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ABSTRACT 

The influence of synthetic conditions in the composition and properties of chemically 

precipitated hydroxyapatite (HAp), fluorine-substituted HAp (xF-HAp) and fluorapatite 

(FAp) have been examined considering different atmospheres (nitrogen, air and carbon 

dioxide), temperatures (37 ºC and 150 ºC) and pressures (hydrothermal conditions). 

Results indicate that the synthetic conditions not only affect the fluorination degree but 

also have a pronounced effect on the carbonation degree, the crystallinity, the surface 

wettability and the thermal stability. Besides, the electrical polarization of HAp-based 

minerals mainly depends on the fluoride content, the formation of ordered channels of 

vacancies along the sintering and thermal polarization processes becoming more 

difficult with increasing fluorination degree. This limits the utilization of xF-HAp and 

FAp as electro-responsive scaffolds and electrocatalysts, as has been recently proposed 

for polarized HAp. Finally, the effects of the carbonation and the fluoridation degrees, 

the concentration fluoride anions supplied from an external source, and the pH on the 

solubility of HAp-based minerals have been examined. Observations indicate that, 

although strategies based on the substitution of HAp by xF-HAp or FAp have been 

proposed for coatings of dental implants, external fluoride anions inhibit the solubility 

more effectively than the fluorination of the own mineral matrix. Accordingly, HAp 

combined with an effective external supply of fluoride anions is more appropriated than 

xF-HAp and FAp for the fabrication of dental coatings. 
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INTRODUCTION 

Fluorapatite (FAp), Ca10(PO4)6F2, is the most stable, least soluble and hardest 

calcium orthophosphate mineral [1-3]. Compared to hydroxyapatite (HAp), 

Ca10(PO4)6(OH)2, FAp is prepared using similar synthetic procedures but introducing 

CaF, NaF or NH4F to transmit fluoride (F
–
) ions [4]. Moreover, previous studies have 

suggested that FAp and HAp exhibit similar biocompatibility in terms of fixation to 

bone and bone in-growth [5-7]. Indeed, among all human calcified tissues, the greatest 

concentration of FAp is found in bones, and the lowest in enamel [8]. However, even 

where there is the largest concentration of FAp, the amount of F
–
 is usually reduced to 

stoichiometric quantities.  

FAp has been mainly used as clinical restorative material [9,10] and as a catalyst 

[11,12]. Regarding to the former application and considering that the ionic substitution 

(doping) of HAp is a relatively easy process [13-17], in the last decade fluorine-

substituted HAp has attracted substantial attention [18-24] because F
–
 ions can reduce 

the formation of caries in bacterially contaminated environments and promotes 

mineralization and crystallization of calcium phosphates in the formation of bone [25]. 

In spite of the physiological significance of F
–
 ions, the utilization of FAp and, in 

general, of fluorine-substituted HAp as clinical restoration materials is limited due to 

their very low solubility, since they exhibit much lower bioresorption rate than HAp [2].  

On the other hand, carbonate ( 2
3CO ) is also present in biological apatites (enamel, 

dentine, bone, and pathological calcifications) by substitution at phosphate (
3

4PO ) and 

hydroxide (OH
–
) sites, tending to increase its solubility in comparison with pure HAp 

[26-27]. Indeed, 2
3CO  substitution has been recently used to enhance the HAp 

solubility and to promote other desired properties (e.g. the antibacterial effect in silver-

substituted HAp [28], the bioresorption capacity [29], and the ionic substitution [30]). 
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In this work, we combine the impact of the simultaneous incorporation of F
–
or/and 

2
3CO ions in the properties of HAp. For this purpose, fluorine-substituted minerals with 

different fluorination and carbonation degrees have been prepared by controlling the 

atmosphere and temperature during the chemical precipitation process. After this, the 

influence of the composition on the spectroscopic, structural, thermal, solvent-affinity 

(wettability and water absorption) and electrochemical properties of the resulting 

minerals has been evaluated. Finally, the impact of the carbonation and fluorination 

degrees of the HAp matrix, the concentration of externally supplied F
–
 anions, and the 

pH on the solubility of HAp have been examined. Results are in controversy with recent 

recommendations for the fabrication of mineral coatings for dental implants according 

which it was proposed to replace HAp by fluorine-substituted HAp.  

 

METHODS 

Synthesis 

Hydroxyapatite (HAp). The reagent conditions used to prepare HAp were adjusted to 

get a Ca/P ratio of 1.67. In all cases 15 mL of 0.5 M (NH4)2HPO4 in de-ionized water 

(pH adjusted to 11 with an ammonia 30% w/w solution) were added drop-wise (rate of 

2 mL·min
-1

) and under agitation (400 rpm) to 25 mL of 0.5 M Ca(NO3)2 in ethanol. 

