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Abstract

Lanthanides “Ln” (rare earths) are critical elements found in natural minerals such as
calcium phosphate apatites, in sedimentary and igneous settings as well as in skeletal
diagenesis. From a medical point of view, nanoparticles of lanthanide-doped apatites can be
produced for conferring luminescence properties of interest in cancer cells detection.
However, the impact of the substitution of Ln for Ca on the stability and solubility of related
apatite phases is still essentially unknown. To investigate the thermochemical effects of such
lanthanide substitution for calcium in apatite, we prepared and analyzed four series of apatites
with up to 10 % lanthanide substitution for calcium. After thorough physicochemical
characterization via complementary techniques (XRD, FTIR, TG/DSC and IPC-AES), high
temperature oxide melt solution calorimetry in molten sodium molybdate at 973 K was
performed to determine their enthalpies of formation from constituent oxides and from the
elements, at 298 K. Our results indicate that although enthalpies of formation are strongly
exothermic in all cases, Ln-doping has a destabilizing effect which increases with dopant
concentration and with the size of the incorporated Ln’" ion. After estimating standard
entropies, Gibbs free energies of formation and equilibrium constants for Ca>*/Ln’" exchange
reactions in apatite were then evaluated, for the first time allowing access to quantitative
thermodynamic data that may be used in various fields for stability calculations or partitioning

estimates between fluids and solids.

Keywords:. calcium phosphate hydroxyapatite; lanthanide substitution; enthalpy of formation;

calorimetry
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Introduction

Apatites, corresponding to the general chemical formula M;o(TO4)sX>, represent a large
family of minerals commonly found in nature as both geological materials and biominerals in
calcified tissues. In this versatile structure, M is often a divalent cation (e.g. Ca*", Sr**, and
Pb2+), TOy is an anionic group (e.g. PO,>, Si04*, and VO43'), and X is usually a monovalent
anion (e.g. F, OH, and CI'), although ions exhibiting other valences (e.g. COs>, HPO,*, 0%,
Na") may also be incorporated (Elliott, 1994).

Calcium phosphate hydroxyapatite (Ca;o(PO4)s(OH);), HA, is one of the most common
apatite end-members. It is produced, with varying degrees of stoichiometry, by vertebrates for
ensuring physico-chemical as well as mechanical functions of hard tissues (Gomez-Morales et
al.,, 2013) and is also encountered in many other contexts including in the geochemistry,
anthropology, and biomaterials fields (Anon, 2003; Bohner et al., 2008; Grunenwald et al.,
2014; Prabakaran et al., 2005; Rabadjieva et al., 2010; Rodriguez-Lorenzo and Gross, 2003;
Verron et al., 2010). Apatite with substantial fluorine substitution for hydroxyl (fluorapatite)
occurs in both sedimentary and igneous settings, sometimes as massive deposits, which are
mined as a source of phosphate for fertilizer, but which are also potential sources of the
lanthanides (aka rare earths) which are considered critical elements for technology
(Nagasawa, 1970; Reynard et al., 1999; Spear and Pyle, 2002). In the paleoanthropology
domain, the analysis of skeletal remains has also pointed out the occurrence of lanthanides
associated to the apatitic phase during bone/teeth diagenesis (Tutken et al., 2011; Kocsis et
al., 1999; Trueman et al., 1999). The study of Ln incorporation in apatites can also help
modeling the incorporation of radioactive actinide elements which are more complex to
handle (Martin et al., 1999). Since it is compositionally and structurally close to the inorganic

component of bones and teeth, hydroxyapatite is both biocompatible and bioactive, especially

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

6/11



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2014-4930

in nanocrystalline and nonstoichiometric form (Drouet et al., 2005; Eichert et al., 2005;
Elliott, 1994; Rey et al., 2007a; Rey et al., 2007b; Verron et al., 2010). Calcium phosphate
apatite-based systems have therefore captivated the attention of biotechnology engineers for
decades, and its use is now widespread in bone filling, prosthesis coating, and related
applications (Cardoso et al., 2012; Rey et al., 2011). The last decades have produced
numerous biomaterials based on apatite, sometimes associated with drugs or biologically
active ions (Al-Kattan et al., 2010b; Barroug and Glimcher, 2002; Benaziz et al., 2001;
Bohner et al., 2008; Drouet et al., 2008; Drouet et al., 2012; Iafisco et al., 2012; Weber et al.,
2013). Biomimetic apatite-based hybrid systems have been used in cancer diagnosis and
therapeutics (Al-Kattan et al., 2010a; Al-Kattan et al., 2011; Al-Kattan et al., 2010b; Al-
Kattan et al., 2012; Bouladjine et al., 2009; Mondejar et al., 2007; Yang et al., 2008).

Despite this broad interest in apatites, structural and energetic studies relating to the
incorporation of lanthanides into apatite remain infrequent. There remains a lack of
understanding of the thermodynamics of formation of apatite compounds that may exhibit
various degrees of stoichiometry, crystallinity, particle size, and ionic substitution. Published
data almost invariably addresses only well-crystallized stoichiometric apatites (Jemal, 2011)
(e.g. hydroxyapatite, fluorapatite, and apatites doped with heavy metals or alkaline earth
ions), and the thermodynamic effects of lanthanide incorporation into phosphate apatites
M;o(PO4)sX, do not seem to have been specifically addressed. In a recent study (Rollin-
Martinet et al., 2013), we investigated by solution calorimetry the energetics of biomimetic
apatites corresponding to various stoichiometries, documenting in particular their strongly
negative enthalpy-driven Gibbs free energies of formation, and we related the formation
energetics to changes in calcium and hydroxide contents, unveiling the importance of ionic

substitution on apatite thermodynamics.
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100 The aim of the current work is to explore the formation energetics of calcium phosphate
101  hydroxyapatite obtained in wet conditions and doped by lanthanide (Ln’") ions, namely

102 europium, erbium, neodymium, and terbium.

