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ABSTRACT 

Several calcium-deficient hydroxyapatites (DAp) samples were synthesized by aqueous 
precipitation under controlled conditions, and compared with a commercial hydroxyapatite 
(HAP) and an equimolar mixture of HAp and dicalcium phosphate (DCP). The samples were 
analysed using temperature-programed dehydration (TPR). The results were compared with 
X-ray diffraction (XRD), and IR spectroscopy data. They show that a variety of calcium 
phosphate precipitates with Ca/P close to 1.50, ranging from DAp to mere mixture of HAp 
and DCP, can be obtained according to the synthesis conditions. Typical DAp moieties have 
two characteristic TPR bands: a wide band in the range 300-680°C, and a sharper one in 
the range 700-900 ’ C. The first band can be assigned to the slow conversion of DAp into a 
transitory apatite structure partially substituted by hydrogenophosphate and pyrophosphate 
groups; at higher temperatures, the pyrophosphate groups and the remaining hydro- 
genophosphate ones will react with the hydroxyl groups of the apatite structure, thereby 
producing a TPR peak at 700~9OO*C. ~-T~cal~ium phosphate is formed as a result of the 
latter thermal tr~sformation. Samples containing residual DCP, even in small amounts 
( > 3%), exhibit a sharp TPR peak in the range 400~600° C, which can be ascribed to the 
conversion of DCP into fl-calcium pyrophosphate. The high sensitivity of TPR to the 
presence of DCP allows true DAp to be discriminated from mixtures of calcium phosphates 
exhibiting the same Ca/P atomic ratio. 

INTRODUCTION 

The accurate ~h~acte~zation of calcium phosphate apatites either synthe- 
sized by precipitation in aqueous solutions, or formed naturally during bone 
mineralization remains a problem which has still not been completely 
solved. From a crystallographic point of view, these solids generally present 
the characteristic X-ray diffraction pattern of hydroxyapatite Ca,(OH)(PO,), 
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(referred to below as HAP), although broadened diffraction lines often point 
to poorly crystallized specimens. Whereas the Ca/P atomic ratio of HAp is 
equal to 1.67, it can vary from 1.67 to 1.33 for precipitated apatites. 
Precipitates having the lowest ratio often present a diffraction line at 18.7 A 
[I]. The corresponding compound, octacalcium phosphate (OCP), is best 
described by the formula Ca,H,(PO,), - 5H,O f2]. Compounds with com- 
positions intermediate between HAp and OCP are conventionally called 
calcium-deficient apatites (DAp) [Z-7]. Some authors [8-12] have proposed 
that they be described by the following formula 

Ca,+,(HPO,), (PO&,-, (OH),-, . n%O 

corresponding to an apatite structure involving Ca defects and substitution 
of some PO:- groups by HPOi- ones. 

A variety of methods have been used for synthesizing DAps: (i) rapid 
precipitation of a calcium phosphate gel (amorphous calcium phosphate, 
ACP) from aqueous solutions of soluble salts of calcium and phosphate, and 
subsequent ageing of the gel in controlled conditions of pH and temperature 

[6,8,13,141; (“) II neutralization of phosphoric acid by lime, or double decom- 
position, i.e. aqueous precipitation of a soluble phosphate by a neutral, 
soluble salt of calcium, while maintaining a constant Ca/P ratio [5,15-171; 
(iii) controlled hydrolysis of dicalcium phosphates in aqueous suspensions of 
either DCP or DCPD [18]; and (iv) alkalinization of an acidic, under- 
saturated solution of calcium and phosphate ions [7]. Improved precipitation 
methods, involving the control of the pH and the Ca/P ratio of the mother 
solution throughout the precipitation, have been used more recently [8,19,20}. 
However, there is still no agreement as to a simple and reproducible method 
for the preparation of DAps with controlled particle size and Ca/P ratio. 

One remarkable property of DAps having a Ca/P ratio equal to 1.50 is 
their quantitative conversion to j?-tricalcium phosphate (fi-TCP, also re- 
ferred to as ,&whitlockite in earlier works), after heating for a few hours 
above 900°C [4]. The same thermal treatment applied to other DAps would 
result in the formation of an excess of either HAp or /?-calcium pyrophos- 
phate ( P-Ca2P207, /3-CPP), depending on the value of Ca/P ( > 1.50 or 
< 1.50) [21]. However, J?-TCP is formed upon heating not only DAps, but 
also mere mixtures of HAp and DCP [22]. Therefore, the phase composition 
of heat-treated calcium phosphate precipitates is not conclusive as to their 
nature and degree of deficiency. 

