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Nanograde calcium phosphate needle-like crystals are prepared from wet synthesized Ca-P 
precipitates by simple hydrothermal treatment at 140 °C and 0.3 M Pa for 2 h. The morphology 
of these crystals is observed by transmission electron microscopy (TEM). The phase 
composition is'tested through X-ray diffractometer (XRD) and infrared spectroscopy (IR). It is 
found that the morphology of these crystals is related to the activity or fresh degree of the 
starting Ca-P precipitates and the added fluorine ions, but is not greatly influenced by the 
Ca/P ratio of the precipitates. These crystals with a Ca/P ratio between 1.67 and 1.5 show a 
poorly crystallized apatite structure at room temperature and a biphasic (HA + 13 - TCP) 
structure at 1100°C, corresponding to their Ca/P ratio. It is demonstrated that these 
nonstoichiometric apatite crystals contain lattice-bound water which could play an important 
role in the formation of bone apatite. The similarity in morphology and composition between 
these needle-like crystals and the apatite crystals in bone provides a possibility to make a. 
bone-like implant consisting of these needle-like crystals and collagen, etc. 

1. Introduct ion  
Calcium phosphate is known to be the main mineral 
constituent of human hard tissues [1]. Sintered well- 
crystallized biphasic bioceramics consisting of hy- 
droxyapatite (HA) and tricalcium phosphate (TCP), 
which are similar to sintered bone products [2, 3], 
are found to be biologically more reactive than pure 
HA [4, 5] and even show new bone formation 
in non-osseous tissues of animals [6, 7]. Never- 
theless, the presence of calcium phosphate in bone 
is in the form of nanometre-size needle-like crystals 
[8-12] with a poorly crystallized nonstoichiometric 
apatite phase containing CO 2-, Na + and F -  ions, 
etc. [13-16]. 

Nonstoichiometric apatite shows a stoichiometric 
apatite or HA structure involving Ca and OH defects 
and substitution of HPO 2- groups for PO 3- ones, 
and possesses a Ca/P ratio between 1.67 and 1.33 [17]. 
Its accepted formula is Calo-x (HPO4)x (PO4)6-x 
(OH)2_ x (0 < x < 2) [18]. The Ca/P ratio of bone 
apatite is generally between 1.67 and 1.50 [2, 3], cor- 
responding to 0 < x < 1. In order to build a bone-like 
composite composed of collagen and bone-apatite- 
like crystals for bone repair and replacement, it is 
necessary to study and prepare nanometre-size non- 
stoichiometric apatite needle-like crystals. In this pa- 
per, a simple hydrothermal processing is employed to 
make such bone-apatite-like crystals. 
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2. Materia ls  and m e t h o d s  
Analytical grade reagents (NH4)2HPO 4 and 
Ca(NOa) 2 were used to synthesize starting Ca -P  pre- 
cipitates, according to a method similar to Jarcho 
et al. [19]. The (NH4)EHPO 4 aqueous solution was 
slowly dropped into the stirred Ca (NO3) 2 aqueous 
solution. The pH for both solutions was 10 to 12, 
adjusted with ammonium solution, and the reaction 
was carried out at room temperature (RT). The as- 
prepared precipitates were put into an autoclave in a 
solid-solution ratio of 1 wt % and hydrothermally 
treated at 140 °C and 0.3 MPa for 2 h, after centrifugal 
washing with deionized water. In order to study the 
influence of the fluorine ion on the crystal growth, 
0.1 wt % NaF, relative to the total weight of the 
(NH4)EHPO 4 and Ca (NO3) 2 used, was added to the 
(NHg)EHPO 4 solution before_ synthesization. The 
same precipitation and hydrothermal condition was 
kept for F--containing precipitates. 

