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ABSTRACT  

The heterogeneous precipitation of calcium-phosphates on calcium hydroxyapatite 

(Ca10(PO4)6(OH)2 or HAP) in the presence and absence of fluoride is important in the 

formation of bone and teeth, protection against tooth decay, dental and skeletal fluorosis and 

defluoridation of drinking water.  

Strontium hydroxyapatite (Sr10(PO4)6(OH)2 or SrHAP) and strontium carbonate (SrCO3) were 

used as calcium-free seed templates in precipitation experiments conducted with varying 

initial calcium-to-phosphate (Ca/P) or calcium-to-phosphate-to-fluoride (Ca/P/F) ratios. 

Suspensions of SrHAP or SrCO3 seed templates (which were calcium-limited for both 

templates and phosphate-limited in the case of SrCO3) were reacted at pH 7.3 (25 °C) over 3 

days. The resulting solids were examined with Scanning Transmission Electron Microscopy 

(STEM), X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR), and X-ray 

Photoelectron Spectroscopy (XPS), X-ray Absorption Near Edge Structure (XANES), and 

Extended X-ray Absorption Fine Structure spectroscopy (EXAFS). 

Calcium apatite was the predominant phase identified by all techniques independent of the 

added Ca/P ratios and of the presence of fluoride. It was not possible to make an unambiguous 

distinction between HAP and fluorapatite (Ca10(PO4)6F2, FAP). The apatite was calcium-

deficient and probably contained some strontium.  
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1. Introduction 

The heterogeneous precipitation of calcium hydroxyapatite (Ca10(PO4)6(OH)2 or HAP) 

on bones and teeth (as templates) is a process of primary importance in vertebrate physiology 

[1]. The uptake of fluoride into HAP and the precipitation of fluorapatite (Ca10(PO4)6F2 or 

FAP) can protect teeth from caries, but at higher exposure, may lead to discoloration of teeth 

or even crippling bone weakness [2]. Medical and dental applications have motivated studies 

of HAP and FAP precipitated under highly-controlled and non-physiological conditions (e.g., 

hydrothermal synthesis [3, 4] or aerosol deposition onto titanium [5] or after calcination [6, 

7]) complementing earlier studies on the precipitation of a variety of calcium phosphate solids 

[8-14]. In most studies, HAP and FAP (in the presence of dissolved fluoride, F) have been the 

thermodynamically-favored phases, but the formation of other calcium phosphate solids, 

particularly as intermediates, has also been reported depending on reaction time, solution 

conditions including the degree of super-saturation, initial calcium-to-phosphate (Ca/P) ratios, 

pH and ionic strength, temperature and surface area of HAP added as a seed template. Studies 

of F-substituted apatites have suggested that more crystalline apatites are formed at higher 

temperatures (over the range of 3-90 oC) [15, 16] and that fluorite (CaF2) may be formed as an 

intermediate during FAP precipitation in aqueous solution [17]. Carbonate minerals have been 

used as either a seed or sacrificial template; overgrowth of octacalcium phosphate (OCP) has 

been observed on both calcite and mixed calcite-aragonite crystals [18] and complete 

dissolution of biogenic aragonite (cuttlefish bone) was observed in association with the 

formation of apatite [19], calcium phosphates [20] or fluoride-substituted hydroxyapatite [21].  

Fluoride uptake by HAP and precipitation of FAP are also relevant to the defluoridation 

of drinking water [22-26]. Bone char (predominantly HAP) is being used for this purpose in 

rural Kenya; filters are amended with pellets containing calcium phosphates and calcite 

(CaCO3) to improve performance [27]. The composition of pore fluids in the filters can be 
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highly variable due to variability in the composition of source waters, intermittent supply of 

water to the filters and physico-chemical reactions occurring in the filter bed.   