Some authors have proposed characterizing the deficiency of DAp sam- 
ples by measuring their HPOZ- content [5,6,9,21-241. The measurement is 
based on the quantitative estimate of pyrophosphate groups (P,O,“-) pre- 
sumably formed upon heating the sample in the temperature range 
500-600” C, as a result of the condensation of HPOi- groups in the apatite 
structure. The determination can be performed either by chemical analysis 
[6,14] or by quantitative IR spectroscopy [9,21]. However, pyrophosphate 
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Thermal transformation steps of Ca-deficient apatites 

Ca,o_,(HP09),(P04)s_,(OHf2--z.nH,0 

<25O”C (If 1 

Cau,-,lHPO,),(PO,),_,tOH),_..fH,O),+ (n-z)&0 

250-600°C (II) 1 (reaction(l)) 

Calo_,(HiP04)21(POI)s-2,(OH), 

250-700°C (III) (reaction(2)) 
1 

Ca,o_,(PzO,),(PO,),-,,(OH), +zI-LO 

700-800°C (IV) 1 (reaction(3)) 

(l-z)Ca1,,(P04)6(OH)2 +3zCaa(P0A)2 +zHzO 

Elementary reactions of the phosphate groups 

(1) PO.+“-+HIO+HPO.,*-+OH- 

(2) 2HP0,2-+P,07”- +H,O 

(3) P,O,*- $20H- -+2P0,3-+H,0 

Fig. 1. Sketch of the the~al-transformation steps of deficient apatites [24). 

groups are not only typical of DAp, but are also produced upon thermal 
treatment at 400-500°C of DCP and OCP [8,21,22,25]. As a result, the 
mineralogical characterization of a precipitated apatite on the sole basis of 
the pyrophosphate content of its pyrolysis product at 600 O C is not conclu- 
sive, as mixtures of HAp, DCP and/or OCP having the same Ca/P ratio 
could also produce pyrophosphate groups in the same conditions. 

Upon heating DAps exhibit a characteristic thermal reaction scheme, as 
presented in Fig. 1 [24]. According to this scheme, the thermal analysis of 
dehydration of DAp samples would enable their degree of deficiency to be 
estimated. Moreover, depending on the exact nature of the sample (e.g. true 
DAp or HAp/ DCP/OCP mixtures) the HPOi- groups are expected to 
exhibit variable reactivities according to their localization, and consequently 
to produce characteristic peaks in the thermal dehydration pattern. 

Although temperature-programmed dehydration studies [commonly re- 
ferred to as temperature programmed reaction (TPR) or effluent-gas thermal 
analysis (EGTA)] of typical calcium phosphates (DCPH, HAp, OCP and 
ACP) have been performed (26-281, TPR has not been used systematically 
until now in the characte~zation of calcium phosphate precipitates and the 
identification of DAp samples. 

In the present study we examined the potential of TPR in characterizing 
precipitated apatites, and particularly in identifying true DAps from mix- 
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tures of more-or-less c~toc~stalline HAp and DCP or OCP. For this 
purpose, the TPR patterns of various apatite samples, synthesized under 
conditions which were the most likely to produce true DAp, and those of 
commercial products sold as hydrated TCP or HAp, were analysed and 
compared with the patterns of reference samples. The results were also 
compared with those obtained using conventional techniques (X-ray diffrac- 
tion, IR spectroscopy, chemical analysis). Finally, modifications were made 
to the accepted thermal reaction scheme of DAps in order to explain the 
particular features of the TPR patterns of well-c~stallized DAps having a 
Ca/P ratio of 1.50. 

MATERIALS AND METHODS 

Various apatites were synthesized by hydrolysis of DCP (UCB p-a.) or 
DCPD (Merck p.a.), following two different methods: (i) the controlled 
addition of NaOH using a pH-stat, and (ii) the homogeneous alkalinization 
of the mother solution by the hydrolysis of urea. 

In method (i) the desired amount of the solid reactant was suspended in 
distilled water, and the initial pH adjusted using HNO, or NaOH solutions. 
The suspension was then placed in a thermostatted bath at the desired 
temperature (80 or 90 o C) and aged under continuous stirring. The pH of 
the suspension was maintained at the desired value by the controlled 
addition of a 0.5-M NaOH solution, using a PH.-stat Radiometer ETS822. 

