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Optimization of Synthesis Parameters for the Production of
Biphasic Calcium Phosphate Ceramics via Wet Precipitation

and Sol-Gel Process

Rémi G. Tilkin,*™" Julien G. Mahy,” Nicolas Régibeau,™® Christian Grandfils,” and

Stéphanie D. Lambert®

During the past few years, bioceramics, like hydroxyapatite and
p-tricalcium phosphate have been widely developed for bone
reconstruction. These materials have to meet strict criteria
regarding biocompatibility, degradability, and mechanical
properties. This work has been focusing on the influence of
synthesis parameters on the production of calcium phosphate
mixes, called biphasic calcium phosphate. In this optic,
powders obtained from two synthesis processes (i.e. wet
precipitation and sol-gel process) were produced. The influence
of pH, Ca/P molar mixing ratio, and calcination temperature

Introduction

Bone possesses the capacity of self-regeneration allowing its
repair without any scar.™” However, this self-repairing ability
presents some limit, explaining that for large fracture defects
(i.,e. gap beyond two and a half times the bone radius),
assistance is needed in order to recover the complete structure
and function of the native bone.” It is notably the case for up
to 13% of tibia fractures related to delayed union or fracture
non-union.” During the past few years, tissue engineering has
become one of the most promising techniques to maintain,
improve, or reconstruct human tissue, even complete human
organs.”™ This approach is frequently based on the realization
of temporary porous matrices, also called “scaffolds”.*® These
materials are highly porous matrices designed to architecture
the development of cells in order to guarantee an improved
functionality of the implant during the regeneration process.
Several materials have been proposed for the conception of
scaffolds, including calcium phosphate ceramics.”'” Among
these materials, the bioceramic class is notably composed of
hydroxyapatite (HA), Ca,z(PO,)¢(OH), (Ca/P molar ratio=1.67),
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was studied. These new materials were characterized in terms
of composition, thermal properties, and textural properties via
X-ray diffraction, infrared spectroscopy, scanning electronic
microscopy, thermogravimetric analysis, and nitrogen adsorp-
tion-desorption. Wet precipitation technique produces in situ
mixes with different hydroxyapatite contents while the sol-gel
process ends up with ceramics contaminated by cytotoxic CaO.
Wet precipitation has been demonstrated more successful to
control in situ mixes with specific composition.

and p-tricalcium phosphate (3-TCP), p-Ca;(PO,), (Ca/P molar
ratio=1.5). Both products are frequently used because of their
biomimetism. Their chemical and structural similarity to human
bones explain good scores observed invitro and in vivo in
terms of biocompatibility and osteoconductivity (i.e. cell
colonization)."""? HA/B-TCP mixes, called biphasic calcium
phosphate (BCP, theoretical Ca/P molar ratio between 1.5 and
1.67) have gained increasing importance in the past years.”!
BCP have been studied in order to combine suitable mechan-
ical properties, from the HA component, and good kinetics of
biodegradability, from the B-TCP component. These properties
greatly depends on BCP composition (i.e. HA/B-TCP ratio)."*™'®
Biocompatibility is also influenced by BCP composition.!
Therefore, a simple and systematic synthesis process is required
to produce BCP with various HA/B-TCP ratios in a controllable
way.

Several methods have already been proposed for the
synthesis of BCP, including hydrothermal technique, flame
spray, wet precipitation, and sol-gel process.”'*'®'¥ Amongst
them, wet precipitation (WP) is the most commonly used
technique due to the simplicity of experimental operations, the
low operating temperature, and its high yield.***? However,
wet precipitation suffers from lack of reproducibility during the
synthesis process due to insufficient control of pH, temperature
or Ca/P molar ratio, resulting in differences in terms of
stoichiometry or morphology.”? On the other hand, sol-gel
process (SG) has gained great interest because of the
homogeneous molecular mixing, the low processing temper-
ature, the control of particle size, and the ability to improve the
contact and stability at the artificial/natural bone interface.”*
Moreover, this technique presents practical advantages such as
the simplicity of equipment used, the low installation cost, and