103

104  Experimental Methods

105  Sample synthesis and characterization

106 Ln-doped calcium phosphate hydroxyapatite samples (Ln = Eu, Er, Nd or Tb) were
107  prepared by co-precipitation. Initial Ln/(Ln+Ca) molar ratios ranging between 0 and 0.10
108 (=10 %) were used. For each preparation, two starting solutions were prepared using
109  deionized water. Solution A contained the proper amounts of Ca(NO;),'4H,O (Merck,
110  Emsure) and Ln(NOs;);'nH,O (Prolabo, analytical grade), and solution B contained the
111 appropriate amount of (NH4),HPO, (Prolabo, analytical grade). In a typical experiment, 12.5
112 ml of solution A (total initial Ca+Ln concentration: 0.4 M) was mixed with 12.5 ml of
113 solution B (initial phosphate concentration: 0.13 M), at room temperature and under stirring
114  for 30 min. The initial pH was set to 9.5 by addition of 20% ammonia (Fisher Scientific)
115  under pH electrode control. The precipitate obtained after mixing was allowed to mature in an
116 oven at 373 K for 16 h. The obtained suspension was then washed 6 times with deionized
117  water using ultracentrifugation at 12,500 rpm to eliminate unreacted salts and undesired
118  counter-ions. The purified suspensions were freeze-dried at 215 K for 3 days. The obtained
119  powder samples are denoted “Cal.nPx” where x represents the initial Ln/(Ca+Ln) molar ratio.
120  For example, “CaEuP7” represents the sample precipitated in the presence of 7% of europium
121 relative to the total Ca+Ln content.

122 Eu(OH); was synthesized by precipitation in alkaline medium, using a mixture of
123 europium nitrate and a few drops of concentrated NaOH (VWR, analytical grade). The

124  europium nitrate was dissolved in deionized water and the solution was stirred for 5 min.
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125  Then, NaOH was slowly added dropwise until precipitation, and the medium was heated at
126 90 °C overnight under constant stirring. The precipitate was centrifuged and washed 6 times
127  with deionized water to remove residual ions. The final product was then oven-dried at 50 °C.
128  This material was used for thermochemical measurements, as shown below.

129 Phase identification was carried out by powder X-ray diffraction (XRD) on a Bruker AXS

130 D8 Advance diffractometer using Cuk o, radiation (A = 1.5406 A), using a beam voltage of 40

131 kV and an emission current of 40 mA. A 0.02° step size from 10° to 90° 20 with a 2 s/step
132 dwell time was used as an acquisition parameter. MDI Jade software was used to identify the
133 phases.

134 The presence of possible impurities, such as nitrate ions, was examined by Fourier
135  transform infrared spectroscopy (FTIR) using KBr as a solid diluent, in the wavenumber
136 range 400-4000 cm™ (resolution 4 cm™), on a Nicolet 5700 spectrometer.

137 The Ca, P, Eu, Tb, Er, and Nd contents were measured at Marion Technologies S.A.
138  (France) by inductively coupled plasma atomic emission spectroscopy, ICP-AES, with a
139  relative uncertainty of 3%, using a Jobin Yvon apparatus (JY2000 model), after preliminary
140  elemental calibrations (Chem-Lab reagents). Each measurement was performed starting from
141  a volume of 50 ml of solution obtained by dissolving 10-15 mg of powdered sample in
142 concentrated HCI, and followed by a 5-fold dilution. The following wavelengths were
143 considered for the elemental titrations: 393.366 / 422.673 nm for Ca; 213.618 / 214.914 nm
144  for P; 381.966 nm for Eu; 350.917 and 367.635 nm for Tb; 337.271 / 381.966 nm for Er and
145  406.109 /430.357 nm for Nd. Tests were made in duplicate.

146 Differential scanning calorimetry (DSC) coupled with thermogravimetric analysis (TG)
147  was performed on a Netzsch STA 449 at 25-1000 °C to measure the water content and follow

148  potential phase transition/decomposition for each sample. About 25 mg of compound was
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149  pelletized for each test. The sample was heated at 10 °C/min under synthetic air at a flow rate
150  of 40 ml/min. Two runs were performed for each sample.

151  High temperature oxide melt solution calorimetry

152 Calorimetric experiments were carried out in a custom-built Tian-Calvet twin
153  microcalorimeter. The equipment and experimental procedures have been described in detail
154 by Navrotsky (Navrotsky, 1977; Navrotsky, 1997). Calibration of the calorimeter was based
155  on the known heat content of ~ 5 mg a-Al,O3 pellets. The methodology was identical to that
156  used in our recent study on biomimetic apatites (Rollin-Martinet et al., 2013).

