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Abstract

The manufacture of carbonated hydroxyapatite-based bioceramics with control of the composition and
microstructure remains challenging and reveals our lack of knowledge regarding the thermal behavior
of such materials, particularly at high temperatures under reactive atmospheres. This work lays a
foundation for addressing this issue by investigating the solid-gas exchange reactions occurring
between oxy-hydroxyapatites (OxHA) and a COz-rich atmosphere during thermal treatment.
Accordingly, OxHA reference powders with different oxygen contents (0 <x<0.79) were produced,
extensively characterized and heat-treated under a CO-rich atmosphere at 950 °C for 5 h. The results
of physicochemical, thermal and microstructural analyses showed that the A-site composition of OxHA
controls the exchange reactions: a high initial OH content induced concomitant A-site dehydration and
carbonation; conversely, a high OH vacancy content induced A-site hydration as a first step.
Furthermore, the specific surface area significantly influenced the solid-gas exchange reactions by
controlling their kinetic.

Keywords
A-type carbonated hydroxyapatite, Oxy-hydroxyapatite, Thermogravimetric analysis, Solid-gas
exchange reactions, Kinetic

1 Introduction

In the field of critical-size bone defect healing, current therapeutic solutions (e.g., bone grafting with
human, animal, or natural materials or bone replacement with synthetic materials) remain challenging
[1]. Calcium phosphate materials, such as stoichiometric hydroxyapatite (HA, Cai0(PO4)s(OH)2) and
tricalcium phosphate (TCP, Ca3(P04):), have been clinically implanted for more than 30 years [1] but
still do not satisfy the requirements for large bone defects [2]. These materials display relatively poor
osteoinductive properties [3, 4], and their biodegradation rate cannot support the development of
newly formed bone [5, 6].

Because of these limitations, efforts have focused on the processing of new synthetic bioinspired
implants [7, 8]. In line with this current trend, carbonated hydroxyapatites (CHAs) stand out because of
their high similarity with natural bone minerals, whose composition can be approximated as
Cag.3(P04)43(HPO4)0.7(CO3)1.0(0OH)0.15(CO3)0.07 [9, 10]. CHAs can create functional interfaces with natural
bone [11, 12] and induce high rates of bone formation [13], and their degradation products are naturally
metabolized by cells [14]. Moreover, their biodegradation rate is greater than that of HA and is related
to their carbonate ion content [4, 5, 15,16,17,18]. This particular property allows for patient-specific
implants with customized biodegradation rates.

Carbonate ions can be located at both the hydroxyl (A-site) and phosphate (B-site) structural sites of
HA. A-site carbonate-for-hydroxyl substitution results from a thermally activated reaction between the
apatite structure and a COz-rich atmosphere according to Eq. (1) (the Kréger-Vink notation is defined
in Table 1) [19,20,21].

COP + 20HE, = CO} oy + Vy + H,09 (1)
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Table 1. Kréger-Vink notation

Notation Ion/structural location Net electronic charge
OHyy

02- jon in the OH structural location Single negative charge

COs2- ion in the OH structural location Single negative charge

Vacancy in the OH structural location Single positive charge

OH- ion in the OH structural location Neutral charge

A-type CHA bioceramics (CaHA, Ca10(PO4)6(OH)2-22(C0O3). with 0 <a<1) showed a biological response
either lower than or, at best, equal to that of HA in terms of osteoblast adhesion and proliferation [17,
21, 22].

To the best of our knowledge, the improved biological properties of CHA can be attributed to B-type
C02~ ions. B-site CHA (CgHA, Ca19-5(P04)6-(CO3)p(OH)2-» with 0 <b < 2 [23]) powders are synthesized
via aqueous precipitation by mixing calcium, phosphate and carbonate solutions under controlled
temperature, pH and atmosphere conditions. Even though this synthetic route is well known [24,25,26],
manufacturing CgHA bioceramics remains challenging. Sintering must be carried out under a CO,-rich
atmosphere to prevent thermal decomposition [23, 27], leading to an enrichment of CO5™ ions in the A-
sites and therefore to A/B-type CHAs (Ca/gHA). This chemical modification can alter the bioceramic
biodegradation rate and potentially reduce its biological potential. In addition, the presence of CO%~ions
in the A-sites has been shown to hinder densification [28]. Sufficient consolidation of Ca/sHA-based
bioceramics thus requires a higher sintering temperature or longer sintering dwell time, which may be
accompanied by thermal decomposition or grain growth. Control of the pore density and size at the
submicron scale, which is key to promoting revascularization [29] and osteoclastogenesis [30, 31], can
then become an issue. As a result, this carbonate-for-hydroxyl substitution in the apatite lattice, induced
by sintering under a CO»-rich atmosphere, affects both the final composition and the microstructural
features of CHA-based bioceramics. As the interactions between an implant and host cells highly depend
on both of these properties [2, 32-34], this carbonate-for-hydroxyl substitution must be carefully
controlled. However, no investigation of such solid-gas exchange reactions is available in the literature.
This study aims to provide insight into the solid-gas exchange reactions occurring between oxy-
hydroxyapatites (OxHA, Ca10(PO4)s(OH)2-2x0x with x ranging from 0 to 0.79) and a CO»-rich atmosphere
during thermal treatments. This OxHA-CO; model constitutes a first step toward understanding the
mechanism(s) of the exchange reactions between CO2 gas and A-sites before switching to models that
are more complex such as Ca/sHA. The parameters likely to affect these reactions are mainly the powder
intrinsic features and the heat treatment parameters. This work focuses on the influence of the initial A-
site chemical composition (x in OxHA) and the specific surface area (SSA). OxHA reference samples with
different or equivalent SSAs were produced through heat treatment of a stoichiometric HA powder
under a dry atmosphere according to Eq. (2) [35, 36].

20HEy = Oby + V3y + H,09 (2)
Special attention was given to prevent decomposition while manufacturing O HA [35, 37-42]. Indeed,

OxHA decomposes into a mixture of TCP and tetracalcium phosphate (TTCP, Cas(P04).0) according to
Eq. (3) when the A-site vacancy is above 0.8 [36, 43].

