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Abstract

The conversion of amorphous tricalcium phosphate with different hydration ratio into apatite in
water at 25 °C has been studied by microcalorimetry and several physical-chemical methods. The
hydrolytic transformation was dominated by two strong exothermic events. A fast, relatively
weak, wetting process and a very slow but strong heat release assigned to a slow internal
rehydration and the crystallization of the amorphous phase into an apatite. The exothermic
phenomenon related to the rehydration exceeded the crystalline transformation enthalpy.
Rehydration occurred before the conversion of the amorphous phase into apatite and determined
the advancement of the hydrolytic reaction. The apatitic phases formed evolved slightly with time

after their formation. The crystallinity increased whereas the amount of HPO 42_ ion decreased.

These data allow a better understanding of the behavior of biomaterials involving amorphous
phases such as hydroxyapatite plasma-sprayed coatings.
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The hydrolytic evolution of amorphous tricalcium phosphate shows two main exothermic events
corresponding to wetting of the particle surface and to a slow inner rehydration associated with
crystallization. These data allowed the determination of the rehydration and crystalline
transformation enthalpies.
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1. Introduction

Although they do not seem to exist in detectable amounts in hard tissues of vertebrates
amorphous calcium phosphates (ACPs) have been observed in many biological systems [1], [2]
and [3]. They also appear as a transient or constitutive phase in many commercial calcium
phosphate biomaterials such as plasma sprayed coatings of metal orthopedic prostheses and
orthopedic cements [4], [5], [6], [7], [8] and [9] and they have been shown to form at the very
beginning of surface reactions occurring in implanted bioglasses [10]. In plasma sprayed coatings,
ACPs have been found to play a major role in the mechanical properties of the coatings,
especially their adhesion to metal surfaces [11] and [12] and their biological properties [13], [14]
and [15]. Thus, an increase of the ACP content of a coating improves its osteoconductive
properties (i.e. the propensity of the material to favor bone growth when it is in contact with bone
tissue); however, this labile, metastable and rather soluble phase also promotes, concomitantly,
the degradation of the material impairing its biological integration into the tissue [8], [13], [14],
[15] and [16]. This drawback has led to various attempts to limit and control the amount of ACPs
in coatings, using their ability to become converted into apatites either by dry heating [17] and



[18], or by treatment in aqueous media [5]. The apatitic conversion of ACPs is also involved in
the setting reactions of Ca—P cements and invariably occurs when ACP-containing materials are
implanted in the living body [9], [19] and [20]. Although the conversion of ACPs into apatites has
been studied by several authors in different conditions [21], [22], [23], [24], [25], [26] and [27],
very few studies have aimed to determine the thermochemical events associated with these rather
complex reactions [28], [29], [30] and [31]. Moreover, these studies were performed on wet ACPs
which are different from the dry, pre-heated, ACPs found in commercial hydroxyapatite (HA)
coatings and Ca—P cements.

A recent work [32] has shown that pre-heated ACP samples exhibit very different dissolution
enthalpies suggesting that the hydrolysis of ACP phases could follow different pathways
depending on their preparation conditions. The purpose of this study was to analyze the physico-
chemical and the thermochemical events occurring during the hydrolytic treatment of different
amorphous tricalcium phosphates (ATCPs) obtained by lyophilization and pre-heated at different
temperatures.

2. Materials and methods

ACPs vary widely in composition. Many different ACPs with atomic Ca/P ratios ranging from
1.15 to 1.67 and higher have been described [33], [34], [35], [36], [37] and [38]. ATCP
(Ca/P=1.50), however, seems particularly stable [26] and is easily formed by double
decomposition [21], [30] and [39]. This phase is one of the best known ACPs and has been
chosen for our study.

2.1. Synthesis and thermal treatment of lyophilized amorphous tricalcium phosphate

ATCP was obtained by double decomposition of freshly mixed aqueous solutions of soluble
calcium and phosphate salts [39]. A calcium nitrate solution (46.3 g Ca(NO,),4H,0 dissolved in

0.550 L of deionized water containing 40 mL of 28% weight ammonia solution) was rapidly
poured into an ammonium phosphate solution (27.2 g (NH,),HPO, dissolved 1.300 L of

deionized water containing 40 mL of 28% weight ammonia solution). The precipitate formed was
immediately filtered on biichner funnels and washed with 3.0 L of deionized water containing
15 mL of 28% weight ammonia solution. After washing, the gel sample was lyophilized during

72 h (Heto® CT60c). All lyophilized ATCP (ATCPly) samples were stored at —18 °C between
experiments to avoid any spontaneous transformation.

ATCP samples pre-heated to 200 and 400 °C were selected based on the results of a previous
study on the dissolution enthalpies of these phases [32]. The heating temperature is indicated as a
subscript: ATCP,, and ATCP,,. The lyophilized samples were placed in an alumina crucible

and introduced into a pre-heated oven at different temperatures for two hours. They were then
cooled in air at room temperature in desiccators and stored in a freezer at —18 °C.

