
Hydroxyapatite (HAp) is a major inorganic compo-

nent of bone and teeth. Artificially synthesized HAp

has been extensively used in a variety of applications,

such as biomaterials, ion exchangers, adsorbents, and

catalysts, by exploiting its biocompatibility and

adsorbability of many compounds. When low-crystal-

linity HAp nanoparticles are calcined to increase

thermal and chemical stability, the particles typically

sinter into a large agglomerate consisting of polycrystal

[1–5]. Thus, calcined HAp crystals dispersed in liquid

medium on a nanoscale have been difficult to obtain.

This paper describes the fabrication of HAp nano-

crystals by calcination with an anti-sintering agent

interspersed between the particles and the subsequent

removal of the agent. The HAp nanocrystals obtained

here should be suitable for the above applications

owing to their high dispersibility in liquid media, high

specific surface area, and high thermal and chemical

stability.

We have recently developed a novel inorganic/

organic composite for a soft-tissue-compatible mate-

rial: a flexible silicone elastomer [6] or a silk fibroin [7],

whose surface was modified with calcined HAp crys-

tals. After the HAp crystals dispersed in a liquid

medium were adsorbed on the substrate, chemical

reaction at their interface between the HAp crystals

and the substrate was conducted to connect them

through covalent bonding. The novel composite

retained flexibility of the polymer substrate and

showed improved tissue adhesion with the HAp crys-

tals on the surface [8]. Throughout these studies, the

HAp crystals were used after calcination at 800 �C to

reduce in vivo absorbability. As mentioned above,

HAp nanoparticles mostly sinter into large agglomer-

ates of polycrystals during calcination. This made it

difficult to control the surface morphology of the

composite because the agglomerates had poor disper-

sibility in liquid media and large size distribution.

Hydrothermal treatment of HAp particles in water

medium under high pressure is known to enable the

preparation of agglomerate-free HAp crystals [9–11].

However, this treatment generally leads to an increase

in crystal size due to Ostwald ripening [12, 13], and is

restricted to laboratory-scale products as it is a high-

pressure process.

The present study reports the fabrication of nano-

sized and calcined HAp crystals protected against

calcination-induced sintering using an anti-sintering

agent interspersed between the particles. Thus, there

was no contact between the crystals during calcination.

Calcium hydroxide [Ca(OH)2] was selected as an anti-

sintering agent because it would not melt at the calci-

nation temperature (800 �C), presumably not dissolve

HAp, and could be removed by washing with water

after calcination.

Starting HAp particles with low crystallinity were

prepared with a modified emulsion system at 25 �C [14].

The resulting product was centrifugally washed and

redispersed in water (solid content: 5 wt%). In order to

intersperse Ca(OH)2 between the particles, the HAp

aqueous dispersion was added into a saturated aqueous

Ca(OH)2 solution (0.17 wt%), and the mixture was

dried under reduced pressure at 40 �C. The resultant
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HAp/Ca(OH)2 (1/1, w/w) mixture was calcined at

800 �C for 1 h in air (heating rate: 10 �C/min). After

calcination, the mixture was centrifugally washed with

water to remove the Ca(OH)2. As a control procedure,

the same starting HAp particles were calcined without

adding Ca(OH)2.

First, in order to examine the effect of Ca(OH)2 on

the crystal phase and composition of HAp, X-ray dif-

fraction (XRD; RAD-X, Rigaku International Co.,

Tokyo, Japan) with CuKa radiation and Fourier-trans-

form infrared (FTIR) spectroscopy (Spectrum One,

Perkin-Elmer Inc., MA, USA) were performed as

shown in Fig. 1. In Fig. 1a and b, both XRD profiles

showed highly crystalline HAp, and no other calcium

phosphate phases could be detected. In the FTIR spec-

trum of HAp calcined with Ca(OH)2 shown in Fig. 1d, a

peak at 3,640 cm)1 due to stretching of OH in Ca(OH)2

was not observed, indicating complete removal of

Ca(OH)2. Bands at 877 and 1,413/1,456 cm)1 observed

in both the FT-IR spectra are attributed to CO3
2)

substituting phosphate positions in HAp lattice [15], and

came from atmospheric carbon dioxide under high

solution pH during the preparation of the starting HAp.

A new peak at 3,544 cm)1 in Fig. 1d seems to be due to

the formation of calcium-rich apatite (Ca/P atomic

ratio > 1.67) [16]. It is worth pointing out that the Ca/P

atomic ratio of the HAp calcined with Ca(OH)2 (Ca/

P = 1.58) slightly increased as compared with that with-

out additives (Ca/P = 1.56) measured by inductively

coupled plasma-atomic emission spectrometry

(SPS4000, Seiko Instrument Inc., Chiba, Japan). These

results might suggest the formation of calcium-rich

apatite from the crystal surface during calcination, by

migration of calcium ions from Ca(OH)2 on the calcium-

deficient crystal.