Here, we use strontium carbonate (SrCO3) and strontium hydroxyapatite 

(Sr10(PO4)6(OH)2 or SrHAP) as Ca-free templates for the precipitation of calcium phosphate 

phases. This study focused on distinguishing between calcium apatites and other calcium 

phosphate phases precipitated under ambient conditions (pH 7.3, 25 °C) after the addition of 

solutes with varying initial calcium-phosphate (Ca/P) ratios in the presence and absence of 

dissolved F. The intention of using Sr-based seed templates was to distinguish the newly-

precipitated phases from the seed phases. Solutes were added in Ca/P ratios corresponding to 

the stoichiometry of various possible products: 1.0 for brushite (CaHPO42H2O), 1.50 for β-

tricalcium phosphate (β-Ca3(PO4)2 or β-TCP), and 1.67 for HAP and FAP. When fluoride was 

added, the initial Ca/P/F ratios were either stoichiometric for FAP, F-limited for FAP or P-

limited for FAP with excess Ca and F in the stoichiometric ratio for CaF2. Solutes were added 

at concentrations relevant for filter systems used for defluoridation of drinking water. The 

composition of the solids produced after 3 d was characterized using Scanning Transmission 

Electron Microscopy (STEM), X-ray Photoelectron Spectroscopy (XPS), Fourier Transform 

Infrared Spectroscopy (FTIR), X-ray Absorption Near Edge Structure (XANES) and 

Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, and X-ray Diffraction 

(XRD). The stoichiometry of precipitated solids was calculated based on the removal of the 

constituent ions from solution. 

2. Materials and Methods 

2.1. Chemicals and Materials 

All chemicals used (excluding FAP and SrHAP reference samples) were of at least “pro 

analysi” grade (p.a., from Merck and Fluka). Solutions were prepared in nanopure water 

(Barnstead NANOpure Diamond UV, resistivity > 18 MΩ-cm) in polyethylene vessels 
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washed with acid (0.65 % HNO3) and rinsed at least 3 times with nanopure water. Solid 

reference samples were obtained from commercial suppliers (brushite and monetite (CaHPO4) 

from Fluka, fluorite (CaF2) from AlfaAesar, SrCO3 from Merck, β-TCP from Cerros and HAP 

from Budenheim) or synthesized (SrHAP and FAP) as described elsewhere [28].  

2.2. Batch experiments 

Experiments were performed in duplicate in open systems (atmospheric pCO2) at 25 ± 1 

°C with 2g SrHAP or SrCO3 in 1L nanopure water. Suspensions were stirred by a suspended 

magnetic stirrer to avoid sample grinding. Solution pH was controlled over the duration of the 

experiment at 7.3 ± 0.5 with 0.1 M HNO3 and 0.1 M NaOH, using titration units as in [26, 

28]. After dispersion for 10 min, dissolved Ca and PO4 were added to the SrHAP/SrCO3 

suspensions from 0.5 M Ca(NO3)2, 0.3 M NaH2PO4H2O, 0.3 M Na2HPO4, and 0.4 M NaF 

stock solutions (accommodating changes in volume due to pH-adjustment and sampling prior 

to solute addition) to achieve target initial solute concentrations (1-6 mM Ca, 2-5 mM PO4, 0-

3 mM F, Table 1). After 3 d, solids were collected on cellulose-nitrate filters (0.45 µm, 

Sartorius), air-dried and stored at room temperature for further analysis. Filtrates for solute 

analysis were collected by filtration through nylon filters (0.2 µm, PALL) and analyzed for 

major cations (Na, Ca and Sr) and anions (chloride and phosphate) as well as for total 

dissolved inorganic carbon as described previously [26]. Reported concentrations were 

corrected to account for dilution during pH adjustment.  