In method (ii) the desired amount of solid reactant (10 g 1-i) was 
suspended in distilled water, after adjusting the pH to the desired level using 
1-M HNO,. The desired amount of urea was then added (1.8 g 1-l). The 
suspension (5 1) was placed in a double-jacket, Pyrex reactor and stirred 
continuously at a constant rate (100 rpm). The temperature of the reactor 
was controlled by a programmable, circulation thermostat (Lauda KP 20 D). 
The temperature was raised linearly so as to reach the desired value (80 or 
90 o C) within 1 h. The pH of the solution increased progressively due to the 
hydrolysis of urea f29]. 

Samples of series 10, 20 and 30 were prepared according to method (ii), 
and samples 50 and 60 were synthesized according to method (i). Some 
samples (series 40 and 70) were prepared using a variation of method (ii): 
the starting material was a commercial HAp (UCB) (20 g 1-l for series 40 
and 34 g 1-l for sample 70), and the initial pH of the solution was low 
enough to allow the complete dissolution of the solid reactant; the amounts 
of urea were increased accordingly (16 g 1-l for series 40 and 34 g I- ’ for 
sample 70); sample 70 was aged in an oven without any agitation. 
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TABLE 1 

preparation conditions of the samples 

Sample 

11 
12 
13 

21 
22 
23 
24 

31 
32 
33 
34 

41 
42 
43 
44 

50 

60 

70 

Starting 
material 

DCPD 
DCPD 
DCPD 

DCPD 
DCPD 
DCPD 
DCPD 

DCP 
DCP 
DCP 
DCP 

HAP 
HAP 
HAP 
HAP 

DCP 

DCPD 

HAP 

PH 

Initial 

4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 

2.0 
2.0 
2.0 
2.0 

3.9 

7.9 

2.0 

Final 

7.0 
7.0 
7.0 

6.5 
6.6 

6.8 
6.9 

7.4 

7.4 

Temp. Time 

(“Cl (h) 

90 23 
90 48 
90 71 

80 22 
80 47 
80 71 
80 94 

90 23 
90 47 
90 71 
90 95 

90 24 
90 48 
90 72 
90 96 

90 35 

90 26 

80 312 

The references of the samples and their conditions of preparation are 
given in Table 1. No special precautions were taken to eliminate carbonic 
acid from the solution; nevertheless, the IR spectra of the samples show only 
negligible amounts of carbonate substitution. 

The precipitates were filtered, thoroughly washed with distilled water and 
freeze dried. The dry samples were stored in a desiccator. The preparation 
conditions of the individual samples are summarized in Table 1. Besides the 
synthetic samples, a commercial apatitic sample, sold as hydrated tricalcium 
phosphate (Merck, pure) was used for comparison. 

Reference HAp, /3-CPP and &TCP samples were prepared by calcining 
at 1000 o C either DCP or HAP or an equimolar mixture of these products, 
respectively. Details of the preparation of the reference samples have been 
given previously [22]. 

Methods 

The X-ray diffraction spectra were recorded on a Philips-NORELCO PW 
1130 diffractometer using Cu Ka, Ni-filtered radiation (h = 0.15418 nm). 
The quantitative interpretation of the X-ray diffraction data was made for 



270 

the heat-treated samples only, because the intensities of the diffraction peaks 
of the fresh precipitates were markedly affected by their crystallinity. The 
mineralogical composition of the samples was estimated by measuring the 
intensity I of the characteristic peaks of the various phases, at 28 = 30.9O 
for /?-TCP, 28 = 29.1” for p-CPP, 28 = 31.8” for HAp. The calibration 
curves were established using mixtures of either /3-CPP or HAp with /3-TCP. 

The IR spectra were recorded using KBr pellets in a Beckman IR 12 
spectrometer. In order to make the spectra quantitatively useful, each 
sample (20 mg) and the appropriate amount of KBr (980 mg) were weighed 
accurately and mixed carefully in an agate mortar; the weight of each pellet 
was 120 mg. Pieces of cardboard with a rectangular perforation (1 cm2) were 
used as pellet holders; the powder was placed in the perforation and pressed 
between two stainless-steel plates. 

The temperature-programmed reaction technique (TPR) was used to 
follow the thermal dehydration of all the samples. Details of the TPR 
apparatus and operating conditions have been described previously [22]. The 
samples (about 130 mg) were heated in a stream of argon {25 ml mm-‘) 
with a linear heating program (10°C mm-‘). The reactor was of the tubular, 
how-through type (inner diameter = 0.10 cm). 