2.2. Hydrolytic treatment of ATCPs and experimental techniques

The conversion of ATCP into apatite was obtained after immersion in deionized water with a
liquid-to-solid weight ratio of 100. The standard enthalpy variations were measured using an

isothermal microcalorimeter (C-80 seteram®) at 25 °C. The reaction vessel was composed of two
separate compartments containing the powder and the liquid, respectively. The precise mass,
about 40.00 (£0.02) mg, of powder sample was introduced in the lower measuring compartment.
The upper compartment was filled with 0.50 (£0.01) mL of mercury and 4.00 (£0.05) mL of



distilled water. The mercury was added to prevent any contact between the water vapor and the
powder during equilibration of the calorimeter. The reference cell contained 0.50 (£0.01) mL of
mercury and 4.00 (£0.05) mL of distilled water. The thermal flow equilibrium was obtained after
12 h. Then, the whole microcalorimeter was tipped over for a few minutes in order to disperse the
powder in the water. The thermal flow was recorded for at least 24 h. The different peaks were
integrated to calculate the heat exchanged. Peak separation was done using the “ballistic method”
[40], which allows the separation of narrow and broad peaks and seems particularly suited to the
determination of the heat effect associated with the first phenomenon.

To analyze the phase transformation more accurately, the hydrolytic treatments were interrupted
at various time intervals. Indeed for each of the ATCP studied, about 20 separate essays were
carried out at chosen times. In every essay 200 mg of powder were immersed into 20.0 mL of
deionized water. The hydrolysis was carried out at 25.0 (+0.5)°C in hermetically closed flasks to
prevent water evaporation and to minimize carbonate uptake from atmospheric CO,. These

experiments lasted from 30 min to three days. The precipitate was separated from the solution by
filtering; and was washed with deionized water and lyophilized.

The infrared spectra of the lyophilized samples were recorded on a Perkin-Elmer 1760® FTIR

spectrometer from samples embedded in KBr pellets. The data were analyzed using Grams 32

software®.

X-ray diffraction patterns (XRD) were obtained on a curved counter (CPS 120 INEL®) using the
K, radiation of a Co anticathode. The apparent dimensions of the crystals formed just after the

hydrolytic transformation were calculated using Scherrer's formulae [41].

The rate of conversion was determined using the crystallization peak of ATCP [42]. A precise
mass—18.00 (£0.05) mg—of each sample obtained before and during the hydrolytic treatment

was placed in a platinum crucible. It was submitted to differential thermal analysis (DTA) under a

U-grade argon flow with a linear temperature increase of 15 K/min with a SetSys16/19-seteram®

apparatus. In these experimental conditions, the crystallization peak of the ATCP was observed
around 626 °C. The peak area, proportional to the crystallization enthalpy of the ATCP phase,

was integrated by seteram® software. If 4 lO'iATCP} represents the area of the crystallization peak
of the initial amorphous phosphate and 4 t':ATCP} the area of the crystallization peak of the

residual lyophilized amorphous phase contained in calcium phosphate after hydrolytic treatment
for different times ‘#’, the crystalline fraction is:

& & ' '
xgc_w}f[i o‘ATCP)-4 |ATCP}A o ATCP}
The estimated value of the standard deviation of this method is +0.06.

For each of these samples, the water content was determined by thermal gravimetric analysis
(TGA) on a TG92-seteram® instrument in the same conditions as for DTA. It corresponds to TG-
loss recorded between 50 and 500 °C [32] and [39].

The chemical analyses were performed on each lyophilized and pre-heated ATCP sample at
different stages of hydrolytic treatment in order to determine a possible evolution of the Ca/P
ratio, as reported by several authors. The calcium was determined by complexometry with ETDA

[43] and the total-phosphorus content and the HPO 427 amount were analyzed according to the
protocol proposed by Gee and Dietz [44]. The samples were heated at 600 °C during 20 min to
convert the HPO 42_ ions into pyrophosphate P2074_ and then a spectrophotometry of the

phosphovanadomolybdic acid was performed before and after hydrolysis of the pyrophosphate
moiety. Traces of magnesium, present in the initial synthesized ATCP were analyzed by
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absorption spectrometry in the presence of lanthanum chloride [43]. The very low amounts of

carbonate in the samples were determined by coulometry [45] using a UIC-Coulometrics®
apparatus.

Some hydrolysis solutions were also analyzed mainly at the beginning of hydrolytic treatment,
and after 15, 30, and 60 min of immersion. These experimental times were chosen to obtain
information about the dissolution behavior of ATCP and the supersaturation of the solution with
respect to different Ca—P compounds. The phosphorus content was determined as for solid
samples by spectrophotometry of phosphovanadomolybdic acid [44] and the calcium content by
Atomic Absorption spectrometry in the presence of lanthanum chloride [43].

3. Results

3.1. Characteristics of starting samples

The results of chemical analysis of the starting ATCP samples are reported in Table 1. The atomic
Ca/P ratio corresponds to that of tricalcium phosphate. As usually found in these syntheses, a very
small amount of magnesium (originally contained in the reagent grade calcium nitrate used for the
synthesis) and carbonate ions (from the air) were evidenced.

