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Carbonates-containing hydroxyapatites with different Ca/P ratios and optionally containing Na" cations
were successfully synthesized using a precipitation method. The solids were extensively characterized by
XRD, LEIS, XPS, IR, TGA and NMR. Further, their acid-base properties were determined by NH;-TPD,
PEA-XPS, CO,-TPD and by pulsed liquid chromatography using benzoic acid as a probe. The so-
obtained structural, textural and acid-base properties could be finely correlated to give a clear picture of
the system. Acid properties of hydroxyapatites were attributed to Ca*", surface HPO,> and OH" vacancies
and the basic properties were attributed to PO,>, OH™ and CaO species. The fine-tuning of the amount, of
the nature and the strength of acid-base properties derived by varying the carbonate content in
hydroxyapatites can find applications in catalysis, which was illustrated by isopropanol reactivity.

1 Introduction

Natural  hydroxyapatite ~ (HAP), with the  formula
Ca;o(PO,)s(OH),, is the most stable calcium phosphate salt, and
is the main inorganic constituent of biological hard tissues in
animal organisms. It can be synthesized at various temperatures,
typically below 373K, and at a pH between 4 and 12. It drives a
considerable interest in medical applications, in chromatography,
as a fertilizer, in the pharmaceutical industry, and in the field of
catalysis."** HAP contains both acid and basic sites in a single
crystal lattice™®, and can thus be applied to reactions requiring
bifunctional solid catalysts containing both antagonist
functionalities, such as the Guerbet reaction®, the Michael
addition, the Knoevenagel condensation’, the Claisen-Schmidt
condensation or the Friedel-Crafts reaction.® The aforementioned
native HAP authorizes large variations in compositions, and, as a
general matter, the so-called ‘HAPs’ are highly non
stoichiometric solids with the general formula ‘Ca;q,(POy)s.
«{(HPO,).(OH),.,’, with 0<x<1. This yields a family of
compounds with very different properties, from more acidic
solids in the case of deficient HAPs (x > 0) to solids more and
more basic when approaching the stoichiometry of the native
HAP (x = 0), this latter being, therefore, predominantly basic.>*'°
The Ca/P ratio is commonly used as an index of their non-
stoichiometry (the stoichiometric ratio being 1.67) and of their
acid-base behaviour. It is well known that HAPs act as solid acid
catalysts when Ca/P =~ 1.50, and develop both the acid and the
basic characters when the Ca/P ratio is between 1.50 and 1.67.'"

4s ' In addition to varying the Ca/P ratio, the surface acid-base
properties of the HAPs can also be tuned by replacing Ca®* ions
by vacancies or cations such as Sr*', Mg*, Na', K', etc.
Substitution of OH™ anions by vacancies, F~, CI, CO,* and/or
PO,> anions by CO;*, HPO,”, VO, etc..., are other
so possibilities. The structure of HAP comprises three-dimensional
networks of hexagonally packed tetrahedral PO,> ions. These
ions make a first channel around Ca*" ions [Ca (I)] with a
diameter of 2.5 A."*!7 A second channel with a diameter of 3.5 A,
bordered by triangular Ca®>* ions [Ca (IT)], hosts the OH™ species
ss along the c-axis.'® The structure is flexible to both cationic and
anionic substitutions, which yields the aforementioned possibility
of modulating the number of acid-base sites in the HAP crystal.
Cations can substitute either Ca (I) or Ca (II) ions or both ions
simultaneously, and anions can replace either OH™ or PO,> ions
60 or both."' The general formula for carboapatites, in which CO;*
ions can be located in two different positions, is Ca;o[(PO,)s..
W(HPOL)(CO;3),][(OH)1.(++,)(CO3),,], considering that the charge
loss due to the PO, substitution (B-type substitution) is
counterbalanced by addition of CO5> in the OH sites (A-sites).'’
os If some defects arise due to the formation of vacancies or related
substitution of Ca by Na, charge will be compensated by less
carbonates in A-sites.
Different substitutions not only result in a variation in the
balance between the acidic and the basic nature of the solid HAPs
70 surface, but may also change their morphology. Some studies
have reported a correlation between the exposure to the surface of
HAPs specific components such as Ca>" and PO,* groups, with
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the type of crystallite growth.>'**! However, their conclusions
are contradictory and a deeper understanding effort is then
required. In the present work, using X-ray diffraction (XRD) &
Rietveld refinement as well as TGA, we precisely determined the
crystallite nature and the global formula of HAPs prepared with
varying the Ca/P ratio (or the carbonate content). The types of
carbonate substitution were determined by IR spectroscopy. The
presence of orthophosphate and of HPO,> groups in the HAPs
was qualitatively evaluated with the help of CP MAS-NMR and
2D-HETCOR NMR spectroscopy. Further, X-Ray Photoelectron
Spectroscopy (XPS) complemented by Low Energy Ion
Scattering (LEIS) was used to precisely determine the surface
composition of the solids, in order to enable identification of any
potential correlation with the crystallites growth/morphology.
The total numbers of acid and of basic sites in the HAPs was
determined by Thermo-Programmed Desorption of NH; (TPD-
NH;) and of CO, (TPD-CO,), respectively. We also determined
the distribution of the nature of the surface acid sites (Lewis &
Brensted) by XPS after adsorption of 2- phenylethylamine (PEA)
used as a probe molecule.”? Pulse liquid chromatographic
technique® using benzoic acid as a probe molecule was further
used to determine the amount and strength of basic sites in the
hydroxyapatites directly in the liquid phase. The surface acid-
base reactivity was further evaluated using isopropanol reactivity
as a test model reaction.

2 Experimental
2.1 Materials

Reagent grade chemicals such as calcium nitrate tetrahydrate,
Ca(NO;),.4H,0 (>99.0%), ammonium dihydrogen phosphate,
(NH4)H,PO4 (>98.0%), sodium nitrate, NaNO; (99.0%), and
sodium carbonate, Na,CO; (= 99.0%) (Sigma Aldrich) were used
as starting materials.

2.2 Samples preparation

All the solids were synthesized by a precipitation method
reported elsewhere.?* Deficient and stoichiometric HAPs were
prepared by fixing the Ca/P molar ratios of the synthesis solutions
at 0.9 and 1.67, respectively. Two carbonated apatites with and
without sodium were synthesized by moderately increasing the
(Ca+ Na)/P ratio of the solutions from the stoichiometric value
of 1.67 to 2, with a Ca/Na molar ratio of 5.7 for the Na-
containing solid. Finally, two carbonate-rich apatites with and
without sodium were synthesized by increasing the (Ca + Na)/P
ratio of the solutions from the stoichiometric value of 1.67 to 5.5
with a Ca/Na molar ratio of 5 for the Na-containing solid. The
detailed preparation procedures of these samples are given below.
A stoichiometric hydroxyapatite (Hap) was synthesized by
adding dropwise 300 mL of an aqueous solution containing
0.167 mol of Ca(NO3),.4H,O to 1000 mL of a 0.1 mol of
(NH4)H,PO, solution placed under stirring at 353 K. The pH
during synthesis was maintained at 10 by properly adding a 25%
NH4OH solution. The formed precipitate was slowly filtered,
washed with hot water, and dried at 353 K before being calcined
for 4 h under oxygen at 673 K (2 K.min™"). Lowering the calcium
quantity in the solution from 0.167 mol to 0.09 mol resulted in
ss the formation of a calcium deficient hydroxyapatite (HapD).
For carbonated hydroxyapatite with Ca/P >1.67, CO, was
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naturally introduced from the atmosphere as CO5> anions, which
were incorporated to compensate the charge due to excess
calcium cations in the apatite solids. In this respect, the
carbonated apatite (Hap-COs) was prepared by using a Ca/P
molar ratio of 2 in the precursor solutions instead of the
stoichiometric value of 1.67. The same procedure was used to
synthesize a sodium-containing carbonate apatite (HapNa-CO;)
prepared with a Ca/Na molar ratio of 5.7, keeping a
(Ca+ Na) /P molar ratio of 2.