The presence of pyrophosphate and metaphosphate in selected samples 
was investigated using se~qu~titative tests. The test for pyrophosphate 
was taken from Etienne [30]; the threshold limit of this method, as de- 
termined from solutions of &CPP, was found to be 50 ppm of P in the form 
of pyrophosphate ions, with no interference by orthophospbate species. The 
test for metaphosphate was taken from Neu 1311; the detection threshold 
was determined using solutions of Graham’s salt and was found to corre- 
spond to 50 mg I-’ of the salt. Assuming that the Graham’s salt was 
composed exclusively of (NaPO,), (where n is the degree of polyme~zation 
of the metaphosphates), this corresponds to 15.2 ppm P in the metaphosphate 
form. 

RESULTS 

X-ray diffraction 

The X-ray diffraction results are summarized in Table 2. The samples 
collected after the shortest times in series 10, 20, 30 and 40, consist of 
mixtures of DCP and apatite, and upon heating at 1000°C gave mixtures of 
@-TCP and fi-CPP. Increasing the ageing time resulted in a decrease in the 
DCP content of the samples, which became undetectable by the end of the 
syntheses, except for series 40. Samples 24, 32, 33 and 34 were pure apatites 
and were converted into pure p-TCP upon heating at 1000 a C. In contrast, 
samples 12, 13, 50 and 60, also consisting of pure apatite, left an excess of 
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TABLE 2 

X-ray diffraction results 

Sample z a 
(32S0 ) 

z a “AP 
(31.8O) 

Composition of heated sample b 

/I-TCP Phase in excess 
(wt.%) 

11 12 45 
12 0 63 
13 0 67 

21 50 20 
22 27 38 
23 7 55 
24 0 64 

31 19 88 
32 0 100 
33 0 100 
34 0 100 

41 80 7 
42 43 49 

43 10 75 
44 4 90 

50 0 54 

60 0 65 

70 21 67 ’ 

Merck 17 75 

a Fresh samples. 
b Samples calcined for 1 h at 1000 o C. 
’ OCP was also detected. 

98 HAP 
95 HAP 
79 HAP 

19 p-CPP 
50 p-CPP 

100 - 
100 - 

66 p-CPP 
100 - 
100 - 
100 - 

Weak p-CPP 
39 p-CPP 

58 HAP 
24 HAP 

65 HAP 

64 HAP 

100 - 

100 - 

HAp upon heating. Sample 70 was a complex mixture of DCP, OCP and 
HAp; the reference sample from Merck was a mixture of DCP and HAp; 
both samples were converted into pure /3-TCP after thermal treatment. 

TABLE 3 

Thermal transformations a of typical precipitates: X-ray diffraction data 

Sample Temperatures ( o C) 

33 
60 
70 

Ambient 520 720 800 100 

HAP HAP HAP HAp + /3-TCP p-TCP 

HAP HAP HAp + p-TCP j?-TCP + HAp 
HAp + DCP + OCP HAP + CPP p-TCP 

a Samples were heated in air for 1 h at the cited temperatures. 
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The thermal evolution of some representative samples has been studied by 
X-ray diffraction. The results are summarized in Table 3. It can be seen 
from Table 3 that only sample 70 exhibited the intermediate fo~ation of 
/3-CPP, while samples 33 and 60 were totally or partially converted from 
HAp to &TCP without any detectable intermediate phase. 

Temperature-programmed reaction 

The TPR patterns of the samples are given in Fig. 2. For the sake of 
convenience, the peaks are denoted below by Greek letters, according to 
their temperature range. The various peaks observed for the samples under 
study are summarized in Table 4 together with their usual assignment. Series 
10, 20 and 30 exhibit similar evolution with increasing reaction times. The 
samples collected after the shortest times exhibited a very intense peak 6 
which decreases for collection at longer times. This decrease was progressive 
for series 10, and faster for series 10 and 30. The 6 peak was progressively 
replaced by a very broad band 8’; the latter band was particularly well 
developed in series 30, being already detected together with the peak S in 
sample 31. A small peak c appeared on the patterns, the intensity of which 
increased as the peak 6 decreased. The variation in peak c in series 20 was 
correlated to an increased formation of /3-TCP, as evidenced by the X-ray 
diffraction result presented above. This confirms the previous assignment of 
this peak (see Table 4) to the thermal transformation of a deficient apatite 
into &-TCP. 