Table 1.

Chemical composition of the initial lyophilized ATCP

Ca(%in P(%in Mg(%in CO;(%  Atomic Atomic  Atomic gfl‘“fr‘ga) (©
weight)  weight)  weight)  in weight)y C/P Mg/Ca  Ca/P +P)g
32.3740.1  16.66£0.0 0.0164£0. 0.035£0.0 1.50+0.0

; A 0.680.08 0.52£0.04 % 0 | 1.53+0.02

During the heating of the starting ATCPs, the water losses were recorded. The TGA-data indicate
that ATCPly, ATCP200 and ATCP 400 contained, respectively 16.5, 6.3 and 3.7 wt% of water. The

pre-heated samples were analyzed by FTIR and XRD. They kept the characteristic features of
amorphous Ca-P as reported earlier [32].

3.2. Microcalorometric curves

Fig. 1 represents the microcalorimetric curves of the lyophilized sample and those pre-heated at
200 and 400 °C. These curves exhibit the same characteristic features. Each curve seems to be
essentially composed of two main exothermic peaks.

Fig. 1. Isothermal microcalorimetric curves at 25 °C for the hydrolytic treatments of
the lyophilized and pre-heated ATCPs in deionized water: (1) first peak, (2) second
peak, (3) endothermic peak and, TEL: Representation of the Thermal Equilibrium
Line.
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The first asymmetrical rather sharp exothermic peak begins as the powder enters in contact with
water. Its maximum is reached in about 2 min and its intensity slowly decreases and reaches a
minimum after about 50 min.

The second peak appears much wider and more asymmetrical. It is associated with a much slower
process than the first one. The length of this event depends strongly on the heat treatment
received by the studied ATCP: the phenomenon lasts about 6 h 30 min for the lyophilized sample,
17 h 30 min for the sample pre-heated at 200 °C and up to 30 h for the sample pre-heated at

400 °C.

The standard enthalpies measured exhibited strong variations owing to the pre-heating treatment
of the ATCP samples (Table 2). The enthalpy of the first peak was much weaker than that of the
second. Besides, its amplitude varied only slightly for all samples although its length seemed to
increase a little with the ATCP heating temperature. In contrast, the enthalpy from the second
peaks varied considerably and appeared more exothermal for the pre-heated samples than for the
lyophilized ones.

Table 2.

Standard enthalpy variations during the hydrolytic treatment at 25 °C in deionized
water of the lyophilized and pre-heated ATCPs

First peak-Wetting

Total enthalpy-Apatitic

Studied conversion enthalpy (J g_1 phenomenon- Second peak
-1
sample *1%)) J g (F2%))
Length Enthalpy
(min) g #1%)
Lyophilized —85.3 39 —11.3 —74.0

Pre-heated at —193.0 54 —-11.6 —181.4



Total enthalpy-Apatitic

First peak-Wetting

Studied conversion enthalpy (J g™! phenomenon- Second peak
-1
sample (#1%)) J g (F2%))
Length Enthalpy
(min) J g 1%))
200 °C
Precheatedat =, 5 56 ~11.6 ~193.6

400 °C

After the exothermic peaks, an endothermic peak was sometimes detected fading slowly away
(Fig. 1). This phenomenon might have started before it was detected and could have been
overlapped by the preceding exothermic peak.

3.3. Characteristics of the hydrolytic-treated samples

3.3.1. Chemical composition

The chemical composition of the hydrolyzed samples is reported in Table 3. The atomic Ca/P
ratios appear slightly lower than those of the starting samples, the most obvious change during the

hydrolytic treatment was the formation of HPO 42_ entities, as already observed by several authors
[24], [26], [30], [46], [47], [48] and [49]. The Ca/P ratio increased very slightly during the

hydrolytic treatment or remained constant.

Table 3.

Chemical composition of the lyophilized apatitic products obtained after immersion of
the initial amorphous samples in deionized water at 25 °C during different periods

Imitial amorphous sample—Chemical

Immersion tme ‘b

Lyophilized apattic product obtaine

formulae
HPO;~ content molar % [
total P {+0.8) Lo
Lyophilized-Ca{ POy4),. 3.5 H20- 12.5° 93 1.
72 7.7 1.
Pre-heated at 200 “C-Caz(P0Oy).. 1.2 HL0O- 2 10.1 1.
72 7.8 1.
Pre-heated at 400 “C-Caz(POy).. 0.6 Ho0- i 10.1 1.
72 2R 1.:
Lyophilized apatitic product obtained after
Initial amorphous sample— Immersion immersion
Chemical formulae time/h
HPO 42_ content molar Ca/P, (atomic ratio
% total P (+0.8) for total P) (+0.01)
Lyophilized-Ca,(PO,),, 3.5
12.52 9.3
H,0
72 7.7

Pre-heated at 200 °C-

202 10.1



Lyophilized apatitic product obtained after
Initial amorphous sample—  Immersion immersion
Chemical formulae time/h