157 Prior to drop solution calorimetry, the samples were hand-pressed into pellets (~ 5 mg),
158  and weighed on a microbalance. The calorimetric experiments were performed by dropping
159  the pellets, one by one, from room temperature (25 °C) into molten sodium molybdate solvent

160  (3NayO-4MoO0s3) at 700 °C in the calorimeter. The measured heat effect, called the enthalpy of

161  drop solution, AHgs, is equal to the sum of the heat content of the sample, r Cpal, and the

162  heat of sample dissolution in sodium molybdate at 700 °C. During calorimetry, air was
163  flushed through the calorimetric glassware assembly at 70 mL/min to expel any gases (e.g.
164  water vapor) evolved in the calorimeter. Air was also bubbled through the solvent at 5
165 mL/min to facilitate the dissolution of the sample and thus avoid local solvent saturation.
166  Complete dissolution of the sample in the solvent was verified during preliminary furnace
167  experiments. At least 8 measurements were made for each sample. Two standard deviations of

168  the mean are considered for evaluating the uncertainty of the data.
169  Results and Discussion

170  Sample characterization
171 The samples precipitated in the presence of lanthanide ions (Eu’*, Er’", Nd®', or Tb’")

172 with initial Ln/(Ln+Ca) molar ratios of 0, 0.01, 0.02, 0.04, 0.07 and 0.10 were first analyzed
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by XRD for phase identification. In each case, the diffraction pattern showed the main
characteristic peaks of an HA-like phase, thus confirming the formation of an apatitic
compound. Typical XRD patterns obtained for the Eu series are shown in Figure 1, where the
apatite phase has been indexed with respect to the JCPDS reference hydroxyapatite file
# 09-432. Upon increasing the initial amount of lanthanide in the initial mixture, however, the
presence of a secondary phase — identified as the corresponding lanthanide hydroxide
Ln(OH); — was also detected, and the relative proportions of apatite and lanthanide hydroxide
were evaluated (see below).

The synthesis protocol used in this work was specifically selected because it is identical to
the one used previously for the preparation of Ln-doped colloidal apatite nanoparticles (Al-
Kattan et al., 2010a; Al-Kattan et al., 2014). Because it involves an excess of cations (Ca®" +
Ln’") over phosphate ions (relatively to the HA stoichiometry), as well as an alkaline pH, the
formation of Ln(OH); as a secondary phase for high Ln concentrations is not surprising.
Limits to the amount of incorporated Ln>" ions have indeed been shown (Al-Kattan et al.,
2010a). Note that in the present study the presence of lanthanide phosphate LnPO4 was never
detected, which was also expected from our synthesis conditions (low phosphate content).

FTIR spectroscopy was used to characterize the precipitated samples. Very similar spectra
were obtained for all samples. The vibrational data were found to support the XRD results in
that the main vibration bands of a calcium phosphate apatite phase were detected in each
sample. Figure 2 reports the typical case of Eu-doped samples. The presence of trace
hydroxide ions in a secondary environment (i.e. within a Ln(OH)s lattice) was not detected by
FTIR, which may be linked to the concomitant presence of hydration water molecules that

give rise to a broad covering O-H vibration band around 3500 cm.

Taking into account the XRD and FTIR findings, the prepared compounds are thus found

to be composed of lanthanide-doped apatite associated to a secondary phase of lanthanide
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198  hydroxide for high initial dopant amounts. Before further investigating the chemical
199  composition of the samples, a question arises concerning the type of substitution mechanism
200 for trivalent Ln’" ions replacing divalent Ca®* in the apatite lattice. Indeed, lanthanide
201  incorporation can @ priori occur by different substitution mechanisms. In the absence of
202  monovalent cations (e.g. Na') or tetravalent anions (e.g. Si04"), four distinct substitution
203  mechanisms can be envisioned (Al-Kattan et al., 2010a) for apatites obtained by wet

204  chemistry (see Table 1).

205 If one hypothesizes that any of these four mechanisms, or a combination of them, is
206  possible for the incorporation of trivalent lanthanide ions into the apatite structure, it should
207  be possible to calculate the stoichiometry of each sample according to its Ln’/Ca®" ratio and
208  the specific substitution mechanism of interest. By applying the four model mechanisms
209 independently to each sample, it appears that at low dopant concentrations (y < 0.02) all four
210 mechanisms are possible. However, results from ICP-AES indicate that at high lanthanide
211  concentrations, only mechanism 4 remains possible, since the other model mechanisms would
212 result in negative values for the HPO,* or OH contents. This mechanism implies, upon Ca-
213 for-Ln substitution, the concomitant deprotonation of some OH ions, giving rise to O anions
214  in apatitic tunnels, which has already been reported in Ln-doped apatites (Taitai and Lacout,
215 1987; Ternane et al., 1999). In such scenarios, the high strength of the Eu-O bonds may be
216  seen as a stabilizing factor (Piriou et al., 1987; Ternane et al., 1999). The existence of
217  oxyapatite or oxyhydroxyapatite phases (for which a single O takes the place of two OH™ in
218  the apatite formula) is well-accepted (Yamashita et al., 1986), and could also hold at moderate
219  to low temperatures, taking into account the Eu-O bond strength mentioned above. Despite
220 the moderate temperature (100 °C) used for synthesis in the present study, we appear to
221  observe mechanism 4, thus involving o ions, at least for high Ln contents. Indeed,

222 mechanism 4 is the only one to explain the experimental data for the whole series of samples
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223 prepared in this work and will be considered to be the leading substitution scheme. For low
224 Ln contents, other mechanisms (or a combination of mechanisms) listed in Table 1 may also
225  come into play to some extent but they are not possible to determine here.