A carbonate-rich hydroxyapatite was synthesized by adding
dropwise an aqueous solution of 0.1 mol of (NH4)H,PO, (0.1 M)
to a 300 mL solution containing 0.55 mol of calcium nitrate
placed under stirring at 353 K. The higher Ca/P molar ratio of 5.5
compared to the stoichiometric value of 1.67 allowed us to
introduce a higher quantity of carbonate ions in the synthesized
hydroxyapatite. The corresponding solid was denoted as
HapE-CO;, which is thus a sodium-free carbonate-rich apatite.
Even more carbonate ions and sodium ions were also introduced
in a last sample, using sodium carbonate (5.83 g) dissolved in
1000 mL of an ammonium hydrogen phosphate solution (0.1 M).
The Ca/Na molar ratio of the solution was fixed at 5. In that case,
the resulting solid was a sodium-containing carbonate-rich apatite
denoted as HapE-Na-COs.

2.3 Characterization methods

The chemical composition of the samples was determined at the
‘Service Central d’Analyses du CNRS’ (Vernaison, France) using
Inductively Coupled Plasma Mass Spectrometry ICP-MS. Before
ICP-MS chemical analyses, the samples were dissolved in acidic
media.

The specific surface areas were determined using a
conventional multi point BET Nitrogen adsorption method using
a Micrometrics Tristar II apparatus. Prior to nitrogen adsorption,
the samples were outgassed for 4 h at 423 K under nitrogen flow.

Thermo gravimetric analysis (TGA) was performed using a
Thermal Analysis instrument (TG92 Setaram) connected with a
mass spectrometer (Omnistar), on 15 mg of sample. The weight
loss was recorded under synthetic air, at a heating rate of
10 K.min™' from room temperature to 1273 K.

Routine powder X-Ray diffractograms were recorded at room
temperature (RT) using a Bruker AXS D8 Advance
diffractometer working in a Bragg-Brentano geometry and
equipped with a LynxEye Super Speed detector. Data were
collected using the CuKa;, line in the 10-90° 26 range with a
0.02° 26 step. The Fullprof Suite program was used for Rietveld
refinement”®> The Thompson-Cox-Hastings pseudo-Voigt
function was chosen for describing the peak profiles. LaBs was
used as a standard to derive the instrument resolution.?® Here, an
anisotropic size-broadening model based on linear combination
of spherical harmonics was used to simulate the size broadening,
and 6 additional parameters were refined. From this refinement,
individual size was derived for each crystallographic plane.

Temperature-programmed XRD was also carried out on a
Bruker AXS D8 advanced apparatus equipped with an Anton
Paar HTK1200N high temperature chamber, and connected to a
VANTEC fast linear detector, which enables short acquisition
time. Each sample was deposited on a Pt sheet. The experiments
were performed by increasing the temperature from 323 K to
1273 K, while acquiring a diffractogram every 25 K. The data
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acquisition parameters correspond to an angular range of 10°-70°
with a step of 0.015° and an acquisition time of 0.22 s per step.

The morphology of the catalysts was observed using Scanning
Electron Microscopy images recorded on a Hitachi S-4700
apparatus with a 50 k magnification.

Transmission infrared (IR) spectra were recorded from
400 cm™ to 4000 cm™ at room temperature under vacuum in a
Nicolet 460 Fourier transform infrared spectrometer. The samples
were prepared by intimately mixing 1 mg of powdered sample
with 150 mg of dried KBr.

All the 1D and 2D MAS-NMR (CP HETCOR) spectra were
recorded at room temperature using a Bruker Advance
spectrometer working at a 'H Larmor frequency of 400 MHz
(9.4 T). The resonance frequency of *'P was then 161.9 MHz. A
Bruker 4 mm CP MAS probe was used to perform all the
experiments at a spinning speed of 10 kHz. The chemical shifts
were determined using tetramethylsilane (TMS) (0 ppm) and
H;PO, (6=0ppm) as reference compounds, for 'H and *'P
spectra, respectively.

The surface Ca/P ratio and the CO;* content of the HAPs were
determined from the areas of the Ca2p, P2p and Cls
photopeaks recorded using XPS on a Kratos Axis UltraP™P
spectrometer. Photoelectrons generated by a monochromatic Al-
Ka X-ray radiation source operating at 150 W (15 kV, 10 mA)
having initial kinetic energies of up to 1486.7 eV ensured an
average depth for electron escape of ~ 1-10 nm. High-resolution
scans were acquired with 40 eV pass energy and 300 ms dwell
times. All the resulting binding energy values were corrected
using the C 1s peak (C-C) fixed at 285 eV as a reference.

LEIS spectra were recorded using a Qtac'® spectrometer (ION
TOF Gmbh). The spectra were obtained using a 3 keV ‘He"
beam. Assuming a sputter yield of 0.1 atoms per He-ion under a
4 nA target current, the total dose density was less than 3.0 x 10"
atoms per cm®.

The density of acid sites in the samples was determined by
TPD-NH; using a Micrometrics apparatus equipped with a mass
spectrometer. 150 mg of sample were purged for 30 min in a He
flow of 40 mL.min"" at 673 K before being naturally cooled to
room temperature. The sample was then contacted with a 10%
NH,/He atmosphere during 30 min in a 30 mL.min™" flow before
being further purged for 2h at room temperature under a
50 mL.min"' He flow. After purging, the temperature was raised
at a rate of 10 K.min" to 873 Kin a 30 mL.min"' He flow. The
quantity of desorbed NH; was determined by mass spectrometry
using the peak with M/Z = 15.

The density in basic sites was similarly evaluated using TPD-
CO, with 5% CO,/He on the same micrometrics apparatus under
the same conditions as those employed for TPD-NH;. The
quantity of basic sites was determined by mass spectrometry
using the peak located at M/Z = 44.

The nature of the medium-strong acid sites was then
determined by PEA-XPS analysis, using the adsorption of PEA as
a probe molecule before XPS measurement.> Prior to the
adsorption, the calcined samples were outgassed at 523 K for 4 h
under Ar flow. The cleaned powder was then transferred to a
glass cell connected with vacuum/gas lines, and liquid PEA
(purity > 99%, purchased from Fluka) was introduced in the cell
to cover up the powder during 2 h under an Ar flow. Then, the
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excess of non-adsorbed PEA was removed by filtration using
primary vacuum in the presence of an Ar flow. The sample was
then directly transferred to the chamber of the spectrometer for
analysis. PEA is a strong base that can be retained by weak,
medium, and strong acid sites over solid surfaces. Note that XPS
measurements of PEA provide information only on the strong and
medium acid sites and not on the weakest sites, which cannot
hold this probe under the ultra-high vacuum conditions of the
analyses, this latter being desorbed under such harsh conditions.?

A pulsed liquid chromatographic technique® was further used
for the determination, directly in a liquid phase, of the amount of
the surface basic sites using benzoic acid adsorption. All the
experiments were conducted using a liquid chromatography
(HPLC) connected to a Waters model 510 pump, a Rheodyne
7725 injector and a Waters model 2487 UV detector coupled to a
personal computer for the collection and data processing. The
sample was placed in a sample holder, under the form of a small
stainless steel tube (i.d.=2 mm, length=12cm) placed in
replacement of the chromatographic column in the HPLC. Prior
to analysis, the sample was placed at the centre of the sample
holder tube, supported by silica wool and acid-washed sea sand
(Fluka), which are totally inert towards the adsorption of the
benzoic acid probe. For each experiment, a weighted amount of
fresh sample was outgassed in a furnace for 16 h at 623 K under
air flow (8 mL.min™"), and then the cell was evacuated under
vacuum before being filled with cyclohexane as an apolar-aprotic
solvent. The linearity of the chromatographic response as a
function of the benzoic acid concentration in cyclohexane was
checked by injecting known concentrations of benzoic acid
solutions. In each adsorption test, pulses consisting of 20 pl
benzoic acid solution of a known concentration of 0.05 mol.L™!
were passed through the sample at a constant cyclohexane flow
rate (0.5 mL.min™"). The unabsorbed amount of benzoic acid after
each pulse was recorded until the sample saturation (total
recovery of the benzoic acid in the injected pulse and completion
of the first cycle). If a 1:1 adsorption stoichiometry is assumed in
this cycle, the total number of basic sites corresponds to the total
amount of benzoic acid adsorbed on the sample. In the second
cycle, the sample was purged with cyclohexane (0.05 mol.L™") to
remove the weakly adsorbed benzoic acid molecules on the solid
surface. Finally, a third benzoic acid adsorption cycle similar to
the first cycle was performed which determines the amount of
benzoic acid molecules removed during the purge and therefore
the weak basic sites. The amount of strong basic sites is thus
calculated by the difference between the total amount of basic
sites (titrated in the first cycle) and the amount of weak basic sites
obtained in the third cycle.