HPO 42_ content molar Ca/P, (atomic ratio

% total P (+0.8) for total P) (0.01)
Ca,(PO,),, 1.2 H,0
72 7.8 1.52
Pre-heated at 400 °C-
Ca,;(PO,),, 0.6 H,0 328 10.1 1.49
72 8.8 1.49

4 Corresponds to the end of the hydrolytic conversion.

3.3.2. X-ray diffraction

The XRD data give very similar results for all the samples. As an example, the evolution of the
patterns of ATCP,, during its hydrolytic treatments is reported in Fig. 2. At the beginning only

the very broad halos characteristic of ATCP are observed. As time elapses the ATCP halos
decreased in intensity and broad peaks characteristic of poorly crystalline apatites progressively
appeared. No transient formation of other crystalline phases such as octacalcium phosphate
(OCP), frequently reported as a hydrolysis intermediate of ATCP [23], [24], [26] and [50], was
detected. At the end of the conversion period only the broad peaks of a poorly crystalline apatite
phase were observed. The most important difference between the ATCP samples was in the
duration of the conversion which increased in pre-heated samples.

(200)

Intensity

|1.-r| I1"r|{1'|||':"r||'|r'r| |1rr|1I'.r||1"||'*'r|||‘r|'|'|'1rr| |1rr|'1'.'
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2 Hi'.-;-:_'.‘n]

Fig. 2. Evolution of XRD diagrams during the isothermal hydrolytic treatment at
25 °C of the ATCP pre-heated at 200 °C: (1) 0, (2) 4, (3) 10, (4) 14, (5) 20 and, (6)



48 h.

The average and apparent size of the apatitic crystals was determined from XRD peak broadening
just after the hydrolytic conversion (Table 4). Although other parameters are involved in this
broadening, this simple method gives a good description of the formed crystals. All samples
showed an elongation along the c-axis of the hexagonal structure as usually found for bone
mineral crystals and poorly crystalline apatites [S1]. There were no differences between the
apatites formed from the different ATCP samples.

Table 4.

Average apparent size of the apatitic crystallites formed just after the hydrolytic
apatitic conversion at 25 °C in deionized water of the lyophilized and pre-heated

Apparently size Studied sample
Lyophilized Pre-heated Pre-heated
at 200 ¢ At 400
Ligaay (351 (A) 129 133 135
ATCPs L, (+35) (A) 40 16 14
Studied sample
Apparently size
e Pre-heated at Pre-heated at
Lyophilized 200 °C 400 °C
Lioozy &) (A) 129 133 135
Li10)#) (A) 40 36 44

3.3.3. Infrared spectroscopy

The spectra of the apatitic samples after total conversion indicate the close analogy of the
hydrolyzed products (Fig. 3). The spectra are characteristic of poorly crystalline, weakly

carbonated apatites [S1] and [52]. The bands assigned to OH  and HPO 42_ groups are distinctly
observed. In order to get a more precise evaluation of the characteristics of the apatitic phase, the
v, PO 43_ band was decomposed into elementary bands corresponding, respectively, to OH

(633 cm™ 1), labile phosphate (617 cm™ 1), apatitic phosphate (600, 578 and 560 cm ™) apatitic
HPO 42_ (550 cm™!) and labile HPO 42_ (534 cm ") [20]. The results indicate that the fastest

hydrolyzed ATCP produced the most immature apatite rich in labile species (Fig. 4). In addition
the formed apatite continued to evolve shortly after total conversion of ATCP into more
crystalline, more mature apatites with increased OH  content as it is usually observed for poorly
crystalline apatites. However, this evolution seems to rapidly reach a plateau. Thus, after 24 h, the
hydrolyzed sample does not seem to change any more (Fig. 4). At any conversion time, the
specific bands of OCP, frequently proposed as an hydrolysis intermediate, were noticed.

Fig. 3. FTIR spectra of the lyophilized apatites obtained after the hydrolytic
conversion at 48 hours of the lyophilized and pre-heated ATCPs in deionized water at
25 °C.
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3.3.4. DTA results

The rate of conversion of the different samples, as determined by DTA, is reported in Fig. 5.
These curves can be divided into three periods: an “induction period” where the conversion of the
ATCEP into apatite is barely apparent; a “rapid conversion period”, marked by a rapid decrease of
the ATCP fraction; and a gradual “tapering off period”, where the rate of the transformation slows
down. Significant ATCP-conversion seems to begin after about 1, 3 and 5 h of immersion for



ATCPly, ATCP,, and ATCP,,, respectively, thus the induction period does seem to depend on

the pre-heating treatment of ATCP. The end of the conversion was reached after about 12, 22 and
32 h for ATCPly, ATCP,,,, and ATCP ,,, respectively.

Fig. 5. Evolution of the crystalline fraction for the lyophilized samples obtained after
the hydrolytic treatment at 25 °C in deionized water for different times of the
lyophilized and pre-heated ATCPs.
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3.3.5. TGA results

The water loss observed by TGA between 50 and 500 °C corresponds to the water loss through
dehydration of the residual untransformed ATCP, to water associated with the hydrolyzed apatitic

sample, and to water released due to the condensation of HPO 42_ ions [30] and [39]:

2HPO;™ — P20 4+ H:0
The data presented in Table 3 show that the hydrolysis of PO 437 into HPO 427 concerns at most

10% of the phosphate groups. This would release on about 0.6% weight of water. The main loss is
thus due to hydration water remaining in the samples after lyophilization associated either to the
apatitic or the residual amorphous fraction.