Cay0(P04)6(0H) 55,0y = 2Caz(P0,); + Cay(P0,),0 + (1 — x)H,09 (3)

with 0<x<1.

The solid-gas exchange reactions occurring between the OxHA samples and a CO;-rich atmosphere were
then monitored by thermogravimetric analysis. All steps of the manufacture and characterization of the

samples were strictly monitored to determine the key role of the initial A-site composition of OxHA in
these solid-gas exchange reactions and to develop the associated mass balance equations.
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2 Materials and methods

2.1 Sample preparation

2.1.1 Starting hydroxyapatite powder

HA powder was synthesized by a conventional aqueous precipitation method according to the
procedure detailed in [25]. A diammonium hydrogen phosphate aqueous solution ((NH4)2HPO4, 99%,
Merck, Germany) was added to a calcium nitrate aqueous solution (Ca(NOs)2, 4H20, 99%, Merck,
Germany) under stirring. The reaction was performed under argon flow (Ar, Ar Premier, AirProducts,
USA, Table 2) at a constant temperature of 65 °C and a pH of 8.0. The pH was regulated by the addition
of a 28% ammonia solution (Merck, Germany) by means of a dosing pump (ProMinent, England) coupled
with a pH controller and a pH sensor. The suspension was matured for 20 h and then centrifuged at
4000 rpm for 5 min (Thermo Scientific, France). The wet cakes obtained were dried at 80 °C overnight
and then ground for 15 min at 150 rpm in absolute ethanol (HsCCH20H, >99.5%, VWR, Germany) by
means of a planetary ball mill (PM400, Retsch, Germany) with zirconium oxide jars and balls, sieved at
25 pm (Russelfinex, Belgium), and dried at 120 °C for 24 h. The powder was finally heat-treated at 400
°C for 2 h (Carbolite, UK) under air to remove the main synthesis residues. The obtained powder is
hereafter designated the raw HA powder and was found to be monophasic poorly crystallized (i.e., low
local order) stoichiometric HA with remaining synthesis residues (e.g., NO2™).

Table 2. Gas specifications: trace H20 and COZ2 in Ar, He and COZ2 bottle gases from AirProducts

el : o
EEETE : o

2.1.2 OxHA reference samples

Hereafter, the reference samples will be designated OxHA-s, with x indicating the O content in A-site and
s indicating the specific surface area. Four OxHA compositions were prepared with 0 <x<0.79.
Stoichiometric HA, i.e., OxHA with x=0 (OoHA-8.6), was obtained by heating 50 g of raw HA powder in a
tubular furnace (RS80, Naberthem, Germany) at 950 °C for 5 h under 72 kPa Ar and 28 kPa H0. This
gas mixture was produced by a controlled humidity generator (WETSYS 0-200 mL-min-1, Setaram
Instrumentation, France) programmed to deliver gas at 60 °C with 90% relative humidity and a flow
rate of 150 mL-min-1. These parameters were defined after a calibration study of the WETSYS device.
After the heat treatment, the powder was ground in absolute ethanol, sieved at 25 pm and dried at
120 °C for 24 h.

OxHA samples with x # 0 were obtained by fit-for-purpose heat treatment of OgHA-8.6 in the furnace of
a thermobalance (SETSYS Evolution, Setaram Instrumentation, France) under helium flow
(20 mL-min-1, He Premier, AirProducts, USA, Table 2). The furnace atmosphere was 101.28 kPa He and
0.02 kPa H:0. After loading the sample and before heating, the furnace chamber was evacuated to a
pressure of 10-4 kPa. The gas flow was then activated, and an isothermal stage at 500 °C for 5 h was
applied before starting the thermal ramps used for sample preparation. The heating and cooling rates
were set to 10 °C-min-1. The other specific parameters are detailed in “OHA samples” section.

Two furnace configurations were implemented. The first one aimed to record high-resolution
thermogravimetric (TG) signals and consisted of batches of 70 mg using an alumina crucible of 170 pL.
The second one was used to produce samples for use in a material characterization study; each batch
contained 600 mg of powder placed in an alumina crucible of 1300 pL. Each sample was produced in
triplicate in each furnace configuration. The isotherm dwell time in the second configuration was
adjusted to obtain the same chemical composition obtained in the first configuration.

The SSA of each sample was measured in triplicate using the Brunauer-Emmett-Teller (BET) 5-point
method using a N, adsorption isotherm (ASAP 2010, Micromeritics, Germany) after outgassing the
powder at 200 °C for 5 h.

Each reference sample was stored in a desiccator to protect it from moisture prior to its
characterization.
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2.1.3 Carbonated samples

Four carbonated samples, hereafter denoted C-OHA-s, were obtained after thermal treatment of the
O<HA reference samples under a CO,-rich atmosphere. Heat treatment was performed at 950 °C under
a flow of 101.28 kPa of CO; (CO; UltraPure, AirProducts, USA, Table 2) and 0.02 kPa of H,0 in a SETSYS
furnace (20 mL-min-1). Before heating, the furnace chamber was evacuated to a pressure of 10-* kPa.
The gas flow was then activated. The heating and cooling rates were set to 30 °C-min-1.

As for the reference samples, two furnace configurations were used. Each sample was produced in
triplicate in both configurations. In the first configuration, 70 mg of powder was heat-treated for 5 h at
950 °C. In the second configuration, the isothermal dwell time was adjusted to obtain the same chemical
composition as in the first one, starting with 600 mg of powder.

2.2 Characterization methods

2.2.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) of OoHA-8.6 was performed in a SETSYS thermobalance from room
temperature (RT) to 1300 °C at 2 °C-min-! under He flow at 20 mL-min-1. The TG signal was converted
to the mass variation (w/w %) with respect to the initial mass of powder

filled in the crucible (Am/m,, Eq. (4)).

Am _ mr-mg

(4)

mo Mo
where mris the sample mass at temperature T.

The TG signals recorded during the manufacture of the O\HA samples (x > 0) were converted to the mass
variation (w/w %) with respect to the mass of powder msgo obtained after the isothermal stage at 500 °C
for 5 h (Am’/msgo, Eq. (5)). The mass variation recorded until 500 °C was attributed to gas adsorption
on the powder surface rather than to solid-gas exchange reactions [44, 45].