After that, the reaction mixture was stirred (400 rpm) for 1 hour at room temperature. 

Resultant suspension was aged for 48 h at 37 ºC. The precipitate was separated by 

centrifugation and washed sequentially with de-ionized water and a 60/40 v/v mixture 

of ethanol-water (twice). A white powder was obtained after freeze-drying. Particles 

were filtered through a 0.22 µm filter (Millipore, Billerica, MA). Filtration was 

performed at a flow rate of 1 mL/min using a 10 mL syringe and concentration of the 
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particles was achieved using an IE C MultiRF centrifugue (Thrrmo IEC, Needham 

Heights, MA, USA). 

Fluorine substituted HAp (xF-HAp) and fluorapatite (FAp). Solid solutions with 

formula Ca10(PO4)6(OH)2-xFx were obtained by incorporating F
–
 instead of OH

–
 groups. 

In all cases 0.5 M NH4F was added into a constantly stirred Ca and P containing 

solution, prepared as described above. Different amounts (from 1 mL for 0.4F-HAp to 5 

mL for FAp) of 0.5 M ammonia fluoride solution were added individually to control the 

value x in the general formula. When x was 0 and 1 the obtained powders were named 

HAp and FAp, respectively, while the ceramic compositions with x= 0.4, 0.8, 1.2 and 

1.6 were denoted 0.4F-HAp, 0.8F-HAp, 1.2F-HAp and 1.6F-HAp, respectively (x refers 

to the degree of fluorination).  

Three different experimental conditions were considered for the precipitation:  

 Atmospheric (ATM) conditions. The precipitation mixture was stirred 1 hour by 

agitation (400 rpm) at 37 ºC or 150 ºC under atmospheric conditions, hereafter denoted 

ATM(37ºC)- and ATM(150ºC)-conditions, respectively. It is worth nothing that 

ATM(37ºC)-conditions correspond to those used for the preparation of HAp (see 

above).  

 Hydrothermal (HT) conditions. The reaction mixture was stirred 24 hours by 

agitation (400 rpm) at 150 ºC under a pressure of 20 bars.  

 Nitrogen (N2) conditions. The precipitation occurred after stirring (400 rpm) for 1 

hour at 37 ºC or 150 ºC under inert N2 atmosphere, hereafter denoted N2(37ºC)- and 

N2(150ºC)-conditions, respectively. 

 Carbon dioxide (CO2) conditions. The precipitation occurred after stirring (400 

rpm) during an interval comprised between 1 and 3 hours, depending on the desired 
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2
3CO content, at 37 ºC under CO2 atmosphere. Thus, these conditions have been 

employed to regulate the carbonation degree of xF-HAp and FAp. 

Discs preparation. HAp, xF-HAp and FAp powders were uniaxially pressed at 620 

MPa for 10 min to obtain dense discs suitable for characterization. The dimensions of 

these specimens were 10 mm of diameter  1.7 mm of thickness.  

 

Characterization 

FTIR spectroscopy. Infrared absorption spectra were recorded with a Fourier 

Transform FTIR 4100 Jasco spectrometer in the 1800-700 cm
-1

 range. A Specac model 

MKII Golden Gate attenuated total reflection (ATR) equipment with a heated Diamond 

ATR Top-Plate was used.  

X-ray photoelectron spectroscopy (XPS). XPS analyses were performed in a SPECS 

system equipped with a high-intensity twin-anode X-ray source XR50 of Mg/Al (1253 

eV/1487 eV) operating at 150 W, placed perpendicular to the analyzer axis, and using a 

Phoibos 150 MCD-9 XP detector. The X-ray spot size was 650 µm. The pass energy 

was set to 25 and 0.1 eV for the survey and the narrow scans, respectively. Charge 

compensation was achieved with a combination of electron and argon ion flood guns. 

The energy and emission current of the electrons were 4 eV and 0.35 mA, respectively. 

For the argon gun, the energy and the emission current were 0 eV and 0.1 mA, 

respectively. The spectra were recorded with pass energy of 25 eV in 0.1 eV steps at a 

pressure below 6×10
-9

 mbar. These standard conditions of charge compensation resulted 

in a negative but perfectly uniform static charge. The C 1s peak was used as an internal 

reference with a binding energy of 284.8 eV. High-resolution XPS spectra were 

acquired by Gaussian–Lorentzian curve fitting after s-shape background subtraction. 

The surface composition was determined using the manufacturer's sensitivity factors.  



