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Abstract 

Preparation of needle-like calcium deficient hydro- 
xyapatites from hydrothermal decomposition of the 
calcium chelate Ca-EDTA in the presence of POd3- 
groups is reported. Dtflerent conditions relative to 
reactant concentrations: Ca (N03)z = 0.01-0.3 mol 
xdmp3 (M), (NH4)2HP0,/Ca (NO&=6/10, 
Naz-EDTA/Ca (NOJz (R) = I-1.5; tempera- 
ture = 150-220” C andpH = 8-12, have been tested in 
order to ascertain their influence on the stoichio- 
metric degree and morphology. For Ca (NOj)z 0.05 
M, R = 1, pH = 11 and temperature 200°C, well 
elongated particles were obtained. On the other 
hand, the stoichiometric degree expressed as Ca/P 
ratio resulted in being dramatically aJgcected by var- 
iations in pH, ranging from 1.45 for pH= 8 up to 
1.63 for pH= 11.0 1998 Elsevier Science Limited. 
All rights reserved 

1 Introduction 

Calcium phosphates are an important class of 
compounds principally because of their biological 
relationships. One of these compounds, the hydro- 
xyapatite Caie(PO&(OH)2 (HA), is the structural 
prototype and a lot of attention has been devoted 
to it many years ago. An important part of this 
attention is related to the experimental procedures 
for obtaining HA and related compounds. So, wet 
precipitation, 1-4 hydrothermal, 5-8 hydrolysis of 
salts,9 solid state,‘O sputtering,” methods etc. have 
been reported. In spite of the large amount of proce- 
dures, only a few have been devoted to preparing 
apatitic compounds with controlled morphology.8,12 
The attention of apatitic compounds transcends 
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the biological area because of its unique surface- 
structure consisting of calcium, phosphate and 
hydroxide ions, so applications as catalysti3y14 and 
ionic exchanger 15,i6 have been reported as well. 
More recently, the electrical properties of hydro- 
xyapatites have been studied because of their 
potential applications as gas sensors17 and proton 
conductors at high temperatures.18>19 When the 
proton conductors suitable for fuel cells are 
reviewed,20 it can be concluded that there is a need 
to develop good materials in the temperature range 
20&4OO”C, because most proton conductors are 
unstable at temperatures greater than 150°C and 
possess low electrical conductivity. Calcium defi- 
cient hydroxyapatites present structural character- 
istics which might be suitable for a good electrical 
conductivity at temperatures below 400°C. 

According to Joris and Amberg, the calcium 
deficient hydroxyapatites can be represented by the 
models I and II, depending on the Ca/P ratio: 

Calo-x(HP04),(P04),_,(OH),_,(H20>, 3~ < 1 

(1) 

Ca9-,(HP04)l+2x(P04)5_2x(OH).H20 x < 1 

(11) 

It has been showed, that Hz0 molecules are loca- 
ted on the places corresponding to the missing 
OH- groups, and they are hydrogen bonded to the 
nearest P043- groups. This class of compounds 
present lower stability than stoichiometric ones, 
and above 2OO”C, the HP042-groups begin to 
transform into PzO~~-. The condensation process 
takes place along a wide interval of temperature, 
and only above 300°C can be considered almost 
finished. Because of the presence of HP0d2-charge 
carriers and the high mobility of them in this 
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interval of temperature, we think that such materi- 
als might be suitable for testing protonic 
conductivities. 

In order to study the contributions of the size, 
morphology and composition to the ionic 
conductivity, in the present work we report the 
synthesis of needle-like calcium deficient hydro- 
xyapatites belonging to both types of model. With 
this aim, a hydrothermal procedure based in the 
d~omposition of calcium chelate Ca-EDTA in the 
presence of P043-groups, at pH = 8-12 and tem- 
peratures ranging between 150 and 220°C has been 
followed. The influence that several parameters as 
~ncentrations of reactants, pH, temperature and 
aging time have on some of the physical and chemi- 
cal characteristics of the hydroxyapatites is shown. 

Therefore, factors affecting the equilibrium of both 
(1) and (2) must be considered in order to achieve 
well developed microcrystals. With this aim, a large 
reaction time t was selected (standard time t = 1 h), 
and the influence of temperature, pH, reactant 
concentrations and aging time were considered. 

