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In this paper, nanograde osteoapatite-like rod crystals are made from wet synthesized calcium 
phosphate precipitates by hydrothermal treatment at 140°C under 0.3 MPa pressure for 2 h. 
The morphology, crystal structure, crystallinity and phase composition of these nanograde rod 
crystals are similar to those of thin apatite crystals in bony tissues of the body. This analogy 
provides an opportunity in the near future to build bone-like substitutes which consist of the 
nanograde rod crystals and special organic matrices and cells. 

1. I n t r o d u c t i o n  
Hydroxylapatite (HA) and tricalcium phosphate 
(TCP) are two calcium phosphate biomaterials with 
an excellent biocompatibility and bioactivity [1, 2], 
which is probably due to their similarity with the hard 
tissues of the body. So far, calcium phosphate bio- 
materials have been widely used clinically in the form 
of powders, granules, dense and porous blocks and 
various composites [3, 4]. As is known, calcium phos- 
phate materials form the main mineral part of calcified 
tissues. The apatite crystals in bone are formed as thin 
needles, about 5-20 nm by 60 nm with a poor crystal- 
tinity in the collagen fibre matrix, as measured by X- 
ray diffraction and transmission electron microscopy 
I-5, 6]. While the apatite crystallite sizes in dentin and 
cementum are roughly comparable to those in bone, 
the crystallites found in enamel grow much larger, 
over 100 nm in length. Recently a few reports have 
been presented concerning the synthesis of HA fibres 
[7-9], whiskers [10] and needle-like crystals 1-11, 12] 
using an agar gel system, homogeneous precipitation 
method and hydrothermal processing, respectively. 
These thin crystals could find usage as a chemical 
catalyst, ion-exchangers of heavy metal ions, an absor- 
bent in column chromatography and in the manufac- 
ture of fine sugars, but also as fillers for bone repair 
and substitute materials. However, because of either 
too small an amount of product obtained or the 
complexity of their methods, further adequate bio- 
compatibility tests and experiments to evaluate their 
usefulness in polymer composite cannot be performed. 
In this paper, nanograde osteoapatite-like calcium 
phosphate rod crystals were prepared by hydro- 
thermal treatment in a simple and reproducible way 
and characterized by X-ray diffractometer and trans- 
mission electron microscopy. 

2. M a t e r i a l s  and m e t h o d s  
Fully washed calcium phosphate precipitates were 
used in the hydrothermal synthesization of nanograde 
rod crystals. The precipitates were made by dropping 
an (NH4)2HPO4 aqueous solution into a stirred 
Ca(NO3) 2 aqueous solution. The pH value for both 
solutions was 11 to 12, adjusted with ammonium 
solution and reaction was set at room temperature or 
at 70 °C for 2 h. The hydrothermal treatment of the 
precipitates' aqueous solution was carried out at 
140 °C under a pressure 0.3 MPa for 2 h in an auto- 
clave to form the nanograde rod crystals. A small 
amount of glycerine was used as a dispersing agent for 
the nanograde rod crystals in some cases. 

The morphology of the precipitates and the nano- 
grade rod crystals was observed by transmission elec- 
tron microscopy (TEM). The crystal structure and the 
Ca/P molar ratio were measured by X-ray diffracto- 
meter (XRD), atomic absorption spectrometer (AAS) 
and ultraviolet spectrophotometer (US) before and 
after sintering at 1100 °C. 

3. Results 
TEM photographs of the calcium phosphate pre- 
cipitates and the nanograde rod crystals are shown in 
Fig. 1. Fig. la is that for starting precipitates, lb is for 
rod Crystals formed without the addition of glycerine 
and lc is for rod crystals formed with the addition of 
glycerine as dispersing agent. From the photographs, 
it can be seen that the starting irregular small particles 
with a mean size of about 15 nm have turned into 
uniform and non-aggregated rod-like crystals after 
hydrothermal treatment. The rod-shaped crystals 
have a basic length from 40 nm to 150 nm and a width 
(20 nm) similar to the size of the starting small par- 
ticles. Comparison of Fig. la and lc leads to a conclu- 
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poorly crystallized apatite structure as shown in 
Fig. 2a. After sintering a well-crystallized structure of 
biphasic calcium phosphate material which contains 
nearly 43% HA and 57% ]3-TCP is obtained. Fig. 2c 
exhibits an apatite structure with a higher crystallinity 
than Fig. 2a. This proves that after being treated 
hydrothermally the poorly crystallized starting pre- 
cipitate particles have turned into relatively better 
crystallized apatite rod crystals. When sintered at 
l l00°C, the apatite rod crystals become biphasic 
calcium phosphate crystals with a HA/[3-TCP content 
ratio of about 54% to 46%. The change of the HA/I3- 
TCP ratio between the sintered starting precipitates 
and the sintered rod crystals is noticeable. The Ca/P 
molar ratios of the starting precipitates and the rod 
crystals (both of them have an apatite structure) are 
estimated from the XRD patterns of their sintered 
products as 1.57 and 1.59, respectively, which is coinci- 
dent with the analytical results of AAS and US. 

