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Abstract

This work is focused on the synthesis of hydroxyapatite powders by precipitation assisted by a tip ultrasonic irradiation (UI) from Ca(OH), and
H;PO,. The effect of UI time, applied Ul power during the synthesis, initial Ca®* concentration and ageing time of the mixture on phase
composition, morphology and specific surface area of the obtained powders was analysed. Particles obtained from the precipitation method using
UI or mechanical agitation were compared with a nanosized hydroxyapatite of reference in terms of crystal size, phase composition and thermal
stability. This study revealed the feasibility to produce hydroxyapatite powders with controlled crystal size between 31.7 and 70.6 nm by ultrasonic
assisted precipitation method. Hydroxyapatite powder with similar surface area to the reference material can be obtained adjusting experimental

conditions. The used method allowed us to synthesise hydroxyapatite powders with thermal stability up to 1100 °C.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (Ca;o(PO4)6(OH),, HA) is used as a
biomaterial for the regeneration of bone tissue because its
chemical and crystallographic similarities with the main
inorganic component of natural bone [1,2]. Over the past
several decades, HA has attracted much attention as a substitute
material for damaged teeth or bones because it has excellent
properties such as biocompatibility, osteoconductivity and
bioactivity. These characteristics promote the use of HA
powders in different composite materials with the objective of
increasing the degree of bioactivity and thus enhancing the
performance of the developed new materials [3,4].

Another relevant property of HA is its ability to adsorb
different chemical species on the surface. This property has
been exploited in different clinical requirements of various
applications. Moreover, the great affinity of HA for various
active molecules can be used for the development of drug
delivery devices [5-7].
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E-mail address: mafanovi@fi.mdp.edu.ar (M.A. Fanovich).

Many methods have been reported for synthesising HA
including solid-state reaction, precipitation methods, sol-gel,
hydrothermal, electrophoretic deposition methods among
others [8—12]. The product characteristics are highly influenced
by the variables of synthesis. Depending upon the technique,
materials with different morphology, stoichiometry, and level
of crystallinity can be obtained [13,14].

The precipitation process is the most reported method for
preparing HA materials. This process is simple, low cost and
suitable for industrial production but the product is generally
obtained as large size crystalline particles or agglomerates of
nanoparticles. Further, when a calcium phosphate material is
precipitated, the used molar ratio Ca/P, the synthesis
temperature, the method of agitation, the pH of the reaction
mixture, the rate of adding the reagents, the ageing time, etc. are
variables that affect the final characteristics of the precipitated
powder [15,16].

For specific biomedical applications it is necessary to
produce HA crystallites with reduced particle sizes and high
surface areas, or controlled morphology, or both. Current
studies are directed to investigate different routes of synthesis
for obtaining HA nanopowders [17-19] in order to achieve a
bioactive phase that can be used in combination with other
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materials that lack this property [20] and thus to produce
nanostructured composite materials.

On the other hand, recent investigations reveal that the
reactivity of chemical species in solution being involved in a
synthesis process can be stimulated by ultrasonic irradiation
(UD of the reaction mixture. It has been recognised that this
type of treatment causes cavitation in an aqueous medium
inducing formation, growth and collapse of micro bubbles. This
intense agitation process leads to events of dissolution—
precipitation of solids through which a reduction of particle
size and surface activation of solid materials is produced [21-
23]. The efficiency of the synthesis process depends on many
variables especially taking into account the type of used
ultrasonic device, e.g. the use of a tip ultrasonic homogenizer is
more efficient than an ultrasonic bath.

In this work, the synthesis of HA powders has been studied
by precipitation assisted by a tip ultrasonic irradiation (UI) of
Ca(OH), and H;PO, with the purpose of obtaining HA particles
with a high specific surface that can be used as OH - or CO5>" -
activated surface for producing nanostructured biomaterials.
The effect of UI time, applied UI power during the synthesis,
initial Ca®* concentration and ageing time of the mixture on
phase composition, morphology and specific surface area of the
obtained powders was analysed. Particles obtained from the
precipitation method using UI or mechanical agitation were
compared with a nanosized hydroxyapatite of reference in
terms of crystal size, phase composition and thermal stability
[24].