16,17]
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the flexibility to produce different solid forms (e.g. powder,
bulk amorphous monolith, thin films).**

Previous studies showed a clear mismatch between
exhibited characteristics and manufacturer specifications as
well as a lack of reproducibility between suppliers.” To tackle
this problem, calcium phosphate ceramics have already been
produced by wet precipitation and sol-gel process."*?=¥
However, our literature survey highlighted that limited informa-
tion was available regarding the effect of synthesis methods
and parameters on powder composition and porosity. Even if
the comparison between WP and SG techniques has already
been studied, these studies lacked a systematic analysis of the
synthesis parameters.®** This study focused on the influence
of the synthesis parameters on the composition of calcium
phosphate ceramics for the production of pure HA, pure 3-TCP,
and BCP. In this optic, powders were obtained from two
synthesis processes (i.e.wet precipitation and sol-gel process)
and the influence of different parameters (i.e. pH, Ca/P molar
mixing ratio, calcination temperature) on powder composition
was studied in a systematic manner. These new materials were
then characterized via X-ray diffraction (XRD), infrared spectro-
scopy (FTIR), scanning electronic microscopy (SEM), thermogra-
vimetric analysis (TGA), and nitrogen adsorption-desorption.

Results and Discussion

The aim of this study was the synthesis of several calcium
phosphate ceramics (i.e. pure HA, pure B-TCP, and BCP) for
bone reconstruction applications. In this optic, two synthesis
methods were used: wet precipitation (marked as WP) and sol-
gel process (marked as SG). Several synthesis parameters were
studied: pH (i.e. 8 or 10 for WP samples and 10 or unfixed for
SG samples), Ca/P molar mixing ratio (i.e. from 1.5 to 1.7),
calcination temperature (i.e. from 700 to 900 for WP samples
and from 600 to 1000 for SG samples). The different synthesis
conditions are presented in TableS1 in the Supporting
Information. These new materials were characterized via XRD
(i.e. composition and crystallinity), FTIR (i.e. composition), TGA
(i.e. thermal analysis), and SEM (i.e. morphology)

From a macroscopic point of view, the two synthesis
processes produce two different types of powders. On one
hand, the wet precipitation process produces white powders.
When a stoichiometric Ca/P molar mixing ratio is used, HA
precipitates from the supersaturated solution containing Ca®*
and PO,>~ ions (see Equation (1)).?"

10 Ca(NO;), + 6 (NH,),HPO, + 8 NH,OH —

1
Cayo(PO,)s(OH), + 20 NH,NO, + 6 H,0 )

When a lower Ca/P molar mixing ratio (i.e. between 1.5 and
1.67), calcium-deficient hydroxyapatite precipitates according
to the reaction presented in Equation (2).

9 Ca(NO;), + 6 (NH,),HPO, + 6 NH,OH — Cay(HPO,)

2
(PO,)s(OH) + 18 NH,NO, + 5 H,0 @
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(NH,),HPQ, is considered in the reactions because HPO,*~
is the major species present at pH 8 and pH 10.5° Ca(NO,), and
H;PO, were chosen as reagents because the byproduct
produced (i.e. NH,NO;) is easily removed or decomposed.
Furthermore, it has been shown that NH,* and NO;~ ions are
not incorporated into the HA lattice.®” As presented later (see
Equation (8)), B-TCP results from the decomposition of calcium-
deficient hydroxyapatite at high temperature.

On the other hand, the sol-gel process produces gray
powders, indicating the presence of organic compounds. This
color becomes lighter when increasing the calcination temper-
ature from 600 °C to 900°C, showing a decrease in the organic
content. At 1000°C, white powder is obtained. HA is formed
during the ageing step via the reaction presented in
Equation (3).5%

10 Ca(CH,CO0), + 20 H,0 +
6 P(OEt);(0) — 18C,HsOH + Cay,(PO,)s(OH) + (3)
20 CH,COOH

Composition and crystallinity analysis via XRD

XRD patterns of calcined powders and compositions (assessed
via Rietveld refinement) are shown in Figures 1 and 2, and
Tables 1 and 2. Regarding wet precipitation process (Figure 1),

Table 1. Composition of samples synthesized via the wet precipitation

method.