The variation of the water content with hydrolysis time is represented in Fig. 6. For the ATCPly a
significant decrease is observed at the end of the conversion. For ATCP,, and ATCP,, the

water content increased slowly as the advancement of conversion, reached a maximum at the end
of the conversion time and then decreased significantly.

Fig. 6. Evolution of the weight TG-loss, between 50 and 500 °C, of the lyophilized
products obtained after the hydrolytic treatments at 25 °C in deionized water for
different times of lyophilized and pre-heated ATCPs.
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3.3.6. Solution evolution

As shown in Fig. 7, the calcium and phosphate concentrations in the hydrolysis solutions
increased rapidly and stabilized at almost constant values, due to the dissolution of the ATCPs.
The atomic Ca/P ratios in the solution were significantly different from those of the solid phase.
The dissolution is associated with a rise of the pH (up to 10) due to the hydrolysis of dissolved

PO 43* species.

Fig. 7. Variation of the ionic concentrations of calcium (Graph A) and phosphate
(Graph B) in hydrolysis solutions obtained after 15, 30 and 60 min of the immersion
at 25 °C in deionized water of ATCPs (1) lyophilized, (2) pre-heated at 200 °C and
(3) pre-heated at 400 °C.
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The ionic-product of the species in solution at the beginning of the hydrolytic treatment was
determined for each sample [54] (Table 5). The values obtained indicate that the solution was



oversaturated with respect to OCP and stoichiometric HA but not dicalcium phosphate dihydrate
(DCPD) [53]. A solubility-product of each studied ATCP can be calculated from these data, but
ATCP phase is not stable enough in solution to reach clear solubility equilibrium.

Table 5.

Comparison of the experimental ionic-products of the ATCP hydrolysis solutions
(25 °C, 1 h) for some calcium (ortho)phosphate compounds with their solubility
products determinated at 25 °C

Studied Calcium (ortho)phosphate compound

sample

DCPD Ca(HPO,)2H,0 OCP Ca,H(PO,),'5H,0 HA Cay(PO,),0H

Ionic- Solubility Ionic- Solubility Tonic- Solubility
product product product product product product
Lyophilized ~ 1.2x1078 7.5x107% 3.3x10742

Pre-heat t
Dreheatedal g3x10% 216107 20x107% 25x10750  68x1074  47x10
Pre-heated at

400 °C 23x10°%  [39] 9.4x107% [59] 6.8x1074  [59]

4. Discussion

The conversion of the ATCP gel has been studied by microcalorimetry by Heughebaert and
Guegan [29], [30] and [39]. Two distinct phenomena were observed. The first one corresponds to

a broad endothermic wave attributed to an internal hydrolysis reaction of the PO 43_ ions of the

amorphous phase:

PO} + H,0 — HPO] + OH
and corresponded to a standard enthalpy 13.5+2.0 kJ mol~! for Cay(PO,), (i.e. 4.5£0.7 kJ mol !
for Ca,(PO,),) at 25 °C. The second one gives a sharp exothermic peak corresponding to the

crystallization of ATCP into apatite, its related standard enthalpy was estimated to
~3.4%1.0 kI mol™! for Cay(PO,), (i.e. —1.1+0.4 kJ mol ™! for Ca,(PO,),) at 25 °C [29]. It has been

observed that, in this system, the ATCP is converted into a non-stoichiometric poorly crystalline
apatite with a constant atomic Ca/P ratio of 3/2 [29], [30] and [39]. During the conversion, the

HPO 42_ and OH  contents of the solid phase continuously increase and the composition of the

latter is given by the following chemical formula:

Cay(PO ), (HPO,) (OH)..
The variable x increases with time. It eventually reaches the theoretical limit, x=1, corresponding

to an apatitic solid with half filled OH " sites. According to Heughebaert there was a
correspondence between the hydrolysis reaction and the crystallization phenomenon.

Other studies performed in different conditions have led to different results. The study of
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hydrolytic treatment of ATCP in suspension, and not gels, showed a progressive increase of the
atomic Ca/P ratio which was assigned to a dissolution-reprecipitation process, related to the high
solubility of the amorphous phase compared to the crystalline apatite [24], [28] and [52]. During
this process, the apatite phase could also take up ions present in the solution such as carbonate.

This model was suggested to represent what occurs in bone during mineralization of the collagen
matrix [55] and [56].