226 Once one major type of substitution mechanism is assumed, it becomes possible to define
227  the chemical composition of the samples on the joint basis of ICP-AES, TG/DSC and XRD
228  data. The numerical results obtained by considering mechanism 4 are reported in Table 2, per
229  mole of doped apatite. In these calculations, as is customary for calcium phosphate apatites,
230 the sum of the phosphates (PO,> and HPO4”) per mole of apatite was fixed at 6. This assumes
231 complete occupation of the phosphate crystallographic sites due to the large size of the
232 orthophosphate ion and the presumed structural instability that would arise from phosphate
233 vacancies. Once a Ln/Ca substitution mechanism has been assumed (see Table 1), one has
234 access to the chemical formula with two unknown parameters “x” and “y”. In the case of
235 mechanism 4, for instance, we have: CajoxyLny(PO4)sx(HPO4)x(OH)s.(O)y. From ICP
236  analyses, the Ln/(Ca+Ln) as well as the (Ca+Ln)/P ratios were measured. Then, having two
237  equations with two unknown parameters, we could straightforwardly solve this mathematical
238 system and find “x” and “y”. This allowed the evaluation of the PO,>/HPO,* speciation as

239 well as the OH/O? contents.

240 Based on Rietveld refinement of XRD data, the relative proportions of apatite and
241  lanthanide hydroxide were concomitantly evaluated. TG/DSC measurements showed water
242 loss (see also (Rollin-Martinet et al., 2013)) in the 25-212 °C range and the related weight loss

243 permitted the evaluation of the amount of hydration water associated with the samples.

244 It may be noted (see final column of Table 2) that the experimental value of Ln/(Ca+Ln)
245  in the apatite phase increases when the initial dopant concentration increases, although this
246  trend levels out for the highest Ln concentrations. This tendency towards constancy of the

247  experimental Ln content is indicative of the existence of a maximal substitution limit, as may
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248  indeed be expected for such systems where trivalent cations replace divalent ones and where a
249  second phase of Ln(OH); defines the solubility limit.

250 As indicated in Table 2, an increased Ln’* ion concentration in Ca-sites is accompanied by
251  a decrease in the total amount of (O + OH) and an increase of both HPO,* and water
252 content. Interestingly, a decrease in hydroxylation and an increase in HPO4> were similarly
253 observed for wundoped nanocrystalline apatites of decreasing maturation states
254  (Vandecandelaere et al., 2012). These findings suggest that lanthanide substitution decreases
255  the overall degree of stoichiometry in the apatite phase. This suggests that Ln’" ions play a
256 role in apatite crystal growth inhibition, which is also the case of other ions such as Mg”" or
257 Zn>" (Koutsoukos, 1998). Such inhibitory effects are complex phenomena, where the mode of
258 interaction of the metal ion with the solid phase comes into play, as well as crystallographic
259  considerations (especially when a trivalent ion replaces a divalent one as is the case for Ln’").
260  Such a deviation from stoichiometry and decrease in degree of crystallinity are further
261 confirmed in the present study on the basis of XRD data, where peak broadening was
262  observed upon increasing Ln doping, thus pointing to a decrease in particle size which is in
263  agreement with growth inhibition. This effect is, for example, visible on diffraction peak
264  (002) (see inset in Figure 1). The estimation of crystallite dimensions is rather delicate as peak
265  width is not only dependent on particle size, but also on the presence of microstrains which
266 can be non-negligible for apatite compounds (Vandecandelaere et al., 2012). However,
267  estimates of the mean crystallite length along the c-axis of the hexagonal unit cell have been
268 tentatively calculated here using Scherrer’s formula applied to the (002) peak, pointing out a
269  decrease in mean crystallite length from ca. 40 nm down to about 25 nm when increasing the
270  Ln content from 1 to 10%.

271 According to the XRD results, a single apatite phase was observed only for low dopant

272 concentrations (typically less than y = 0.04). Beyond this limit, as mentioned above, Ln(OH);
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273 formed as a secondary phase. However, the Ln incorporated amount continued to increase,
274  thus indicating that the value of y = 0.04 may be an underestimation of the real solubility limit
275  of the Ln®" ions in the apatitic lattice in our synthesis conditions. The concomitant presence of
276  apatite and Ln(OH); phases may be related to not only thermodynamic but also kinetics
277  aspects: the apatite phase being a complex oxide system with many ions to accommodate, its
278  crystallization (especially if the incorporated ions act as growth inhibitors) requires time,
279  allowing (at least in a transient way) secondary phases to be formed. In other words, our
280  synthesis conditions do not allow complete equilibrium to be attained.

281 The composition of each sample, as listed in Table 2, was then taken into account in the
282  energetic calculations below, so as to extract the enthalpy linked to the apatite phase alone.
283

284  Calorimetric measurements and thermodynamic properties of Ln-doped apatites

285 The experimental drop solution enthalpy (AHgs) values for the calcium phosphate apatite
286  samples prepared here are listed in Table 3, as well as values for the constituent binary oxides
287  and lanthanide hydroxides Ln(OH);.

288 For samples containing a lanthanide hydroxide secondary phase (amount determined by
289  XRD), the AHg;s of the apatite phase was determined by correcting the measured AHgy; for the
290  two-component sample by the AHgs of the lanthanide hydroxide phase alone. Therefore, the
291  enthalpies of drop solution of the Ln(OH); phases were also necessary to determine. As a
292  starting point, the enthalpy of drop solution for Eu(OH); was determined experimentally using
293  a reference Eu(OH); sample precipitated in this work (see experimental section). This
294  experimental value of AHgys for Eu(OH); was then measured by drop solution calorimetry.
295 Interestingly, this experimental value was found to be very close (within 2 kJ/mol, see Table
296  3) to the AHg; value calculated using available thermodynamic data (i.e. using data for Eu,O3

297 and H,O, see footnote “c” in Table 3). Considering this closeness between the calculated and
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298  experimental values for Eu(OH);, and the potential difficulty to prepare pure Ln(OH); phases,
299 it was thus decided for the other lanthanide hydroxides to use enthalpies of drop solution
300 (Table 3) calculated from values of the drop solution enthalpy of Ln,O; and the formation
301  enthalpy of Ln(OH); from Ln,O3+ H,O.