2.3. Solid characterization 

Analyses by XPS, XRD and FTIR were performed for all precipitates and for the 

reference samples HAP, FAP, SrHAP, SrCO3 and CaF2 as described previously [26] except 

for modification of the FTIR analysis parameters as follows: spectra recording velocity 10 

kHz; filter 1.2 kHz, undersampling ratio (UDR) 2, resolution 2 cm-1, aperture 0.25 cm-1 and 

sensitivity 16 []. All FTIR data were normalized to the baseline. For STEM analysis of the 
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precipitated sample HAP_SrHAP, about 20 mg of well-ground, air-dried sample was 

suspended in approximately 50 mL ethanol, sonicated in a water bath (Bioblock Scientific) 

for 2 min and centrifuged (UniCen MR, Herolab) at 4300 rpm for 10 min to remove large 

aggregates. Two drops of the supernatant were deposited on a TEM grid (Cu/holey carbon-

coated; Okenshoji Co., Ltd). The microscope (Hitachi HD 2700Cs) was operated with an 

acceleration voltage of 200 kV in a high resolution mode. The solids were localized using a 

High-Angle Annular Dark Field (HAADF) detector and analyzed with an Energy Dispersive 

X-Ray (EDX) system (EDAX). The data was evaluated using EDAX Genesis V6.2 and 

Matlab. X-ray absorption spectroscopy was performed on the X07MB PHOENIX beamline at 

the Swiss Light Source (SLS, Paul Scherrer Institute PSI, Switzerland). About 70 mg of well-

ground, air-dried samples were pressed into discs of 10 mm diameter; the references (HAP, 

FAP, CaF2, β-TCP, brushite and monetite) were diluted with cellulose powder to obtain 3 % 

Ca in each sample. The pressed samples were glued with double-sided sticky carbon tape onto 

a copper sample plate, which was set at an angle of 45° with respect to the incoming beam 

and the fluorescence detector. The spectra were collected in an energy range between 4000 

and 4760 eV (Ca K-edge) with an energy step size of 2 eV in the pre-edge, 0.25 eV in the 

XANES and an increasing step size up to 5 eV in the EXAFS region. A dwell time of up to 6 

s was applied for each point. A Si (111) double crystal monochromator provided an energy 

resolution of about 0.6 eV. The beam size was 1 x 1 mm² and the measurements were 

performed at a temperature of 25°C under vacuum with a residual pressure of about 5 x 10-5 

mbar. The fluorescence signal was detected by a four-element silicon drift detector and 

corrected for dead-time effects. A calibration of the X-ray energy used the first inflection 

point of a Ti K-edge spectrum and was set to 4966 eV. The data were normalized to the 

incoming flux by recording the total electron yield of a 0.5 µm thick polyethylene foil covered 

by a 50 nm thick Ni-layer. The IFEFFIT package was used for analysis [29]. A linear pre-



7 

 

edge was subtracted from the data, which were then normalized to a unit step by 3rd 

polynominal fit to the post-edge data.  

3. Results and discussion 

The formation of calcium-phosphate phases in heterogeneous suspensions containing Ca-

free seed templates of SrHAP or SrCO3 was examined at varying Ca/P ratios in the absence 

and presence of F. Although Ca was supplied only by addition of solutes to the seed template 

suspensions, dissolution of SrCO3 and SrHAP released Sr to the solution [28], which can be 

re-incorporated into newly-formed calcium phosphate solids [30-34]. In SrHAP suspensions, 

dissolution also released phosphate to the solution, thus Ca/P ratios were fully controlled only 

in the SrCO3 suspensions. Dissolution of the seed templates during the 10-min pre-

equilibration was accounted for in calculating saturation indices for various solids. In all 

cases, HAP and/or FAP in the F-amended experiments were the most thermodynamically-

favorable solids but some systems were also over-saturated with respect to brushite, β-TCP, 

OCP and CaF2 [28]. The calculation of saturation indices for fluoridated SrHAP and SrF2 was 

not possible due to lack of published solubility values.  