2. Materials and methods

The starting materials used in this work were analytical
grade: CaCO3 (99%, PA Cicarelli) as the Ca source and
H;PO,4 (85%, Merck) as the P source. The CaCOjz was
thermally treated in an oven (Indef, model 332 p-full) at
1200 °C for 2h to obtain CaO. The flow chart of the
synthesis is depicted in Fig. 1. Two methods of agitation
were used, conventional mechanical stirring (MS) and
ultrasound (IU) using a commercially available device
(Sonics vibra-cell, VCX130, USA) that produces acoustic
waves at a frequency of 60 kHz with a maximum power of
130 W. The CaO solid was first dispersed in ammonium
hydroxide (pH = 12) and then treated by MS or IU during
different times (¢;). Subsequently, 10 mL of H3PO4 0.5 mol/L
was slowly added dropwise into the same beaker at 2 mL/min
until reaching a molar ratio of Ca/P ~1.67 (t,). After this
step, the reaction mixture was MS or IU treated (#3) and then
kept at an ageing step (#4). An additional application of Ul
was applied (z5) after ageing in one synthesis. All steps were
carried out at room temperature (~25 °C). The pH of the
suspension was measured before and after of the precipita-
tion process. Finally, the precipitate was centrifuged and
freeze-dried. Ten samples were obtained following the
described process. Detailed information for each prepared
powder is given in Table 1. A nano-HA powder (R-HA),
obtained by the Lopez Macipe method, was used as reference
material for characterisation [24].

Time
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|
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Fig. 1. Flow chart of the synthesis method.

The obtained powders were characterised by X-ray powder
diffraction (XRD, Philips 1830/00) with Ni-filtered Cu-K,
radiation (A = 1.54050 A). The electrical voltage and current
were 40 kV and 30 mA, respectively. Data were collected for 26
ranging between 10° and 70° with a step size of 1°/min. Crystal
sizes (D) of the synthesised HA powders were determined with
the aid of Scherrer equation. To assess the instrumental line
broadening, the XRD pattern of a standard microcrystalline
silicon powder was recorded.

0.9x
p=-_"2 ey
Bcos g
where
B=* - )" @)
and b = experimental line broadening, B = instrumental line
broadening.

The specific surface area (SSA) of dried powders was
measured by gas adsorption in N, atmosphere (BET method)
with a Micromeritics Flowsorb II 2300 device.

Fourier-transformed infrared (FTIR) spectra were recorded
with a Genesis II-Mattson device in the absorbance mode, in the
range 400-4000 cm ' with a resolution of 2 cm™'. Spectra
were obtained using pellets of the powders with KBr.

The powder morphologies were evaluated by using scanning
electron microscopy (SEM, Jeol JXA-8600). Samples were
gold coated and examined at 1015 kV.

Finally, the Ul-synthesised powders were treated in an
electric oven at 200, 600 and 1100 °C, during 2 h. Then, the
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Table 1

Synthesis conditions of the obtained powders.
Sample Agitation t; (min) t> (min) t3 (min) 14 (h) ts (min) Power [Ca2+] M

G1-Group S1 MS 3 1 3 0 - 1000 rpm 0.1
S2 Ul 3 1 3 0 - 65 W 0.1
S3 MS 3 1 3 24 - 1000 rpm 0.1
S4 Ul 3 1 3 24 - 65 W 0.1
S5 MS 3 1 3 48 - 1000 rpm 0.1
S6 Ul 3 1 3 48 - 65 W 0.1

G2-Group S7 Ul 6 1 6 48 - 65 W 0.1
S8 Ul 3 1 3 48 3 min 65 W 0.1
S9 Ul 3 1 3 48 - 130 W 0.1
S10 Ul 3 1 3 48 - 65 W 0.02
R-HA 0.02

Nanosized hydroxyapatite of Ref. [24]

calcined samples were characterised by XRD and crystal sizes
(D) to evaluate their thermal stability.

3. Results and discussion

Fig. 2 shows the XRD patterns of G1-Group after freeze-
drying. Two crystalline phases are detected in S1, S2, S3 and S5
samples, one is HA and the other is Ca(OH),. The S4 and S6
samples are only formed by a HA phase; the peak intensity of
Ca(OH), is not detected in these samples obtained using UI and
24 or 48 h of ageing time. The main indices (% k [) for HA and
Ca(OH), are indicated on the spectra according to the
International Centre for Diffraction Data. This result shows
that the ultrasound irradiation is very effective to obtain HA as
main phase when the precipitates are at least aged for 24 h. The
ageing step favours HA formation from activated precursors by
UL In these syntheses we observed that the key factor is a
synergistic effect of UI and the ageing step. The treatment with
ultrasonic irradiation stimulates the reactivity of chemical
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Fig. 2. XRD patterns of G1-Group of samples.

species involved, resulting in the acceleration of the hetero-
geneous reactions between liquid and solid reactants in the
period of ageing.