Acid-base properties of all the solids were finally evaluated
using a test catalytic reaction, namely the isopropanol conversion,
which gives propylene (and also small amounts of di-
isopropylether, which was detected over some samples), over
acid sites and acetone over basic sites. The selectivity of the
samples was compared at 20% iso-conversion of isopropanol,
which was adjusted by properly setting the reaction temperature
(typically between 548 K and 623 K). The reaction was carried
out in a glass flow reactor working at atmospheric pressure. The
solid was ground and sieved to a particle size in the 80-100 um
range. This powdered and sieved material (100 mg) was then
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mixed with an equal quantity of carborundum (120 pm) and used
as a catalyst bed followed by another layer of 500 mg
carborundum to ensure thermal homogeneity and smooth heat
transfer inside the reactor. The reactant feed containing 2 mol%
s of isopropanol was obtained by bubbling He (25 mL.min™")
through liquid isopropanol placed in a saturator maintained at
283 K. The reaction products were analysed on-line using a gas
chromatograph equipped with a HP-INNOWax column (/ =30 m,
i.d.=0.25 mm, film thickness = 0.50 pm) and a flame ionization
10 detector.

3 Results and discussion

3.1 Bulk composition of the solids

3.5

3 E

2.5 1

C (Wt %)

0 T T T T
1.5 1.7 1.9 2.1 2.3
Ca/P ratio

2.5

Fig. 1 Carbon content as a function of the bulk Ca/P ratio of the solids
15 (circles representing HapD and Hap, squares for carbonated apatites,
namely Hap-COj; and HapNa-CO3, and triangles for carbonate-rich
apatites, namely HapE-CO; and HapE-Na-COj3).

It is known that the Ca/P atomic ratios obtained by chemical

20 analysis of the final solids differ from those of the solutions used
during their synthesis.””*® The Ca/P atomic ratios of all the
prepared samples (Table 1) were indeed lower than the Ca/P
molar ratios in the preparation solutions, except for the deficient
and the stoichiometric apatites, namely HapD and Hap. Indeed,

25 for HapD and Hap, the Ca/P atomic ratios in the solid were 1.62
and 1.69, respectively, compared with 0.9 and 1.67 fixed during
their synthesis. The chemical compositions of the solids further
show that an increase in the Ca/P ratio was accompanied with a
linear increase in the carbon content (Figure 1), which can most

30 probably be attributed to the introduction of carbon under the
form of carbonate ions in the apatite structure, in substitution to
phosphate ions (vide supra).

3.2 Specific surface areas

The specific surface areas of all the calcined solids were larger
3s than 100 m>.g”', except for the carbonates-rich apatites, namely

HapE-CO; and HapE-Na-CO;, with 76 and 72m’g’,

respectively (Table 1). Hence, this underlines that this preparation

method carried out in open atmosphere can provide apatites with

high surface areas, which however decreased a little bit when
w0 introducing CO5” ions in the case of carbonate-rich solids.

Table 1 Chemical composition and specific surface area of the prepared solids calcined at 673 K.

Type of solid Name (Ca + Na)/P molar Ca/P atomic Ca P Na Sufg ecc;t;:ea
P ratio in solutions  ratio (ICP) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (m’.g’)
Deficient HapD 0.9 1.62 37.06 17.69 - 0.18 124
Stoichiometric Hap 1.67 1.69 38.45 17.54 - 0.40 114
Carbonated Hap-CO; 2.0 1.70 38.10 17.29 - 0.59 107
Carbonated HapNa-CO; 2.0 1.72 38.17 17.14 0.64 0.67 109
Carbonate-rich HapE-COs 55 1.90 37.03 15.04 - 1.30 76
Carbonate-rich HapE-Na-CO; 6.6 2.39 39.47 12.75 <0.3 2.95 72
45 3.3 Structure of the solids o
3.3.1 Crystallographic structure
S A ) )
o o
T

HapE-Na-CO3

10 20 30 40 50 60
20(°)

Fig.2 XRD patterns of the calcined solids.
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All the X-ray diffraction patterns suggested the exclusive
presence of the crystalline hydroxyapatite phase (JCPDS 01-084-
1998) with small differences in Bragg peak positions (Figure 2).%
A small shift of the (3 0 0) Bragg peak towards higher 26 values
associated to a better crystallinity was observed when the
carbonate content increased from HapD (26=32.8°) to HapE-
Na-CO; (20=33.4°).

The apatite structure was refined in the p6;/m space group,
using the structure model proposed by Hughes ez al.*’ The atomic
positions of all the atoms were refined. To take into account the
thermal vibrations, an overall parameter was used for all the
crystallographic sites. For all the samples, the XRD pattern

15

20

25

showed a thinner Full Width at Half Maximum (FWHM) for the
(0 0 2) reflection compared to the FWHM of the other reflections
(see insert in Figure 2 and Figure S17), indicating the presence of
anisotropic crystallites. Therefore, an anisotropic size-broadening
model based on linear combination of spherical harmonics was
used to simulate the size broadening®, taking into account the
instrument resolution from a LaBg pattern. From this model, the
crystallites shape was deduced. For Hap and HapE-Na-CO; taken
as examples, a good agreement was obtained between the
calculated and the experimental data in all the solids (Figure
S27). All the results are summarized in Table 2.

Table 2 Cell Parameters, phosphorus occupancy and crystallite size determined using Rietveld refinement.

Phosphorus site

(Ca + Na)/P

Crystallite size (nm) corresponding Length/ thickness

Solids Cell Parameters occupancy (%) [ICP] to crystallographic plane ratio
a(A) c(A) (100) 001 001)Y/(100)

HapD 9.4210(6) 6.8853(4) 97.0(4) 1['17%(25]) 7 22 32
Hap 9.4103(5) 6.8871(4) 94.6(4) 1['172(92]) 8 26 32
Hap-CO; 9.4142(5) 6.8876(4) 93.8(4) 1['17‘;%2]) 9 30 33
HapNa-CO;" 9.4106(6) 6.8909(4) 93.8(4) 1[‘17. 2;(72]) 10 36 3.6
HapE-CO; 9.3742(5) 6.8891(4) 89.4(4) 1['18;%2]) 23 55 2.4
HapE-Na-CO; 9.3111(8) 6.8982(6) 78.6(4) 2[213)(92]) 23 41 1.8

* Na occupancy was refined in the case of HapNa-CO;s (see text).

N.B. Standard deviation for unit cell parameters, phosphorous occupancy and (Ca + Na)/P ratio are given in brackets by taking into account the Berar

factor.”!