Amr — mr—msoo (5)
Mso00 Mso0

The TG signals recorded during the manufacture of carbonated samples were converted according to
Eqg. (4). These normalized mass variations were compared to the results obtained from different simple
kinetic models using MATLAB software (R2018b, Natick, Massachusetts: The MathWorks Inc., USA).
For each TGA, a blank run was recorded using alumina powder (Al-606010, Goodfellow, England), and
the blank signal was subtracted from the sample signals to reduce experimental drift. Each TGA was
carried out in triplicate.

2.2.2 Physicochemical characterization

Each sample was manually ground with an agate mortar and pestle prior to physicochemical
characterization.

Crystalline phases were identified by means of a D8-A25 0/6 X-ray diffractometer (Briiker, Germany)
equipped with a Lynx-Eye Position Sensitive Detector (aperture angle, 2.946°) using CuK, radiation and
operating at 40 kV and 40 mA. X-ray diffraction (XRD) patterns were collected over a 26 range of 10-
120° with angle and time increments of 0.03° and 0.6 s, respectively. The experimental patterns were
compared with the reference patterns in ICDD-PDF (International Centre for Diffraction Data—Powder
Diffraction Files). The lattice parameters were determined using Le Bail’'s refinement method. The
refinement was carried out in the hexagonal space group P63/m.

Fourier transform infrared (FTIR) absorption spectra were recorded using a MIR VERTEX 70
spectrometer (Bruker, Germany) equipped with a monolithic diamond ATR crystal (Quest ATR
diamond, Specac, USA). Spectra were recorded over the range of 4000-400 cm-! with a resolution of
2 cm-! and were obtained by averaging the signals obtained from 64 scans. The spectra were normalized
with respect to the vs band of the PO4 group at 600 cm-1, according to a classical procedure [46] relevant
for samples with similar B-site compositions. IR band assignment and curve-fitting analysis in the v,
(900-840 cm-1) A-type carbonate domain and the v3 (1430-1350 cm-1) and v; (890-850 cm-1) B-type
carbonate domains were performed using OriginPro 2018b software (OriginLab, U.S.A.) according to a
dedicated in-house procedure [47].
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The carbonate ion content of each carbonated sample (w/w %) was determined by means of a
combustion elemental analyzer (LECO CS-444 carbon/sulfur, LECO Instruments, UK). Measurements
were taken in triplicate. The amount of atmospheric CO, adsorbed at each powder surface was
determined on the corresponding reference sample and then subtracted from the measurements.

2.2.3 Microstructural analysis

The morphological evolution induced by heat treatment under a CO;-rich atmosphere was observed by
scanning electron microscopy (SEM) using a Zeiss Supra 55VP microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany) at 1 kV without any coating. Each sample was dispersed by sonication
for 5 min in absolute ethanol.

3 Results

3.1 Reference sample characterization

3.1.1 Stoichiometric HA (OoHA-8.6)

The XRD pattern of OgHA-8.6 showed a highly crystalline monophasic apatite structure (Figure 1a, in
blue). The refined lattice parameters were a=9.420 A and c = 6.882 A (Table 3). Figure 1b displays the
IR spectrum of OpHA-8.6 (in blue) in the ranges 3590-3550 cm-1, 1400-1360 cm-?, 850-810 cm-! and
660-610 cm-t. The IR bands specific to the OH group in the HA environment at 3572 (vs) and
628 (uL.) cm-! were sharp and narrow. No IR band specific to the NO group was observed. SEM images
revealed that the OoHA-8.6 powder was composed of hexagonal prismatic submicrometer-sized crystals
(L<100 nm, Figure 2). The SSA of this powder was determined to be 8.6 m2-g-1 (Table 3).

Table 3. Thermogravimetric and physicochemical data of the reference samples: mass variation (%) (Eq. 5) recorded during the
preparation of the OxHA samples from OpHA-8.6 (Figure 3) as well as the A-site composition, lattice parameters (a and c) and SSA
of each reference sample

Mass A-site
variation/% composition

0OoHA-8.6 n/a (OHon)2 60.
(OHon)1.16

00.4HA-5.1 -0.79 (O'on)o.42 9.418 6.881 5.1%0.1
(V°on)o.42
(OHon)1.24

00.4HA-0.8 -0.78 (O’on)o.3s 9.417 6.883 0.8+0.1
(V°on)o.ss
(OHown)o.42

00.8HA-0.8 -1.43 (O'on)o.79 9.405 6.889 0.8+0.2
(V°oH)o.79

Sample a/A c/A SSA/m2 g-1
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Figure 1. Physicochemical and thermogravimetric analyses of the reference samples. (a) XRD patterns and (b) IR spectra of OxHA
samples, (c) Thermal behavior of OvHA-8.6 under He flow. The derivative (dotted gray line) of the mass variation (blue line)
revealed four domains of temperature. The mass variation (Eq. 4) converted to x content (solid gray line) (see “Manufacture of the
reference samples” section) revealed that OoHA-8.6 dehydration started at 666 + 19 °C and continued until a critical A-site vacancy
of x=0.85 was reached, where decomposition occurs.

During TGA, OoHA-8.6 under He was decomposed in four well-known [36, 42, 45, 48] consecutive steps
(Figure 1c): RT-100 °C, 100-600 °C, 600-1194 °C and 1194-1300 °C. The first mass loss of 0.08% was
attributed to the release of adsorbed species, such as water and CO». The second mass loss of 0.29% was
attributed to the removal of organic residues (from the synthesis and grinding step) and unbound
structural water [44, 49, 50]. The third mass loss of 1.57% was ascribed to the dehydration of the OoHA-
8.6 A-sites (Eq. 2). The last mass loss of 0.28%, above 1194 °C, corresponded to the thermal
decomposition of HA into TCP and TTCP according to Eq. (3). A total mass loss of 2.22% was observed.
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Figure 2. Microstructures of the reference and carbonated samples. SEM micrographs with 25,000x magnification of the OxHA
samples (top) before and (bottom) after heat treatment under a CO2-rich atmosphere for 5 h

3.1.2 OxHA samples

The O4HA samples were manufactured with consideration of the thermal stability of OoHA-8.6
(“Stoichiometric HA (OoHA-8.6)” section).