Sample HA p-TCP ao-TCP Exp. Ca/P
[wt%] [wt%] [wt%] ratio
WP_1 700 100 1.67
WP_1 800 100 1.67
WP_1 900 100 1.67
WP_2 700 89 11 1.65
WP_2 800 100 1.50
WP_2 900 100 1.50
WP_3 82 8 10 1.64
WP_4 52 48 1.58
WP_5 100 1.50
WP_6 11 89 1.52

Table 2. Composition of samples synthesized via the sol-gel method.

Sample HA CaCoO, Cao Ca(OH), Exp. Ca/P
[wt%)] [wt%)] [wt%)] [wt%] ratio
SG_1 600 67 33 2.49
SG_1 900 80 20 241
SG_1 1000 80 7 13 2.29
SG_2 18 74 8 12.29
SG_3 84 16 2.24

6635

in situ HA/TCP mixes are detected (ICDD # 00-064-0738 for HA,
# 00-055-0898 for 3-TCP, and # 04-010-4348 for a-TCP). The
composition of the BCP depends on the mixing molar ratio Ca/
P, the pH, and the calcination temperature. At pH 10, Ca/P
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Figure 1. XRD patterns of samples synthesized via wet precipitation method:
W WP_1 700, ¢ WP_1 800, A WP_1 900, x x WP_2 700, @ WP_2 800, H M
WP_2 900, ¢ WP_3 900, A A WP_4 900, x x WP_5 900, @ @ WP_6 900.
Reference XRD patterns: (A) HA (B) B-TCP (C) a-TCP.

molar mixing ratio equal to 1.7 (i.e. WP_1) produces pure HA.
On the other hand, pure B-TCP is obtained using Ca/P molar
mixing ratio equals to 1.5 (i.e. WP_5). Gradually decreasing Ca/
P ratio between 1.7 and 1.5 (i.e. WP_3 and WP_4) leads to the
formation of BCP containing a decreasing percentage of HA.
Interestingly, the use of the theoretical Ca/P molar mixing ratio
to obtain pure HA (i.e. Ca/P=1.67, WP_3) also produces a-TCP
and B-TCP. The presence of a-TCP is not a problem since this
compound is biocompatible and biodegradable.™ It is thought
that in order to produce pure HA, calcium solution should be
used in slight excess in order to compensate for experimental
losses during addition and mixing. Altering the pH during the
mixing step also affects BCP composition. Decreasing the pH
from 10 to 8 while maintaining a constant Ca/P molar mixing
ratio of 1.7 (i.e. WP_6) greatly increases the percentage of f3-
TCP in the sample. In the case of a Ca/P molar mixing ratio of
1.5 (i.e, WP_2), the pH decrease does not affect the BCP
composition compared to WP_5. The calcination temperature
also has an impact on the mix composition. It can be observed
that the HA peaks of WP_1 become narrower as the calcination
temperature increases from 700 to 900°C, indicating an
increase of the elementary crystallite size. This trend is

ChemistrySelect 2019, 4, 6634 -6641 Wiley Online Library

6636

Chemist
SELECTV

Full Papers

(F | L
® | |
(D) |
@ i

=

N

=

(2]

c

[

i L\,
T— Ub\.\_JL.JL@_WMW\M&M‘M»M.‘
- M e e ; i

20 25 30 35 40 45 50 55 60 65 70
20/°

Figure 2. XRD patterns of samples synthesized via sol gel process: ll SG_1
600, ¢ SG_1 900, A SG_1 1000, x SG_2 1000, @ SG_3 1000. Reference XRD
patterns: (A) HA (D) CaCO; (E) CaO (F) Ca(OH),.

confirmed by the crystallite size of HA calculated via Scherrer
equation: 27 nm at 700°C, 40 nm at 800°C, and 59 nm at
900 °C. Regarding WP_2, HA can be detected up to 700 °C while
only B-TCP can be observed at 800°C and 900 °C. These results
indicate that the transformation of HA to $-TCP occurs between
700 and 800°C. An advantage of this in situ synthesis is a
mixing at the crystallite scale, which is impossible to realize
with simple mixing. Indeed, reduction of the mean particle size
is not always possible. It has notably been shown that a-TCP
and PB-TCP particles, generally produced by high-temperature
solid-state reactions and milling, do not become smaller during
prolonged milling but amorphous.”®*" In situ synthesis also
prevents a possible phase separation process.