3.1. Incorporation of ions from solution into solid phases 

The association of Ca with the SrHAP seed template is clearly illustrated in X-ray 

intensity maps obtained with STEM (Figure 1). The signals of Sr, P and O can be attributed 

mainly to the residual SrHAP seed template. The intensity of the Ca signal is relatively weak 

consistent with calcium-phosphate precipitation corresponding to a maximum of 10 % by 

weight relative to the original seed. Adsorption of Ca onto the SrHAP seed or Ca substitution 

within the SrHAP crystal structure could also contribute to the observed signal. Normalizing 

the Ca signal to the Sr intensities shows a heterogeneous distribution on the particle aggregate 

and does not necessarily coincide with the P/Sr or O/Sr ratios and Ca intensities. These 
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findings further support an inhomogeneous distribution of the calcium-phosphate precipitates, 

but also a removal of Sr from the seed.  

 Similarly, clear signatures of Ca uptake were observed with XPS in all reacted samples 

(Table 2) at binding energies consistent with HAP and/or FAP [35]. Neither of the unreacted 

references SrHAP and SrCO3 exhibited any Ca(2p) signal. The Ca signals in reacted samples 

were significantly (16-49 %) lower than those of the HAP/FAP references; the Sr signals were 

also lower than those of the SrHAP/SrCO3 references. The (Sr + Ca)/P ratios of all SrHAP-

based solids were between 1.62 and 1.94, whereas the ratio for the reference HAP (1.43) was 

lower than stoichiometric (1.67) and that of the reference SrHAP (1.99) was higher. Since 

XPS penetrates to a depth of about 5 nm and averages over an area of approximately 0.02 

mm², this may reflect sampling into the bulk of the seed template coated with Ca- or Ca/Sr 

surface precipitates or across neighboring particles with different composition. (Please note, 

although every attempt was made to homogeneously distribute each sample it is possible that 

the precipitates, clustered on the seeds, were more enriched in one sample than in the other, 

affecting XPS intensities.) With the P-free SrCO3 seed template, P(2s) signals consistent with 

HAP/FAP were also observed at lower intensities than in the reference solids. A weak P 

signal in the reference SrCO3 is attributed to contamination during sample preparation. 

Samples precipitated in the presence of F exhibited a F(1s) signal but this could not be 

interpreted quantitatively because of the observed signal for F (0.43 ± 0.11 atm%; n = 6) in 

nominally F-free seeding templates and solids obtained from F-free suspensions. Potential ion 

incorporation (e.g. of Na) was not observed, and the carbonate C content for the SrHAP-based 

precipitates was less than 1 atm%. 

Uptake of phosphate from solution is also demonstrated by the FTIR spectra of 

precipitates formed in the presence of F using the SrCO3 seed template (Figure 2). Coincident 

with the observed decrease in dissolved phosphate (and Ca) concentrations, the intensity of 
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the carbonate-associated absorbance (i.e., at 1435 cm-1) decreased and the absorbance 

attributable to phosphate groups in an apatite environment (i.e., at 1027 cm-1) increased. 

Comparable spectra have been reported elsewhere [6]. The absorbance attributed to phosphate 

in FAP was slightly shifted to higher wavenumbers compared to those observed for HAP 

(1022 cm-1) and SrHAP (1006 cm-1) (Figure 2 and S2) and phosphate related peak positions of 

F-containing precipitates in SrCO3-based systems were more similar to FAP than HAP. The 

shift to higher wavenumbers for FAP contrasts with observations in a study in which F-

substituted HAP was prepared by the cyclic pH method and subsequently calcined [36]. In 

this study, identical absorbances (at 1018 cm-1) for HAP and F-substituted HAP were 

observed with a shift to higher wavenumbers in the absorbance (to 1021 cm-1) only after 

calcining of F-substituted HAP. (Note, however, that IR positions of 1027 and 1034 cm-1 have 

been reported for the 3 PO4-bands of HAP standard reference material [37, 38].)  No shifts of 

the phosphate-assigned peaks were observed for the F-containing SrHAP-based systems as 

would have been expected if F was substituted for hydroxyl groups within SrHAP. No 

indications of SrF2 formation were observed for either SrHAP- or SrCO3-based systems. 