The equilibrium (1) is critically dependent on the 
temperature in such a manner, that above 22O”C, 
appreciable decomposition of EDTA2- has been 
observed, which produces carbonate apatites. 
Therefore, only temperatures below 220°C were 
selected, Standard conditions for obtaining hydro- 
xyapatite were: Ca (NO& = 0*05M, R =I 1, 
(NH~)*HPO~~~a~NO~)2 = 6/ 10 and pH = 11. The 
system was maintained at 200°C for 1 h. The pre- 
cipitates formed were filtered by a membrane filter, 
washed and dried at 90°C for 12 h. 

2 Experimental 2.2 Characterisation 

All chemicals were analytical reagent grade and 
sample solutions of Ca/P ratio equal to 167 (stoi- 
chiometric ratio of HA) were prepared in all cases 
as follow: 

2.1 Procedure 
First, it was proved that the order of reactants 
mixing had a strong influence on the synthesis of 
hydroxyapatites. So, when a (NH&HP04 solution 
is added on a 1:l mixed solution of Na,--EDTA 
and Ca(NO& (R= l), a white precipitate of a 
hydroxyapatite precursor immediately appears 
even for the lower studied calcium concentrations. 
Therefore, all the solutions were prepared in an 
opposite manner to previously mentioned. On the 
other hand, for pH higher than 11 the value of R 
was increased to 1-l in order to prevent the for- 
mation of precipitate. The general procedure fol- 
lowed was: 1OOml of a mixed solution of calcium 
nitrate (2x 10-2-6.10-1 M) and ethylenediaminete- 
tracetic acid disodium salt, Na2-EDTA (2x 10m2- 
8x 10-i M) (R was varied between 1 and 1.5) was 
added to 100ml of an diammonium hydrogen 
phosphate (1.2x lO-2-3.6x 10-i M) solution, The 
pH of both solutions was adjusted to 8-12 by 
adding NH3 solution. The final solution was put in 
a teflon vessel and heated in a Parr reactor at tem- 
peratures ranging between 150 and 220°C. 

The produced crystalline phases were identified by 
X-ray diffraction technique (XRD), infrared 
absorption spectroscopy (IR) and scanning 
electron microscopy (SEM). Because of the 
elongated mo~hology of the particles, the XRD 
patterns have been recorded as oriented and 
non-oriented aggregate films. The chemical com- 
positions were determined by atomic absorption 
spectroscopy (calcium) and spectrophotomet~~ 
method (phosphorus). 

3 Results and Discussion 

3.1 Standard conditions 

The s~thesis of hydroxyapatites is based on the 
thermal decomposition of calcium chelate Ca- 
EDTA in presence of (P04)3- groups 

Ca - EDTA = Ca2+ + EDTA’- (1) 

10Ca2+ + 6POi- + 20H- = Ca,~(PO~)~(OH)2 

(2) 

The SEM of colloidal hydroxyapatites crystals 
synthesised from the standard conditions is given 
in Fig. l(b). The XRD patterns showed character- 
istic and well defined hydroxyapatite diffraction 
lines. From both oriented and non-oriented aggre- 
gate film diffractograms, a noteworthy intensity 
change is observed for (hO0) and (hkl) diffraction 
lines in such a manner that several of them as (112) 
and (202) disappear in the oriented XRD. This can 
be seen from the patterns recorded for 28 values 
ranging from 30.0 to 35.0 (Fig. 2), and agrees with 
a preferential crystal growing parallel to the heli- 
coidal channel of the apatitic structure. According 
to this, the relative variation in the intensities of 
the (300) and (211) diffraction lines, can be tenta- 
tively considered as a good approximation for 
measuring the corresponding variations in the z/x 
aspect ratio of the microcrystalline particles. Good 
reproducibility is obtained in the relative intensities 
from oriented aggregate films, this procedure being 
used for the diffractograms shown in the next fig- 
ures. The IR spectrum is given in Fig. 3(a), and 
shows the absorption bands characteristic for 
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Fig. 1. SEM of calcium hydroxyapatites obtained from Ca(NOs), O-05 M, pH = 11 and R = 1 at several temperatures and aging 
times: (a) 185”C, 1 h; (b) 2Oo”C, 1 h; (c) 22O”C, 1 h; (d) 22O”C, 24 h. 