In the case of the sol-gel process (Figure 2), HA/CaCO; or
HA/CaO mixes are obtained (ICDD # 00-005-0586 for CaCO,, #
00-037-1497 for Ca0, and # 01-078-0315 for Ca(OH),). As for
wet precipitation, the mixing molar ratio Ca/P, the pH, and the
calcination temperature influence the composition of the BCP.
A high content of HA (i.e. 80-84% HA for SG_1 and SG_3) can
be produced by using a Ca/P molar mixing ratio of 1.67. On the
other hand, a Ca/P molar mixing ratio of 1.5 leads to the
formation of powder containing a small proportion of HA (i.e.
18% HA for SG_2). It can be seen from SG_3 results that
increasing the pH at the beginning of the mixing step only has
a small effect of the proportion of HA in the resulting powder.
As already mentioned, the calcination temperature influences
the nature of the phases. Indeed, CaCO; is detected in SG_1
sintered at 600°C while CaO is found in ceramic sintered at
900°C and over. CaCO; probably results from the decomposi-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion of the excess of Ca(CH;COO), and the combustion of
organic compounds such as unreacted PO(OC,H;),, products of
PO(OC,Hs); hydrolysis or remaining solvent.®**? CaCO, is then
decomposed into CaO between 600 and 900°C. CaO has been
proven cytotoxic.”**? It has been shown that CaO inhibits the
in vivo formation of bone in close proximity to the implant. This
phenomenon results from the hydration of CaO in the
physiological environment via the reaction presented in
Equation 4.

CaO + H,0 — Ca(OH), (4)

The formation of Ca(OH), leads to an elevation of the local
pH around the implant, which is detrimental to the surround-
ing cells. For this reason, CaO and Ca(OH), should be removed
before use for biomedical applications. This reaction also
explained the presence of Ca(OH), in SG_2, resulting from the
reaction of CaO with atmospheric water. It can also be
observed that the HA peaks of SG_1 become narrower as the
calcination temperature increases from 600 to 1000 °C, indicat-
ing an increase of the elementary crystallite size. This trend is
confirmed by the crystallite size of HA calculated via Scherrer
equation: 38 nm for 600°C, 80 nm at 900°C and 89 nm at
1000°C, which is larger than what can be obtained via wet
precipitation.

Composition analysis via FTIR

The corresponding FT-IR absorption spectra of the sintered
calcium phosphate powders are displayed in Figures 3 and 4.
FTIR spectra of WP samples exhibit characteristic peaks of HA
and B-TCP. The peaks corresponding to the bending of PO,>~
groups are observed at 559-561 and 598-600 cm™' for HA and
at 542-544, 571, 579, 588-590, and 600-604 cm™' for pB-
TCP.#* The stretching of PO,>~ groups is detected at 962,
1022-1024, and 1086-1088 cm™' for HA and at 970, 1013-1016,
1078, 1099, and 1115 cm™"' for B-TCP.B****% Characteristic peaks
of structural OH™ are present at 629-631 and 3578 cm™'.1"*
Confirming the XRD results regarding the effect of Ca/P molar
mixing ratio and pH on the BCP composition, HA is detected
for WP_1, WP_2 (under 700°C), WP_3, and WP_4, while 3-TCP
is present in WP_2 (above 700°C), WP_5, and WP_6. As for XRD
patterns, the calcination temperature has an impact on FTIR
spectra. It can be seen that the peak intensity of WP_1 spectra
increases with calcination temperature. For WP_2, the peak
assigned to HPO,™ (i.e. 880 cm™') was detected for BCP sintered
at 700°C, indicating the presence of calcium-deficient HA,
Cay(HPO,)(PO,)s(OH).“? This peak disappears for powder sin-
tered at higher temperature, leaving only (-TCP. This also
suggests that the transformation of HA to [B-TCP occurs
between 700 and 800 °C.