Two samples with different A-site compositions, designated hereafter O¢4+HA-5.1 and O¢sHA-0.8, were
obtained after heat treatment at 950 °C for 5 h and 1150 °C for 2 h, respectively (Figure 3a, b). As the
SSA can modulate the solid-gas exchange reaction, a third OxHA was designed and manufactured with a
chemical composition similar to that of 094HA-5.1 and an SSA similar to that of OgsHA-0.8. This sample,
hereafter designated 04HA-0.8, was obtained by two-step heat treatment, which consisted of a first
isothermal bearing at 1150 °C for 2 h followed by another isothermal bearing at 950 °C for 20 h (Figure
3c).

The TG curve related to the preparation of Og4HA-5.1 showed a significant mass loss during the heating
phase and the subsequent isothermal bearing (Figure 3a). This mass variation progressively decreased
to a final value of - 0.91%. While the furnace cooled (10 °C-min-1), a 0.12% mass gain was recorded until
500 °C. A change in the mass gain curvature was observed near this temperature, which was selected to
fix the composition of 0¢4HA-5.1 (similar to the procedure used for the other samples). The same
patterns were observed in the TG curves of OggHA-0.8 (Figure 3b) and 094HA-0.8 (Figure 3c). The mass
variations at the end of the last isothermal plateau and at 500 °C during the final cooling were
determined to be — 1.56% and 0.13% for OogHA-0.8 and - 0.88% (from the 12th hour of the plateau to
900 min) and 0.10% for O¢4HA-0.8.

At the end of these heat treatments, the SSA was determined to be 5.1 m2-g-1 for the 0o4HA-5.1 powder
and 0.8 m2-g-1 for both 0gsHA-0.8 and O¢+HA-0.8 (Table 3).

The X-ray diffraction patterns of OyHA (x> 0) indicated that the samples adopted a highly crystalline
monophasic apatite structure (Figure 1a). The lattice parameters a and c of OggHA-0.8 decreased and
increased, respectively, compared to those of OgHA-8.6, whereas those of 0g4HA-5.1 and 04+HA-0.8
remained constant (Table 3).

The IR spectra of OyHA (x> 0) in the vs and vi. OH- and N-O vibration domains are displayed in Figure
1b. IR bands specific to OH groups at 3572 cm-! (us) and 628 cm-! (v.) were clearly observed in the
004HA-5.1 and O¢4+HA-0.8 spectra but with a lower intensity than those in the OoHA-8.6 spectrum. On
the other hand, both bands were barely noticeable in the OogHA-0.8 spectrum because of the poor signal-
to-noise ratio. No N-O vibration peak, possibly arising from nitrate residues, was observed for any
sample.
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The 004HA-5.1 powder consisted of aggregates of faceted ill-shaped crystals of 100 to 300 nm, while the

00sHA-0.8 powder was composed of aggregates of coarse crystals with round facets larger than 400 nm
in diameter (Figure 2).
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3.2 Heat treatment under a COz-rich atmosphere

3.2.1 Real-time monitoring of the exchange reactions with the atmosphere

Figure 4 shows the mass variations of the OxtHA samples heat-treated under a CO;-rich atmosphere. A
mass gain was observed for each sample throughout the heat treatment. When the threshold
temperature (950 °C, 30 min < time <300 min) was reached, the OgHA-8.6 and 0¢4+HA-5.1 mass gains
progressively decreased to constant values of 2.31% and 3.07%, respectively, after approximately 200
min. Under isothermal conditions, the mass gain kinetics of OgHA-8.6 and O¢4HA-5.1 were found to be
similar to the exponential law described by Eq. (6), with the parameters listed in Table 4. On the other
hand, the mass gains of 0¢4HA-0.8 and OogHA-0.8 never plateaued but increased to 2.28% and 3.43%,
respectively, at the end of the 950 °C dwell time (Figure 4). These values increased linearly over time
from approximately the 150th minute of heat treatment (~ 2 h at isotherm), with rates of increase of
0.003 %-min-tand 0.002 %-min-1, respectively. These mass gain kinetics were described as the sums of
two individual exponential laws (Eqg. 6), with the k; and t; parameters listed in Table 4.

F(t) = 4, (1 - e_%) + 4, (1 - e_%) (6)

where F(t) is the mass variation with time at 950 °C, A; is the pre-exponential factor, 7 is the
characteristic time of the mass variation, and t is the time.
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Table 4. Kinetic law constants describing the mass variation of OxHA samples at 950 °C under a CO2-rich atmosphere, where Ai is
the pre-exponential factor and 7 is the characteristic time of the mass variation expressed by Eq. (6)

Sample A1 T1/min Az T2/min
0oHA-8.6 . 55 0 n/a
59 0 n/a
266 0.20 24
316 0.62 20
- 1000
-4 800
. O Figure 4. Real-time monitoring of the exchange
< so0n & reactions between the OxHA samples and a COz-
_5 1 g rich atmosphere. Mass variations (Eq. 4) of the
@ w  OxHA powders throughout heat treatment under
@ 4 g a COz-rich atmosphere at 950 °C for 5 h (orange
: 1499 £ dashed line). The gray area shows the time
a ﬂ needed to reach the isotherm.
=
4 200
1 1 1 1 1 1 : . 0
50 100 150 200 250 300
Time/min
3.2.2 Physicochemical analysis of the carbonated samples

The X-ray diffraction patterns of the carbonated samples indicate a crystalline apatite structure for each
sample (Figure 5a). These XRD patterns were consistent with the space group P63/m, and the lattice
parameters of each carbonated sample are listed in Table 5. The additional peaks at 30.1° and 35.5° (red
arrows) compared to ICDD PDF 009-0432 were attributed to the CHA structure having monoclinic
symmetry in space group Pb, equivalent to a double superstructure of hexagonal form [51].

i
il

(a) *ICDD - PDF 9-432 (b)
—— C-O HA-8.6
w L
—— G-, HA-5.1 -
—— C-0, HA-08 - O HA86 v.CO, (A) 628 o’
-0, HA-0.8 v OH
w = 'JJ x'
= i e
g 8 "
= 850 cm™' H !
z g; lv,c 0, \
i
e
a0 a5 a0 a5 50 3580 3570 3560 1600 1400 800 B50 640 B30 620

20" Wavelength/cm™!
Figure 5. Physicochemical characterization of the carbonated samples. a XRD patterns that revealed extra reflections (red arrows)
indicative of monoclinic symmetry (space group Pb) [51] and b IR spectra with, for reference, the OyHA-8.6 spectrum represented
by a blue dotted line.