calcium hydroxyapatite, largely reported in the lit- 
erature.22y23 So, the stretching and librational 
modes of the OH- groups appear at: V, (3570 cml), 
and uL (632cm-‘), whereas the internal modes 
corresponding to the POd3- groups occur at: u3 
(1092, 1048 and 1028cm-‘), u1 (962cm-‘), u4 (602, 
580 and 564 cm-‘) and u2 (476 and 462 cm-l). 
Also, one additional band of low intensity centered 
around 840cm-’ can be observed. C032- (type B) 
or P04H2- groups could be responsible for this 
band 21*24 However, in both cases, the band . 

appears at -870 cm-l. On the other hand, 
COj2-type B presents typical bands in the region 
1500-1400cm-1, which are not observed in our 
case. So, only the HPOd2- groups appear to be 
responsible for the band. In order to confirm the 
origin of this vibration mode, the hydroxyapatite 
was heated at several temperatures between 250 
and 550°C and the corresponding IR spectra were 
recorded (Fig. 3(b) and (c)). In these conditions, 
the condensation process 2HPOi- = P& takes 
place and a decrease in the intensity of the HPOi- 
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between HPO:- and /or HPO:-PO!- groups 
placed on these faces, which should result in an 
increase of the P - 0 distance and therefore in a 
shifting of the HPOi- frequency at lower values. 
However, additional data are necessary in order to 
confirm this proposed mechanism. 

(b) 

I I I 
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28 

Fig. 2. XRD patterns of calcium hydroxyapatites obtained 
from Ca(N03)2 0.05 M, pH = 11, R = 1, 200°C and aging 

time 1 h. (a) Oriented aggregate films, (b) non-oriented. 

Considering the eqns (1) and (2), two experi- 
ments were carried out in order to obtain hydroxy- 
apatites with higher Ca/P ratio. In one of them, 
higher concentrations of Ca2+ than that of the 
standard system were allowed by increasing the 
temperature to 220°C. The aging time was 
increased to 24 h for reaching nearer conditions to 
those of the equilibrium. The Ca/P ratio obtained 
was slightly higher (1.65) and the size of the elon- 
gated particles resulted were 2-3 times lower than 
that obtained in the standard system [Fig. l(d)]. If 
it is assumed that in the conditions of the system 
the solubility of the hydroxyapatites increases as 
the temperature rises, this result can be explained 
considering the relation between the critical size 
(r*) and the relative supersaturation of the solute 
(S), given by: r* = 2y/[kT/k’jln S,25 where y is the 
interfacial tension, I’ is the volume of the pre- 
cipitating phase and S is the relative super- 
saturation of the solid. The second experiment was 
carried out by increasing the pH of the standard 
system up to 11.8. However, as was previously 
indicated, R was increased to 1.1 to prevent the 
formation of precipitate. Contrary to the expected, 
the Ca/P ratio was lowered to 1.61, indicating that 
stoichiometric hydroxyapatites can not be obtained 

band, which extends over the range 870-84Ocm-’ 
together with the presence of a new band at 
715 cm-’ assignable to pyrophosphate groups are 
observed.21 Therefore, the original band at 
840cm-’ can be tentatively assigned to HPOi- 
groups. The experimental Ca/P ratio found 1.63, is 
close to the value corresponding to the HA l-67, 
which agrees with the low intensity of the HPOi- 
band. However, the reason for the low frequency 
of this band still remains unclear. Variations in the 
lattice parameters can not be claimed because 
hydroxyapatites synthesised at lower pH (8-9) 
have very close lattice parameters with respect to 
the one obtained at pH = 11 and, however, the 
band appears centered around 870 cm-‘, in agree- 
ment with data reported in the literature. 