6 
 

X-Ray diffraction. Crystallinity was studied by wide angle X-ray diffraction 

(WAXD). Patterns were acquired using a Bruker D8 Advance model with Cu K 

radiation ( = 0.1542 nm) and geometry of Bragg-Bretano, –2. A one-dimensional 

Lynx Eye detector was employed. Samples were run at 40 kV and 40 mA, with a 2 

range of 10º-60º, measurement steps of 0.02º, and time/step of 2-8 s. Diffraction profiles 

were processed using PeakFit v4 software (Jandel Scientific Software) and the graphical 

representation performed with OriginPro v8 software (OriginLab Corporation, USA). 

The crystallite size (L) of HAp, xF-HAp and FAp samples was determined in the 

direction perpendicular to the (211) planes from the X-ray diffraction line broadening 

measurement using the Scherrer equation: 

 




cos

9.0
L  (1) 

where  is the wavelength (CuK),  is the full width at half maximum height of the 

(211) line,  is the diffraction angle and 0.9 is a shape factor.  

The crystallinity (c) was obtained using the following Eqn:
 

 
300

112/300

I

V
1c  (2) 

where I300 is the intensity of the (300) reflection and V112/300 is the intensity of the 

hollow between the (112) and (300) reflections, which disappears in non-crystalline 

samples.  

Thermal stability Thermogravimetric analyses (TGA) for studying thermal stability 

at relatively low temperatures ( < 600 ºC) were performed at a heating rate of 20 ºC/min 

(sample weight ca. 5 mg) with a Q50 thermogravimetric analyser of TA Instruments 

and under a flow of dry nitrogen. Test temperatures ranged from 30 to 600 ºC.  

Wettability. Contact angle measurements for water and fetal bovine serum (FBS), a 

growth supplement for cell culture media, were carried out using the sessile drop 
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method. Images of milliQ water drops (0.5 μL) were recorded after stabilization with 

the equipment OCA 15EC (Data-Physics Instruments GmbH, Filderstadt). SCA20 

software was used to analyze the images and determine the contact angle value, which 

was obtained as the average of at least ten independent measures for each sample.  

Water absorption. The water absorption capacity (WA, %) of mineral discs was 

determined according to:  

 
D

DW

w

ww
WA


  (3) 

where wW is the weight of the discs after being immersed in milli-Q water for 60 min 

and wD is the weight of the discs dried at room temperature.  

Cyclic voltammetry (CV). The electrochemical behavior of the prepared mineral was 

determined by CV using an Autolab PGSTAT302N equipped with the ECD module 

(Ecochimie, The Netherlands) using a three-electrode cell. Experiments were conducted 

under a nitrogen atmosphere (99.995% in purity) at room temperature. A 0.1 M 

phosphate buffer saline solution (PBS; pH= 7.2 adjusted with NaOH) was used as the 

electrolyte in the three-electrode cell. The working compartment was filled with 30 mL 

of the electrolyte solution. Steel AISI 316 sheets of 11.5 cm
2
 (thickness 0.1 cm) were 

used as both the working and the counter electrodes, and an Ag|AgCl electrode was 

used as the reference electrode which contained a KCl saturated aqueous solution (offset 

potential versus the standard hydrogen electrode, E
0
 = 0.222 V at 25 °C). All potentials 

given in this work are referenced to this electrode. HAp, xF-HAp and FAp discs 

prepared as described above were fixed on the working electrode using a two-side 

adhesive carbon layer. The initial and final potentials were -0.40 V, whereas a reversal 

potential of 0.80 V was considered. The scan rate was 50 mV/s. The electroactivity, 

which indicates the ability to exchange charge reversibly, was evaluated by examining 
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the similarity between the anodic and cathodic areas of the control voltammogram (i.e. 

the ratio between the reduction and oxidation charges). 

Solubility. The mass solubility of HAp, xF-HAp and FAp was determined by 

gravimetry in a solution of de-ionized water with 100 mM HCl and 50 mM NaCl at 

room temperature and atmospheric pressure. More specifically, 500 mg of pulverized 

solid mineral were added to 50 mL of solution, and agitated by a magnetic stirrer 

overnight. After this time, the oversaturated solution was filtered and the residue was 

dried in a lyophilizer during 72 h. The masses were determined using a CPA26P 

Sartorius analytical microbalance with a precision of 2·10
-6

 g. 