S. Guillou et al,, ]. of Thermal analysis and Calorimetry (2022) 147: 13135-13150 9


https://link-springer-com.docelec.insa-lyon.fr/article/10.1007/s10973-022-11512-3/figures/4
https://link-springer-com.docelec.insa-lyon.fr/article/10.1007/s10973-022-11512-3/figures/5

Table 5. Thermogravimetric and physicochemical data of the carbonated samples

Mass o3~ IR band integrated area

o | Coment | compoivion | /A |/ e
/% A-site CO%~ B- site CO%~ B- site CO%~
C-OoHA-8.6 2.31 5.26 (CO3'on)0.90 9.554  6.865 49 0.6 0.06 4.3+0.1
(V°on)o.90

(OHon)o.18
(O'on)o.os
(CO3'on)o.86
(Veon)os1

(OHon)o.s6
C-004HA-0.8 2.28 3.74 (Oor)oos 9530 6.867 35 0.6 0 0.8+0.1
(CO3'on)o.64
(Veon)o.67

(OHon)o.62
(O'on)o.09
(CO3'on)o.60
(V°on)o.69

C-004HA-5.1 3.07 5.05 9.549 6.861 5.3 0.6 0.04 4.2+0.2

C-00sHA-0.8 3.43 3.51 9.539 6.867 4.2 0.6 0 1.1+0.1

Figure 5b displays the IR spectra of C-O¢HA-8.6, C-004HA-5.1, C-094HA-0.8, and C-00sHA-0.8 in the vs
OH- (3585-3555 c¢m-1), v, OH- (655-615 cm-1), v3 COZ~ (1600-1300 cm-1) and vz CO3~ (900-
700 cm-1) domains. IR bands specific to A-type CO2~ ions in the vz (879 cm-1), vs (e.g., 1536 and
1462 cm-1) and v4 (765 cm~1) domains were visible in each IR spectrum. The integrated areas of these
bands were determined to be equivalent between C-0O¢HA-8.6 and C-0¢4HA-5.1 and between C-0y4HA-
0.8 and C-09sHA-0.8 (see the integrated area of the band at 879 cm-1 in Table 5). Absorption bands with
very low intensities assigned to B-type CO%ions were also detected, at 1405 cm-! (v3) and 874 cm-!

B A
(v2). The integrated area ratio of 15203 (874)/ 15203 (879) remained relatively low and constant for all

samples (ranging between 0.1 and 0.2, Table 5), while a low-intensity band of v; CO3-B (1405 cm-1) was
observed only for samples C-OgHA-8.6 and C-004HA-5.1 (Figure 5b). IR bands attributed to OH groups
at 3572 cm-! (vs) and 628 cm-! (v.) were not observed or were observed to have a very low intensity
(uL OH of C-094HA-0.8 sample) in all carbonated sample spectra because of the poor signal-to-noise
ratio.

The carbonate ion content (w/w %) was determined to be 5.26 + 0.04%, 5.05 + 0.09%, 3.74 + 0.05% and
3.51+0.06% for C-OoHA-8.6, C-004HA-5.1, C-094HA-0.8, and C-00sHA-0.8, respectively (Table 5).

3.2.3 Microstructural evolutions

Heat treatment under a CO-rich atmosphere induced coalescence and slight but normal grain growth
for OpHA-8.6, accompanied by a 50% reduction in the SSA (Figure 2 and Table 3 vs. Table 5). More
substantial normal grain growth and an 18% reduction in the SSA were observed for O¢4sHA-5.1. In
contrast, neither morphological changes nor a surface area reduction were observed for OgsHA-0.8.

4  Discussion

4.1 Manufacture of the reference samples

This section discusses the thermogravimetric analysis of OoHA-8.6 under He and explains how the
results were exploited to manufacture the reference OxHA powders with adjusted and complementary
A-site compositions and SSAs required to understand the solid-gas exchange reactions under a CO-rich
atmosphere.

The onset of A-site dehydration in OgHA-8.6 in Figure 1c was not discernible because of a concomitant
loss of organic residues from the powder (resulting from grinding). To overcome this issue, the relative
mass variation (Am”/mjize0), Eq. (7), determined from Figure 1c, was calculated to determine the
stoichiometric coefficient x per mole of OxHA according to Eq. (8).

Amr_ mr—mazeo _ (MoxHaMoxua)—(mrcpMrcptnrrcPMrTCP) 7)
mi300 Mmi300 nrcpMrcptnrrcpMrTCp

Amir - 2Mrcp+MrTCP
x=1- X (8)

mM1300 Mp,0
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where mt and mi300 and are the sample mass at T and 1300 °C, respectively, and n; and M; are the amount
and molar mass of compound i. Under our experimental conditions, the decomposition of OxtHA (Eq. 3)
was assumed to be complete at 1300 °C.

The evolution of x with temperature is plotted in gray in Figure 1c. The results indicate that under these
dynamic conditions, A-site dehydration of OgHA-8.6 began at 666 * 19 °C, and decomposition occurred
at 1194 °C for x=0.85 (i.e., an A-site composition of (OH)03000.85(VOH)os5). The mass loss recorded
between room temperature and 666 °C was attributed to the removal of organic residues.

For subsequent experiments, the thermal treatment applied during the manufacture of the reference
samples was performed at temperatures below the OgHA-8.6 decomposition temperature, and residues
were removed from the starting powder OoHA-8.6 by a preliminary 5 h isothermal bearing at 500 °C
(data not shown). Thus, the mass variations recorded during the thermal treatments applied during the
preparation of the reference 0g4HA-5.1, 094HA-0.8, and O¢sHA-0.8 samples and displayed in Figure 3
correspond to the A-site composition changes described by Eq. (2): a mass loss corresponding to A-site
dehydration and a mass gain corresponding to A-site rehydration. The relative mass variation (Eq. 9)
displayed in Figure 3 was used to determine the stoichiometric coefficient x per mole of OyHA according
to Eq. (10). A transformed curve in x content was then proposed for each sample (gray patterns in Figure
3).