As expected, a decrease in the a values with increasing the
carbonate content from 9.4210(4) A in HapD to 9.3112(2) A in
HapE-Na-CO; was observed except for Hap, which showed a
lower a value compared to Hap-CO;. This observation is in good
agreement with the partial substitution of phosphate groups by
carbonate ions, as previously reported.*** In contrast, an
increase in the carbonate content led almost to no evolution of the
¢ value, which corresponds to the stacking direction of the apatite
structure. Only a slight increase in the ¢ value was observed for
the sodium-containing samples (HapNa-CO; & HapE-Na-COs),
as already reported for sodium-substituted apatites compared to
pure Hap.**%

While structure models have been proposed for carbonate-
containing apatites®, because of the too low X-Ray scattering
length of carbon atoms, it was not possible here to refine the
carbonate positions. However, we could confirm the partial
substitution of phosphate groups by refining the occupancy of
phosphorous sites, thereby indirectly determining the occupancy
of carbonates from the vacancies in the phosphorous sites. The
phosphorous vacancies were then refined for all the compositions
(Table 2). As expected, the refinements led to the lowest
phosphorous occupancies of 89.4(4)% and 78.6(4)%, respectively
in the carbonate-rich HapE-CO; and HapE-Na-CO; samples,
compared to the other apatites. This reveals the presence of
higher amounts of carbonates in the phosphorous sites of
carbonate-rich apatites, which is in good agreement with the
introduction of carbonates in the P sites (B-type apatite sites). It
was not possible to refine the Na occupancy in the calcium site of
HapE-Na-COs;, in good agreement with the low sodium amount

60

-
S

85

observed by ICP. In the case of HapNa-COs;, introduction of
sodium in the Ca (I) site led to a small occupancy corresponding
to 0.18(9) Na for 9.82 calcium atoms in the apatite, in rather good
agreement with the sodium amount measured by ICP
(0.28 wt.%). Moreover, introduction of Na in the Ca (II) sites led
to a negative occupancy, indicating a preference of Na for the Ca
(D) sites, and, therefore, in the refinement, sodium was introduced
only in the Ca (I) sites. For the deficient apatite (HapD),
refinement of calcium sites occupancies led to unrealistic values,
which were higher than ‘1°. Therefore, the calcium occupancy
was fixed to 1, and it was thus not possible to confirm the
calcium deficiency only using X-ray diffraction. Moreover, for
this composition, a phosphorous occupancy of 97.0(4)% was
obtained, suggesting the presence of a small amount of
carbonates in the B sites.

Figure S3’f‘ shows that the (Ca + Na)/P ratio refined from XRD
data increased linearly with the same ratio determined by ICP.
However, the XRD-deduced ratios exhibited a slight deviation
from the so-to-speak ideal ICP ratio, especially for HapE-Na-COj;
with higher Ca+Na/P ratio compared to the other apatites. In
terms of phosphorous site occupancy, this makes a difference of
10% with 79% (ICP) to be compared to 69% (XRD). This
deviation can be explained by the limited accuracy on the
phosphorus occupancy from XRD data, since the overall
parameter was used in refinement for all the crystallographic
sites, and the thermal vibrations and occupancies in such
refinement are strongly correlated.

3.3.2 Crystallites and grain shape

This journal is © The Royal Society of Chemistry 2014
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As aforementioned, an anisotropic size-broadening model was
used to deduce the crystallites size. As shown in table 2, the
s crystallite size along the (1 0 0) and (0 0 1) planes, determined by
Rietveld refinement, indicated that the crystal growth increased
with an increase in the Ca/P ratio or carbonate content (Table 2),
these parameters being correlated. The crystallite size was much
higher for carbonate-rich HapE-CO; (23 nm & 55 nm) and HapE-
10 Na-CO; (23 nm & 41 nm) when compared to stoichiometric Hap
(8 nm & 26 nm) (Table 2). The length/thickness ratios of Hap and
HapD were identical (3.2), and slightly higher for Hap-COs3 (3.3)
and HapNa-CO; (3.6), which contains just a few carbonates,
suggesting similar elongated crystallite shapes. In contrast, a

15 lower length/thickness ratio was observed for the apatites richer
in carbonates (2.4 & 1.8), thus indicating that the crystallites
became more spherical for carbonate-rich apatites (Table 2).

To verify whether the crystallite shapes obtained by Rietveld
refinement have an influence on the grain shape, Scanning

20 Electron Microscopy pictures were taken. The anisotropy
observed by XRD was then confirmed by SEM (Figure 3).
Irregularly shaped agglomerates were observed for stoichiometric
(Hap) and deficient apatites (HapD), while flat needle/rod-shaped
clusters were observed for the carbonated apatites Hap-COs and

s HapNa-CO;. The pictures also revealed capsule and spherically
shaped grains for HapE-CO; and HapE-Na-CO;, respectively. In

This journal is © The Royal Society of Chemistry 2014
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all the cases, the grain shapes were thus in good agreement with
the crystallite shape determined by refinement from XRD
diffractograms. However, using SEM, bigger particles with
length in the order of 100 um were observed, indicating
s agglomerated poly-crystallite grains.

3.3.3 Amount and type of carbonates substitution
3.3.3.1 Thermal stability and carbonate content
10 To check the thermal stability of the apatite solids, temperature-
programmed XRD was carried out using 3 selected compositions,
namely HapD (a deficient apatite), Hap-CO; (carbonated apatite
very similar to Hap and HapNa-CO;), and HapE-Na-CO; (a
carbonate-rich apatite, similar to HapE-COs;). The deficient
15 apatite HapD was chosen, since it is supposed to decompose to
stoichiometric apatite (Hap-like) and Ca;(PO,),,>"¢ whereas all
the other apatites with Ca/P ratio higher than 1.67 should
decompose to stoichiometric apatite and CaO?’. The so-obtained
series of X-ray patterns are given in Figure S4t. As expected,

20 HapD decomposed to stoichiometric apatite and Ca;(PO,), with
the appearance of two forms of Ca3(POy),, namely a-Caz(PO,),
(JCPDS 01-070-0364) and syn-Cas(PO4), (JCPDS 00-009-0169),
at 973 K. Compared to normal stoichiometric apatites
(Ca/P =1.67), Ca3(POy), formed from deficient HapD exhibits a

25 smaller Ca/P ratio of 1.5 and the formation of Cas(POy,), is thus
an indirect proof of calcium deficiency in HapD. In contrast, for
temperatures higher than 998 K, the formation of calcium oxide
was observed for Hap-COs, and the same transformation was
noticed at around 898 K for HapE-Na-COj; for which, in addition,

30 a slight modification of the X-ray pattern was noticed at 823 K. It
was characterised by a decrease in intensity and an increase in the
FWHM of the (0 0 2) Bragg peak, and by the appearance of an
additional peak around 26=29.5°, which further disappeared at
923 K, maybe due to the reconstruction of the apatite structure

35 (Figure S47). Since only one additional Bragg peak was
observed, it was not possible to go further in the understanding of
this modification.
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40 Fig.4 TGA curves showing the weight loss of the samples calcined at 673 K. The derived curves of CO, loss obtained by using mass

spectrometer with m/z = 44 are shown in Figure S57.

These transformations were further examined by means of
thermogravimetric analysis combined with mass spectrometry
45 (Figure 4), confirming the aforementioned XRD results. For all
the compositions, weight losses are due to the release of CO,
and/or H,O as observed from the TPD-MS curves (Figures S5t &
S6%). In agreement with previous works,**” weight losses are
attributed to the H,O and CO, desorption from the hydroxyapatite

so surface below 823 K and to the CO, released from the crystal
above 923 K. Indeed, in this temperature range, as observed in
the TPD-MS curves, the release of H,O is very low and its
corresponding weight loss can be negligible. The thermograms
can be divided into three groups, corresponding to the observed
shapes of the recorded lines: (@) HapD and Hap-Na-COs, (b) Hap
and Hap-COs; and (c) HapE-COj; and HapE-Na-CO;. In group (a),
a clear transition was observed at 973 K in good agreement with
the decomposition of HapD observed by X-ray diffraction (Figure
S4(a)t). For the second group (b), the transition occurred at
60 around the same temperature of 973 K, but was not sharp, and a
plateau was not obtained at 1273 K. For carbonate-rich apatites

5

b

HapE-CO; and HapE-Na-COj; [group (¢)], MS curves indicate
surprisingly no departure of CO, before 873 K. The release of
CO, in the HAPs started at a lower temperature, and occurred in

6s two steps with a change in the slope around 1000 K, in good
agreement with the high temperature X-ray diffraction study.
Assuming that the decomposition of all the apatites led to
stoichiometric HAP and CaO [except for HapD, for which this is
Ca;3(POy), instead of CaO] at the end of the thermal study, it was

70 possible to calculate the corresponding loss in CO, or, otherwise,
of CO;* moles per apatite formula (Table 3). By comparison with
the CO;* content in the B sites deduced from Rietveld refinement
and the total CO;> loss obtained from TGA, the first mass loss
was easily attributed to the release of CO;> from the A sites

75 (channels) and the second mass loss to the release of CO;> from
the B sites.

