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Abstract

The dehydroxylation of HA powder was investigated using thermogravimetric analysis over the range of room temperature to
1250 °C. The kinetic result of dehydroxylation of HA was calculated by means of the Ozawa—Flynn—Wall method. According to
calculated activation energy-conversion degree plot, the kinetics of HA dehydroxylation was identified as a comprehensive one,
which included four reaction-rate-controlling processes with different activation energies and four successive conversion stages
kinetically controlled by different rate-controlling processes. These four reaction-rate-controlling processes were interpreted as

OH-anion diffusion through HA, OH™-anion debonding from HA lattice, the lattice constitution of OA, and

20H~—H,0% + 0>~ at the reaction interface.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) is a particularly attractive
material, which has received considerable attention over
the past two decades, for bone and tooth implants
because of its chemical similarity to natural bone and
excellent biocompatibility.!> However, thermal decom-
position of HA during the sintering of HA ceramics or
processing of HA coatings yields in some undesirable
influences on the physical, chemical, mechanical, and
especially biomedical properties of HA products.® So
the thermal behaviour of HA is of special importance
for the application of HA for biomedical purposes.

The decomposition of HA includes two stages:
dehydroxylation producing oxyapatite Ca;o(PO4)sO
(OA) after the appearance of hydroxyoxyapatite
Ca9(PO4)sO(OH),_>,. (OHA) as a transition product,
and the following decomposition of OHA (and remained
HA) resulting calcium phosphates.>~® Many researchers
have studied thermal behaviour of HA ceramics and
coatings. Unfortunately, their results, both initial tem-
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peratures for dehydroxylation and decomposition, and
reaction formulas, are usually divergent due to the pur-
ity, crystallinity and the stoichiometry of HA, as well as
the methods and the conditions employed in investiga-
tions. Recently both stages of the decomposition of
stoichiometric HA were reported to be reversible under
controlled heating and cooling conditions,®® which
results in some difficulties in kinetic studies on the ther-
mal behaviour of HA. Moreover almost all reports were
mainly focused on the decomposition stage, due to the
judgement that the dehydroxylation stage has no sig-
nificant effect on the properties of HA.>~® As known,
the decomposition of HA is a process of continuous
reactions, in which the conversion degree of dehydroxyl-
ation can strongly influence the critical temperature of
subsequent decomposition. For example, the decom-
position temperature of HA increased with the increasing
water vapour pressure, by restricting dehydroxylation
reaction.>* So the kinetic investigation of dehydroxyla-
tion of HA should be regarded as the starting point for
understanding the reaction kinetics of further decom-
position on heating to higher temperatures.

Nowadays a variety of experimental methods have
been used to explore the thermal behaviour of HA, e.g.
X-ray Diffraction (XRD), Fourier Transform Infrared
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Spectroscopy (FTIR), Optical Microscopy, Scanning
Electron Microscopy (SEM), Thermal analysis (TA,
mainly including Thermogravimetry (TG), Differential
Thermal Analysis (DTA) and Differential Scanning
Calorimetry (DSC)), and Nuclear Magnetic Resonance
(NMR).>~!'!' Among them, TA method must be the most
accurate and computationally available one for kinetic
purposes, because of its characteristic real-time measure-
ment and reliable thermo-kinetically computational
methods. Especially, thermogravimetric methods, TG and
Differential Thermogravimetry (DTG), are suitable tech-
niques for characterization the dehydroxylation of HA.

Recently, the iso-conversional thermokinetic methods,
mainly including the Ozawa—Flynn—Wall method, which
has been incorporated into an American Society for
Testing and Materials standard method, and Friedmann
method,!?2¢ were found to be effective in revealing the
comprehensive kinetics of inhomogeneous solid-state
reaction.!>2° Namely, knowledge of the dependence of
apparent activation energy (E) on conversional degree
(o) assists in detecting both multiple processes and
drawing certain mechanistic conclusions.?!~2° Using iso-
conversional method, T. Wang et al.?’ have provided
thermokinetic proofs for the diffusion-controlled reac-
tion model of titanium aluminide synthesis reported by
Wang and Dahms?® based upon their metallurgical
observations. In the present study, the dehydroxylation
of HA was investigated by means of TG and DTG
methods and its comprehensive kinetics were identified
using the Ozawa—Flynn—Wall method.