For several authors [46], [47] and [57] the conversion mechanism depends on the pH of the
solution. At physiological pH (=7.4) the hydrolysis of ATCP has been described as a two-step
process [24]. In the first period a decrease of the atomic Ca/P ratio in the solid phase has been
observed (lower than 1.5) associated with an increase of the pH (consumption of acid) and an
atomic Ca/P ratio in solution higher than 1.5. The ionic-product in this solution close to the
solubility product of OCP has been interpreted as a transient formation of this metastable phase.
In the second stage, an increase of the Ca/P ratio of the solid has been observed with consumption
of hydroxide ions from the solution and a decrease of the solution's Ca/P ratio. This stage has
been interpreted as hydrolysis of the transient OCP phase into apatite by a topotactic reaction
leading to an increase in the Ca/P ratio, even though OCP had not been evidenced by the
diffraction method. At alkaline pH, however, (above 10.5) the ATCP has been found to convert
directly into apatite [57].

The present study brings more information about the chemical processes involved and about the
thermal events associated with the hydrolytic-conversion of ATCP phases into apatite.

4.1. Physical and chemical transformations during the hydrolytic treatment

The development of ATCP in aqueous media results in the formation of a poorly crystalline
apatite. In the conversion conditions that we used however, there was no evolution of the atomic
Ca/P ratio which remained close to 1.50, the initial ratio, like for the transformation into the gel
form studied by Heughebaert and Guegan [29], [30] and [39]. The formation of hydrolysis

products HPO 42_ and OH ions was evidenced by FTIR and chemical analysis.

At any moment, especially at the beginning of conversion, the formation of OCP was
undetectable either by FTIR or by XRD. However the analyses of the hydrolysis solutions of the
lyophilized ATCP reveals a Ca/P ratio higher than 1.50 at the very beginning of the treatment of
the lyophilized sample which might support the transient formation of a solid phase with a Ca/P
ratio lower than 1.50. Considering the ionic-product of the solution, this phase could possibly be
OCP although the variation observed could also be assigned to an alteration of the composition of

the ATCP, involving for example an hydrolysis of the PO 437 groups and a release of Ca®". In the

case of the samples pre-heated at 200 and 400 °C however the solution analyzes indicate at any
stage a Ca/P ratio lower than 1.50 incompatible with transient OCP formation.

Our results seem very close to those Heughebaert and Guegan, but they also differ in several
aspects [29], [30] and [39]. In our experimental conditions, we did not reach maximum hydrolysis

of PO 437 ions (15.8,% of total P). This discrepancy can be related to different experimental

conditions and suggests that the rate of hydrolysis is not necessarily related to crystallization.
Other discrepancies exist however between our data and those of other authors [24], [28], [47],
[52] and [57] who found a variation of the Ca/P ratio of the mineral phase during hydrolysis.
These differences could be attributed in part to the variation in the liquid-to-solid ratio, which
could considerably affect the composition of the apatitic-phase formed. The increase (or decrease)
of the solid Ca/P ratio is necessarily linked to a decrease (or an increase) of that in the solution, to
maintain the total composition constant. However, due to the very low solubility of these Ca—P
phases, the influence of the amount of ions in the solution on the Ca/P ratio of the solid phase
depends strongly on the liquid-to-solid ratio. When this is low, significant changes in the



composition of the solid phase cannot occur due to a very limited amount of ions in the solution
which is negligible compared to the amount of ions in the solid phase. On the contrary, in the case
of a high liquid-to-solid ratio the amount of ions in the solution cannot be neglected compared to
the total amount of ions, therefore strong variations of the solid Ca/P ratio could occur depending
on the conditions of phase equilibrium. In order to evaluate this effect hydrolysis were performed
at three different liquid/solid ratios (Table 6). The data indicate a small but significant increase of
the Ca/P ratio of the solid phase when the liquid/solid ratio becomes very high.

Table 6.

Effect of liquid/solid weight ratio on the composition of formed apatites (13 h at
25 °C, ATCP lyophilized)

Ligquid /solid ]]]'-'Ui content as Actomic rato Ca /P,

weight ratio Yo of Py (£ 0.8) (+0.01)
10 9.4 1.50

100 9.3 1.49
5000 6.3 .53
Liquid/solid weight HPO 43_ content as % of P, & Atomic ratio Ca/P,
ratio (£0.8) (£0.01)

10 9.4 1.50

100 9.3 1.49
5000 6.3 1.53

P, is the total phosphorus.

The data obtained clearly indicate that the apatitic phase which is formed at the end of treatment
does not depend on the pre-heating of the ATCP. For every sample, the poorly crystalline apatite
phases formed show close characteristics.

4.2. Enthalpy variations during the hydrolytic treatment

Contrary to the results of the chemical analysis, the heat flow during hydrolytic treatment and the
kinetic of the apatitic-conversion depends strongly on the pre-heating of the initial amorphous
phase (Table 2). On the microcalorimetric curves (Fig. 1) two main exothermic peaks, and
sometimes a weak non-quantifiable endothermic phenomenon were observed.

4.2.1. The first peak

The first exothermic peak which begins instantaneously on immersion of the powder in water can

be assigned to a wetting phenomenon corresponding to the fast hydration of the surface of the
ATCP powder particles.

Moreover, the results of the chemical analyses of the hydrolysis solutions highlighted that an
apparent equilibrium of ATCP dissolution has been reached during an interval not exceeding

30 min after the beginning of the immersion (Fig. 7). This duration is completely included in that
of the first peak recorded by microcalorimetry (Table 2). Consequently, the latter corresponds to
the superposition of two phenomena: dissolution and wetting.

