Fig. 5). There-
fore, the water loss in the HA powders cannot explain
the calcination-induced X; decrease for some samples in
present work.

There are two different crystallisation processes
involved in the crystallisation of HA nanoparticles dur-
ing synthesis and calcination. As discussed in the pre-

vious section, the crystallisation of HA during synthesis
follows a mechanism of solution crystallisation. Since
the crystal growth proceeds through the packing of HA
molecules from the solution on the formed nuclei during
the ripening process, the crystallites can freely grow on
the surfaces of the precipitates in all directions. It is
expected that the larger crystallites will be formed with
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Fig. 7. XRD spectra of the same samples as in Fig. 1 but after calci-
nation at 600 °C for 6 h.
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Fig. 8. XRD spectra of the same samples as in Fig. 3 but after calci-
nation at 600 °C for 6 h.

longer ripening time until the crystallisation reaches to
its equilibrium. The monotonous increase of X, with X,
for the ““as prepared” samples (Tables 1-3) supports the
above hypothesis very well.

On the other hand, during calcination, crystallisation
of HA nanoparticles experiences both the nucleation
and crystal growth by the rearrangement of HA mole-
cules in amorphous phase. The nucleation and growth
take place throughout the precipitates rather than on
the surfaces only. As more HA molecules are available
inside the precipitates for the nucleation and the crystal
growth is in a confined environment, as well as the dif-
fusion of the molecules in solid state is very slow, rela-
tively smaller but more crystallites are expected to be
produced in present calcination conditions. The dra-
matic increase in X, after calcination indicates that the
number of crystallites formed during calcination is large
than that formed during synthesis, particularly for the
“as prepared” HA powders with lower crystallinity. As
a result, the apparent Xj is reduced after calcination for

the “as prepared” samples with high crystallinity and
larger crystallites because a large amount of relatively
smaller new crystallites are formed during calcination.
On the other hand, the increased X for the “as pre-
pared” samples with lower crystallinity and smaller
crystallites comes from the growth of these smaller
crystallites and new crystallites formed during calcina-
tion, which are relatively larger than ‘“‘as prepared”
smaller crystallites (Tables 1-3).

4. Conclusion

The chemical precipitation through aqueous solutions
provides a simple and economic route for synthesis of
hydroxyapatite nanoparticles. The crystallinity and
morphology of the resulting nanoparticles are depen-
dent on the synthetic temperature and ripening time.
The crystallinity and crystallite size of the HA nano-
particles increase with the increase of synthetic tem-
perature and ripening time. The nanoparticles with
lower crystallinity show needle-like shape with rough
surface and blurred contour and also have higher com-
bined water content, whereas the nanoparticles with
higher crystallinity have bar-like shape with smooth
surface and clear contour, and the combined water is
also lower. Calcination at 650 °C for 6 h leads to sig-
nificant increase in crystallinity of the HA nano-
particles. The decrease of crystallite size after
calcination for the ‘““as prepared” HA nanoparticles
with larger crystallites is mainly due to formation of
more relatively smaller nanocrystals during calcination
rather than the loss of water in the HA molecules.
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