The Ca/P ratio of those hydrothermally treated 
samples was measured with an atomic absorption 
spectrometer for calcium and an ultraviolet spectro- 
photometer for phosphorus. The morphology was 
observed by transmission electron microscopy (TEM). 
The phase was observed by transmission electron 
microscopy (TEM). The phase composition was tested 
through X-ray diffractometry (XRD) and infrared 
spectroscopy (IR). 
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3 .  R e s u l t s  

3 . 1 .  T E M  p h o t o g r a p h s  

The morphology of the hydrothermally formed need- 
le-like crystals are shown in Fig. la  (sample N-I )  and 
Fig. lb (sample N-2), and are for samples with a Ca/P  
ratio of 1.59 and 1.52, respectively, without the addi- 
tion of F -  ions. The shape and size of sample N-1 and 
N-2 are basically the same. Fig. lc (sample N-3) is for 
F- -conta in ing  crystals with a Ca/P ratio of 1.61. 
These F-- ions  are 1.38 wt% measured by fluorene ionic 
electrode. These F--containing,  needle-like crystals 
look much thinner than those in Fig. la  and b. The 
mean crystal size for sample N-2 and sample N-3 is 
about  23 nm by 91 nm and 10 nm by 75 nm, respect- 
ively, according to measurement of the length and 
width of these crystals under microscope. It has been 
noticed that when heating at 600-650 °C, these sam- 
ples show a decrease in crystal length or volume. 
Fig. ld  shows the morphology of sample N-2 after 
heating at 650 °C; the calculated mean crystal size is 
about  22 nm by 67 nm using the same measurement 
method mentioned above. The data for mean crystal 
size of sample N-2 before and after heating at 650 °C 
shows a 35% decrease in the average crystal volume. 

3 . 2 .  XRD p a t t e r n s  
All the three samples give a similar poorly crystallized 
apatite or HA structure, as shown in Fig. 2a. This 

indicates that these samples with a Ca/P ratio between 
1.67 and 1.50 are poorly crystallized, nonstoichio- 
metric apatite crystals. When heated to different tem- 
peratures, these samples show a similar apatite struc- 
ture to that in Fig. 2a below 650 °C and a biphasic 
(HA + I3-TCP) structure above 650 °C. The T C P  con- 
tent increases with increasing temperature and reaches 
its final value at l l00°C. Fig. 2b shows the XRD 
pattern of sample N-2 after heating at 650 °C. A trace 
amount  of TCP  phase can be observed. The 1100 °C 
XRD patterns for samples N-l ,  N-2 and N-3 are 
shown in Fig. 2c, d and e, respectively, in which the 
relative content of HA and TCP phase is consistent 
with their respective Ca/P ratio. 

3.3• I R s p e c t r a  
The IR spectra of the three samples are shown in 
Fig. 3a-c, which indicate the presence of O H - ,  H20 ,  
H P O ] -  and PO 3- as well as CO 2-. The peaks at 
3571 and 633cm -1 are due to O H -  ions, the 
875 c m -  ~ peak is caused by H P O ~ -  ions. The broad 
bands from 3700 to 2500 cm-~ and around 1635 c m -  
arise from water, the 1456 and 1426 cm-~ peaks are 
from CO 2- ions. The shoulder at about 585 c m -  ~ and 
the broad band from 800 to 650 c m -  ~ in Fig. 3,c are 
related to F -  ions. Other peaks are due to PO4 ~- ions. 
It can be seen that the CO~-  content in samples N-1 
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Figure 1 TEM photographs of the needle-like crystals: (a) sample N-l; (b) sample N-2; (c) sample N-3; (d) sample N-2 heated to 650°C. 
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Figure 2 XRD patterns of the needle-like crystals: (a) poorly 
crystallized apatite (HA) structure (b) sample N-2 heated to 650 °C; 
(c) sample N-1 heated to 1100 °C; (d) sample N-2 heated to 1100°C; 
(e) sample N-3 heated to 1100 °C. 

and N-2 is very small and increases significantly when 
F -  ions are contained in the nonstoichiometr ic  apa- 
tite crystals. Fig. 3c shows only a shoulder for the 
O H -  peak at 3571 c m - 1 ,  the 633 c m - 1  O H -  peak is 
absent. Fig. 3d shows the IR spectrum for sample N-2 
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Figure 3 IR spectra of the needle-like crystals (a) sample N-l; (b) 
sample N-2; (c) sample N-3; (d) sample N-2 heated to 750 °C. 

after heating at 750 °C. The peak at 940 cm-  ~ is from 
the [3-TCP phase. The water and O H -  peaks decrease 
noticeably and the CO 2- peak completely disappears, 
but the 875 cm-~ H P O  2- peak is still present. 