3.2. Local environment of Ca in precipitated solids and identification of precipitated phases 

The local environment of Ca was interrogated with X-ray Absorption Spectroscopy 

(XAS). For all precipitates with both SrHAP and SrCO3 seed templates, XANES spectra were 

consistent with the references of HAP/FAP (Figure 3), though they exhibited slight 

differences at the white line (main peak of the spectra). In comparison to the reference HAP, 

the precipitated samples did not exhibit a dip between 4049.9 and 4051.5 eV (see Figure 3b).  

The white line dip at 4050.5 eV is caused by two different kinds of Ca atoms within the 

HAP and FAP crystal structure, which are coordinated in hexagonal shaped channels formed 

by PO4 groups. One unit cell consists of four Ca ions (Ca I) located outside the PO4 channel, 

while six Ca ions (Ca II) are located inside the PO4 channel and are coordinated to two OH 
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(HAP) or to two F ions (FAP) [39]. The white line peak at 4049.9 eV associated with Ca I is 

more intense than the peak at 4051.5 eV associated with Ca II. The peaks are separated by a 

slight dip at 4050.5 eV. Thus, the absence of this dip is indicative of either a Ca-deficient 

apatite of low crystallinity or of the presence of another calcium phase. 

The crystal structures of both, brushite and β-TCP, contain one type of Ca atoms, which 

results in a single and round white line peak (Figure 3c), while OCP exhibits a plateau-like 

shape [40]. The distinctly different appearance of the CaF2 spectra is a consequence of its 

cubic structure and is not evident for any of the precipitated samples.   

In the EXAFS spectra, characteristic features of HAP/FAP assigned to the first O shell 

surrounding the two Ca atoms (Ca I and Ca II) were observed at 1.8 Å (Figure 4). The 

features above 2.5 Å are attributed to mixtures of single scattering from P and Ca 

accompanied by multiple scattering involving mainly O and P atoms, thus are difficult to 

interpret. While the EXAFS spectrum shown for HAP agrees with that previously reported 

[41], the spectra of the precipitates between 3.0 and 4.0 Å seem to be a mixture of the single 

symmetrical peak of HAP and one broad feature of FAP. In contrast to the single symmetrical 

peak observed in the HAP spectrum, a broader feature with a noticeable downward slope from 

2.8-3.2 Å is observed for all SrHAP-based precipitates formed in the absence of F, except β-

TCP_SrHAP (Figure 4a). The broader feature, but with an upward slope or with a flat feature 

as β-TCP_SrHAP, is observed for the precipitates formed in presence of F (i.e., precipitated 

on both SrHAP and SrCO3 templates). Possibly this distinct difference to the HAP reference 

is a result of phase synthesis, since the HAP reference was a commercial product heated to 

about 200°C, unlike the FAP reference and the precipitated samples that were air-dried solids 

of relatively low crystallinity. It is notable that the spectra of all the precipitates exhibited 

increased intensity of the feature at 1.3 Å, which appears only as a shoulder in the (Sr-free) 

HAP and FAP references. This feature may be attributed to changes in the scattering path 
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length of the photoelectron of the O shell by the incorporation of Sr. Data evaluation for 

fluoridated SrHAP or SrF2 was not possible, as analyses were performed on the Ca-K-edge 

and not on the Sr-K-edge. 