Kim and Cho studied the sonochemical synthesis of HA
from H;PO,4 and Ca(OH), [25]. They assume that, at the initial
stage of reaction (between 5 and 15 min), the predominant
reaction is the formation of CaHPO,4-2H,O (DCPD) and
describe the formation of DCPD as an intermediate that occurs
as a typical acid—base reaction. In the system investigated here,
this intermediate should be detected in the S2 sample (without
ageing). However, this phase is not identified due to the
differing conditions used. Probably, the DCPD phase is not
formed due to the elevated initial pH value of the suspension
that favours the direct formation of HA with MS or UlI, calcium
phosphate being more basic than DCPD, according to the
following reaction:

6H3PO, + 10Ca(OH), — Ca;o(PO4)(OH), + 18H,0  (3)

In all syntheses, variations in the pH of the suspension before
and after precipitation were not significant due to the excess of
ammonium hydroxide in the mixture of reaction (pH ~12).
However, the pH values of the suspensions decreased in
samples after the ageing period, where the values range from
10 to 11. This fact agrees with the known process of HA
formation via wet synthesis.

The direct precipitation of HA depends on the availability of
PO,>", Ca®* and OH ™ ions in the solution, being the agitation
method a key factor to facilitate the dissolution processes of
solids.

Increasing of the temperature up to 80 °C in the UI assisted
syntheses, an effect associated with the UI application, favours
the dissolution events in the reaction mixture. Consequently,
the UI treatment resulted in a method more efficient than the
mechanical stirring to produce HA monophase powders, as can
be observed in the S4 and S6 sample compositions.

Fig. 3 shows the XRD patterns of four samples (G2-Group)
obtained by employing UI treatment in the synthesis varying
the UI time (S7), with Ul additional treatment (S8), the Ul
power (S9) and the initial calcium ion concentration (S10).
These set of samples showed a significant decrease in the pH
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Fig. 3. XRD patterns of G2-Group of samples.

suspension after the ageing period from ~13 to ~9-10. Also,
these powders showed the formation of HA phase differing
slightly in the HA diffraction peak intensities. No characteristic
peaks of Ca(OH), phase can be seen in the spectra of G2-
Group. The observed peak at 26 = 29.1 in Fig. 3 is assigned to
CaCOj; phase that is present in the S7 sample and with minor
intensity in S8 and S10. During ultrasonic irradiation, CaCOs; is
formed from Ca(OH), by absorbing atmospheric CO, in the
mentioned samples. The formation of CaCOj3 in some samples
is an evidence of the major reactivity of remnant Ca(OH), of the
reaction. The presence of CO5>~ in the HA structure cannot be
determined from the results of the XRD spectra. The high
power of Ul employed in the S9-synthesis favoured the
formation of pure HA phase. XRD spectrum of R-HA shows the
typical signals of hydroxyapatite with low crystallinity similar
in appearance to the XRD of synthesised samples. However, the
reference powder does not exhibit secondary phases.

All synthesised powders showed wide and high peaks in the
XRD spectra, indicating that the crystal sizes are very small
with good crystallinity. The crystal sizes D of the samples were
determined by Eq. (1) in nanometers. The peaks assigned to
(0 0 2) plane were chosen for calculating the crystallite size as
shown in Table 2. The contribution to the peak breadth from
instrumental broadening was determined to be 1.6 x 107 rad.
The D values obtained for G1-Group resulted roughly two-fold
larger than that calculated for G2-Group, except for S6. This
significant difference was fundamentally assigned to the effect

of time and power of Ul treatment. This stage consists in a
series of dynamic processes where the dissolution and re-
precipitation of solids take place, resulting in powders with
minor crystal sizes than the ones obtained by using MS (to
compare S2 with S6 and S1 with S5 crystal sizes).
Nanocrystalline HA powders can be obtained adjusting the
reaction conditions and using reduced time periods of Ul
treatment (7-10 min) compared with those reported in the
literature (60 min).

Fig. 4 shows the FTIR spectra recorded for all synthesised
powders. The bands at 1100 and 1035 cm ™" are due to the v;
mode (stretching vibration) of the phosphate group. The peak at
469 cm™' is assigned to the v, phosphate mode (bending
vibration) and the bands at 563 and 600 cm ™' are due to the v,
phosphate mode (bending vibration). The spectra also show the
v; PO.*~ mode peaks at 963 cm ™' due to stretching vibration.
The band at 1635 cm™' is due to H,O bending mode and a
broad peak at 3450 cm™! indicates the adsorbed water. The
characteristic peaks at 3572 cm™ ! due to vs (OH) and 650 cm ™!
due to v; (OH) in the hydroxyapatite lattice are almost
imperceptible in the spectra. However, this does not mean that
OH is not present in the HA structure. Taylor et al. [26] have
reported that infrared spectra are not definitive for determining
the OH presence in HA structure, due to the fact that the
libration band is often concealed by the broadening of the
phosphate bands particularly in poorly crystalline materials.
They solved this difficulty carrying out other spectra using high
energy transfer inelastic neutron scattering spectroscopy.