According to Christoffersen [31] the enthalpy released during the dissolution of one calcium mole
of the lyophilized ATCP is —21 kJ at 30—42 °C and it becomes more exothermic when the
experimental temperature decreases. Considering the quantity of calcium in the solution, the



enthalpy variation due to dissolution of the ATCP1y should be less than 0.04 J, for the mass of
ATCPly used in the experiment (40 mg), which represents about 8% of the first peak. For pre-

heated ATCPs, dissolution is weaker than that of the lyophilized product [32]. It can be concluded
that the first peak essentially represents the wetting enthalpy. It can be noticed that the wetting
enthalpy is practically the same for all samples in accordance with their very similar specific

surface areas determined by nitrogen adsorption BET [32]: 81, 80 and, 83 (+4) m? g~ ! for
ATCP]y, ATCP,,, and ATCP,, respectively.

4.2.2. The second peak and the endothermic peak

The second peak is three to sixteen times more intense than the first (Table 2). This peak
obviously corresponds to the exothermic conversion of the amorphous phases into crystalline
apatite. However, the heat release strongly depends on the preliminary thermal treatment of the
ATCP phases. This result cannot be due to the formation of intermediate metastable phases or to
differences in the final hydrolysis products as the chemical characteristics of the final apatitic
phases are all quite similar. Consequently, the dissimilarities recorded by microcalorimetric data
seem to be mainly related to the initial ATCP phases.

In recent work concerning the study of the structural evolutions of ATCPs during pre-heating
[32], we have shown that pre-heating of ATCP did not seem to involve any structural
modification of the amorphous phase but altered its water content. The main difference between
the lyophilized and pre-heated ATCP samples is their water content and indeed, when the
quantity of water decreases, a considerable decrease of the second peak enthalpy is noticed. This
observation suggests that the crystalline transformation (crystallization and hydrolysis of 10%

total PO 43_ into HPO 42_) is superimposed on an exothermic rehydration of the pre-heated

amorphous solids particles. The TGA results confirmed the existence of a rehydration process for
the pre-heated samples. Assuming that the crystalline transformation of the lyophilized sample
represents only the conversion of hydrated ATCP into hydrated apatite, the excess of standard
enthalpy released by the rehydration of the pre-heated samples can be calculated. It reaches —36.4

(+1.3) and —38.6 (+1.3) kJ mol ™! for ATCP,,, and ATCP,, respectively. These values are

higher than that due to crystalline transformation only (—28.4+0.7 kJ mol~! for ATCP) but the
difference between the two pre-heated samples seems relatively low. Thus, the large difference in
the rates of transformation between the two pre-heated samples can be assigned to the kinetic
parameters related to the water diffusion into ATCP particles.

The amount of water re-entering the pre-heated ATCPs can be evaluated using the average
hydration standard enthalpy at 25 °C determined in a previous study on the same kind samples:

—12.3 (£1.5) kJ mol ! of liquid water [32]. The amount of water re-entering inner ATCPs
particles, calculated from the second peak enthalpy excess is close to 15.4 (£2.2) and 16.5
(£2.4) wt% for ATCP,,,, and ATCP ,, respectively. If the residual water of the initial ATCPs

found with TGA and the wetting water calculated from the first peak are added to the above
values, the total maximum hydrating rate necessary for the hydrolytic conversion of each ATCP
into apatite will be determined. This calculated amount is close to 21.7 (£3.2), 23.9 (£3.5) and
22.1 (£3.2) wt% for ATCPly, ATCP,,,, and ATCP ,, respectively. It can be noticed that the

hydration ratio reached by the pre-heated ATCPs are similar to that of the lyophilized ATCP
considering the experimental error.

In addition, the values of the total water uptake calculated from the calorimetric data are higher
than the maximal water content determined by TGA in the lyophilized solids obtained during the
hydrolytic treatment (Fig. 6) and also higher than the residual water in the original lyophilized
ATCP sample. In fact the TGA data give the water content of the samples after partial or total



conversion and lyophilization and do not represent the cumulated water of the re-hydrated ATCP
in aqueous media during the apatitic conversion, which is deduced from microcalorimetric data.

Moreover, at the end of the conversion, a decrease of the amount of water associated with the
samples as been observed by TGA. This phenomenon seems to correspond to a loss of water from
the crystalline apatitic samples.

It has been shown [51] that nascent apatite crystals exhibit, on their surface, a structured hydrated
layer corresponding to non-apatitic environments. During aging in solution, this layer
progressively becomes diminished and transformed into apatite. The IR data confirm the decrease
of the non-apatitic environments after conversion. It can be suggested that this weak endothermic
peak sometimes observed at the end of the conversion can be related to the dehydration observed
by TGA; that would be a necessary step for growth of crystallites in the maturation process. The
observation of this event seems blurred as the conversion lasts longer and the apatite crystals
formed have already partly matured before the end of the total transformation of ATCP into
apatite. Thus, the endothermic peak decreases and eventually disappears, hindered by the
extended exothermic events in pre-heated ATCP.