Series 40 exhibited about the same evolution with time as the series 
described above. However, the peak CF did not appear in any pattern 
whatsoever, even in that of sample 43 for which the X-ray diffraction results 
indicated the formation of 58 wt.% /3-TCP after thermal treatment. The TPR 
patterns of samples 50, 60 and 70 were more complex: all these samples 
exhibited a small, enlarged peak at ca. 3OO’C (peak y); moreover, sample 

TABLE 4 

Assignment of the TPR peaks 

Peak Temperature 
range ( o C) 

Reference Reaction 

< 200 1221 
200-250 1221 

Y 250-350 1211 

WI 
6 400-600 111,121 

124,241 
< >700 120,211 

Evolution of adsorbed water 
Evolution of crystallization water 
Ca,H,(PO,),~SH,O 

--, 0.5Ca,0(P0,,),(OH), +CaHPO, +4H,O 
Ca,H,(P0,),.5H20 -+ Ca,H,(PO,),.4H,O 
2HP0,2- -+ P,O;-. + H,O 
2CaHP0, -+ Ca, P,O, -k H 2O 
P,O,4- 420H- -+ 2PO;- +H,O 
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Fig. 2. The TPR patterns of calcium phosphate precipitates. 
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70 exhibited a medium-large peak at 200 o C (peak p)_ The assignment of 
peaks p and y to OCP, according to the literature, is consistent with the 
X-ray diffraction data of sample 70. This was not the case for samples 50 
and 60, although minor amounts of OCP were possibly present in these 
samples but below the detection limit of X-ray diffraction Another feature 
of samples 50 and 60 was that their peak E was resolved into two peaks, the 
second one ending slightly below 800 o C. The patterns of the Merck samples 
and sample 70 were fairly similar, although the low-temperature bands of 
the former were less well resolved. 

The pattern of a DCP/HAp (75/25 wt.%) mixture was taken from ref. 22 
and is presented for comparison. 

The thermal evolution of the OH- and P,O;- groups of some representa- 
tive samples (33, 50, 60, Merck and the HAP-DCP mixture) was investigated 

a 

* 

TEMPERFITURE C ’ C 1 

Fig. 3. The variation in the intensities of IR absorption bands versus temperature: (a) OH 
(3750 cm-W’); (b) P20, (725-755 cm-‘). i, Merck: o, HAp/DCP (75/25 wt.%); 0, sample 
33; A, sample 50; A, sample 60. 
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Fig. 4. Evolution of the P,O, IR band (725-755 cm-‘) versus temperature. (A) 520 o C; (B) 
600 o C; (C) 650° C; (D) 720 o C; (E) 800° C. The sample was heated in air for 1 h at the 

temperatures cited. 

using IR spectroscopy. The OH- groups were monitored using the sharp 
stretching peak at 3570 cm-’ (FWHM = 5 cm-‘) [23], which is superim- 
posed on a broad band extending from 3000 to 3700 cm-‘. The intensity of 
this band was estimated from absorbance spectra by reference to a straight 
baseline drawn between its tails. Figure 3 shows that the OH- peak intensity 
reached a maximum at 550°C for all samples. The increase observed at 
lower temperatures can be ascribed partly to the removal of the broad band 
on which the peak is superimposed. However, this does not explain why the 
OH- peak of sample 33 became more intense than that of pure HAp, also 
given in Fig. 3. Such a high intensity agrees with the occurrence of reaction 
(1) in the reaction pattern presented above (Fig. 1). 

The evolution of P,O;- groups was monitored using the characteristic 
band at 725 cm-’ (FWHM = 15 cm-‘) [23]. The intensity of this band was 
estimated by measuring the peak area above the baseline, expressed as 
absorbance units x cm-‘. Figure 3 shows that the intensity of the pyrophos- 
phate band reached a maximum at approximately the same temperature as 
did the OH- band, only for the HAp-DCP mixture and for the Merck 
sample. The band remained below the detection threshold for samples 50 
and 60, whatever the temperature of the thermal treatment. 

Sample 33 exhibited a particular feature, as shown in Fig. 4. The char- 
acteristic pyrophosphate band appeared first at 725 cm-‘; as the pretreat- 
ment temperature was increased a new, sharper peak appeared at 755 cm-‘. 
After heating to 72O”C, the whole band was resolved into a doublet at 725 
and 755 cm-‘. The total intensity was maximum near 700” C, but was 
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TABLE 5 

Results of the semi-quantitative determination of pyrophosphate and metaphosphate species 
in selected heated samples 

Sample Heat treatment P(pyro)/P(tot) P(meta)/P(tot) a 

“C h (W) (%) 

60 560 1 (5 n.d. 
600 2 (5 n.d. 