Regarding SG samples, FTIR spectra also confirm the results
obtained via XRD patterns. Characteristic peaks corresponding
to HA/CaCO; or HA/CaO mixes are detected. However, 3-TCP is
not found in the SG samples. As for WP samples, the peaks
corresponding to the bending of PO,*~ groups are observed at
565-567, 574, and 598-602 cm~'.#* The stretching of PO,*~

ChemistrySelect 2019, 4, 6634 -6641 Wiley Online Library
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Figure 3. FTIR spectra of samples synthesized via wet precipitation method:
W WP_1 700, ¢ WP_1 800, A WP_1 900, x WP_2 700, @ WP_2 800, H
WP_2 900, #¢ WP_3 900, A A WP_4 900, x x WP_5 900, @ @ WP_6 900. (a)
Full spectra (b) Focus on the fingerprint region.
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Figure 4. FTIR spectra of samples synthesized via sol gel process: ll SG_1
600, ¢ SG_1 900, A SG_1 1000, x SG_2 1000, @ SG_3 1000. (a) Full spectra
(b) Focus on the fingerprint region.

groups is detected at 962-964, 1026-1032, and 1087-
1092 cm ™' B9464749 Characteristic peaks of structural OH™ are
present at 629-633 and 3572-3578 cm~".**% CaO and Ca(OH),
are also detected via a very large band starting at 660 cm ™' and
a smaller peak at 712 cm™', which are characteristic of the
Ca—O bond.®"” The peak observed at 3642-3644 cm™' corre-
sponds to the OH bonds from Ca(OH),. Peaks corresponding to

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the CO,;>~ bending and stretching are also observed respec-
tively at 874-876cm”', and at 1408-1418cm™' and
1456 cm """ Moreover, a large band is present between 1300
and 1600 cm™". This band is attributed to the CO,>" stretching.
This band varies depending on the calcination temperature (i. e.
SG_1 600, SG_1 900, and SG_1 1000). At 600°C, the high
intensity of this band indicates the presence of CaCO; and
organic compounds. These organic compounds are responsible
for the gray color of the powder. At 900 °C, the intensity of this
band greatly decreases, showing a decrease of the organic
content. The gray color of the powder also becomes less
intense. The intensity increase of the peak at 874-876 cm™' and
the band at 1300-1600 cm™' observed at 1000°C are probably
due to the presence of B-type carbonate hydroxyapatite (B-
cHA), Ca,o(PO,)sx(CO;)(OH),, in which some of the PO, ions
are substituted by CO,* ions.P**? Peaks with different
intensities corresponding to carbonate hydroxyapatite are also
present in SG_2 and SG_3. The variation of peak intensity
between samples indicates that the quantity of B-cHA in each
sample is different. The identification of this phase via XRD is
impaired because of the superposition of the peaks corre-
sponding the (112) peaks of B-cHA and HA®¥ Moreover,
incomplete crystallization of B-cHA reduces the possibility to
detect this phase.

Thermal analysis via TGA
Figure 5 illustrates the results of the thermal analysis of WP_1,

WP_2, and SG_1. Regarding WP_1 and WP_2, the weight loss

100 1

Evolution of weight/ %

0 100 200 300 400 500 600 700 800
T/°C

Figure 5. Thermal analysis of ll SG_1, A WP_1, @ WP_2.

between 20 and 150°C (i.e. 4.5 and 4.8% respectively) can be
assigned to dehydration. Between 150 and 285°C, a sharp
weight loss (ie. 21.1 and 19.9% for WP_1 and WP_2
respectively) can be observed due to ammonium nitrate
decomposition via the endothermic reaction presented in
Equation (5)

ChemistrySelect 2019, 4, 6634 -6641 Wiley Online Library
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NH,NO; = HNO; + NH; (around 170°C) (5)

and then via the exothermic reactions presented in Equation (6)
and (7)_[53—55]