4 .  D i s c u s s i o n  

It can be noted that samples N-1 and N-2 bear some 
resemblance in morphology and size, although their 
Ca/P ratios are different. The mean crystal size of 
sample N-2 is about 23 nm by 91 nm, which is very 
close to the mean size 23.7 nm by 90 nm (aspect ratio 
= 3.8) given by Ioko et al. [20], who prepared needle- 

like pure HA (Ca/P = 1.67) crystals with the mean size 
mentioned above by a similar hydrothermal method 
at 200°C and 2 MPa  for 10 h. This means that the 
Ca/P ratio of the precipitates, and the difference be- 
tween the hydrothermal conditions used by Ioko and 
this experiment have not shown an appreciable influ- 
ence on the morphology of these needle-like crystals, 
in spite of the fact that the crystallinit~¢ of these crystals 
improves with an increase in hydrothermal pressure 
or temperature [20]. However, short crystals were 
obtained if C a - P  precipitates synthesized at 70 °C, or 
5-day  standing C a - P  precipitates were used in the 
hydrothermal treatment, as shown in Fig. 4. This in- 
dicates that the activity or "freshness" of the pre- 
cipitates is an important factor in addition to the 
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Figure 4 TEM photograph of the short needle-like crystals. 

F - ions  that affects the morphology of the needle-like 
crystals. The relatively high temperature (70°C) or 
long standing time renders the precipitates less ,active 
than the as-prepared precipitates at RT. 

It is clear that the activity of the precipitates primar- 
ily influences the length of the needle-like crystals 
while the F -  ions influence not only the length, but 
also the width. The disappearance of the 633 cm -1 
peak in Fig. 3c is caused by the F -  ions situated in the 
O H -  sites. But the shoulder at 3571 cm-  still :indic- 
ates the presence of O H -  ions in the F--containing 
apatite crystal structure. The existence of the CO z-  
ions in the F--containing crystals could come from 
the coupling of the Na + from NaF  with CO 2 or CO z-  
in water. The carbonate incorporation is thus possibly 
by the substitution of Na + + C O  2- for Ca 2+ 
+ P O ] - ,  and both the F -  ions and the CO 2- ions 

have an influence on the apatite crystallite size [21]. 
Therefore, the thin F--containing needle-like crystals 
should be the outcome of the common action of F -  
and CO 2- ions. After remaining in distilled water for 5 
months, sample N-2 shows no change, in both mor- 
phology and composition. This means that distilled 
water can be chosen to preserve these crystals until 
required for use in a solution or slurry state. To date, 
there has been no method able to dry such nanometre- 
size apatite crystals without agglomeration. 