33 720 1 5-9 t1.5 

a n.d., not determined. 

always much lower than that of the Merck sample and of the HAp-DCP 
mixture. 

Chemical tests 

The results of the chemical tests for selected samples are summarized in 
Table 5. 

DISCUSSION 

Characterization of the DAp samples using TPR 

Two very different TPR patterns, corresponding to sample 33 and the 
HAp-DCP mixture, respectively, can be taken as references for the discus- 
sion below. As shown previously [22], the HAp-DCP mixture presents the 
characteristic peaks of apatite ((u) and DCP (8). Besides the (Y peak, sample 
33 exhibits a broad diffuse band ranging from 250 to 600 o C (a’), instead of 
the 6 peak; a well-defined E peak is also observed at about 750°C. 
Although both samples appear to be converted quantitatively into P-TCP at 
1000” C, the X-ray data show that sample 33 consists of pure apatite (see 
Table 2) and produces no intermediate /I-CPP phase whatsoever upon 
heating (see Table 3). These results contradict the assignment of peak 6 to 
the solid-solid reaction of HAp and p-CPP phases, as suggested by Ander- 
son et al. [26], and confirm its assignment to the direct transformation of 
DAp into /?-TCP, as proposed by Monma et al. [24]. Consequently, sample 
33 can be considered to be a mineralogically pure apatite having a Ca/P 
ratio very close to 1.50. Moreover, such a DAp can be easily distinguished 
from a HAp-DCP mixture by means of its TPR patterns. 

From this point on, the joint use of TPR and X-ray data allows the 
consistent identification of most of the samples studied in this work. Thus, 
samples 24, 32 and 34 can be considered as pure deficient apatites with 
Ca/P = 1.50, because they all present the characteristic TPR pattern of 
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DAp and are converted quantitatively into /3-TCP at 1000 o C. Samples 11, 
21-23 and 31 are clearly mixtures of DCP and DAp, because their TPR 
patterns contain both peaks S and c, in agreement with the X-ray data 
reported in Table 2. At high temperatures, these samples are converted into 
P-TCP and an excess of either HAp or /%CPP, depending on the amount of 
DCP and on the Ca/P ratio of the DAp present in the fresh precipitate. The 
formation of HAp from samples 12 and 13 after heating to 1000 o C suggests 
that they consist in either DAp with Ca/P > 1.50, or in mixtures of DAp 
with Ca/P = 1.50 and HAp. 

Samples in series 40 can be considered as mixtures of HAp and DCP, 
because their TPR patterns show only the peaks (Y and 6, and no detectable 
6’ or 6 peaks. As expected, these samples are converted at 1000” C into 
/3-TCP admixed with /3-CPP or HAp, depending on the amount of DCP 
present in the fresh precipitate. 

Sample 70 is more complex: its TPR pattern includes peaks y, 6 and a 
weak peak E, in addition to peaks (Y and j3. This result points to the 
simultaneous presence of DCP, DAp and/or HAp, and OCP, in agreement 
with the X-ray data. The fact that sample 70 is quantitatively converted into 
/3-TCP at 1000” C suggests that enough HAp is present in the sample to 
bring its Ca/P ratio close to 1.50. The compositions of sample 70 and the 
Merck sample seem to be fairly similar on the basis of their X-ray and TPR 
data; however, the presence of OCP in the latter is not detected by X-ray 
diffraction. 

Samples 50 and 60 both present peaks (Y, y, 6’ and E, the latter being 
resolved into a doublet. The E doublet together with the presence of peak y 
suggest the possible existence in these samples of a OCP-like phase, in such 
a state of crystallinity that it cannot be detected by X-ray diffraction. 

Thermal transformations of DAp and mechanisms of /3-TCP formation 

The reaction routes leading to the formation of P-TCP will differ accord- 
ing to the mineralogical nature of the precursor: either HAp-DCP mixture 
or DAp. The case of HAp-DCP mixtures has been discussed in detail 
previously [22], and so will be considered only briefly here. Both X-ray 
diffraction and IR spectroscopy results show that p-CPP is formed above 
550” C. Moreover, the OH- vibration band of the apatite fraction of the 
samples never reaches a considerable intensity, and its decrease follows 
closely the DCP to p-CPP transformation; this can be ascribed to the 
reaction of apatite with the newly formed /3-CPP phase. This reaction 
appears to start at 600°C and its rate becomes appreciable above 900°C. 
fl-TCP is thus formed as a result of a solid-solid reaction between p-CPP 
and HAp. 