In our spectra the peak at 3637 cm ™' is assigned to the OH
stretching in Ca(OH), [27-29].

Moreover, the characteristic bands for the CO;>~ group
occur in the spectral regions 1400—1600 cm ™' (v3, asymmetric
stretch vibration) and 873-880 cm ! (vy, out-of-plane bend
vibration). CO;>~ incorporation in synthetic HA has been
classified as either type A or type B depending on the mode of
CO327 substitution. When CO327 replaces HO™, the substitu-
tion is named type A, while in that case when CO5>~ replaces
PO,*”, the substitution is named type B. Non-specific
substitution is represented as CO5;-HA (carbonate hydroxya-
patite).

In this study, the bands associated to CO327 result from
overlapping of bands of CaCOs5 and probably of CO5-HA. It is
not possible to confirm a type of CO5>~ substitution in all
synthesised samples due to the presence of CaCOj crystals
(Calcite) detected by XRD in some samples. However, it is
possible to affirm that CO5>~ ions are present in the structure of
HA in the samples S6 and S9. The R-HA sample shows
characteristic bands of PO,*~ and COO™ groups (symmetric

gizls(:a? sizes (D, nm) determined by Scherrer equation on synthesised powders.

Sample

G1-Group G2-Group

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 R-HA
D (nm) 70.6 67.5 70.6 59.7 70.6 41.2 31.7 32.3 33.0 31.7 25.2
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Fig. 4. FTIR of the synthesised powders. (a) G1-Group and (b) G2-Group.

and asymmetric stretch vibration at 1412 and 1596 cm ™'

respectively) which were assigned to HA phases containing
residual citrate ions. Slight bands due to CO;*~ ions were
detected in the R-HA spectrum [24].

The determined values of SSA (m?/g) are plotted in Fig. 5.
The values are about 20-30 m?/g, except the one of the S10
sample. This powder, which contains HA and CaCO3;, showed a
SSA of ~60 m?/g, exhibiting the major value with respect to the
other values obtained for synthesised samples although the S10
sample showed a crystal size similar to S9, S8, S7. However, the
difference in SSA values between these samples was attributed
to a different powder morphology. The dissolution—precipita-
tion events during the ageing stage caused the formation of
nanocrystals with minor compaction with respect to other
synthesised powders. This is due to the low amount of matter
participating in the synthesis. Consequently, the low concen-
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Fig. 5. SSA values determined by BET method on the synthesised powders.

tration of Ca®* ions in the suspension does not favour the crystal
growth. The micrographs of final powders are shown in Figs. 6
and 7. By comparing the micrographs of the obtained powders
by MS or UI treatment (Fig. 6), it can be shown that Ul-
synthesised powders possess improved morphologic features
with respect to MS-obtained powders. The S2, S4 and S6
powders present reduced and uniform particle sizes when
compared to S1, S3 and S5. In Fig. 7 the differences in the
surfaces of S7, S8, S9 and S10 become clear compared to R-HA
as reference material. The pictures revealed that S7, S8, S9 and
S10 are formed by micrometric particles coated by HA
nanocrystals, being the morphologic feature that provides
larger values of SSA to these powders than the ones obtained
for G1-samples. The shape and size of the S9-powder crystals
are more similar to the R-HA than of all other samples.
However, the nanocrystals in S9 are observed to be fused,
which indicates that they possess minor SSA than the R-HA
powder.

Choi et al. [30] discussed the specific surface area values in
HA nanocrystals. They support the idea that SSA does not have
any relation to the Ca/P molar ratio of HA, rather being
ascribed to the relatively smaller particle sizes. This
assumption is supported by the SSA value of S10 showing
the smallest crystal sizes. However, it is not possible to ensure
that this material (S10) is formed by isolated nanoparticles as
in the R-HA.

The thermal stability was studied on samples synthesised
using Ul and ageing time (S6, S7, S8, S9 and S10). The
obtained results were compared with the thermal stability of R-
HA powder. Fig. 8 shows the typical TGA curves where the
amount of mass loss is plotted against the temperature for S6,
S9, S10 and R-HA. Thermogravimetric analysis showed poor
thermal stability for R-HA and revealed the presence of CaCOj3
in the S10 sample, while S9 and S6 presented a HA structure
thermally more stable. The Ca/P molar ratio of HA powder is
one of the most crucial parameters in determining properties
and thermal stability. It is widely known that when Ca-deficient
hydroxyapatite is calcined above 700-800 °C it transforms into
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Fig. 6. SEM micrographs of the S1, S2, S3, S4, S5 and S6 synthesised powders.

