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Hydroxyapatite (HA, Ca;o(PO4)s(OH),) nanoparticles were synthesized using calcining calcium dihydrogen-
phosphate (Ca(H,PO4); - H>0), calcium hydroxide (Ca(OH),), and polyethylene glycol (PEG) at 900 °C in an
oxygen atmosphere. This one-step process yields HA nanoparticles with similar particle sizes (e.g., 50-80 nm)
that are well-crystallized and non-aggregated. PEG is an important factor in controlling the particle size, crystal
phase, and degree of aggregation in these HA particles. This conclusion is supported by results from a field-
emission scanning electron microscope (FE-SEM), X-ray diffractometry (XRD), energy dispersive X-ray
analysis (EDS), a high-resolution transmission electron microscope (HR-TEM), and dynamic light scattering

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Synthetic hydroxyapatite, Ca;o(PO4)s(OH),, is a bioactive material
that is chemically compatible with biological apatite, the mineral
constituent of hard human tissues such as bones and teeth [1-3]. With
excellent biocompatibility and bioactivity, hydroxyapatite has been
widely used in medical, dental, and other health-related fields as
material for damaged bones or teeth, important implant and scaffold
materials, and drug delivery agents [4-5]. With their high area to volume
ratio, nano-sized HA particles are expected to be excellent materials for
these applications. For this reason, researchers have developed many HA
synthesis techniques, including sol-gel methods [6], co-precipitation [ 7],
emulsion techniques [8-9], mechanochemical methods [10], electro-
chemical deposition [11], and hydrothermal processes [12]. However,
none of these methods are feasible for large-scale industrial production
processes because they involve expensive materials, complicated
processes, serious aggregation (i.e., large particle size), wide-ranging
particle size, and numerous impurities (e.g., undesired crystal phase, 3-
tri-calcium phosphate, TCP). In wet chemical synthesis (e.g. sol-gel),
synthesis steps include gelation, aging, drying, and sintering. The aging
and drying times are long, and require precisely controlled reaction
conditions. Particles prepared by the sol-gel process usually aggregate
seriously during sintering. The objective of this study is to develop an
easy, inexpensive, and fast method of producing nano-sized HA particles
with consistently high quality.

A previous study shows that polymers such as PEG (poly(ethylene
glycol)) and PVP (polyvinyl pyrrolidone) are useful components in the
formation of one- and zero-dimension nano-sized materials. Li and
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coworkers successfully prepared ZnO nanowires and nanorods using a
short-chain PEG-assisted pathway [13]. Chirakkal et al. presented the
polymer-assisted growth of molybdenum oxide whiskers [14]. Xiong
et al. prepared Al,03-TiO, composite nanoparticles using a sol-gel
method with PEG as a gelling agent [15]. Polymeric materials often
serve as stabilizers for metal colloids, preventing their agglomeration
and precipitation [16], i.e. steric stabilization. Due to the ether oxygen
groups with rich electrons in its chain, PEG is able to form complexes
with metal cations and enhance the homogeneous mixing of metal
cations [17]. Metal cations can easily disperse in a solution at the
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Fig. 1. X-ray powder diffraction patterns of the synthesized HA nano-particles.
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Fig. 2. FE-SEM morphology of synthesized nano-particles. (a) HA(PEG), (b) HA(non).

molecular level because of the interaction within, and random
arrangement of, the polymer chain. Furthermore, interactions
between PEG and metal cations change metal compound physical
properties such as thermal stability and aggregation size.

This study reports a fast and inexpensive method of synthesizing
HA nanoparticles using PEG. This one-step approach yields HA
nanoparticles that are well-crystallized, highly dispersed, and have
similar particle sizes. The properties of HA materials, such as their
chemical composition, crystal phase, purity, and particle size, were
determined by FE-SEM, XRD, EDS, HR-TEM, and DLS techniques.

2. Experimental

Dihydrogenphosphate and calcium hydroxide served as the sources
of calcium and phosphorous for HA in this study. The Ca/P molar ratio
was maintained at 1.67, the stoichiometric amount of HA (Ca;o(PO4)e
(OH),). Exact amounts of dihydrogenphosphate (1.25 g), calcium
hydroxide (0.85 g), and PEG (4 g, MW:20000) were measured and
dissolved in 30-mL of de-ionized water and heated to 65 °C to facilitate
PEG dissolution. The mixture was stirred for 30 min at 300 rpm,
producing a milky gel suspension. This gel was then placed in a furnace
and heated at 900 °C for 30 min under normal atmospheric conditions.
This process produced a white hydroxypatite powder. The entire
synthesis experiment was then repeated under the same conditions
while excluding PEG. Sample labels were defined as HA(PEG) and HA
(non) for HA particles prepared with and without PEG, respectively.
The crystal structures were analyzed by X-ray diffraction (Shimadzu,
XRD6000), and the 26-scan was recorded using Cu Ko radiation.
Surface morphology was observed with a field-emission microscopy
electron microscope (Hitachi, S4800), with energy dispersion spectro-
scopy (Horiba, EX-210) and high-resolution transmission electron
microscopy (Philips, Tecnai F20). The aggregated particle size was
determined by the DLS technique (Malvern, 3000HS) in an ethanol
suspension (0.1 g of sample/100 mL of ethanol).
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Fig. 3. Particle size analysis of synthesized HA nanoparticles using DLS. (a) HA(PEG), (b) HA
(non).
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3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of HA(PEG) and HA
(non). The characteristic peaks at 260 were 25.9° (002), 30.0° (102),
28.9° (111),31.9° (211),32.3° (112),32.9° (300), 34.2° (202), and 35.4°
(301) for HA(PEG) particles. According to the Joint Committee on
Powder Diffraction Standards (JCPDS) database, these values indicate
the presence of a pure hydroxyapatite structure. The HA(non) samples
exhibited a somewhat different crystal phase than the pure hydro-
xyapatite. The variant peak at 26 =30.9° of the HA(non) sample was
referred to the R-TCP phase [18]. Wang et al. reported that the
hydroxyapatite structure can be transformed into a R-TCP phase at a
sintering temperature of 900 °C [18]. The B-TCP phase is a common
impurity in HA material, and its presence can decrease the bio-
properties of HA. However, using PEG effectively inhibits the
production of PB-TCP phase during HA preparation. This can be
attributed in part to the heat energy consumed during the thermal
decomposition of PEG. It is speculated that PEG effectively suppresses
3-TCP phase formation during HA preparation because the decom-
position of PEG and the crystallization of HA occur simultaneously
during the calcination process at 900 °C. The energy for formation of
HA structure in the HA(PEG) system is more than HA(non) because
crystallization of HA will proceed after decomposition of PEG-Ca-P
complex in former system. This effectively delays the phase transition
from pure HA to the B-TCP phase. Therefore the undesired B-TCP