This journal is © The Royal Society of Chemistry 2014
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Table 3 Carbonate mole content in the apatite solids of general formula
Cai0-4(PO4)s-(CO3)][(OH)(COs).]
COs” in the A

COs”inthe B COs” inthe B

Solids sites from TGA  sites from TGA  sites from XRD
@* (0)** x)
HapD - 0.14 0.18(5)
Hap - 0.21%%* 0.32(5)
Hap-CO; - 0.40 0.37(5)
HapNa-CO; - 0.36%** 0.37(6)
HapE-CO3 0.30 0.83 0.64(9)
HapE-Na-CO; 1.47 1.43 1.28(9)

* Deduced from the weight loss starting from 773 K;
** Deduced from the weight loss starting from 973 K;
*** Underestimated since a plateau was not obtained.

Interestingly, CO,> was mainly located in the B sites for
HapD, Hap, Hap-CO; and HapNa-CO; and in both A and B sites
for the carbonate-rich apatites, namely, HapE-CO; and Hap-E-
Na-COs. It is worth mentioning that the carbonate content

10 deduced from XRD and TGA were in good agreement with the
ICP analysis, confirming the good precision and the
reliability/accuracy of the XRD refinement (Table 3). Moreover,
a linear increase was observed in the case B-type CO;> obtained
both from TGA and XRD as shown in Figure 5, in excellent

15 agreement with the theoretical line.
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Fig.5 Number of moles of CO;> in B-sites obtained from TGA as a
function of the same parameter obtained from XRD (circles representing
HapD and Hap, squares for carbonated apatites, namely Hap-CO; and
20 HapNa-COs, and triangles for carbonate-rich apatites, namely HapE-CO;
and HapE-Na-COs;). The dashed line represents the theoretical perfect
correlation (1 to 1 ratio).

3.3.3.2 A & B-type carbonates substitution

Figure 6 and Figure 7 represent two domains of the IR spectra of
2s the HAP samples, focused on two different respective spectral

regions, namely 700-1800 cm™ and 3300-3700 cm™. All the IR

spectra confirmed the formation of carbonates-containing apatites

with bands at 872 cm™, 1460 cm™ and 1419 cm™. 384

The fundamental vibrational modes of PO, species gave rise to

50 bands at 565 cm™Y, 605 cm™!, 963 cm™ and 1030-1100 cm™!, as

reported earlier.*'*> Further, HPO,” groups might also be

present, with the characteristic band at 872 cm’'. However, this

latter is known to overlap with a carbonate band, making

straightforward conclusions impossible.*®

35

PO43'

COy>

1460 1419 872(CO52/HPO %)
[} I

HapE-Na-CO3
HapE-CO4
HapNa-CO4
Hap-CO5

T T T T T
1400 1200 1000 800
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Fig.6 IR spectra of HAPs in the 700-1800 cm™ region.

r T
1800 1600

The broad vibrational band in the 3300-3700 cm™' range is due
to the presence of adsorbed and constitutive water molecules. The
40 presence of carbonates in B-sites was confirmed by the increase
in the intensity of the typical band at 872 cm™ observed in
carbonate-rich apatites,*®* which could make the presence of
HPO,” species quite questionable, but these latter were detected
using NMR spectroscopy (see §3.4). In addition, the peaks at
45 1460 cm™ and 1419 cm™ can be attributed to CO,> substituting
PO, groups, which thus lead to the formation of B-type
apatites.®® The band at 3572 cm™ is assigned to structural OH"
groups. It is worth noticing that the intensity of this band was
higher for all the apatites except for carbonates-rich apatites
so (Figure 7). It was almost not detected in HapE-Na-CO; and was
not so significant in the case of the HapE-CO; sample,
confirming also the A-type substitution of OH™ by CO5> ions in
the carbonate-rich apatites.*” So, the A-type substitution was
especially evidenced when the carbonate content in the HAP was

ss very high, which is in good agreement with the TGA results.

3572 (OH)

1
i
HapE-Na-CO5 1

HapE-CO3

HapNa-CO4

Hap-CO4

Hap

)

HapD

T T T T T T T T T T T T 1
3600 3550 3500 3450 3400 3350 3300
Wave number (cm-l)

L
3700 3650

Fig.7 IR spectra of HAPs of the carbonate apatites in the 3300-3700 cm™
region.

In brief, the IR spectra thus confirmed the A or/and B-type
o0 substitution by CO,> groups in all the apatite solids, which was in
agreement with the XRD and TGA observations.

8 Journal of Materials Chemistry A, 2014, [vol], 00-00 |
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3.4 Presence of HPO,> groups in the prepared solids

Since, it was not possible to clearly assess the presence of HPO,*

groups in the solids by using FTIR-spectroscopy, 'H-*'P

CP MAS-NMR was performed. This technique enables detecting

s the presence of P belonging to acidic HPO,* groups and of P
belonging to PO, (orthophosphate) species.

All the samples exhibited a common signal resonating at

3.3 ppm due to PO,> species (Figure S71).* Moreover, the line

shape of the peaks tended to vary with the carbonate content,

10 carbonate-rich apatites giving rise to broader peaks. This

phenomenon is due to the distortions or defects in the P
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environment, resulting from the statistical carbonate
substitution/removal of the ions in the apatite structure.* In
addition to this signal, a broad peak centred at 6.5 ppm was
clearly observed for HapD and Hap, which both contain a lower
carbonate content compared to the other samples. For the other
apatites, it was difficult to differentiate this signal due to its low
intensity, and also because of the broadening of signal of the
orthophosphate species at 3.3 ppm. This peak can be attributed to
20 a distribution of phosphorus species due to the low content of
carbonate.
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Fig.8 2D HETCOR spectra of (a) HapD, (b) Hap, (c) HapNa-COs, and (d) HapE-Na-COs.

s In order to confirm the presence of HPO,> groups in the
materials, 2D 'H-'P heteronuclear correlation (HETCOR)
spectrum were then recorded. Figure 8 shows the 2D spectra of
the solids at the short contact time of 1 ms, at which the intensity
of the signal due to HPO,” groups is known to be more

30 pronounced than the phosphorus signal in the close vicinity of
H,0.* The 2D spectra of all the solids clearly show a signal
resonating at 0 ppm along the 'H axis due presence of the proton
of OH" that cross polarizes with P of phosphate groups, and a
second signal resonating between 3 to 8 ppm along the 'H axis

3 mainly due to protons from HPO,* groups. This latter is also
observed in 2D spectra recorded with a very short contact time of
150 ps (not shown) corresponding to a selective time for short P-
O-H distance, hence to HPO,> groups.*

So, the presence of acidic HPO,* groups was evidenced in all

40 the HAPs, irrespective of the Ca/P ratio. However, quantification
was not possible with this technique, which remains qualitative.

3.5 Surface composition of the HAPs

3.5.1 Surface Ca/P ratios and carbonate species
XPS analysis was then carried out to get surface information. The
4s comparison of the Ca/P ratios and of the C uponaes/P ratios
determined by ICP, XRD/TGA and XPS are given in Table 4.
Concerning the Ca/P ratios, the XPS surface analysis was in good
agreement with the bulk analysis for all the solids, except for
HapD and Hap. Surface Ca/P ratios of 1.19 in HapD and 1.27 in
so Hap were much lower than the bulk ratios, 1.62 and 1.69,
respectively. This is in good agreement with previous studies™*,
and indicates that, for these two compositions, Ca species are less
exposed to the surface than phosphates, at least within the ca.
10 nm analysis depth limit of the XPS technique. For the other

This journal is © The Royal Society of Chemistry 2014
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samples, the surface Ca/P ratios increased from 1.66 (Hap-COs3)
to 2.06 (HapE-Na-CO;) with the increase in the content of
carbonate ions and turned out to be almost similar to bulk ratios.
The surface carbon-based species have been examined using
the characteristics of the C 1s photopeak. The decomposition of
the Cls peak allowed us to evidence four components,
corresponding namely to C-C, C-O and C=O bonds, as well as a

10

specific feature corresponding to CO5>, with respective binding
energies of 285.0 (fixed reference), 286.5, 288.5 and 290.0 eV
(Figure S8%). The relative intensity of the peaks attributed to
species containing C-O, C=0 was similar, irrespective of the
sample with C-O/C=0 ratios between 1.2 and 1.8, whereas the
intensity of the CO5> species over the surface showed the global
trend of increasing together with the CO5> content (Table 4).