The HAp crystals were observed by scanning electron

microscopy (JSM-6301F, JEOL Ltd., Tokyo, Japan) and

transmission electron microscopy (JEM-2000 EXII,

JEOL Ltd.) as shown in Fig. 2. Single-crystal size (or

grain size of polycrystal) was measured from the

micrographs, and is presented as ‘‘mean ± SD’’

(N = 100). The crystal sizes were not statistically dif-

ferent between the HAp crystals calcined without and

with Ca(OH)2 (52.5 ± 15.4 nm for calcination without

additives; 55.7 ± 15.1 nm for calcination with

Ca(OH)2). Although some agglomerates were observed

in Fig. 2b, it is difficult to judge whether the agglomer-

ates were polycrystals or not. This is because the

micrograph was taken under dry condition and nano-

sized particles generally tend to gather due to a capillary

force of the medium between the particles during the

drying of the medium.

Therefore, the dispersibility of the HAp crystals was

evaluated form the dispersed-particle size, which was

measured in ethanol medium by dynamic light scattering

(DLS; ELS-8000, Otsuka Electronics Co., Ltd., Kyoto,

Japan) at 10-ppm concentration and a light-scattering

angle of 90� (Fig. 3). In the case of calcination without
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Fig. 1 X-ray diffraction
patterns (a, b) and FTIR
spectra (c, d) of
hydroxyapatite (HAp)
particles calcined at 800 �C
for 1 h without (a, c) and with
(b, d) Ca(OH)2 (HAp/
Ca(OH)2 = 1/1 w/w)
interspersed between the
particles. Ca(OH)2 was
centrifugally washed off with
an aqueous solution after
calcination
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additives, the dispersed-particle size (664.0 ± 382.0 nm)

was much larger than the crystal size (52.5 ± 15.4 nm),

which indicates the formation of polycrystals of sintered

HAp. On the other hand, the dispersed-particle size of

the HAp calcined with Ca(OH)2 was 126.3 ± 79.0 nm.

This indicates that sintering between the HAp nano-

crystals can be mostly prevented by interspersing

Ca(OH)2 between the crystals prior to calcination.

However, the dispersed-particles size (126.3

± 79.0 nm) was larger than the crystal size (55.7

± 15.1 nm) measured by electron microscope. This

suggest that some particles contacted with each other

before the deposition of Ca(OH)2 from the aqueous

solution. In order to avoid the contact, poly(acrylic

acid) (PAA) was used. PAA can act as a dispersion

stabilizer by adsorbing on HAp surfaces [17, 18], and

an addition of calcium ions into an aqueous PAA

solution induces a rapid precipitation of poly(acrylic

acid calcium salt) (PAA-Ca). Therefore, it is expected

that PAA-Ca precipitates onto the separated HAp

particle by addition of calcium ions into the PAA-

adsorbed HAp particles. Although the organic

component of PAA-Ca will be decomposed during

calcination at 800 �C, the thermally decomposed

product (CaO) remains on the crystals and presumably

acts as an anti-sintering agent.

In the present study, PAA (Sigma-Aldrich Co.;

weight-average molecular weight = 15,000; HAp/

PAA = 1/1 w/w) was added at pH 10, and Ca(OH)2-

saturated aqueous solution (Ca(OH)2/COOH in PAA

= 1/1 molar ratio) was added to precipitate PAA-Ca.

The resultant HAp/PAA-Ca mixture was calcined in

the same manner described above, and then washed

with water to remove CaO.

The resultant HAp crystals are shown in Fig. 4. The

dispersed-particle size of the HAp crystals in ethanol

(45.0 ± 14.9 nm) was not statistically different from the

crystal size (53.4 ± 16.2 nm) measure by electron

microscope. This result indicates that HAp nanocrys-

tals calcined with PAA-Ca can be dispersed as single

crystals. IR spectrum and XRD pattern of the HAp

single crystals calcined with PAA-Ca were almost the

same as those shown in Fig. 1b and d, and Ca/P atomic

ratio was 1.58. The achieved high dispersibility of HAp

single crystals should be due to the absence of the

calcination-induced sintering and might be due to

cationic charge of the calcium-rich surface.

Fig. 2 SEM photographs (a, b) of HAp crystals calcined without
(a) and with (b) Ca(OH)2. A TEM photograph (c) and the
associated electron diffraction pattern corresponding to the [210]

zone (d) of a HAp crystal calcined with Ca(OH)2, showing that
the crystal consisted of a single HAp phase
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Fig. 3 The dispersed-particle sizes of HAp crystals calcined
without (a) and with (b) Ca(OH)2, measured in ethanol medium
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Fig. 4 A SEM photograph
(a) and the dispersed-
particles size (b) of HAp
crystals calcined at 800 �C for
1 h with poly(acrylic acid
calcium salt) (PAA-Ca)
surrounding the particles.
CaO, the thermally
decomposed product of PAA-
Ca, was centrifugally washed
off with an aqueous solution
after calcination
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In summary, calcined HAp nanocrystals were

successfully fabricated by calcination using an anti-

sintering agent interspersed between or surrounding the

particles, followed by removal of the agent. The HAp

nanocrystals obtained here should be suitable for the

various applications mentioned above, and also as den-

tal and orthopedic ultrafine fillers for microporosity

owing to their high dispersibility in liquid media and high

thermal and chemical stability. Calcination with an anti-

sintering agent has a potential application to a wide

range of calcined nanoceramic powders, such as alu-

mina, titania, and magnesia, and offer significant bene-

fits over existing technologies because the technique is

simple, inexpensive, and amenable to scale-up and

processing.
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