2. Materials and methods

A commercial HA powder, Fluka brand (product of
Sigma-Aldrich Chemie GmbH Munich, Germany), was
used for the kinetic investigations of dehydroxylation.
TG and DTA measurements were preceded with a STA-
409C (NETZSCH-Geritebau GmbH, Germany) simul-
taneous thermal analyzer. The heating temperature
range is from room temperature to 1250 °C. The Al,O4
crucible, dried airflow at the rate of 100 cm3/min and
Al,O3 powder, as a reference sample, were applied in
present TA experiments. About 100 mg HA powder was
used and filled loosely in the crucible for every
measurement. The thermokinetic calculation was con-
ducted with the help of Thermokinetic software, devel-
oped by NETZSCH-Gerdtebau GmbH, Germany,
using the detected TG data.

3. Results and discussion
Fig. 1 shows the TG curves of Fluka HA powder at

the heating rates of 2, 5, 10, 15 °C/min. According to
the TG and DTG (in Fig. 2) curves, there are two mass

loss stages: 100-500 °C and 680—1080 °C, on the heating
process from room temperature to 1250 °C on these
curves. The first mass loss process was reported as the
removal of adsorbed water from the surface and
pores.?*=32 Fig. 2 shows the DTG curves of the second
mass loss stage, which corresponds to the dehydroxyla-
tion stage of decomposition of HA powder. At this
stage, the percentage of the mass loss is about 1.44%, as
shown in the conversion degree vs. temperature curve in
Fig. 3, which amounts to 80% of the molar percentage
of the H>O molecule in a HA lattice. Also in Fig. 3, the
temperature range of dehydroxylation of HA in the
present study is 680—-1080 °C, which agrees well with the
previous TG result of another commercial HA powder
reported by Adolfsson et al.,*® Although 680 °C, the
initial temperature of dehydroxylation, is a little bit
lower than the previous reported values, which amounts
to 800 °C or higher.*~!'! Such a temperature discrepancy
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Fig 1. TG curves of Fluka HA powder at 2, 5, 10 and 15 °C/min.
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Fig 2. DTG curves of the dehydroxylation of Fluka HA powder at 2,
5, 10 and 15 °C/min.
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should be attributed to the differences of samples and
experimental methods, or even the partial rehydration
during the quenching process for preserving the sample
phase composition at elevated temperatures for some
post-investigations.

Fig. 4 (a) and (b) show the E—« plot calculated using
the Ozawa—Flynn—Wall method based on the TG data,
and the schematic diagram of overall rate of mass loss
of HA in 680-1080 °C. According to the characteristics
of the E—« plot shown in Fig. 4(a), four activation
energies can be identified: 190, 530, 410, and 235 kJ/mol
belonging to four different kinetic processes: A (0.02 <«
<0.13), B (0.02<a<0.7), C (0.13<x<0.98), and D
(0.8<a<0.98), respectively. Additionally, in the E«
plot, there are four successive conversion stages reflect-
ing different dehydroxylation mechanisms: stage 1
(0.02<<0.13, 680 °C<T<764 °C), stage 2 (0.13<
<0.7, 764 °C<T<866 °C), stage 3 (0.7<a<0.8,
866 °C<T<897 °C), and stage 4 (0.8<a<0.98,
897<°C T<1080 °C), as plotted in Figs. 3 and 4.

The value of E at stage 1 varies from the value of
process A to that of process B, which indicates the
overall dehydroxylation rate at stage 1 is jointly con-
trolled by both A and B according to the interpreting
method of E-a plot,?'=2 as drawn in Fig. 4 (b). Simi-
larly, the stages 2 and 4 are rate-controlled by processes
B and C, as well as processes C and D. The
dehydroxylation kinetics at stage 3 is quite different
from those at the other stages. The E at stage 3 is con-
stant, signifying this stage is only kinetically controlled
by process C.21-26

3.1. Conversion stage 1 (0.02<a<0.13, 680 °C<T<
764 °C)

Because of the gradual loss of water from the HA,
OHA—a combination of HA and OA* 3373 was for-
med.>"!"! Thereby, former OH™ positions were replaced
by O?~ ions and vacancies. The conversion stage 1, as
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Fig. 3. The TG curve of the dehydroxylation process of Fluka HA
powder at the heating rate of 10 °C/min and its conversion degree
curve.

the initial stage of HA dehydroxylation, was widely
reported proceeding as follows:

Calo(PO4)6(OH)2 — Calo(PO4)6(OH)2_2xOx + xH,;0

(M

with 0 < x < 1.3-1
For such an inhomogeneous solid-state reaction, there
are at least five possible kinetic processes:

1. OH -anion debonding from HA lattice;

2. OH-anion diffusion through HA;

3. dehydroxylation reaction 2QOH™—H,01 +0?7)
at the reaction interface;

4. H,O expulsion through product layer;

5. and the lattice constitution of OA.