Table 4 Comparison of Ca/P & Carbonates/P atomic ratios in the apatites determined by ICP, XRD-TGA & XPS.

Solid ICP Ca/P XRD Ca/P atomic ratio XPS Ca/P atomic ratio ICP Carbonates’P )éRD-TG/? c XPS P
° atomic ratio (% difference relative to ICP) (% difference relative to ICP)  atomic ratio) carbonates/” carbonatey’
atomic ratio  atomic ratio
HapD 1.62 171 119 0.03 0.02 0.07
P : (+5.5%) (- 26.5%) : : :
176 127 .
Hap 1.69 (+4.1%) (- 24.9%) 0.06 0.04 0.10
1.77 1.66
Hap-CO; 1.70 (+4.1%) (- 2.4%) 0.09 0.07 0.21
1.78 1.67 .
HapNa-COs 1.72 (+4.7%) (- 2.9%) 0.10 0.06 0.14
1.86 1.81
HapE-COs 1.90 (- 2.1%) (-4.7%) 0.22 0.21 0.14
2.12 2.06
HapE-Na-CO; 2.39 (- 11.3%) (-13.8%) 0.59 0.61 0.23

* underestimated since a plateau was not obtained.

Previous studies have shown that a variation in the Ca/P ratio
in HAPs drastically changes their chemical properties.® Likewise,
the solids prepared with different Ca/P surface ratios, and,
furthermore, exhibiting different C.,ponares/P ratios should exhibit
different surface properties, depending in part on the amount of
carbonates present on their surface — or, at least, adsorbable at
their surface. This will be checked later on in the present paper
when examining the acid-base properties of the solids.

As a partial conclusion for this part, while for all the samples
the Ceaponates’P 1atios obtained from XRD/TGA were comparable
and in rather good agreement with the C,ponates/P ratios obtained
from ICP (Table 4), the Cubonates’P ratio determined by XPS was
not consistent, underlining the surface complexity in
hydroxyapatite solids.

3.5.2 Composition of outermost atomic layer of the samples
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Fig.9 LEIS spectra of selected apatite solids.
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To get insights on the elemental composition in the first atomic
layer of solids, LEIS is a very sensitive technique. To verify
whether the Ca/P ratio or the carbonate content affects the
topmost surface atomic distribution, stoichiometric Hap (low
Ca/P ratio and carbonate content) and HapE-Na-CO; (high Ca/P
ratio and carbonate content) were chosen for analysis (Figure 9).
For Hap and HapE-Na-COs;, two surface peaks due to Ca and O
are clearly observed at 2000 eV and 1135 eV, respectively. A
surface peak due to P is observed at 1790 eV, but is overlapped
by the background signal resulting from the secondary ions
background and/or the in-depth signal of Ca present from deeper
layers. To clearly assess the expected position of a peak due to P,
LEIS was performed using NH,H,PO, as a standard, which is a
precursor used in the hydroxapatites synthesis. A signal is clearly
observed at 1790 eV, thus confirming the presence of P on the
apatites surfaces. Despite the poor intensity of the phosphorous
peak, it is worth noting that it is less intense for HapE-Na-CO;
than for Hap. These results suggest that Ca ions and O ions are
more exposed to the first atomic layer of hydroxyapatites,
irrespective of the Ca/P ratio (1.69 & 2.39) and of the carbonate
content (0.40 & 295wt%) in Hap and HapE-Na-CO;,
respectively. This may contradict the results obtained by XPS,
which showed a lower Ca/P ratio for Hap. However, we have to
remind that the LEIS technique only probes the topmost atomic
layer of the samples, while XPS gives information on the
composition, but along a depth of a few nanometers. The O atoms
of the first atomic layer belong to PO,*, CO;* and CaO/Ca-O
species present at the surface of the apatites. So, we could also
propose that the surface of the hydroxyapatite crystallites mainly
consists of Ca species rather than P species. Since the results
obtained from Rietveld refinements have shown that the
crystallite growth is more along the [0 0 1] direction or in the c-
axis direction, the Ca ions should be more exposed along the c-
axis, that is, on ac and bc planes. A schematic representation of

10 Journal of Materials Chemistry A, 2014, [vol], 00-00 |
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the two possible crystallite surface cleavages is shown in Figure

10. According to the above results, we then suppose that, in our

study, the apatite crystallites are mainly cleaved in such a way

that Ca atoms are more exposed to the surface, represented by the
s green line in Figure 10.

|

PO, Ca

PO, exposed
surface

Caexposed
surface

Fig.10 Schematic representation of the hydroxyapatite lattice: The green
line shows the crystallite surface cleavage through Ca atoms, which is

10 actually occurring according to our study, and the red line shows the
theoretical crystallite cleavage through P atoms that is another possibility,
but not predominant in our solids.

3.6 Acid-base properties of the solids

3.6.1 Acid sites number, nature, and relative distribution
15

HapD

Hap

Hap-CO,
HapNa-CO,
HapE-CO,
HapE-Na-CO,

r T T T T T T T T T T T T T T T T T T T 1
300 350 400 450 500 550 600 650 700 750 800
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Fig.11 NH;-TPD curves of the apatite solids.

Figure 11 shows the NH3-TPD curves for all the apatite solids. It
20 clearly appears that the peak corresponding to the deficient
apatite HapD is much broader exhibited the highest Full Width at
Half Maximum (FWHM) value of 497 K. In addition, the
maximum of the peak of HapD was shifted to a higher desorption
temperature (513 K) compared to the other solids. This reflects
2s the presence of stronger acid sites in a very broad temperature
range extending up to 773 K. The FWHM decreased further to
435K for Hap, whose peak is broadened up to a desorption
temperature of 698 K. The FWHM was lowered for carbonated
apatites Hap-CO; (410 K) and HapNa-CO; (412 K) compared to
30 more acidic apatites HapD and Hap, but these samples still
possessed acid sites of a relatively high strength, of which the
desorption temperature extended up to 623 K. The intensity of the
signals obtained for carbonate-rich apatites was clearly lower
compared to that of the other apatites, though the desorption
35 temperature extended up to 623 K, similarly to that of the
carbonated apatites. Hence, Hap and especially HapD show their
predominant acidic character with stronger acid sites compared to
other apatites.
The total number of acid sites in the samples was determined
40 by integrating the NH;-TPD profiles and the results are gathered
in Table 5. The specific acidity of the apatites decreased rather
linearly from 7.73 to 1.87 umol.m™ with the increase in the Ca/P
surface ratio and the surface carbonate content, as shown in
Figure S9t. The variation in the specific acidity can be linked
with many parameters, such as the crystallites morphology, the
surface Ca/P ratio, and the quantity of surface HPO,*, CO%,
CaO species, resulting from the replacement of PO, /OH
groups.**® Tt has been observed from LEIS that Ca®>" (Lewis acid
sites) present in ac and bc unit cell faces of apatites become more
so exposed to the surface if crystallite grows along the [0 0 1]
direction, which is in good agreement with previous reports.*”**

4

o

Table 5 Number, nature and distribution of acid sites determined by NH;-TPD and PEA-XPS.