Figure 1 TEM photographs of the starting precipitates and the 
nanograde rod crystals after hydrothermal treatment: (a) starting 
precipitates; (b) nanograde rod crystals without the addition of 
glycerine; (c) nanograde rod crystals with the addition of glycerine 
as dispersing agent. 

sion that higher dispersity of the nanograde rod crys- 
tals is obtained by using glycerine as the dispersing 
agent. 

Fig. 2 shows the relevant XRD patterns, in which 2a 
is that for starting precipitates, 2b is for the same 
precipitates sintered at l l00°C, 2c is that for nano- 
grade rod crystals and 2d is for the same rod crystals 
sintered at l l00°C. The starting precipitates have a 

4. Discussion 
Since there are no other basic and acidic additives 
present in the aqueous solution of the starting pre- 
cipitates during hydrothermal treatment, the Ca/P 
molar ratio of the starting precipitates basically deter- 
mines the Ca/P molar ratio of the final product, the 
nanograde rod-shaped crystals. The change of the 
HA/~3-TCP content ratio from the starting precipitates 
to the nanograde rod-shaped crystals results from the 
dissolution of some PO]-  ions into the aqueous 
solution during hydrothermal treatment. This has 
been confirmed by the small decrease in the pH value 
of the aqueous solution after hydrothermal treatment. 
The Ca/P molar ratio of the starting precipitates can 
be easily controlled by adjusting the pH value of the 
reaction solutions and the reaction temperature and 
time, as well as the standing time of the wet syn- 
thesized precipitates, according to the results given by 
Jarcho et al. [13]. This makes it possible to prepare 
hydrothermally nanograde calcium phosphate rod- 
like crystals with a different Ca/P molar ratio or phase 
composition corresponding to different application 
purposes. 

The starting precipitates have an XRD pattern of 
poorly crystallized apatite envelope with only one 
characteristic peak of (0 02) crystal plane (2® = 25.9 °) 
as shown in Fig. 2a. This means that even the as- 
prepared calcium phosphate powders have a tendency 
for preferential growth or crystallization along the 
c-axis (002) direction. The same phenomenon can be 
seen in the XRD patterns of various hydrothermally 
synthesized calcium phosphate nanograde rod crys- 
tals, which have a different Ca/P molar ratio but a 
similar apatite structure to that in Fig. 2c, only by 
comparing the intensity of the (002) peak with the 
intensity of the highest (211) peak (2® = 31.8°); 
normally the ratio is 40%. Because of this trend, the 
irregular small particles in Fig. la are able to grow 
continuously along the c-axis (00 2) direction into the 
nanograde rod crystals in Fig. lc. The width of the rod 
crystals is around 20 nm, which is close to the original 
size (about 15 nm) of the starting particles. This infers 
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Figure 2 XRD patterns of the starting precipitates and the nano- 
grade rod crystals before and after sintering at ll00°C: (a) starting 
precipitates; (b) starting precipitates sintered at 1100 °C; (c) nano- 
grade rod crystals; (d) nanograde rod crystals sintered at 1100 °C. 

that t5 to 20 nm is the lower limit of calcium phos- 
phate precipitates that can turn from the amorphous 
state to the crystalline state. 

After sintering at 1100 °C, a crystal structure reflec- 
ting the Ca/P molar ratio of the starting precipitates 
and the nanograde rod-like crystals appears. This 
indicates that XRD patterns or TEM photographs of 
the unsintered nanograde rod crystals, such as Fig. lc 
and Fig. 2c, are not sufficient evidence that these 
nanograde rod crystals are pure and well-crystallized 
hydroxylapatite crystals. In fact, the nanograde rod 
crystals with a Ca/P molar ratio between 1.67 and 1.5 
are non-stoichiometric apatite, or "deficient apatite", 
which consists of pure HA (Calo(PO4)6(OH)2) and 
apatite TCP (Cag(HPOg)(PO4)s(OH)) [14, 15]. The 
apatite structure in Fig. 2c of the nanograde calcium 
phosphate rod crystals with a Ca/P molar ratio of 1.59 
comes from such a non-stoichiometric apatite. The 
apatite phase (Ca9(HPOg)(PO4)5(OH)) of the TCP 
composition in non-stoichiometric apatite comes from 
the hydrolysis of the amorphous TCP precipitates 
(Ca/P = 1.5) in aqueous medium. When sintered at 
high temperature until 1100 °C, the apatite TCP phase 
turns into ~-TCP by loss of water. At this time, the 
apatite structure of the nanograde rod crystals drops 
into a biphasic calcium phosphate (HA plus [}-TCP) 
structure. The more the Ca/P molar ratio is below 
1.67, the richer the 13-TCP is in the mixture. 

As mentioned above, calcium phosphate is the main 
mineral phase in bones and teeth. The apatite crystals 
in hard tissues are formed as thin needles with a size of 
about 5-20 nm by 60 nm in bone and over 100 nm 
long in enamel. The apatite crystals in bone are found 
to be poorly crystallized non-stoichiometric apatite 
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with a Ca/P molar ratio of 1.61 [14]. The similarity in 
morphology, crystal structure, crystallinity and phase 
composition of natural thin apatite crystals and the 
hydrothermally synthesized nanograde calcium phos- 
phate rod crystals provides an opportunity to build a 
bone-like substitute in the future, which is composed 
of the osteoapatite-like rod crystals and special or- 
ganic matrices and cells. 
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