The E values for OH™ diffusion in HA, and dehy-
droxylation reaction were reported to be 230%¢ and 251
kJ/mol.# The so-called OHA is a combination of OA
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Fig. 4. E—a plot (a) calculated using the Ozawa—Flynn—Wall method
and schematic diagram of overall rate of dehydroxylgation (b) of HA.
The solid curves in (b) are the mass loss rates of process A, B, C and
D, respectively, as well as the dash line drawn after the DTG curve at
15 °C/min, representing the overall rate of mass loss.
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and HA,*3335 thus the constitution of OHA lattice is
actually the crystallization process of OA, i.e., the OA
lattice constitution, which was reported as 440 kJ/mol.3¢
Unfortunately, there is no quantitative report for the
other two processes. The reported activation energies
for the possible kinetic processes during the sintering of
HA were listed in Table 1.

As stated above, the dehydroxylation within stage 1 is
kinetically controlled by process A and B. By compar-
ing the experimentally-detected values of E with repor-
ted ones, the process A has been found being of a
similar E with OH™ diffusion through HA. Addition-
ally, at the initial stage of dehydroxylation, the un-
reacted HA core remains in a considerable size. There
are two possible routes for OH" to diffuse through HA,
radial diffusion from the interior of HA core to the
reaction interface, and tangent diffusion from the OH -
rich areas to OH ™ -depleted areas within the OHA shell.
For both cases of OH™~ diffusion through HA, the dif-
fusion distances at the initial stage of dehydroxylation
must be much further than those at higher conversion
degrees, according to geometric knowledge. Both the
diffusion distance and the low temperature can make
the rate of OH™ diffusion low enough to restrict the
overall dehydroxylation rate at stage 1. So process A
could be interpreted into OH~ diffusion through HA.

Obviously, process B can be neither the dehydroxyla-
tion reaction (20H~—H,04 +0?7), nor OHA lattice
constitution, due to the great deviation of both activa-
tion energies. Also process B can not be the H,O
expulsion through product layer because the dimension
of product layer is too limited to hinder H,O expulsion
and, therefore, influence the overall dehydroxylation
rate at the initial stage. Consequently, the possible
mechanism for process B should be OH~ anion
debonding. In the lattice of HA, OH™ anion bonds with
Ca?* cation.’” The bonding configuration of (OH)-Ca
should be a kind of mixed bonding with both ionic and
covalent characteristics. The bonding energies for ionic
bonding are 600-1500 kJ/mol, as well as 100-800 kJ/
mol for covalent bonding.3® Interestingly the E value for

Table 1
Reported activation energies for the possible kinetic processes during
the dehydroxylation of HA

No. Kinetic processes E (kJ/mol) Ref.
12 OH™-anion debonding from HA Unknown
lattice in HA
2 OH-anion diffusion through HA 230 36
3 20H~—H,01 + 0% at the reaction 251 4
interface
4 H,0 expulsion through OHA or OA Unknown
layer
54 The lattice constitution of OA 440 36

4 Its range of E value can be estimated according to the bonding
characters.

process B, amounting to 530 kJ/mol, is less than the
lower limitation of ionic bonding energies, as well as a
bigger value in the range of covalent bonding energies.
Such a result closely meets the mixed characteristics of
(OH)-Ca bonding. So the E value for OH™ anion
debonding from HA lattice by breaking (OH)-Ca
bonding must be close to that of process B. According
to above analysis, process B could be the process of
OH™ anion debonding.