XRD spectra of all precipitates showed a strong signature of the templates consistent 

with previously reported spectra of SrHAP [42] and SrCO3 [43]. For precipitates formed on 

the SrHAP template, a weak peak was observed at 25.8
o
 2 (Figure 5), which is consistent 

with the (0 0 2) reflection of HAP [42], also reported at 25.9
o
 2 [44, 45]. The offset between 

the reflections observed in the newly-formed HAP as compared with the template SrHAP is 

associated with the smaller size of the Ca cation. The crystal structure of SrHAP (a=b: 9.745 

Å and c: 7.265 Å) [42] is similar to that of HAP (a=b: 9.4166 Å and c: 6.8745 Å) [44] with 

the slightly larger unit cell size of SrHAP corresponding to the difference in ionic radii (Ca: 

11.4 Å; Sr: 13.2 Å) [46]. Although other Ca-phosphate solids (i.e., -TCP or OCP) could also 

account for the peak at 25.8o
 2 [47-49], stronger reflections that would have been expected 

for these solids (and also for brushite [50]) were not observed [28].   

For precipitates formed on the SrCO3 template, this region of the diffractogram is 

obscured by the SrCO3 (0 2 1) reflection at 31.6
o
 2 [43]. The appearance of a shoulder 

adjacent to this peak was observed in all SrCO3-based precipitates (Figure S3) consistent with 

the (1 1 2), (2 1 1) and (3 0 0) reflections of HAP and FAP [7, 16].  

Ratios of Ca/P in the precipitates were calculated from the observed decrease in the 

dissolved concentrations of the constituent ions (Table 1). The amount of solutes released by 

partial dissolution of the seed templates during the 10 min pre-equilibration was accounted for 

in this calculation, but further dissolution of the seed template during the precipitation phase 

of the experiment was neglected. Observed ratios ranged from 1.16 to 1.90 with the highest 

ratios observed in the presence of F, particularly for the systems that were (nominally) 

phosphate-limited for FAP. Note that this applies strictly only for the SrCO3 seed template, 
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since continuing dissolution of the SrHAP template would supply additional phosphate to 

solution. Ratios exceeding the stoichiometric value for HAP/FAP of 1.67 suggest the 

formation of an additional Ca-containing phase such as CaF2. Ratios below the stoichiometric 

value (i.e. for FAP_SrCO3, FAP-HAP_SrCO3, FAP-HAP_SrHAP) have been observed in 

previous studies and have been attributed to the formation of Ca-deficient HAP or F-

substituted HAP [6, 51-53], formation of amorphous calcium phosphate as an intermediate 

[54] or precipitation of brushite [23, 55]. In our experiments, such ratios could also result 

from substitution of Sr for Ca, which has been previously reported for phosphate solids [30-

34]. A rapid decrease in dissolved Sr (from 0.24 to 0.17 mM) was observed subsequent after 

addition of the stock solutions, supporting re-precipitation of Sr-containing phases accounting 

for approximately 5.8 mg (0.25 wt%) SrHAP. Measurement of dissolved Sr concentrations in 

experiments conducted with the SrCO3 seed template was indicative of continuing dissolution 

(from 0.09 to 1.59 mM) over the course of the experiment [28]. An increased consumption of 

pH-adjusting acid upon the addition of F to the pre-conditioned suspensions was not observed 

[28], which would indicate for a substitution of hydroxyl groups by F within SrHAP. 

3.3. Comparison of interrogation methods 

The results of all methods for interrogating the precipitates formed on SrHAP and SrCO3 

seed templates were consistent with the formation of calcium apatite. These results were 

independent of the sample area or whether it was a bulk XRD (1.0 cm²), FTIR (2.0 mm²), and 

XAS (1.0 mm²) or surface analysis like XPS (0.02 mm²). However, a co-occurrence of 

fluoridated SrHAP cannot be entirely excluded. The small amount of newly-formed 

precipitates (roughly 10 % by weight of the starting seed template), their poor crystallinity 

(indicated by XRD, STEM and XAS) and apparent Ca-deficiency (suggested by XAS and 

Ca/P ratios) made it difficult to distinguish between HAP and FAP, to definitively exclude 

solids such as brushite, OCP or -TCP or to exclude entirely the potential incorporation of 
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sodium or carbonate. Substitution of Sr for Ca in newly-formed precipitates was indicated by 

observed Ca/P ratios, by XPS and XAS.  