302 The enthalpies of formation of the apatitic phase alone (i.e. after removal of the Ln(OH)3
303  contribution), from the constituent oxides at 25 °C (AHDﬂOX) using the thermodynamic cycle in
304 Table 4, have been added to Table 3. Calculating enthalpies of formation from constituent
305 Dbinary oxides is particularly relevant as these values relate directly to the experimentally
306 measured heats of drop solution, thus limiting the propagation of errors. The strongly
307 exothermic values obtained for all studied systems indicate their significant stability with
308  respect to the corresponding binary oxides. As discussed above, for low Ln** concentrations
309 (y < 0.02), all four Ca*'/Ln*" substitution mechanisms theoretically remain possible.
310 Accordingly, the calculated AHDf,OX values may somewhat fluctuate depending on the
311  substitution mechanism, but we estimated this fluctuation to a maximum of 1.05 % around the
312 values calculated here from mechanism 4. This confirms that enthalpy values calculated
313  according to mechanism 4 are, from a practical viewpoint, fully relevant for evaluating the
314  heats of formation of Ln-doped apatites. However, it also indicates that it is not possible here
315 to determine the most favorable mechanism at low concentration from an energetic
316  standpoint.

317 Figure 3 gives a graphical view of the variation, for each lanthanide ion, of AHDf’OX versus
318  the experimental Ln/(Ca+Ln) molar ratio in the apatite. In each series, substituting lanthanide
319 cations for calcium was found to significantly affect the energetics of the resulting apatite
320 phase. The formation enthalpy becomes less exothermic upon increasing the dopant
321  concentration. These findings point out the general tendency of Ln’" incorporation to

322 destabilize the (hydroxy)apatite system. These changes are likely due to charge and/or size
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323 mismatch between the dopant (Ln’") and host (Ca®") cations and the corresponding charge
324  balancing mechanism, here calculated as the creation of oxygen vacancies (mechanism 4). As
325 shown in Figure 3, at low concentration of dopant, enthalpies of formation become less
326  exothermic through an approximately linear relationship with dopant concentration. However,
327  at higher concentrations, the enthalpies of formation tend to stabilize, indicating that we

328  approach the solubility limit of incorporation of lanthanide in these systems.

329 To illustrate the effect of Ln®" ionic size on energetics, the difference in formation
330 enthalpies between doped and undoped systems was plotted against the dopant ionic radius,

331 M Figure 4 reports the case of the experimental dopant concentration y = 0.04. This figure

332 suggests that as the ionic radius of the dopant increases, the formation enthalpy tends to
333  become less exothermic, indicating as a general tendency, a greater destabilizing effect for the
334  larger lanthanide cations. However, this general trend is only approximate, taking into account
335 the dispersion of the data points (e.g. Tb and Eu points are close to one another despite
336 different radii). Thus ionic radius may not be the sole parameter in the variation of AH’;, and
337  other factors such as electronegativity or polarizability may play a role. Differences in
338  maturation state, discussed further below, may also affect the energetics.

339 Enthalpies of formation AHQf,el (at 25 °C) from the elements in their standard states have
340 also been calculated (Table 3). The value -13307.5 + 12.4 kJ/mol obtained for the undoped
341  apatite, which is slightly nonstoichiometric as compared to Ca;o(PO4)s(OH),, is slightly less
342  exothermic than with the value measured previously for stoichiometric HA (-13431.0 = 22.7
343 kJ/mol) (Rollin-Martinet et al., 2013). As expected, the general variation of AH'¢, for a given
344 Ln’" ion follows the same trend as evidenced above for AHof,ox, being less exothermic for
345  increasing Ln’" dopant content. Despite rather low amounts of incorporated Ln** cations,
346  reaching about 10 % of the full cationic content, the destabilizing effect is quite significant,

347  with a variation in enthalpy as compared to the undoped samples up to ca. 8 %. This
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348  substantial destabilizing effect may possibly explain, at least in part, the low solubility limit of
349  Ln’" ions in the solid solution.

350 In the case of apatites, the relative stability can generally be assessed on the basis of
351  enthalpy considerations, since the entropy contribution (TASf°) in Gibbs free energies of
352  formation (AGs°) remains low for such systems (Rollin-Martinet et al., 2013). However, it is
353  interesting to evaluate the Gibbs free energies of formation AGs° of these apatite compounds,
354  which represent the “actual” stability parameters to take into account in thermodynamic
355 calculations. To that aim, it was first necessary to estimate standard entropies S°. First
356  approximations of S° were calculated by considering equilibrium reactions involving only
357  solid phases (namely in this case calcium and lanthanide oxides or hydroxides), such as:

358 (9 —x—y/2) CaO (s, 298K) + (y/2) Ln,O; (s, 298K)+ 3P,0s (s, 298K) + (1 — y/2)
359 Ca(OH)2 (S, 298K) i Calo_x_yLIly(P04)6_X(HPO4)X(OH)2_X_yOy

360 Eq. 1
361
362 Based on entropy values tabulated in thermodynamic databases for these oxide/hydroxide

363  species and for the elements in their standard states, it was then possible to evaluate the S°,
364  AS¢° and then AG¢° for the apatite samples prepared in this work. The values are reported in
365 Table 5. As expected, AG® is again found to be mostly enthalpy-driven, with only a rather
366  minor contribution of entropy.