Amr_ mp—mseo _ (RoxraMoxta)~(HaMHA) 9)
Mso0 Ms00 ngAMpya

Amy M
X =——— x4 (10)

Msoo MH,0
where mr and msgg are the sample mass at T and after isotherm bearing at 500 °C for 5 h, respectively,
and n; and M; are the amount and molar mass of compound i, respectively.
The A-site compositions of O¢4HA-5.1, 094HA-0.8, and OosHA-0.8 were determined at the curvature
change point during the cooling step (~ 500 °C, black box, Figure 3) according to Eq. (10) and were
expressed by formula in Eqgs. (11), (12) and (13), respectively.

(OHOH)1.16iO.O6 (OIOH)0.42iO.O3(VgH)0.4ZiO.O3 (i.e. OxHA with x=0.42) (11)
(OHp1)1.06401(0 01 0.47+0.05(Vor)o.a7+0.0s (i-e. OxHA with x=0.47) (12)
(OHow)0.42+0.12(0"01)0.79+0.06 Vor)0.79+0.06 (i.e. OxHA with x=0.79) (13)

00.4HA-5.1 and 004HA-0.8 were found to have equivalent A-site compositions.

As a result, four crystalline monophasic OxHA with three different A-site compositions and three
different SSAs were successfully produced based on controlled chemical synthesis and thermal
treatments (Figure 1a, Table 3), enabling the evaluation of the influence of both parameters on the
exchange reactions between the apatite structure and the heat treatment atmosphere.

4.2 Qualitative analysis of the solid-gas exchange reactions

This section explains the particular roles of both the A-site composition and the SSA parameters on A-
and B-type carbonate substitution in OxHA upon heat treatment under a CO,-rich atmosphere, as well
as the difference between the TG data and the quantification of the carbonate content after heat
treatment under a CO,-rich atmosphere.

Heat treatment of the four reference samples under a CO,-rich atmosphere effectively induced
substitution of CO5~ ions for OH- ions, as shown by the carbon titration and the evolution of the lattice
parameters (Table 5) with respect to literature data [19, 52]. However, trace B-type COZ™ ions were
indicated in the IR spectra (Figure 5b). Although this result was unexpected, since B-type CO5™ ions are
mostly inserted in the apatite lattice through low-temperature aqueous precipitation [24, 25, 53], the
substitution of CO3~ ions for PO43- ions has previously been observed after sintering HA at 1300 °C
under CO; [54] and can be attributed to the absorption of CO3~ at the surface of the crystals. Considering
the very low intensity of these IR bands, the B-type CO3™ ions were ignored in the following discussion.
Heat treatment at 950 °C for 5 h in a COz-rich atmosphere induced significant mass gains of 2.31%,
3.07%, 2.28% and 3.43% for OoHA-8.6, 004HA-5.1, 004HA-0.8 and O¢sHA-0.8, respectively (Figure 4).
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These mass gains could not be attributed to the substitution of CO5~ ions for OH- ions only, as an
equivalent carbonate content was measured for C-OgHA-8.6 and C-O¢4HA-5.1 (approximately 5%, Table
5) and for C-004HA-0.8 and C-OpgHA-0.8 (approximately 3.5%). This apparent conflict in the results
could be explained by the co-occurrence of two different reactions during heat treatment under the CO-
rich atmosphere: A-site CO%~ ion substitution and A-site dehydration. Indeed, A-site dehydration and
enrichment in CO5~ ions induced opposite mass changes. To compare the extent of exchange reactions
(EER) in A-sites during the heat treatment of powders under a COz-rich atmosphere, the ratios (Eq. 14)
of the mass variation (Figure 4) to the theoretical value that would be reached for stoichiometric A-type
carbonate apatite (CaHA, Ca10(P04)6(CO3), [19]) were plotted (Figure 6).

Mass variation \%) _ M(t)—Mo,na
MC,HA"MOxHA
Mo HA

EER =

(14)

Mc,ua—MoyHA

where M; represents the molar mass of compound i and M(t) is the molar mass of the powder at time t
during thermal treatment under a CO;-rich atmosphere.

100
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w I
w 80
= O HA5.1
‘g ] Figure 6. EER in the A-site of
% 0,,HA-0.8 OxHA throughout heat treatment
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The shape of the TG curves (Figure 4) was preserved through mathematical transformation (Figure 6).
The EER at the A-site for both OgHA-8.6 and 0o4HA-5.1 reached equilibrium with equivalent final values
(89.1 £ 0.8% and 87.6 = 1.7%, respectively). No plateau was achieved for either 09 4HA-0.8 or OosHA-0.8.
The curves were well fitted with linear increasing functions: 0.08% min-1 and 0.04% min-1. After 5 h
at 950 °C, the EER was 64.3 +4.5% and 78.3 +5.6% for O¢4HA-0.8 and O¢sHA-0.8, respectively. These
results were consistent with the carbon titration results (Table 5); O¢4HA-0.8 (3.5% w/w) contained
less carbon than O¢sHA-0.8 (3.8% w/w) and less carbon than both OgHA-8.6 and 0¢4HA-5.1 (5% w/w).
The SSA, rather than the composition of the A sites, explains the difference in the solid-gas exchange
Kinetics between OgHA-8.6/ 094HA-5.1 and 0¢+HA-0.8/ 0osHA-0.8: 0g4HA-5.1 and 0y 4HA-0.8 exhibited
the same composition but different exchange kinetics (Table 4), unlike 0¢4HA-0.8 and 0osHA-0.8. In
other words, thermal enrichment of the CO5™ ions in the A-sites under a CO,-rich atmosphere is a
standard surface-driven mechanism.