4. Conclusion 

The use of SrHAP and SrCO3 as seed templates allowed the investigation of 

precipitates that formed upon addition of solutes (calcium, phosphate and fluoride). In 

particular, XAS spectra could be obtained at the Ca K-edge with Ca-free seed templates.  

The solids were collected and examined after 3 d. Observations from multiple 

techniques were consistent with the presence of the thermodynamically-favored phases HAP 

and FAP as poorly-crystalline, probably Ca-deficient phases, which formed as aggregated 

solids with the seed templates and not as homogenous surface coatings. Collection and 

analysis at shorter equilibration times might allow the identification of intermediates that have 

been suggested in previous studies [9, 11, 12, 56, 57]. The principle limitation of this study, 

however, is the dissolution of the seed templates, which releases Sr into solution, particularly 

for SrCO3, as well as phosphate for the SrHAP template. The formation of fluoridated SrHAP 

has also to be considered, particularly, since the systems did not achieve equilibrium. Since 

the seed template appeared to have little influence on the nature of the precipitate, a more 

insoluble solid could be substituted as a template for heterogeneous precipitation in further 

studies.      
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Figure captions 

 

Figure 1. Morphology and elemental distribution of the precipitates obtained by STEM. (a) 

scanning transmission electron micrograph of sample “HAP_SrHAP”; (b-h) x-ray intensity 

maps showing the P/Sr, O/Sr, Ca/Sr elemental distribution ratios and the elemental 

distributions of Ca, P, O, and Sr respectively, all detected at the K-edge. 

Figure 2. FTIR spectra for the reference solids SrCO3 and FAP and for precipitates formed 
with the SrCO3 seed template in the presence of F. Spectra are normalized to the baseline. 

Figure 3. XANES obtained at the Ca-K-edge for (a) all precipitates with the references HAP 
and FAP, (b) zoom into the white-line for HAP_SrHAP, β-TCP_SrHAP, brushite_SrHAP, 
non-stoich_SrHAP and reference HAP, and (c) XANES obtained for all other calcium-
phosphate references. 

Figure 4. Spectra (background subtracted) obtained by EXAFS at the Ca-K-edge for (a) the 
reference solid HAP and precipitates formed using the SrHAP seed template in the absence of 
F and (b) the reference solid FAP and precipitates formed using SrHAP and SrCO3 seed 
template in the presence of F. 

Figure 5. X-ray diffractograms of (a) reference solids HAP and SrHAP compared with the 

precipitates formed using the seed template SrHAP in the absence of F, and (b) reference 

solids FAP and SrHAP with precipitates formed using the SrHAP seed template in the 

presence of F. 
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Table 1. Summary of samples prepared with different Ca, PO4 (and F) concentrations and 
seeding templates at pH 7.3.  

Sample name Seed Added Ca:PO4(:F) 
concentrations [mM] 