NH,NO; — N,O + 2 H,0

6
(between 170 and 230°C) (6)

NH,NO, — 3/4N, + 1/2 NO, +

2 H,0 (above 230°C) 7)

The theoretical proportion of NH,;NO; in the dry sample is
about 40 wt%. It can thus be seen that a large part of this
compound is evacuated in the supernatant during the
centrifugation. Moreover, NH,NO; is decomposed at low
temperature. Both reasons justified why a washing step can be
avoided. The transformation of calcium-deficient HA to 3-TCP is
detected on WP_2 curve via a slight weight loss (i.e. 0.6%)
between 740 and 785 °C. Based on the previous XRD and FTIR
results, we can deduce that this transformation occurs through
the decomposition of calcium-deficient hydroxyapatite via the
reaction presented in Equation (8).°°®

Ca,(HPO,)(PO,)s(OH) —

3 B-Cas(PO,), + H,0 ®)

The total weight loss for WP_1 and WP_2 at 800°C is 28.4
and 27.6 respectively.

Regarding SG_1, a greater weight loss is observed (i.e.
57.9%). The weight loss between 20 and 350°C (i.e. 38.9%) is
attributed to loss of volatile substance, such as hydrates,
remaining of solvent, and products of triethylphosphate
hydrolysis.*? Between 350 and 450°C, the weight loss (i.e.
11.4%) is due to the evolution of the decomposition of calcium
acetate into calcium carbonate via the reaction presented in
Equation (9).5**

Ca(CH;CO0), + 40, —
9
CaCO; + 3CO, + 3H,0 ©)
The decomposition of CaCO; into Ca0 is detected between
620 and 750°C (i.e. weight loss of 6.1%).°°°® The trans-
formation follows the reaction presented in Equation (10).

CaCO; — Ca0 + CO, (10)

Textural properties analysis via SEM and nitrogen
adsorption-desorption

Figures 6 and 7 display the morphology of calcium phosphate
powders. Prepared calcium phosphate ceramics present differ-
ent morphologies depending on the synthesis method, the pH,
and the Ca/P molar mixing ratio used. Regarding WP samples,
it can be observed that the presence of TCP (i.e. in WP_2, WP_
4, and WP_6) leads to the formation of cylindrical or spherical

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Morphology (SEM analysis) of samples synthesized via wet
precipitation: (a) WP_1 900, (b) WP_2 900, (c) WP_4 900, (d-e) WP_6 900.
Representative particle shapes are encircled.

Figure 7. Morphology (SEM analysis) of samples synthesized via sol-gel
process: (a) SG_1 1000, (b) SG_2 1000, (c) SG_3 1000.

grains with a size depending on the synthesis conditions. Pure
B-TCP (i.e. WP_2) forms large spherical particles in the range of
450-650 nm. The presence of HA reduces the grain size. In the
case of WP_4 (i.e. Ca/P molar ratio=1.6), grains form smaller
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Figure 8. Nitrogen adsorption-desorption isotherms of WP_1: ll WP_1 dry, ¢
WP_1 700, A WP_1 800, x WP_1 900

aggregates in the range of 350-450 nm. In the case of WP_6
(i.e. pH 10), rod-like particles with a diameter in the range of
170-220 nm and a length between 400 and 450 nm can be
observed. The pH decrease is also probably responsible of this
change in shape. On the other hand, in the presence of pure
HA (i.e. WP_1), large plates are formed. On these plates, small
aggregates in the range of 130-200 nm can be seen. These
results are in agreement with results of the literature.”*”

As can be seen in Figure 7, the sol-gel synthesis gives rise
to larger particles. As for WP samples, the synthesis parameters
influence the ceramic morphology. In the case of sample
containing HA in large amount (i.e. SG_1 and SG_3), large
plates in the range of 1-1.4 pm are present which is similar to
what can be observed for pure HA. On the other hand, the
presence of large amount of CaO (ie. SG_2) impairs the
formation of these large plates. In this case, grains agglomer-
ates to form particles between 750 and 1000 nm.