367

368  Implications of Ln-Doping on the Stability of Apatite Compounds

369 Based on such evaluations of AG°, it now becomes possible to investigate the effect of Ln
370  doping on the stability of apatite and to estimate, for example, equilibrium constants for
371  dissolution and partitioning reactions involving aqueous media.

372 Our characterization results (see above) clearly indicated that Ln*" = Eu’", Er’*, Nd*", and

373 Tb’" ions acted as apatite growth inhibitors. Therefore, Ln-doped apatites obtained via a given
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374  set of experimental conditions will necessarily be less mature (i.e. exhibiting in particular a
375  composition farther from stoichiometry) than apatites obtained in similar conditions but in the
376  absence of Ln’" ions in the medium. In this context, the comparison of doped and undoped
377 samples becomes more delicate, as the maturation state of both the doped and undoped
378  sample has to be taken into account.

379 The incorporation during synthesis of Ln’" ions into the apatite lattice does not “simply”
380 have a substituting role, it also influences the final structure and particle size state reached.
381 Two phenomena have to be distinguished: a) the ionic substitution itself and b) the lower
382  maturity of the apatite phase containing Ln.. If one considers (when comparing doped and
383  undoped apatites) a common degree of maturity, then the two phenomena a) and b) might be
384  separable.. But this remains a hypothetical situation. In real conditions, when the precipitation
385  takes place in the presence of Ln’" ions, the final apatite obtained exhibits a lower
386  crystallinity state, higher nonstoichiometry, smaller particle size, and poorer crystallinity. .
387  Consequently, if one intends to evaluate exclusively the energetic effect due solely to the
388  incorporation in apatite of Ln®" ions, the initial apatite system to consider in the reaction
389  scheme (as illustrated in Equation 2 for mechanism 4) should be a phase with equivalent
390 maturation state: This is very difficult to attain.

391

392 Cajox(PO4)sx(HPOs)(OH)2x +y L’ () + y OH (o

393 CaygnyLny(PO4)s(HPO)(OH)s Oy + y Ca’ (g + y HaO(ig) (Eq. 2)
394
395
396 With the view to evaluate the variation in free energy accompanying Equation 2

397 (AGreact = AG®ract ¥ RTLn(Kg)), it is thus not possible to use as initial apatite state the
398  undoped compound prepared in this work (which exhibits a more advanced maturation stage).
399  On the other hand, we have recently published data relative to the energetics of calcium

400 phosphate apatites with various degrees of maturation (Rollin-Martinet et al., 2013). This
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401  allowed us to evaluate AG® i and K¢q (equilibrium constant at 25 °C) for systems presenting
402  similar maturation patterns. For experimental Ln doping rates between 5 and 9 %, AG® eact
403  values (not counting numbers lower than their propagated errors) were found between -62 +18
404  and -377 £ 19 kJ/mol; and the corresponding values of pK¢q were found between -11 + 7 and -
405 66 + 8. No clear ranking tendency was detectable in terms of AG¢® or K¢q values so as to
406  distinguish the behavior of the four lanthanides studied in this work. However, these negative
407  values point to a situation where Ln’" incorporation (at least for the four lanthanides
408  considered here) is energetically favorable — considering a constant maturation state —
409 meaning that Equation 2 has a spontaneous tendency to evolve from left to right. It may be
410 remarked that Equation 2 unveils a pH dependency through the involvement of OH’ ions.
411  Considering ideal solid phases and water solvent (activities equal to unity), the equilibrium
412 constant K¢q can thus be expressed as a function of ionic activities (shown by parentheses) as

413  follows:

414
15 Ky = —yLogiid + y.CoH — 14) Eq. 3
416

417  Considering, as an illustrative example, a pH value of 9 and y = 0.5, Equation 3 would lead at
418 25°Ctoa (Ca2+)/(Ln3+) ratio typically ranging between 17 + 10 and 127 + 11, indicating a
419 Ca’" activity that is 1 or 2 orders of magnitude greater than that of Ln’".

420

421 Therefore, this work has shown, on a quantitative basis for the first time, that lanthanide
422 ions (Ln’") can be accommodated in apatite with only small energetic destabilization of the
423  solid phase. The thermochemical data reported in this work can be used to calculate the
424  partitioning of Ln between apatite, fluids, melts, and other minerals. Such understanding of

425  Ln distributions is relevant to a variety of fields including petrology, geochemistry, Ln mining
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and processing, Ln transport in the environment, nanomedicine (use of Ln as phosphors in

apatite in medical diagnostics) or else anthropology (diagenesis of skeletal remains).
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Figure Captions

Figure 1. XRD patterns obtained for increasing Ln*" content: typical case of the europium doping series, with
indexation according to the JCPDS #09-432 card. Inset: zoom on (002) diffraction peak

Figure 2. FTIR spectra for increasing Ln’" content: typical case of the europium doping series (0, 2 and 7 mol %
Eu initial)

Figure 3. Enthalpies of formation AH®,, of Ln-doped apatites vs. Ln/(Ln+Ca) molar ratio. The undoped sample
is shown on each graph in black. a) Eu -doped samples, b) Er-doped samples, ¢) Nd-doped samples, and d) Tb-
doped samples

Figure 4. Difference between enthalpies of formation of doped and undoped samples vs. dopant radius for

Ca gy Lny(PO4)s<(HPO4)(OH)1.4.yOy'nH,0 (Ln = Eu, Er, Nd, and Tb) for an experimental dopant content of
y=0.04
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Tables