In the case of DAp, no intermediate p-CPP was detected by X-ray 
diffraction; therefore the thermal dehydration process probably takes place 
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in an apatitic framework (Table 3, sample 34). This observation agrees with 
the reaction scheme of Monma et al. [24] (Fig. l), according to which 
reactions (1) and (2) occur simultaneously and are completed by 700 o C. The 
P20;- groups, resulting from the condensation of HPOi- species in the 
lattice, would then react with OH- to form PO:- [reaction (3)]. This latter 
reaction starts at 700°C and is completed by 800” C; above 800°C fi-TCP 
is detected. The IR data obtained for sample 33 agree with the occurrence of 
reactions (1) and (2), as proposed by Monma et al. [24]. Indeed, the IR 
spectra show a decrease in both the P,O;- and OH- species above 5OO“C 
(Fig. 3). 

However, in contrast with the assumptions of Monma et al. [24], the 
quantitative interpretation of the IR data, and the chemical analysis data 
presented above (Fig. 2 and Table 5) point to a production of pyrophos- 
phate groups which is less than expected. Indeed, were the Ca deficiency of 
the sample completely compensated for by HPOi- in the fresh specimen, 
and those groups condensaring quantitatively into pyrophosphate upon 
thermal dehydration, about 17% of the P atoms of a typical DAp like sample 
33 would belong to pyrophosphate groups, after heating in the range 
600-750°C. However, only l/3 to l/2 of this amount is detected by 
chemical analysis (Table 5), after heating the sample to 720 o C, the tempera- 
ture at which the maximum pyrophosphate production was shown by the IR 
data [Fig. 3(b)]. Moreover, the maximum intensity of the pyrophosphate IR 
peak is effectively 3 times higher for the physical HAp-DCP mixture 
(Ca/P = 1.50) than for DAp (sample 33). 

A good agreement is thus found between chemical analysis and IR results, 
indicating that the lower intensity of the pyrophosphate IR peak found for 
DAp samples can be ascribed to a lower concentration of such groups in the 
intermediate thermal reaction products, rather than to a weakened IR 
absorbance of pyrophosphate groups enclosed in an apatite structure, as 
compared to those of a /3-CPP phase. 

Another interesting feature of the IR spectra of DAp (see Fig. 4) is the 
shift of the pyrophosphate band from 725 to 755 cm-’ when the tempera- 
ture is raised from 520 to 650°C, and the appearance of a second peak at 
725 cm-’ at 720°C. A similar shift was reported by Monma et al. [24] in the 
range 600-700°C and ascribed to the stabilization of the pyrophosphate 
groups in an apatite structure. According to Fowler et al. [23], a peak at 755 
cm-’ appears in the IR spectrum of OCP samples heated directly at 
400-600” C; the normal pyrophosphate peak at 725 cm-‘, characteristic of 
the /?-CPP phase, is observed instead for samples heated progressively to 
500’C. However, these authors did not mention any doubling of this peak. 

The presence of a doublet at 725 and 755 cm-’ in the IR spectra of 
metaphosphates has been reported by Lecomte et al. [32]. However, the 
distinct thermal evolution of these two peaks precludes their assignment to a 
single species such as metaphosphate. Moreover, chemical testing gives no 
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evidence for any metaphosphate in sample 33, after heating at 720 *C (Table 
5). The same conclusion has been reached to by Fowler et al. in the case of 
OCP [23]. 

Hence, it is reasonable to dismiss reaction mechanisms involving the 
intermediate formation of condensed phosphate groups such as cyclic poly- 
phosphates. This result points to the formation of a second pyrophosphate 
species, appearing at higher temperatures, and distinct from the so-called 
“stabilized” pyrophosphate groups. As a matter of fact, the latter appear to 
be less stable than the former, because the IR peak vanishes between 720 
and 800” C, while the newly formed pyrophosphate is still detected at 
800” C. This latter observation points to an incomplete conversion into 
P-TCP, in agreement with X-ray diffraction data (see Table 3). 