The enthalpy values which were obtained for the conversion of the lyophilized sample are much
larger than those reported by Heughebaert and Guegan [29], [30] and [39] for the conversion of a
gel-like sample, which has globally been found to be endothermic whereas we always observed a
strong exothermic effect as expected for this natural evolving closed-system. This difference
could be assigned partly to a slow rehydration of the lyophilized sample and also possibly to a

lower endothermic internal-hydrolysis enthalpy, considering the low amount of HPO 427 ions in

our samples, but at this stage it seems difficult to comment more on this difference.

The hydrolytic conversion of ATCP evidences two exothermic events related to hydration. The
first is a fast but rather weak wetting process, and the second, much slower and more intense, lasts
considerably longer as the heating temperature of the ATCP is higher. The first phenomenon
simply corresponds to the wetting of the external surface of the ATCP particles. The second
phenomenon could involve the structure of ATCP itself.

ATCP has been described as an association of water and Cay(PO,), clusters (often called Posner's

clusters) which have been shown to exhibit a particular stability [58] and [59] and are found in
most calcium phosphate crystalline phases. These clusters are associated to form larger particles
exhibiting a much lower surface area than that which can be calculated from isolated clusters
[32]. The fast wetting reaction can be associated with the rehydration of the particles whereas the
slower rehydration process could be related to the slow diffusion of water in the particles and the
hydration of the clusters. The amount of water associated with hydrated ATCP can be evaluated
to about 12 water molecules per Cay(PO,), unit (based on the assumptions made above).

The mechanism of hydrolysis is however obscure. For some authors, the conversion of ATCP into
apatite is related to a dissolution—reprecipitation phenomenon and depends on conditions existing
in the solution [4], [5] and [52], for others [29], [30] and [39] it appears as an internal

restructuration phenomenon where the hydrolysis of PO 43 " units and the formation of OH  ions is

the crucial event leading to a rearrangement of the ATCP particles. It should be noticed however
that these authors were studying different systems with very different liquid-to-solid ratios and
different pHs. The data presented here do not bring a clear answer. The Posner's clusters, have
been shown to exhibit a peculiar stability [59] and [60] and the complete destruction of these units
in ATCP to rebuilt the HA structure would probably correspond to a high activation energy. Thus
a reorganisation of these units to build the apatite structure seems probable. However, the solution
is supersaturated with respect to the different Ca—P phases and a dissolution—reprecipitation
necessarily occurs when both phases are in contact with an aqueous medium. In fact both
mechanisms may exist depending on the respective rates of dissolution and reprecipitation



compared to hydrolysis and restructuration.

ATCEP is involved in several biomaterials, especially HA plasma-sprayed coatings. This coating
process induces a fusion and a partial decomposition of the HA and the resulting coating may
contain up to 50% amorphous phase. Although the composition of this phase is not the same as
ATCP [61], it can be reasonably considered that its hydration implies a strong release of heat, and
a probable volume increase due to water incorporation. These phenomena could be responsible—
at least partly—for the formation of cracks when the coatings are immersed in water [62],
although the reaction of water with calcium oxide residue could also be involved. Despite its
negative effect on the coating integrity, the hydrolysis of the amorphous phase has been suggested
to be related to biological properties [11], [12], [13], [14], [15] and [16]. Data obtained in
simulated body fluid (SBF) indicate the formation of a bone-like apatitic layer on the coating
considered to be related to its biological performance [63]. The formation of this layer has often
been interpreted as dissolution of the amorphous phase and a precipitation of apatite from the
supersaturated solution. The ionic-products of ATCP solutions obtained in this work indicate that
SBEF is effectively undersaturated with respect to the amorphous phase and justifies its
dissolution. However, a slow rehydration process of the amorphous phase in the coatings and its
reorganization into apatite nanocrystals cannot be excluded. One crucial question is the
rehydration ability of the ATCP phase. ATCP binds water molecules strongly and they are only
slowly released by heating at high temperature (up to 500 °C). Rehydration of ATCP from
aqueous solutions or even atmospheric humidity could slowly modify the coatings characteristics
and their biological behavior.

5. Conclusion

The hydrolysis of dry ACP is dominated by two strong exothermic events a fast hydration
reaction related to the immersion of the mineral surface in water and a slow but stronger heat
release due to a slow hydration reaction corresponding to the penetration of water molecules into
the amorphous particles. The conversion time of the amorphous phase into apatite increases
considerably as the degree of hydration of the amorphous phase decreases. The nascent

nanocrystalline apatitic phase evolves with time after its formation. The crystallinity and the OH ™
content increase whereas the amount of HPO 42_ ion decreases. Two processes are probably
involved in the conversion of the amorphous phase into apatite: dissolution—reprecipitation and
restructuration of the stable Posner's clusters. The relative importance of these mechanisms could
explain the discrepancies between data of different authors. Dissolution—reprecipitation could be
favored at high liquid-to-solid ratios and restructuration at low liquid-to-solid ratios, like in Ca—P
cements involving ATCP.
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