Table 1: Possible mechanisms for lanthanide (Ln*") doping in calcium phosphate hydroxyapatite (Al-

Kattan et al., 2010a)

Mechanism 1:
2+ 3+

+ <

3Ca — 2Ln Dc — Ca Ln (o )X+y/2(P04)G-X(HPO4)X(OH)2—X(DOH)X (x=2)

a 10-x-3y/2 'y Ca

Mechanism 2:
2+ 2. 3+ 3

Ca +HPO4 —2Ln +PO4 — CalO-X-yLny(DCa)x(PO4)6-x+y(HP04)x—y(OH)2-x(DOH)X (x=22; y<x)

Mechanism 3:
2+ 3+

Ca + O™ Ln +OH — Cal()»X_yLny(DCa)x(PO4)6_)‘(HPO4)X(OH)Z_W(\:\OH)X_y (0<x-y=2; y<x)
Mechanism 4:
2 - 3+ 2-
Ca +OH—Ln +0O — Ca Ln(@ )(PO) (HPO)(OH) O)(@m ) xty=2)
10-x-y 'y Cax 4" 6-x 4"x 2-X-y y OH x
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Table 2: Overall compositions of the precipitated samples, as determined from ICP, TG/DSC and XRD
data. Mechanism 4 was applied, adapting the general formula: as Ca;g.yLny(PO4)s(HPO4)(OH),.,.
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yOynH,0 and Ln = Eu, Er, Nd, and Tb (0 <y <0.10)

6/11

Sample  Ca’’ Ln* PO,>~  HPO,” OH 0~ H,0 Ln(OH); Ln’"/(Ln*"+Ca>)?
CaP 9.96 0.00 5.96 0.04 1.96 0.00 2.07 0.00 0.00
CaEuPl  9.62 0.18 5.79 0.21 1.62 0.18 2.16 0.00 0.02
CaEuP4  9.03 0.34 5.37 0.63 1.03 0.34 2.81 0.30 0.04
CaEuP7 836 0.55 491 1.09 0.36 0.55 452 0.55 0.06
CaEuP10  8.08 0.79 4.87 1.13 0.08 0.79 4.66 0.76 0.09
CaErP1  9.60 0.18 5.78 0.22 1.60 0.18 2.41 0.00 0.02
CaErP2  9.32 0.35 5.66 0.34 1315 035 2.50 0.00 0.04
CaErP4  9.12 0.43 5.55 0.45 1.12 0.43 2.80 2.28 0.05
CaErP7 875 0.60 5.35 0.66 0.75 0.60 452 0.53 0.07
CaErP10  8.22 0.72 4.94 1.06 0.22 0.72 4.00 0.71 0.08
CaNdPl  9.52 0.19 5.71 0.29 1.52 0.19 1.86 0.00 0.02
CaNdP2 9.1 0.35 5.56 0.44 121 0.35 2.58 0.00 0.04
CaNdP7  8.54 0.46 5.00 1.00 0.54 0.46 4.40 0.55 0.05
CaNdP10 8.12 0.62 4.74 1.26 0.12 0.62 473 0.76 0.07
CaTbP2  9.24 0.36 5.60 0.40 1.24 0.36 2.77 0.00 0.04
CaTbP4  8.63 0.53 5.16 0.84 0.63 0.53 3.14 0.30 0.06
CaTbP7  8.55 0.90 5.45 0.55 0.55 0.90 439 0.57 0.09
CaTbP10  8.34 1.26 5.60 0.40 0.34 1.26 5.60 0.81 0.13

* Experimental Ln*'/(Ca®*+Ln’") molar ratio in the corresponding apatite phase
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648 Table 3: Enthalpies of drop solution (AH4) of apatites, binary oxides, and lanthanide hydroxides in
649 3Na,0-4MoO; at 973 K, and enthalpies of formation at 298 K of apatites from constituent oxides (AHof,ox)
650 and from the elements taken in their standard state (AHof,el)
Binary AHy, (kJ/mol) iApatite  AH, (kJ/mol) AH'¢ oy (kJ/mol) AH'to (kJ/mol)*
compounds isamples
CaO -90.70 + 1.69* :CaP 1102.21 + 8.94 (8)° -2287.55+£9.65 -13307.5+12.4
P,05 -164.60 £ 0.85* iCaEuPl 1078.75 £ 11.66 (14) -2244.63 £ 12.50 -13173.1 £14.9
H,O 69.00 + 1.00* iCaEuP4 1149.31 £ 8.49 (10) -2232.36 £9.43 -12894.1 £ 12.7
Eu,0; -129.24 £2.12° iCaEuP7 1176.13 £ 10.75 (10) -2101.71 £11.25 -12481.6 £ 14.3
Er,0O; -105.26 £2.48° iCaEuPlO 1194.01 £ 13.12 (12) -2108.57 £ 14.02 -12474.7 £ 16.8
Nd,04 -163.36 £3.44° iCaErPl 1099.34 + 12.02 (10) -2247.75 £12.50 -13184.2 £ 14.7
Tb,0; -125.58 £2.40° iCaErP2 1109.33 +£11.40 (11) -2242.73 £7.01 -13139.1 £ 10.5
Eu(OH), 115.70 £ 1.27 (8) iCaErP4 1139.68 + 11.42 (12) -2205.22 £9.43 -13038.4 +12.2
Eu(OH); 117.73 £ 1.50° iCaErP7 1177.09 £ 15.77 (12) -2146.12 £11.25 -12882.9+13.7
Er(OH), 99.40 + 1.80° iCaErPlO 1154.85 +15.73 (12) -2131.92 +£14.02 -12627.4 £ 16.0
Nd(OH); 194.00 + 2.40° iCaNdPl 957.55+12.56 (9) -2139.35 £ 12.56 -13024.5+ 14.8
Tb(OH); -41.50 £ 1.70° iCaNdPZ 1025.24 + 7.44 (8) -2148.81 £7.44 -12958.9+10.8
iCaNdP7 1021.77 £ 11.24 (10) -1970.90 £ 11.24 -12439.3 £ 13.6
iCaNdPlO 1089.21 £ 12.20 (8) -1936.32 £12.20 -12259.8+14.4
iCaTbP2 1041.67 +6.17 (8) -2178.21 £7.01 -13025.3 £11.0
iCaTbP4 1070.18 + 6.90 (8) -2152.35+9.43 -12746.4 £ 12.9
iCaTbP7 1145.46 + 13.44 (10) -213041+11.25 -12965.9 £ 14.7
éCaTbPlO 1205.79 + 11.36 (8) -2122.98 +14.02 -13109.5+17.2
651  “From Ushakov et al. (Ushakov et al.l, 2001).
652  °Uncertainty is two standard deviations of the mean. The number in parentheses is the number of experiments.
653  ‘Calculated by considering the reaction Ln(OH); — 1/2 Ln,O5 + 3/2 H,0O and the known values of AH°(hydroxide),
654  AH°{oxide), AHg(oxide), AHy,.(H,O gas, 298-973 K) and AH°{H,O gas) (Robie et al., 1978).
655  ‘YCalculated for the anhydrous apatite phases, considering the hydration water as thermodynamically equivalent to liquid water
656  as was done previously
657
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667
668
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Table 4: Thermodynamic cycle for calculating the enthalpies of formation from the oxides of Ln-doped
apatite samples based on mechanism 4, with Ln = Eu, Er, Nd, and Tb