Nature & distribution of acid sites

Solids Number of1 ac-ild sites Speciﬁc1 ac_i;iity Lowis Bronstod

(umol.g™) (pmol.m™) (umol.m?) (umol.m?)
HapD 956 7.73 5.16 (66.7%) 2.57 (33.3%)
Hap 763.3 6.73 5.43 (80.7%) 1.30(19.3%)
Hap-CO; 658 6.13 5.58 (91.1%) 0.54 (8.9%)
HapNa-COs 604 5.53 5.17 (93.5%) 0.36 (6.5%)

HapE-CO; 324 427 4.01 (94%) 0.26 (6%)
HapE-Na-CO; 141.3 1.87 1.78 (95.3%) 0.09 (4.7%)

We saw above that the crystallite growth along the c-axis ([0 0 1]

ss direction) increased with the carbonate content, which means that

This journal is © The Royal Society of Chemistry 2014
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the carbonate-rich apatites, which have a larger crystallite size
along the c-axis, should possess more acid sites due to the
exposure of a larger amount of Ca®" species. Instead, carbonate-
rich apatites presented a lower density in acid sites, maybe
because most of the Ca exists under the form of CaO or Ca-O
species present at the surface due to excess Ca/P ratio in
carbonate-rich apatite solids. The Ca 2ps, XPS peak of
carbonate-rich apatites was broadened with higher FWHM
compared with the peak of stoichiometric Hap (data not shown),
most probably due to the presence of CaO. Moreover, the high
temperature XRD showed peaks due to CaO species, which are
more predominant in carbonate-rich apatites. So, we suppose that
the CaO phase might also be present in all the apatite solids at
room temperature, but in a highly dispersed — surface — state,
similarly to recent findings on Sr apatites, which evidenced the
presence of highly dispersed SrO species.*” HapD has a higher
number of acid sites due to the contribution from HPO,> groups
or OH" vacancies, which are more numerous in deficient apatites
and in good agreement with previous reports.

PEA-XPS investigation of the apatite surfaces was used as a
complementary way to the TPD approach to determine the
Bronsted or Lewis nature of the surface acid sites, as previously
reported.”>*° The PEA-XPS spectra of all the samples presented a
broad N Is peak centered at binding energies in the 396.5 -
405.0 eV range, which could be decomposed into two peaks, at
BEs 0f 398.0 - 405.0 eV and 396.5 - 403.5 eV, thus revealing the
presence of Brensted and Lewis acid sites, respectively (Figure
12). Also, it has been reported that the basic probe can be retained

30

w
a

55

on Brensted sites by the formation of an ammonium cation and
on Lewis sites by the formation of a complex.”>*® Taking into
account the hydroxyapatite surface, we propose that the
ammonium cation can be formed with PEA mainly on acidic
HPO,” groups present on the HAP surface and the complex
formation can take place over Ca>" or over OH™ vacancies (J+)
(Figure 13).

Hence, in all the HAPs, HPO,> groups act as Brensted acid
sites and Ca?"/vacancies as Lewis acid sites. The obtained relative
distribution of Lewis and Brensted acid sites is reported in Table
5 together with the specific amount of each site.

Irrespective of the sample, the contribution of the Lewis acid
sites was dominant and varied between 66.7% and 95.3%. PEA-
XPS showed that all the solids possess Bronsted HPO,> groups
irrespective of the Ca/P ratio, which is in good agreement with
the 2D-NMR results. More HPO,> groups present in HapD
resulted in the presence of more Bronsted sites, when compared
to the other samples. Contribution from Brensted HPO,> groups
was lower in carbonate-rich HAPs compared with the other
solids, which supposedly results from the substitution of OH"
/PO,* by CO;* group, required to counterbalance the charge.*’
For carbonate-rich apatites, there is also an observable decrease
in the number of Lewis acid sites (Ca’") compared to the other
apatites, though they possess higher Ca/P ratios compared to the
other apatites. This decrease in the number of Lewis acid sites
can be due to the formation of CaO species over the carbonate-
rich apatites, which are no more Lewis acid sites, but
consequently leave basic sites on the surface.
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Fig.12 Decomposition of the N 1s photopeak after PEA adsorption on the apatite solids surface.

Hence, the HapD and Hap have much more contribution of
5 33.3% and 19.3%, respectively, from the Brensted acid sites

compared to all the other apatites, whose Brensted acid sites
contribution varies between 4.7% (HapE-Na-CO;) and 8.9%
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(Hap-CO;). For HapD and Hap, this larger contribution of
Bronsted acid sites is linked with the observation of higher
FWHMs of 497 K and 435 K, respectively, of their NH;-TPD

+NH2 'H.\'IHz

profiles, so that we can deduce that, on these samples, strong
s Bronsted acid sites are created.

H, H,
NHE -I- 4
E o o i e \O
o | l—o/ - | —o—lr—o/ ™o
1) cr;_ o) . O o)
e ~
_o—ca P < Sta—o._

Fig.13 Model of PEA adsorption over Lewis and Brensted acid sites on the surface of apatites. [(6+) = OH vacancies].

3.6.2 Number and distribution of basic sites
Basic sites with at least three different strengths can be
10 distinguished from the CO,-TPD profiles (Figure 14). The main
contribution to the CO, desorption peak seems to be due to weak
basic sites with a maximum observed at 398 + 10 K over all the
apatites. A second peak at around 493 K due the presence of
basic sites of a medium strength is also observed, more clearly for
15 HapNa-COj; and Hap-CO; with a more intense signal. A last peak
is observed at around 613 K, due to the presence of strong basic
sites for Hap, Hap-CO; and HapNa-CO;. This peak was observed
neither in the deficient apatite HapD nor in the carbonate-rich
apatites (HapE-CO; and HapE-Na-CQO;). Since the carbonate-rich
20 apatites are the solids that have shown the A-type substitution of
CO4 replacing the OH™ groups, we suppose that the absence of
the peak due to stronger basic sites arises from the lack in basic
OH™ species. It is known that in the case of deficient apatites
(here, HapD), deficiency of Ca®' ions is compensated by the
25 addition of H" and removal of OH™ ions, and this may be the
reason for the absence of OH™ peaks in HapD. But, further
investigations are needed to confirm this assumption of OH™ as
stronger basic sites.
The amount of basic sites was determined by integrating the
30 TPD profile of CO, (Table 6). The number of basic sites tended
to increase from 6.2 pmol.g” to 23.3 umol.g! when the Ca/P
ratio or the carbonate content increased from HapD to HapNa-
COs, and then decreased with further increase in the Ca/P ratio or
carbonate content in carbonate rich apatites.

35

40

i,

o Medium
45 !

—

: S

55 T :I T — 1 T T 1 1

300 330 400 450 500 5350 600 650 700
Temperature (K)

P
Fig.14 CO,-TPD profiles of the apatite solids.

o In contrast, the specific basicity increased from 0.05 pmol.m™
to 0.21 pmol.m? when the Ca/P ratio or the carbonate content
increased from HapD to HapNa-CO; and remained almost
unchanged with further increase in the Ca/P ratio, namely in
carbonate-rich apatites, HapE-CO; and HaE-Na-CO;.

¢s  Benzoic acid adsorption using a pulse liquid chromatographic
technique”, a complementary technique to TPD-CO,, was also
employed to determine the distribution of strong and weak basic
sites. Specific basicity determined by benzoic acid adsorption
show somewhat different results compared to the TPD-CO,

70 technique. Contrary to the lower amount of basic sites in HapD
(0.33 umol.m?) compared with Hap (0.87 pmol.m™) as
determined by TPD-CO,, the benzoic acid adsorption resulted in
higher amounts of basic sites in HapD (2.09 umol.m?) than in

14 Journal of Materials Chemistry A, 2014, [vol], 00-00 |
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stoichiometric Hap (1.70 pmol.m?). Considering the carbonated
apatites, Hap-CO; owns specific basic sites of 4.66 pmol.m™, but
HapNa-CO; (1.24 pmol.m™) has the lowest amount of specific
basic sites compared to all the other apatites. Specific basicity
observed for carbonate-rich apatites HapE-CO; (4.08 pmol.m)
and HapE-Na-COj; (4.88 pmol.m?) were higher than for all the

o

other apatites except for Hap-CO;, which has more basic sites

than HapE-COj;. The highest amount of basic sites obtained using

benzoic acid determination once again confirms the presence of
10 CaO species in carbonate-rich apatites.

Table 6 Basic sites distribution determined by TPD-CO, and benzoic acid adsorption.