B-Caz(POy4), (B-TCP) and stoichiometric HA (Ca/P = 1.67)
[31,32].

The XRD spectra of the thermally treated samples show that
the HA phase in the synthesised samples is stable up to 1100 °C
(Fig. 9). This fact gives clear evidence that the precipitated HA
phase has a stoichiometric molar Ca/P ratio. Small peak at
26 =37.5 in the XRD spectra was assigned to the CaO phase.
The presence of CaO can be ascribed to the thermal
decomposition of CaCOj;. Since the presence of CaO is not
desirable, it can be eliminated washing the precipitates before
the drying step.

Fig. 10 shows the crystal size (d.) of the powders in
function of the temperature of thermal treatment. At 200 °C
the d,. values were similar for all Ul-powders (~50 nm).
However, the R-HA showed the highest value (~130 nm).
This d. value for R-HA was associated to the high surface
energy of this material, favouring the crystal growth at low
temperatures. The crystal growth for R-HA powder was

sustained in the analysed temperature range. At 600 °C the
crystal growth for Ul-samples was relevant (~130 nm) with
respect to initial values, but resulting reduced values respect
to R-HA (~250 nm). Thermal treatment at 1100° C led to
different d. values for Ul-samples, the more distinguished
value resulted for S10 (that contains CaCO; as second
phase). The Ul-powders showed a retarded crystal growth in
comparison with the reference material, maintaining reduced
values of crystal size. This fact could be associated with the
formation of a stoichiometric HA phase (Ca/P = 1.67) in the
Ul-samples, being thermally more stable than the non-
stoichiometric HA phase in R-HA (Ca/P < 1.67). From the
analysis of the thermal evolution of the crystal size, it is
possible to conclude that the reference material showed
reduced thermal stability in comparison with the UI-
powders. This difference was associated to the reactivity
of the powders and the specific surface area, both related to
the Ca/P molar ratio.



Mass (%)

M.A. Giardina, M.A. Fanovich/Ceramics International 36 (2010) 1961-1969 1967

18kU vm.e?.xm‘ ’ 214289 SEIL X1e. 00
-

X109, 000

Fig. 7. SEM micrographs of the S7, S8, S9, S10 and R-HA synthesised powders.

lost mass (%) +Ca,(PO,), v
v HA \ v + Yooy Yot
< = & v v tar L5565 ¢
Sample  25°CH00°C 400-700°C pcad = 8 § & Humgcas 5
S6 7.0 09 lyCaNaPO, = S g3 59;\;@'\«\;% 8 R-HA
9 79 24 I Y, W W AR
s10 11.8 13.8 {\
R-HA 56.7 12.7
S —_ | S6
. I )
s9 s [
= \’\
@ Menn Jﬁ v JML
2 Iy
S10 - A »J VA S8
A A VUL A A2
¥
S |V S Y
|
R-HA {\ A
T | T | T | T | T | T | T | T | T | T - ~ JL ‘MJU\QJ[\ M‘g‘-qj\‘J
100 200 300 400 500 600 700 800 900 1000 20 2'5 3'0 3'5 40
Temperature (°C) 26

Fig. 8. TGA curves of samples S6, S9, S10 and R-HA. Fig. 9. XRD spectra of thermally treated samples.



1968 M.A. Giardina, M.A. Fanovich/Ceramics International 36 (2010) 1961-1969

300{ ® R-HA [ ]
S10
o 89
250 v S8 - [}
_ A 87
g/ 200 © S8 v
(0]
N
(2] N
& 150+ e
- [ ] -
> g
O 1004
A4
50 . 4}
{ &
T T T T
200°C 600°C 1100°C

Fig. 10. Crystal size of the powders in function of treatment temperature.
4. Conclusions

An extended surface area gained by the nanosize of their
constitutive crystals is crucial for biomedical applications
since numerous functions of the bone mineral evolve at the
interface between the surface of such apatite nanocrystals and
the surrounding biological fluids. This study revealed the
feasibility to produce HA powders with controlled crystal size
between 31.7 and 70.6 nm by an ultrasonic assisted precipita-
tion method. HA powder with similar surface area as the
reference HA can be obtained adjusting experimental
conditions. The high power of Ul employed in the synthesis
favoured the formation of pure HA phase. The used method
allowed us to synthesise HA powders with thermal stability up
to 1100 °C.
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