As compared with the conversion of HAp-DCP mixtures to p-TCP, the 
thermal transformation of DAp is characterized by the formation of less 
intermediate pyrophosphate and by the occurrence of its maximum con- 
centration at higher temperatures. Moreover, the OH- band intensity is 
found to decrease in the range 600-72O”C, while the pyrophosphate band 
intensity continues to increase. This fact cannot be explained in the frame of 
the reaction scheme proposed by Monma et al. [24], and suggests that the 
association of steps (III) and (IV) to reactions (2) and (3), respectively (Fig. 
l), is not as clear-cut as previously thought. The present results show that 
more pyrophosphate groups are still formed as a result of reaction (2) while 
others are already combining with OH- groups according to reaction (3), 
and point to a relative stabilization of HPOi- with respect to the P,Oy- 
groups in the apatite structure of well-crystallized DAps. 

This effect is also apparent from the comparison of the TPR patterns of 
samples 24 and 33 (Fig. 2). The maximum temperature of band 6’ is about 
80 * C higher for sample 33, while no marked difference is observed for band 
E, indicating that reaction step (III) proceeds more slowly in sample 33, 
while step (IV) is almost unaffected. This effect has been ascribed previously 
[33] to differences in crystal size (0.25 X 10.0 pm for sample 33, 0.10 X 2.0 
pm for sample 24). 

The above conclusions can be summarized in the following modification 
of the reaction pattern proposed by Monma et al. [24] 

Ca,,-,(HPO,),,(PO,),-,,(OE-I)z 

350-720 o C (III) J reactions (2) and (3) 

Ca,,-,(P,0,).-,(P0,),-,,+,.~(OH)2~~--s~ + (2 + s)H,O 

700-900 o c (IV) J. reaction (3) 

(1 - z)Ca,~(PO~)~(OH)~ i- 3zCa,(PO,), + (z - s)H,O 

in which reactions (2) and (3) both contribute to step (III). The modified 
reaction pattern shown above leads us to reconsider the assignment of some 
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TPR peaks. Reactions (2) and (3) would contribute to peak 8’ and lead to 
the formation of a metastable apatite structure, partially dehydroxylated and 
substituted by P@- groups. Reaction (3) would contribute to peak E, and 
correspond to the recrystallization of the apatite into ,8-TCP. 

Estimation of the Ca deficiency of DAps by chemical assay of P207 groups 

Some authors have proposed estimating the degree of Ca deficiency of 
DAps by determining their HPO:- content [5,6,9,21-241. The suggested 
method consists in making an assay of the pyrophosphate groups presuma- 
bly formed upon their quantitative thermal condensation upon heating in 
the range 400-600 o C, using either chemical analysis [6,14] or quantitative 
IR spectroscopy [9,21]. The results presented above cast doubt on the 
general validity of this method. Indeed, the results show that quantitative 
condensation of the hydrogenophosphate groups is not observed in well- 
defined DAps such as sample 33 after heating up to 720°C whereas both 
hydrogenophosphate and pyrophosphate groups have already begun to react 
with OH- groups above 500°C. Even in the case of HAp-DCP mixtures, 
the reaction between pyrophosphate and OH- groups has been detected at 
temperatures as low as 600°C. The most appropriate temperature and time 
of heating to ensure the quantitative conversion of hydrogenophosphate to 
pyrophosphate in the framework of DAp, if they exist, therefore appear to 
depend on the nature of the DAp sample under study. Consequently, the 
experimental conditions of heating found satisfactory for assaying the 
deficiency of samples prepared under certain conditions (e.g. as in refs. 14 
and 21) should be applied with caution to samples prepared using a different 
method. 

CONCLUSIONS 

TPR is a sensitive technique allowing the characterization of calcium 
phosphate precipitates, the complexity of which is not always evidenced by 
X-ray diffraction. TPR makes clear the difference between DAp and HAp 
or HAp-DCP mixtures, and allows “true” DAp with Ca/P = 1.50 to be 
discriminated from complex mixtures which convert quantitatively into 
P-TCP upon heat treatment. 

The combined use of TPR and X-ray diffraction has shown that a variety 
of synthetic calcium phosphate precipitates, ranging from DAp to mere 
mixtures of HAp and DCP, could be used as precursors of /?-TCP. Depend- 
ing on the precursor, various thermal reactions can lead to the formation of 
P-TCP. IR spectroscopy and chemical analysis have shown that the hydro- 
genophosphate to pyrophosphate conversion was not necessarily a quantita- 
tive process during the thermal conversion of DAp to P-TCP. 
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