Moreover, densification and grain growth (Figure 2), resulting in decreases in the SSAs of OgHA-8.6 and
004HA-5.1 upon heat treatment at 950 °C for 5 h under a CO;-rich atmosphere (Table 3 vs. Table 5),
explain the trace B-type CO2~ ions observed in C-OgHA-8.6 and C-0¢4HA-5.1 (Figure 7, appendix): CO2
adsorbed at the crystallite surface was embedded in the B-site at the grain surface or boundary.
Reciprocally, A-site CO32- ion substitution further decreased the SSA: C-OoHA-8.6 had a lower SSA
(4.3 m2-g-1) than Og4HA-5.1 (5.1 m2-g-1) despite having a similar thermal history (950 °C for 5 h either
under a COz-rich atmosphere for C-O¢HA-8.6 or under a He-rich atmosphere for O¢4HA-5.1). This
phenomenon has been reported previously [54], but no explanation was ever proposed. The generation
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of a large amount of A-site vacancies throughout calcination under a CO;-rich atmosphere (0.90 mol of
vacancies per mol of C-O¢HA-8.6 compared to 0.42 mol of vacancies per mol of O¢4HA-5.1; see “A-site
composition after heat treatment under a CO-rich atmosphere and associated exchange reactions”
section, Table 3 and Table 5) may favor matter diffusion.
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Figure 7. Appendix: curve-fitting results in the v3 (1430-1350 cm-1) B-type carbonate domain of carbonated samples: a C-OoHA-
8.6, b C-004HA-5.1, c C-00.4HA-0.8 and d C-00.sHA-0.8

4.3  A-site composition after heat treatment under a COz-rich atmosphere and associated
exchange reactions

This final section aims to establish the mass balance equations corresponding to the exchange reactions
between OxHA and the CO,-rich atmosphere at a high temperature (950 °C) and to discuss the key
influence of the initial A-site composition.

As the amount of CO3 in the B-sites is insignificant, the composition of the samples heat-treated under
a CO-rich atmosphere corresponds to carbonated oxy-hydroxyapatite (CaOyHA) with the following
general formula (Eq. 15):

CalO(P04)6(OH)Z—Zy—ZaOy(CO3)a (15)

The stoichiometric coefficients a and y were determined through the quantification of the CO5™ content
of CaOyHA and the mass variation recorded during the heat treatment of the reference samples under a
COz-rich atmosphere (Figure 4). Therefore, coefficient a for each CaOyHA can be determined by Eq. (16):

McgoyHA
100 Mco4

a = carbonate content (\%) X (16)

S. Guillou et al., J. of Thermal analysis and Calorimetry (2022) 147: 13135-13150 13


https://link-springer-com.docelec.insa-lyon.fr/article/10.1007/s10973-022-11512-3/figures/7

In the context of this study, A-site vacancies (V°OH) were formed by the concomitant incorporation of
C0Z%~ ions in the A-site (Eq. 1) and the partial dehydration of CaOyHA (Eq. 2) according to the general
equilibrium described by Eq. (17):

Cay90(P04)6(0OH) 32505 + aC0; © Cayg(PO4)6(OH)z_3y240,(CO3)q + (¥ + a)H,0 (17)

with x determined in “Manufacture of the reference samples” section and a determined from Eq. (16).
The coefficient y can be determined from the mass variation (%) of OxHA during heat treatment
according to Egs. (18) and (19):

Mc,o,HA~MoxHA _ aMcp,+(x-y—-a)My,0

Mass variation (%) = " = v (18)
OxHA OxHA

(x—a)M —(a)M —(Mass variation(%))xMo,
y = Hy0 Co, OxHA (19)

Mpy,0

Therefore, by using the TG and carbonate content data compiled in Table 5, the A-site composition of C-
0oHA-8.6 (Eq. 20), C-094HA-5.1 (Eq. 21), C-094HA-0.8 (Eq. 22) and C-00sHA-0.8 (Eq. 23) can be written
as follows:
(OHpp)o.2+0.03 (C0§ OH) (Vor)0.90+0.02

(ie. C,0,HA with y=0 and a=0.90) (20)

0.90+0.01

(OHpp)o.18+0.06 (OIOH)O.OSiO.OS(COéOH)O'SOiO'(B(VOOH)0.91i0.06
(ie. C;0,,HA with y=0.05 and a=0.86) (21)

(OHo#)0.66+0.04(0"0n)o0.03+0.01 (CO§0H)O_O4J£O_02 (Vor)0.67+0.02
(ie. C;0,HA with y=0.03 and a=0.67) (22)

(OHon)0.62+0.06(0 01 0.09+0.03 (COé 0H)0.60i0.03 (Vor)o.69+0.06
(ie. C,0,HA with y=0.09 and a=0.60) (23)

OH- ions were present in the A-sites of all carbonated samples, contrary to the prediction based on the
absence of IR bands specific to OH groups in the HA environment at 3572 (vs) and 628 (v.) cm-! (Figure
5b). The absence of this IR band in C,0,HA spectra has previously been observed and attributed to
hindered librational movement of the OH- ions as a result of substitutions with A-type CO3™ ions, from
0.2 A-type CO5™ ion [19]. Moreover, the high A-site vacancy content (0.9, Egs. (20) and (21)) evaluated
in C-OgHA-8.6 and C-0¢4HA-5.1, which was higher than the critical A-site vacancy content determined
for OgHA-8.6 (“Manufacture of the reference samples” section: (OH)0.3000.85(VOH)oss5), confirmed that
the substitution of CO2~ for OH- stabilized the apatite structure [55, 56] while allowing two space
groups. Furthermore, the constant EER value discussed previously (Figure 6) and the equivalent A-site
composition in C-OoHA-8.6 and C-0¢4HA-5.1 (Eqs. 20 and 21) X (0H)0_19¢0_05 00.0320.02 (CO3)0_83¢0_02) upon
heat treatment at 950 °C for 5 h under a CO;-rich atmosphere (pco2 =101.28 kPa and puz0=0.02 kPa),
proves that thermodynamic equilibrium was achieved for these samples. Conversely, C-004HA-0.8 and
C-00sHA-0.8 were still undergoing exchange reactions with the atmosphere after 5 h at 950 °C. In
addition, while the quantities of OH},decreased for samples OoHA-8.6, 0o4HA-5.1, and 0o4HA-0.8
during heat treatment under a CO;-rich atmosphere (formula in Table 3 vs. in Table 5), that of OggHA-
0.8 increased (0.42 to 0.62), indicating that, for the specific composition of OggHA-0.8, incorporation of
carbonate in A-sites was accompanied by rehydration.