Molar Ca/P 

ideala addedb precipitatec 

brushite_SrHP SrHAP 5:5 
stoichiometric for brushite 1.00 0.98 1.51 

β-TCP_SrHAP SrHAP 5:3.33 
stoichiometric for β-TCP 1.50 1.44 1.46 

HAP_SrHAP SrHAP 5:3  
stoichiometric for HAP 1.67 1.60 1.56 

non-stoich_SrHAP SrHAP 2:4 
non-stoichiometric - 0.48 1.16 

FAP-CaF2_SrHAP SrHAP 6:3:3 
PO4-limited for FAP - 1.97 1.90 

FAP-CaF2_SrCO3 SrCO3 
6:3:3 

PO4-limited for FAP - 2.00 1.71 

FAP_SrHAP SrHAP 5:3:1  
stoichiometric for FAP 1.67 1.62 1.66 

FAP_SrCO3 SrCO3 
5:3:1 

stoichiometric for FAP 1.67 1.67 1.49 

FAP-HAP_SrHAP SrHAP 5:3:0.5  
F-limited for FAP 1.67 1.62 1.52 

FAP-HAP_SrCO3 SrCO3 
5:3:0.5 

F-limited for FAP 1.67 1.67 1.49 

a for solid shown as stoichiometric; b corrected for partial dissolution of SrHAP during 10min pre-equilibration; c 
based on the decrease in dissolved concentrations observed after 3 d; note: b and c are averaged values based on 
duplicate experiments. 
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Table 2. Surface composition obtained from XPS analysis. Data are shown [atm%] for 
references (HAP, FAP, SrHAP, SrCO3 and CaF2) and precipitates. 

 O(1s) F(1s) Ca(2p) P(2s) b) Sr(3p) C(1s) (Sr+Ca)/P Ca/P 
HAP a) 61.90 0.00 23.80 14.30 - ni  1.67 
FAP a) 57.10 4.80 23.80 14.30 - ni  1.67 
CaF2 a) 0.00 66.70 33.30 0.00 - ni   

SrHAP a) 61.90 0.00 0.00 14.30 23.80 ni   
SrCO3 a) 60.00 0.00 0.00 0.00 20.00 20.00   

HAP 65.70 0.00 20.20 14.10 - ni  1.43 
FAP 60.80 4.00 21.00 14.20 - ni  1.47 
CaF2 0.00 63.70 36.30 0.00 - ni   

SrHAP 59.23 0.30* 0.00 13.54 26.93 ni 1.99  
SrCO3 57.39 0.55* 0.00 0.36 25.14 16.57 69.83  

HAP_SrHAP 60.17 0.47* 4.03 13.56 21.77 ni 1.90 0.30 
β-TCP_SrHAP 61.35 0.45* 8.10 14.11 15.99 ni 1.71 0.57 

brushite_SrHAP 61.55 0.52* 7.73 14.42 15.78 ni 1.63 0.54 
non-stoich_SrHAP 61.82 0.30* 3.25 12.88 21.76 ni 1.94 0.25 

FAP_SrHAP 59.89 0.97 3.30 14.14 21.71 ni 1.77 0.23 
FAP-HAP_SrHAP 59.94 1.18 7.79 14.83 16.25 ni 1.62 0.53 
FAP-CaF2_SrHAP 58.89 2.98 5.28 14.16 18.69 ni 1.69 0.37 

FAP_SrCO3 56.79 2.62 7.95 7.40 15.09 10.16 3.11 1.07 
FAP-HAP_SrCO3 59.05 1.79 8.82 8.90 12.83 8.61 2.43 0.99 
FAP-CaF2_SrCO3 54.57 4.58 10.27 8.46 12.65 9.48 2.71 1.21 

a nominal values for example: HAP = 5Ca + 3P + 13O = 21atoms  13O = 61.90 atm%; b P(2p) for HAP, FAP, 
CaF2 as data originates from different analysis as the rest of the samples; (-): not detected; (ni): carbon (C1s) was 
not included in compositional data analysis, average C contamination was 1.23 ± 0.73 atm% (n = 7) in all 
SrHAP-based precipitates and was mainly attributed to C-C bonding and was therefore considered to be 
contamination. Samples of SrCO3-based precipitates contained an average C content of 9.42 ± 0.78 atm% (n = 
3), which was less than for the reference SrCO3 sample (16.57 atm%) and was included in the data presentation 
as it was mainly attributed to C-O bonding. The signals of “FAP_SrHAP” and “FAP-CaF2_SrHAP” did not 
exhibit sufficient intensity due to insufficient solid used for sample preparation. The detection limit is 
approximately 1.0 atm%. (*) F signals are artifacts, most probably due to contamination by sample preparation. 
The corresponding background F contamination of about 0.5 atm% was not subtracted from the values observed 
for solids precipitated in the experimental samples. All spectra were corrected for charging effects by setting the 
binding energy of C(1s) to 284.8 eV. 

 

 

 

 

 

 