Reaction® AH

Ln,05(s, 298 K) — Ln,O5(sol, 973 K) AHg(Ln,03)
CaO(s, 298 K) — CaO (sol, 973 K) AH4(Ca0)
P,0s (s, 298 K) — P,0s (sol, 973 K) AHgy(P,05)°
H,0 (1, 298 K) — H,0 (g, 973 K) AHg(H,0)°

CagxyLny(PO4)6.x(HPO4)«(OH),.y Oy (H,0), (s, 298K) — (10 —x —y) CaO (sol, 973K)
+ (y/2) Ln,O; (sol, 973K)+ 3P,0s (sol, 973K) + (1 — y/2 + n) H,O (g,973K)

Formation reaction from the oxides:
(10 —x — y) CaO (s, 298K) + (y/2) Ln,O; (s, 298K)+ 3P,0s (s, 298K) +

(1 - y/2 + n) HZO (1;298K) - CalO-X—yLny(PO4)6—x(HPO4)X(OH)2-x—y OyA (HZO)n (S> 298K)

AHy(Ln-apatite)

AH °f,0x(Ln-ap atite)

Therefore AHOLOX(Ln-apatite) = (10 —x —y) AHg(CaO) + (y/2) AHgs(Ln,O3) + 3AH4(P,O5)
+ (1 — y/2 + Il) AHds(Hzo)

AHy(Ln-apatite)

s = solid, 1 = liquid, g = gas, and sol = solution.

®Ushakov et al. (Ushakov et al., 2001).

Table 5: Evaluated thermodynamic properties of formation, from the elements (at 298 K), for the undoped
and Ln-doped (Ln = Eu, Er, Nd, Tb) apatites prepared in this work

Apatite AH’t (kJ/mol) S°(Imol"K")  AS° (J.mol'K")  AGq (kJ/mol)
samples

CaP -13307.5+12.4 772 +9 2682 +9 -12508.2 + 13.4
CaEuPl1 -13173.1+ 14.9 768 + 10 2659 + 10 -12380.7 + 15.8
CaEuP4 -12894.1 +12.7 754+ 10 2607 + 10 -12117.2+13.8
CaEuP7 -12481.6 + 143 739+ 10 2550 + 10 -11721.7+ 153
CaEuP10 124747+ 16.8 740 + 10 2536+ 10 -11719.0 £ 17.8
CaErP1 -13184.2+14.7 768 +9 2654+9 123933+ 15.6
CaErP2 -13139.1+10.5 767+9 2634+9 2123542+ 11.7
CaErP4 -13038.4 +12.2 764 +9 2617+9 -12258.6 +13.3
CaErP7 -12882.9+13.7 759 +9 259249 -12110.4 + 14.6
CaErP10 -12627.4 +16.0 746 + 9 2538+9 -11871.1+16.8
CaNdP1 -13024.5 + 14.8 766 +9 2646 + 10 -12236.0 + 15.7
CaNdP2 -12958.9+10.8 763 + 10 2621+ 10 -12177.9 £ 12.0
CaNdP7 -124393 +13.6 744 + 10 2556 + 10 -11677.6 + 14.7
CaNdP10 -12259.8 + 14.4 737+ 10 2519+ 10 -11509.2 + 15.5
CaTbP2 130253+ 11.0 765+ 10 22626 £ 10 2122427+ 1222
CaTbP4 -12746.4+12.9 751+10 22570+ 10 -11980.5+ 13.9
CaTbP7 -12965.9 + 14.7 769 + 10 2582+ 10 -12196.5 + 15.6
CaTbP10 -13109.5+17.2 781+ 10 -2580 £ 10 -12340.7 + 18.1
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