Despite the low H,0 partial pressure in the heat treatment atmosphere (0.02 kPa), this rehydration was
indeed possible. Figure 8 shows the mass variation of 0o4HA-5.1, 094HA-0.8, and 0osHA-0.8 upon heat
treatment at 950 °C for 5 h under He containing 0.02 kPa of H20. At the end of this thermal treatment,
004HA-5.1 and 004HA-0.8 exhibited mass losses of 0.43% and 0.30%, respectively, whereas O¢sHA-0.8
exhibited a mass gain of 0.26%. These mass variations correspond to an A-site dehydration of 0.64 and
0.57 mol of H,0 per mol of apatite and a rehydration of 0.66 mol of H20 per mol of apatite, respectively
(from Egs. (17) and (19) with a=0).

S. Guillou et al., J. of Thermal analysis and Calorimetry (2022) 147: 13135-13150 14



Figure 8. Dehydration or rehydration of
OxHA samples with temperature with
respect to the A-site composition. Mass
variation of Op4HA-5.1 (red line), Oo.4HA-
0.8 (purple line), and 00.sHA-0.8 (black
line) samples heat-treated under He at
950 °C for 5 h (orange dashed line).
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The corresponding mass balance of OgHA-8.6, Op4HA-5.1, 094HA-0.8 and OpgHA-0.8 heat-treated under
a COz-rich atmosphere can be written as follows (Egs. (24), (25), (26) and (27), respectively).

(0oHA — 8.6) + 0.90 C0{? — (C — 0,HA — 8.6) + 0.90 H,0() (24)
(0g4HA — 5.1) + 0.86 COYP - (C — 0y 4,HA — 5.1) + 0.49 H,09 (25)
(0oaHA —0.8) +0.67 €0 - (C — 0, ,HA —0.8) + 0.2 H,0 (26)
(0ogHA — 0.8) + 0.60 COLP + 0.10 H,09) = (C — 0, ,HA — 0.8) (27)

The mass balance between OgHA-8.6 and C-OoHA-8.6 (Eq. 24) is simple, as shown in Eq. (1), while a
linear combination of Egs. (1) and (2) is necessary for 0g4HA-5.1, 094HA-0.8 and O¢sHA-0.8, as shown
by Egs. (28), (29) and (30), respectively.

0.86[COLP +2 0HYy — CO5L,, + V& + Hy,09)) -
0.37 [0py + VSy + H,09 > 2 0HE,]
0.67[COSP + 2 0HYy - CO5.. + VG + Hy09)) 29)
0.47 [0py + VSy + H,09 > 2 0HE,|
0.60 [COSP + 2 0HYy — CO5. . + Vy + Hy,09)) G0)
0.70 [0py + VSy + H,09 > 2 0HE,]

Considering the very low H,0 partial pressure (0.02 kPa) and the fact that 1.2 OHZ, (0.60 x 2) are
necessary in Eq. (30) to incorporate 0.6 CO5~ ion in the A-site (i.e, 0.62 to obtain the final A-site
composition provided in Table 5), although only 0.42 OHJ, are initially available (Table 3:
(OHon)042(0on)o.79(V°0n)o.79), another set of elementary reactions can be considered to better fit the
experimental results. Indeed, assuming that the substitution of CO%~ ions for OH- ions could result from
a reaction between CO; and A-site oxygen ions (Eq. 31), a linear combination of both Eq. (31) and Eq.
(2) can suitably describe the exchange reactions (Egs. 25 to 27), as shown by Egs. (32)-(34).
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COS” + 0y - CO5.,, (31)

0.86 [0 + 04y > €O, (32)
0.49 [2 0Hy = Opy + Vy + H,09 |
0.66 [COZ(g) + 0oy — C033H] (33)
0.20 [2 0HYy = Opy + Vi + H,019 ]
0.60 [cO® + 04, —~ €Os, ] (34)
0.10 [0y + VG + H,09 > 2 0HE,]

Thus, depending on the initial A-site composition, two mechanisms driving exchange reactions between
CO2 gas and the A-sites can occur. If the initial A-site oxygen content in OxHA is below 0.42 (0o4HA-5.1
and 004HA-0.8, Table 3), A-site dehydration occurs, plausibly creating reactive sites for the
incorporation of CO3™ ions in the A-sites. If the initial A-site oxygen content is greater than or equal to
0.79 (0ogHA-0.8), A-site rehydration takes place and competes with A-site CO3~ ion substitution to
consume A-site oxygen ions.

These results prove that the preparation of OxHA powders (i.e., thermal pretreatment) plays a key role
in the high-temperature exchange reactions between a CO;-rich atmosphere and the A-site. The partial
pressures of CO; and H;0 jointly contribute to the solid-gas exchange reactions, despite the very low
H,0 partial pressure (0.02 kPa).

Conclusions

Controlled A-site dehydration through heat treatment under He was used to tune the initial A-site
composition and SSA of a monophasic and stoichiometric HA powder. The resulting A-site composition
of oxy-hydroxyapatite (OxHA) samples significantly influenced the thermal exchange reactions between
the apatite structure and the CO,-rich atmosphere; the occurrence of A-site dehydration or hydration
depended on the initial O/ (or V§y) concentration in the A-site. Moreover, even under a very low partial
pressure of H,O (0.02 kPa), water vapor can contribute to the solid-gas exchange reaction and can
compete with atmospheric CO; (and the associated A-site CO3~ ion substitution). When OHA initially
contained a critically high number of OH vacancies (V§y), the A-type carbonate ion substitution

mechanism could more accurately be described by COZ(g) + Opy — CO4 'OH

than by the standard €03’ + 2 OHZ, - COsp,, + Vi + H,009.

Thermal enrichment of the A-sites with CO5™ ions under a CO»-rich atmosphere occurred by a standard
surface-driven mechanism modulated by the A-site composition of OxHA. As a result, thermal
pretreatment of HA powder prior to sintering cannot be regarded as a trivial step. This treatment must
be carefully chosen to obtain a powder whose physicochemical characteristics and thermal behavior
will enable obtaining a bioceramic with the desired properties.
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