phase does not form in polymer-assisted reactions at 900 °C in 30 min.

Fig. 2 (a) and (b) show the morphology of HA(PEG) and HA(non)
particles, respectively. Fig. 2(a) shows that HA(PEG) exhibits a narrow
size distribution, with an average particle size of 50-80 nm. Fig. 2(b)
shows that the HA(non) particles had serious aggregation, larger
particle sizes, and wider size distribution (80-150 nm) than HA(PEG).
Low magnification SEM images clearly show the degree of aggrega-
tion. The HA(PEG) was well-dispersed, while the HA(non) was
seriously aggregated into a single flat piece. Furthermore, the
hydroxyapatite particle is usually dispersed in water and ethanol
solution for coating application and mix with other biomaterials, so
the good hydroxyapatite suspension should be slightly aggregated for
convenient use. Hence, the hydroxyapatite ethanol suspensions were
prepared for determination of their secondary particle sizes. The
analysis of the ethanol solution using the DLS technique indicates that
the diameter of HA(PEG) secondary particle sizes ranges from 150 to
600 nm) and that of HA(non) ranges from 35 to 36 um), as Fig. 3
shows. Obviously, HA(PEG) was much less aggregated than HA(non).
The particle with smaller primary particle size gives the smaller
secondary particle size as shown in our present and previous works
[19-21]. The secondary particle plays an important role in the
physical-chemical properties of nano-particle, such as adhesion and
catalytic activity. Tao et al. reported that the PEG polymer can inhibit
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Fig. 5. TEM image of the HA(PEG) powder. (a) TEM, (b) HR-TEM with the selected area
diffraction pattern (insert).

the assembly of nanoparticles [22]. Ether oxygen groups in the PEG
were responsible for the lower aggregation level in HA(PEG). PEG
molecules surround metal ions, Ca>™ in this case, to form small and
well-dispersed nanoparticles.

Energy dispersive spectroscopy (EDS) was employed to investigate
the elemental composition of HA. The results in Fig. 4 demonstrate
that only Ca, P, and O appear in HA(PEG) samples. Also note that no
other impurity, including carbonaceous species, was present in the HA
nanoparticles. It depict the PEG compound is completely decomposed

Fig. 4. EDS spectra of HA(PEG) nanoparticles.
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to volatile compounds after calcination step as found in TG-MS analysis
results (not shown). TG-MS results of HA(PEG) samples indicate that
water (m(mass)/z(charge) =18) was released continuously as the
temperature increased. Other gas products such as hydrogen (m/z=
2), methane (m/z=16), carbon monoxide (m/z=28), and carbon
dioxide (m/z=44) started to appear as the temperature increased
to about 400 °C, which reveals the PEG pyrolysis begins near 400 °C.
These results agree well with those reported by Madorsky's and
our previous works [23,24]. There are no carbonaceous gaseous
products decomposed from the reactants of the HA(non) synthesis
process.

Fig. 5(a) and (b) show the TEM and HR-TEM images of HA(PEG).
HA nanoparticles exhibited a uniform particle size, which is consistent
with the SEM images. Fig. 5(b) shows the HR-TEM image, and the
insert is the selected area electron diffraction (SAED) pattern. The HA
(PEG) particles were well-ordered structure with d-spacing of
0.2886 nm and 0.3502 nm in the crystalline phase, corresponding to
the (211) and (002) planes of the HA structure. The result is consistent
with the XRD patterns.

4. Conclusions

A simple PEG-assisted reaction was successfully developed for the
preparation of HA nanoparticles. Well-ordered and uniform (50-
80 nm) crystals composed of pure hydroxyapatite nanoparticles were
obtained via one-step calcination of three cheap reactants, calcium
dihydrogenphosphate, calcium hydroxide, and PEG. PEG played an
important role in inhibiting particle aggregation and R-TCP phase
generation during the polymer-assisted reactions. The barrier caused
by PEG-Ca-P complex and decomposition of PEG provides calcium

dihydrogenphosphate and calcium hydroxide a proper reaction
condition for synthesis of small HA particles. The as-prepared HA
nano-particle can be well-dispersed in solutions with small secondary
particle size for convenient use and good bioactivity without impurity,
B-TCP phase. In summary, this process offers a simple, economical,
and potentially safe method for preparing HA nanoparticles.
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