3.2. Conversion stage 2 (0.13<a<0.7, 764 °C<T<
866 °C)

As for process C, it can be easily identified as OA
lattice constitution, due to the obvious similarity
between the values of both activation energies. With the
proceeding dehydroxylation, the size of HA core keeps
decreasing, therefore the diffusion distance, for OH™ -
anion to diffuse through HA, becomes shorter and
shorter. It is rational that the process A becomes less
kinetically important for dehydroxylation rate-control-
ling at the conversion stage 2, due to Arrhenius law. The
overall mass loss rate is jointly regulated by OH-anion
debonding and OA lattice constitution. Trombe and
Montel®® demonstrated that the stage of temperature
for OA stability is very narrow around 800-1050 °C. As
marked with the dash lines in Fig. 3, this temperature
range is corresponding to 0.3<a < 1. Additionally, the
critical value of x for preserving the HA lattice is
reported to be 0.5.°7'° These suggest OA becomes much
more thermodynamically stable than HA in the range of
0.3<a <1, which includes the late half of stage 2, stage
3 and stage 4 of present study. Therefore, the lattice
constitution of OA plays a more important role than
OH-anion debonding from the late half of stage 2.

3.3. Conversion stage 3 (0.7<a<0.8, 866 °C<T<
897 °C)

In stage 3 (0.7<a<0.8), the dehydroxylation is kine-
tically controlled only by process C, OA lattice con-
stitution by the migration of O?>~ in the hydroxyl-
depleted areas. According to the Arrhenius relation, the
rate constant of the process B, OH -anion debonding
from HA lattice, at 866 °C is calculated to be 5.8x10*
times higher than that at 680 °C, the initial temperature
of process B. This result indicates that process B can not
be a rate-controlling step of dehydroxylation at such a
high temperature range.

3.4. Conversion stage 4 (0.8<a<0.98, 897 °C<T<
1080 °C)

At this stage, the sintering temperature could be high
enough that both the OH~ debonding and diffusion are
too fast to influence the overall dehydroxylation rate.
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Table 2

Interpretation of the activation energies for the possible kinetic pro-
cesses during the dehydroxylation of HA detected by the Ozawa—
Flynn—Wall method

No. Interpreted kinetic processes o E (kJ/mol)

A OH™-anion diffusion through 0.02<a<0.13 190
HA

B OH™-anion debonding from
HA lattice in HA

C The lattice constitution of OA

D 20H-—H,01 + 0% at the
reaction interface

0.02<a<0.7 530

0.13<a<0.98 410
0.8<a<0.98 235

By comparing the E values of process D with the
reported values listed in Table 1, it is very close to the
value of the activation energy of dehydroxylation reac-
tion 20H~—H,0% +0?7). Although the E value of
process D has a good consistence with that of
20H~—H,01 + 0?7, as well as there is no reported E
value for H,O expulsion through OA layer, the possibi-
lity of process D corresponding to H,O expulsion
through OA layer can not be excluded thoroughly.
Based upon present-collected data, the rate-controlling
processes might be lattice constitution of OA and
20H-—H,01 + 0>~ at the interface of dehydroxyla-
tion, when dehydroxylation of HA reaches conversion
stage 4.

It should be pointed out that there is merely about
80% HA transformed into OA at the end of the dehy-
droxylation of HA. In other words, there is 20% HA
undehydroxylated, which will decompose at a higher
temperature.>~!! The interpreted results of four detected
kinetic processes are listed in Table 2.

4. Conclusions

1. The dehydroxylation of commercial HA powder
is a comprehensive chemical reaction, including
four successive conversion stages corresponding
to different kinetic mechanisms: stage 1
(0.02<a<0.13), stage 2 (0.13<a<0.7), stage 3
(0.7<a<0.8), and stage 4 (0.8 <w<0.98).

2. According to the characteristics of the E—« plot
of the dehydroxylation of commercial HA pow-
der, there are four different kinetic processes
identified with the activation energies of 200, 530,
410, and 235 kJ/mol, respectively, which possibly
could be OH ~-anion diffusion through HA, OH -
anion debonding from HA lattice, the lattice
constitution of OA, and 20H-—H,04 + 02~ at
the reaction interface.

3. It is suggested in this study that conversional
stages 1, 2, 3, and 4 of dehydroxylation of HA

are kinetically controlled by OH ~-anion diffusion
through HA and OH™-anion debonding from
HA lattice, OH-anion debonding and the lattice
constitution of OA, the lattice constitution of
OA, as well as the lattice constitution of OA and
20H-—H,01 + 0%~ at the reaction interface,
respectively.
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