After heating at 650°C, the decrease in the mean 
crystal size or average volume of sample N-2 should 
be attributable to the release of water. The water could 
be from the condensation of H P O  2- ions or from 
lattice-bound ions. It is known that the H P O ] -  ion in 
C a H P O 4 . 2 H 2 0  turns completely into P2 O4- ion 
when heated to 600 °C [2, 18], at the same time giving 
out water according to the reaction: 
2HPO4Z---* P204-+ H20. But, in the 750°C IR 
spectrum in Fig. 3d, the H P O  2- peak can clearly be 
seen. The same phenomena were also found by other 
authors at similar temperature ranges [22-24]. This 
means that the condensation of H P O  2- ions in non- 
stoichiometric apatite crystals is different from, or 
more difficult, than that in CaHPO4" 2H20  materials, 
due to the small quantity of the H P O  2- ions in, or to 
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the restriction from, the nonstoichiometric apatite 
crystal structure. On the other hand, when heating 
above 650°C, the nonstoichiometric apatite crystals 
become a biphasic HA + [3-TCP structure, in which [3- 
TCP phase increases with increasing temperature, 
while the residual HA phase decreases with increasing 
temperature. It is possible that the residual HA phase 
could still be a nonstoichiometric apatite. For sample 
N-2 (Ca/P ratio = 1.52), when a part of ]3-TCP phase 
with the lowest Ca/P ratio 1.50 is formed at 750 °C, the 
residual HA phase containing HPO 2- ions (Fig. 3d) 
will have a Ca/P ratio more than 1.52 but less than 
1.67, because the total Ca/P ratio 1.52 is a constant. 
Thus, the [3-TCP phase formed above 650 °C should 
be the result of the two successively occurring reac- 
tions; the condensation of the HPO4 z- ions 
( 2 H P O ] - - - - * P 2 0 7 4 - +  H 2 0  ) and the reaction of 
P20~- with OH-  ions (P20~ - + 2OH- ~ 2PO]- 
+ H20). Sufficient OH-  ions adjacent to the newly 

formed P20~- ions in the nonstoichiometric apatite 
crystal structure ensure that the second reaction hap- 
pens readily and rapidly. Therefore the trace TCP 
phase in the 650 °C XRD pattern indicates that only a 
small amount of HPO 2- ions are condensed at this 
moment. As a result of this, the near-35% decrease in 
the average crystal volume of sample N-2 can be 
ascribed primarily to the release of lattice-bound wa- 
ter. 

The presence of the lattice-bound water in non- 
stoichiometric apatite crystals indicates that water 
could play a role in the formation of bone apatite. This 
is important for the further understanding of the 
mechanism of calcified tissues and bone-bonding phe- 
nomenon of calcium phosphate biomaterials. The 
formation process of the Ca-P precipitates into these 
small needle-like nonstoichiometric apatite crystals in 
the hydrothermal environment may be comparable 
with that of the Ca-P precursor into the bone apatite 
of the developing fetus in the maternal abdominal 
cavity. Both processes happen at a certain temper- 
ature, under certain pressure and in a closed system 
containing water, although the latter process is much 
more complicated. 

As we know, the mineral of natural bone is chiefly 
composed of nonstoichiometric apatite crystals which 
contain a certain amount of CO 2-, Na + and F-  ions, 
etc. Bone apatite crystals are found to be needle-like 
crystals with a size of 5-20 nm by 60 nm [8] or 3 nm 
by 40 nm [25], while the crystallites in dental enamel 
contain more F-  ions than bone [21] and grow much 
longer, over 100 nm in length [8]. The different data 
and size are probably related to both the F-  ions and 
the CO~- ions they contain, in addition to other 
factors, such as species and sites. Sample N-1 and N-2 
show only a very small CO 2- peak in their IR spectra. 
In order to increase the CO~- in these samples, a 
method that incorporates carbonate in the apatite 
structure by soaking apatite crystals in mineral or 
carbonated water can be utilized [26]. In fact, when 
these nonstoichiometric apatite crystals are implanted 
in a living body, the body fluid may also result in such 
an effect. 

In brief, the hydrothermal treatment used in this 
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experiment is a simple, practical and reproducible 
method to prepare nanometre-size needle-like crys- 
tals. The similarity in morphology and composition of 
the hydrothermally formed nonstoichiometric apatite 
needle-like crystals and the apatite crystals in bone 
might lead to an improvement of osteointegration in 
bony sites. It enables scientists to make composite 
implants comparable to bone, in which the nanograde 
needle-like crystals are embedded or inserted and 
chemically and biologically linked via a collagenic 
structure. It is also helpful in promoting further under- 
standing of the nature and properties of calcified 
tissues. 
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