The nitrogen adsorption-desorption isotherms are depicted
in Figure 8 for WP_1 and Figure 9 for WP_2. Isotherms of

Table 3. Surface Area (Sg:;) of samples synthesized via the wet precipitation
method (in m? g7').

Sample Dry 700°C 800°C 900°C
WP_1 30 35 20 10
WP_2 30 20 5 <5
WP_3 / / / 10
WP_4 / / / 10
WP_5 / / / <5
WP_6 / / / <5

6639

samples composed of BCP (i.e. WP_3, WP_4, WP_5, and WP_6)
present a shape between these two extremes. Surface area of
WP samples are given in Table 3. The porosity analysis was

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Nitrogen adsorption-desorption isotherms of WP_2: ll WP_2 dry, ¢
WP_2 700, A WP_2 800, x WP_2 900

focused on the samples composed of HA, TCP, or BCP, which
are the main interest of this present study. Indeed, SG samples
present a large proportion of cytotoxic CaO, which are harmful
for the cells.

The evolution of porosity with the calcination temperature
can be seen on WP_1 and WP_2. Regarding WP_1, a mixture of
type Il and IV isotherms according to the BDDT classification
can be observed.®? They are characterized by a quick increase
of the adsorbed volume at high pressure like in type Il isotherm
(corresponding to macroporous solid) and by the presence of a
hysteresis (type 1V, mesoporous solid). The increase of the
surface area after calcination at 700°C can be explained by the
degradation of NH,NO; present in the HA matrix (as could be
seen in Figure 5), which creates more porosity. Sintering then
occurs, which leads to a reduction of the surface area and an
increase in the mesoporous pore size (shift of the hysteresis
towards higher pressure). At 900°C, the surface area becomes
low and the solid becomes almost exclusively macroporous.
The influence of the calcination temperature on the micro-
porosity of calcium phosphate ceramics are consistent with
results present in the literature."**® Regarding WP_2 samples,
comparable observation can be realized. WP_2 dried and WP_2
700 present a mixture of type Il and IV isotherms according to
the BDDT classification.” The decrease in surface area between
these samples can be explained by the presence of 3-TCP that
is hardly porous.®® After 800°C, the conversion of calcium-
deficient HA to (3-TCP reduces the porosity. WP_3 and WP_4
present a remaining porosity comparable to the one of WP_1
after calcination at 900°C because of the presence of a large
proportion of HA. On the other hand, WP_5 and WP_6 present
a very low remaining porosity like WP_1 because of the large
proportion of B-TCP in their composition.
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Conclusions

In conclusion, pure HA, pure 3-TCP, and in situ HA/B-TCP mixes
were prepared according to two synthesis processes in order to
tune precisely the mechanical properties and the biodegrada-
tion rate of ceramic scaffolds. Regarding wet precipitation,
results indicate that in situ mixes of HA/TCP with different HA
content can be obtained. The composition depends on the Ca/
P molar mixing ratio, the pH, and the calcination temperature.
pH equal to 10 and Ca/P molar mixing ratio close to 1.7 tends
to produce pure HA while lower pH value (i.e. 8) combined
with Ca/P molar mixing ratio close to 1.5 give rise to pure f3-
TCP. By tuning pH values and Ca/P molar ratio between both
extremes, in situ HA/B-TCP mixes with different HA content can
be obtained. From a practical point of view, this technique is
very promising in producing in situ HA/TCP mixes with specific
composition for bone reconstruction applications.

Regarding the sol-gel process, HA/CaCO; or HA/CaO are
produced, depending on the calcination temperature. 3-TCP
could not be produced using this method. As for wet
precipitation samples, the Ca/P molar mixing ratio, the pH, and
the calcination temperature greatly influence ceramic composi-
tion. A large amount of HA is obtained with a Ca/P molar
mixing ratio of 1.67 while CaO is mainly formed when the Ca/P
molar mixing ratio is reduced to 1.5. Because of their
cytotoxicity, CaO and Ca(OH), should be eliminated before
being used for biomedical applications. Moreover, results
indicate the presence of B-type carbonated hydroxyapatite.

Supplementary Information Summary

Supporting information contains the experimental section.
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