TPD-CO, Benzoic acid adsorption
Solids Ca/P atomic Total basi Specifi
ratio (ICP) Ot:i tesasm bl;ziccli tl ¢ Total basic sites Specific basicity Strong basic sites Weak basic sites
a }fz (umol.g™) (umol.m?) (umol.m™?) (umol.m?)
(umol.g™) (pmol.m™)
HapD 1.62 41.33 0.33 259.9 2.09 1.88 0.21
Hap 1.69 100.67 0.87 194.3 1.70 1.45 0.25
Hap-CO; 1.70 136 1.27 499.5 4.66 4.66 0
HapNa-CO; 1.72 155.33 14 134.7 1.24 0.83 0.41
HapE-CO3 1.90 112.67 1.47 3104 4.08 3.60 0.48
gf‘)pE'Na' 239 104 1.47 351.6 4.88 429 0.59
3

15 3.6.3 Acid-base reactivity of the HAPs

100
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20

80
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Fig.15 Selectivity to propylene and acetone at 20% conversion of isopropanol in the presence of the apatite solids.

Isopropanol tests were performed at an isopropanol conversion of
20 20% and the variation in propylene and acetone distribution over

the HAPs is shown in Figure 15. The catalytic conversion of

isopropanol over all the apatites yielded propylene, acetone, di-

isopropyl ether and negligible amount of dienes. Acetone can be

formed over basic sites and propylene and di-isopropyl ether over
25 acid sites, as previously reported. The propylene formation was
much higher over HapD and Hap compared to all the other
apatites, underlining the acidic behavior of these catalysts, which
is in good agreement with TPD-NH; and PEA-XPS. The high
amount of acid sites and the presence of more Bronsted acid sites
(HPO,* groups) with higher strength in HapD and Hap can
explain this predominant formation of propylene. The propylene
selectivity was lowered from 92% to 40.3% with increase in Ca/P
ratio from 1.62 in HapD to 1.69 in Hap, but Hap still possessed a
relatively high acidic character compared to the other catalysts.
35 For carbonated apatites, Hap-CO; (Ca/P = 1.70) and HapNa-CO,

3

=5

(Ca/P =1.72), the propylene formation was then drastically
reduced to 7% and 8.4%, respectively. This shows decrease in the
acidic behaviour of HAPs with increase in Ca/P ratio or carbonate
amount above a certain limit. Selectivity to propylene was further
40 lowered to 3.5% and 4.2%, respectively for carbonate-rich
apatites  HapE-CO; (Ca/P=0.90) and HapE-Na-CO,
(Ca/P =2.39), showing the lack in acidic nature of apatites with
very high Ca/P ratios or carbonate contents.
Selectivity to acetone tended to increase readily with the
45 increase in the Ca/P ratio from HapD to HapE-Na-CO;. HapD
with lower Ca/P ratio of 1.62 was less selective to acetone (5%)
than all the other apatites, which is in good agreement with the
lower number of basic sites (6.2 pmol.g™') over this sample.
Selectivity to acetone considerably increased to 39% in Hap
s0 (Ca/P = 1.69). Further increase in the Ca/P ratio for carbonated
apatites, namely Hap-CO; and HapNa-COs;, led to an increase in
the acetone selectivity to 49%, and 53.2%, respectively. While

This journal is © The Royal Society of Chemistry 2014
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the carbonate-rich solids, HapE-CO; (Ca/P = 1.90) and HapE-Na-
CO; (Ca/P=239) possess a lower number of basic sites
compared to carbonated apatites, they have shown higher
selectivity to acetone compared to all the other apatites. This can
s be due to the presence of more basic CaO species over carbonate-
rich apatites, which enhance the dehydrogenation of isopropanol
to acetone. Comparing the carbonate-rich apatites HapE-CO; and
HapE-Na-CO;, the latter was found to be more selective to
acetone, though it possesses a lower amount of basic sites

20 -
131 (a) g2
16 1 s

Propylene to acetone selectivity ratio

’
oo ®
0 5 10 15 20 25
Ratio of acidity to basicity

10 compared to HapE-COj;. This can be thus due to formation of
more CaO species over HapE-Na-CO; compared to HapE-CO;. It
is also worth noting that, though catalysts Hap, Hap-CO; and
HapNa-COs; possess stronger basic sites, they have shown lower
selectivity to acetone compared to carbonate-rich apatites, which

is lack in stronger basic sites. This might indicate that
dehydrogenation of isopropanol to acetone probably mainly took
place over weak or medium basic sites.

1,2
] (b) o
0.8 1
0,6 1
04 1

0,2 h ’D—ﬂ'

Propylene to acetone selectivity ratio

0 2 4 6 8 10
Ratio of acidity to basicity

Fig.16 (a) Ratio of propylene to acetone selectivity as a function of the ratio between the number of acid sites to the number of basic sites and (b) Same
20 figure focused on a narrower range of acidity/basicity ratio (red circles representing HapD and Hap, green squares for carbonated apatites, namely Hap-
CO; and HapNa-COs, and blue triangles for carbonate-rich apatites, namely HapE-CO; and HapE-Na-COs).

The plot of the propylene/acetone selectivity ratio (indirectly
representing the acid/base behavior) as a function of the number
of acid sites to the number of basic sites (direct acid-base
25 behavior) is shown in the Figure 16. Hap and HapD clearly show
a deviation (represented by dashed line) from the other apatites,
which can be related to their higher acidic behavior (Figure 16
(a)). In addition, a rather linear increase in the propylene/acetone
selectivity ratio with the acidity/basicity ratio (dashed line in
30 Figure 16 (b)) was observed for carbonated and carbonate-rich
apatites. Then, a remarkable correlation is observed between the
isopropanol reactivity and acid-base properties for these samples.
Formation of di-isopropyl ether was observed in small amounts,
2% in HapD and 0.9 % in Hap and trace amounts (below the
35 quantification limit of ca. 0.5%, with a slightly visible GC peak
quite mixed with the background and thus not exploitable) over
the other apatites.
As a conclusion to this part, HapD and Hap have shown their
predominant acidic behaviour compared to all the other apatites,
40 which have shown much lower propylene selectivities. This
predominant acidic behaviour is mainly due to the presence of
stronger acid sites, especially of the Brensted type. Presence of
highly dispersed basic CaO species created from excess Ca/P
ratio than stoichiometric value (1.67) could be the reason for the
ss higher acetone selectivity over carbonate-rich apatites. Also, the
results suggest that dehydrogenation of isopropanol to acetone
takes place over weak and medium basic sites - and not over the
stronger basic sites.

Conclusions

so Hydroxyapatites with different Ca/P ratios were successfully

synthesized using a precipitation method, optionally containing
also Na' cations, and were extensively characterized.

Their carbonate content increased linearly with the Ca/P ratio.
The occupancy of atoms was calculated using Rietveld
refinement, and the so-obtained (Ca + Na)/P ratios were in good
agreement with those obtained from ICP. A good correlation was
further observed between the anisotropic crystallite shape
obtained from XRD and the grain shape observed in SEM. Global
tentative formulae for the apatites were deduced from the amount
60 of CO5> substituted in the OH sites (A-type) and the PO, sites

(B-type): (Cajo. [(PO4)s(CO3):][(OH),(CO;).]). LEIS showed

that Ca®" is more exposed at the topmost surface of the apatite

solids, irrespective of the Ca/P ratio. Combining the results of

XRD refinement and LEIS, we proposed that Ca®* are more
s exposed along the (0 0 1) direction on the ac and bc planes. The

presence of HPO,” entities suggested by IR spectra was

confirmed in all the apatites using 2D NMR (HETCOR
sequence). Further, PEA-XPS proved that HPO,> species act as

Bronsted acid sites, and Ca®>" or OH™ vacancies (J") as Lewis acid
70 sites. The acid-base reactivity of the solids was subsequently

determined using isopropanol reactivity, which gave selectivity

results is in good agreement with the acid-base properties directly

obtained using NH;3-TPD, PEA-XPS, and CO,-TPD. As a

remarkable feature, HapD (deficient apatite) and Hap
75 (stoichiometric apatite) showed a much more pronounced acidic

behavior than that of the other apatites.

Further, the solids presented in the present study were used in
the Guerbet reaction, which requires the presence of both acid
and basic sites, and showed different reactivities in agreement

so with the results of the present paper.”'

w
&
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HAP solids were prepared by modifying their Ca/P ratio and by introducing Na* cations
before being extensively characterized by XRD, XPS, LEIS, NMR, IR, TGA... Their acid
base properties were then measured and discussed in relation with the characterization
results.