A tentative explanation could be related with the 
type of crystalline growing which is shown in the 
Fig. 4. It can be observed that many particles pre- 
sent an inter-growing shared from (hO0) faces. It is 
plausible to think, that this process could be car- 
ried out from the hydrogen bonding interactions 
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Fig. 3. (a) IR absorption spectra of calcium hydroxyapatite 
obtained from Ca(NOj), 0.05 M, R = 1, 200°C and aging 

time 1 h; (b) heated at 25O”C, 24h; (c) heated at 5OO”C, 4h. 
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Fig. 4. SEM of calcium hydroxyapatites obtained as in 
Fig. l(b). 

from this system under these mild hydrothermal 
conditions. This result is contrary to that reported 
by Fujishiro et aL8 which affirm that stoichiometric 
hydroxyapatites are obtained from pH higher than 
6. 

3.2 Influence of temperature and reactant 
concentrations 
With the aim of study being the influence of the 
reactant concentrations on the morphology and 
stoichiometric degree, two series of experiments 
were carried out for R = 1 and 1.5, respectively. 
For R = 1, the concentration of calcium nitrate 
was varied from 0.01 to 0.3 M and for R = 1.5 
between 0.05 and 0.3 M because for calcium nitrate 
concentrations lower than 0.05M no precipitate 
appeared. The temperature was fixed to 200°C. The 
influence of the temperature was studied for R = 1 
(150-220°C) and R = 1 a5 (185-22o”C), being the 
concentration of calcium nitrate fixed to 0.05 M. 
For temperatures lower than 185”C, no precipitate 
appeared. 

It can be said, that the effect of both variables 
follow a similar trend represented by the tempera- 
ture in Figs 1 and 5. As the concentration of Ca2+ 
rises from 0.01 up to 0.05 M and the temperature 
increases from 150 to 200°C more elongated par- 
ticles are obtained [Fig. 5(a) and (b)]. For the bet- 
ter conditions: Ca(N03),= 0*05M, 200°C R = 1, 
the z/x aspect ratio corresponding to the 
microcrystalline particles can reach values as 
high as -60, in contrast to the value lower than 
the one that presented the non-homogeneous 

-I I_ 
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Fig. 5. XRD patterns of calcium hydroxyapatites obtained 
from Ca(NOj), 0.05 M, pH = 11 and aging time 1 h for: (a) 
15o”C, R= 1; (b) 2OO”C, R= 1; (c) 22o”C, R= 1; (d) 22o”C, 

R= 1.5. 

hydroxyapatites. The needle-like microcrystals 
obtained from such conditions present an average 
size of 6-18 pm; l-2.5 pm. This high size variation 
is related to the hydrothermal process followed. 
From the lowest temperatures at which the metal 
complex is dissociated, the Ca2+ ions are slowly 
and continuously liberated in the solution; when 
the successive sobresaturations are exceeded, pro- 
gressive nucleations of the solid take place. For 
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Fig. 6. IR absorption spectra of calcium hydroxyapatites 
obtained from Ca(NO3), 0.05 M, R = 1, 200°C and aging 

timelhfor:(a)pH=11;(b)pH=lO;(c)pH=8. 
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concentrations of Ca2+ higher than 0.05M and 
temperatures above 200°C less developed particles 
were obtained [Fig. 5(c)]. However, when the last 
conditions are fixed for R = 1.5 higher z/x values 
are again obtained. The similar trend observed in 
this process for the effect of the concentration of 
Ca2+ and temperature can be easily understood 
because both variables are partially inter- 
dependent, as can be seen from eqns (1) and (2). 
The IR spectra are very similar in all cases and 
only slight differences were found for the Ca/P 
ratio being near to 1.63. 

3.3 Effect of pH 
Dramatic changes have been observed in both, 
elongated morphology and stoichiometric degree 
when the pH was varied. The trend observed in the 
XRD patterns for pH = 8-11 were similar to that 
shown in the Fig. 5(a) and (b). The characteristic 
IR band of the HPO:- increases and u,(OH) 
decreases continuously as the pH decreases (Fig. 6), 
which agrees well with the non-stoichiometric 
degree of the samples ranging from 1.63 for 
pH = 11 to 1.45 for pH = 8. Therefore, it is possible 
to synthesise homogeneous hydroxyapatites with 
high differences in the content of HPOi- ions. 
According with this, it is plausible to expect 
appreciable differences in ionic conductivity for 
this type of compound. 
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