 

RESULTS AND DISCUSSION 

Spectroscopic characterization  

The FTIR spectra of HAp, xF-HAp and FAp prepared using ATM(37ºC)- and 

N2(37ºC)-conditions show typical 3

4PO  bands at the region comprised between 950 and 

1200 cm
-1

 (Figure 1): 1 955 cm
-1

 and 3= 1016, 1084 cm
-1 

[31]. However, comparison 

of the spectra indicate that the atmosphere used during the precipitation process 

significantly affects the composition of the samples. Thus, samples prepared under 

ATM(37ºC)-conditions show absorption bands at 3242 and 3033 cm
-1

, which are 

associated to the adsorbed water, and at 820 cm
-1

 (2) and 1416, 1308 cm
-1

 (3) due to 

2
3CO . The position of these bands is consistent with the predominant B-type 

substitution, according to which 
3

4PO is replaced by 
2

3CO  (i.e. the bands of A-type 

2
3CO , which replace OH

–
, usually appear at higher wavenumbers) [32]. Moreover, the 

intensity of the 
2

3CO  bands increases significantly with the F
–
 intake, while it is 

negligible for HAp. This feature suggests that HAp fluoridation in non-controlled 
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ATM-conditions promotes the substitution of 3

4PO  by 
2

3CO . In opposition, the 

intensity of water and 
2

3CO  absorption bands is imperceptible for xF-HAp and FAp 

samples obtained under N2-conditions (Figure 1b).  

Although the FTIR spectra of samples prepared using ATM(150ºC)- and N2(150ºC)-

conditions are similar to those described above (Figure S1), they exhibit some 

differential features. The most remarkable one is that the absorption of water in samples 

prepared under ATM(150ºC)-conditions decreases drastically with respect to those 

obtained using ATM(37ºC)-conditions (Figure S1a). Also, the 
2

3CO  bands become less 

intense at the highest temperature, even though they occur at the same positions 

confirming the predominant B-type substitution. Moreover, the intensity of the 
2

3CO  

increases with the F
–
 content, which is consistent with the boosting effect of fluoridation 

in the 3

4PO  by 
2

3CO  discussed above. On the other hand, the protective effect exerted 

by the N2 atmosphere with respect to the adsorption of water and the incorporation of 

2
3CO  is preserved at 150 ºC (Figure S1b).  

The presence of F
–
 in xF-HAp and FAp samples prepared under ATM(37ºC)-

conditions is demonstrated in Figure 1c. High resolution XPS spectra in the F 1s region 

of xF-HAp show a peak located at 684.1 eV, which is the fingerprint that proves that F
–
 

ions have been successfully incorporated into the lattice HAp structure [33]. 

Interestingly, for FAp the XPS spectrum in the F 1s region presents two peaks. In this 

case, the second peak, which is centered at 686.5 eV, has been associated to the 

formation of CaF2 traces when the concentration of F
–
 ions coming from the addition of 

NH4F to the reaction solution is the maximum [34].  

Table 1 compares the atomic percent compositions of HAp, xF-HAp and FAp 

samples prepared under N2(37ºC)-conditions. As it can be seen, the Ca/P ratio increases 
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from 1.60 (HAp) to 1.67 with the fluorine content. This feature has been related with 

the influence of F
–
 and OH

–
 sizes (F

–
 < OH

–
) in the reaction kinetics. Thus, the 

incorporation of small F
–
 anions is faster than that of OH

–
 anions producing the 

expected Ca/P ratio of 1.67 only when the degree of fluorination is the maximum (x= 2). 

When x < 2, the fluoride content is not enough to complete the reaction, inducing the 

deficiency of calcium (Ca/P < 1.67). The maximum deficiency is reached when the 

fluoride content is null (HAp). The increment of the F/Ca ratio accompanies the one of 

the Ca/P ratio, proving that the incorporation of F
–
 increases with the amount of NH4F 

solution added to the reaction medium. The maximum value reached for the F/Ca ratio 

was 0.190, which is still below the stoichiometric limit of FAp, i.e. F/Ca= 2/10= 0.200 

for Ca10(PO4)6F2. Accordingly, the addition of the highest amount of 0.5 M NH4F was 

not enough to form stoichiometric FAp, part of the F
–
 anions participating in the 

formation of CaF2 (Figure 1c). 

Inspection of the atomic percent compositions of samples prepared under 

ATM(37ºC)-conditions, which are included in Table 1, reveals that the incorporation of 

F
–
 ions is also lower than the stoichiometric value. However, these samples present a 

remarkable composition differences with respect to the samples obtained under 

N2(37ºC)-conditions. This is reflected by the carbon content and the O/Ca ratio that 

grow rapidly with x in samples prepared under ATM(37ºC)-conditions while they 

maintain approximately constant in samples obtained under N2-conditions. These 

variations are due to the replacement of 
3

4PO  by 
2

3CO , which as observed by FTIR is 

a phenomenon promoted by the fluoridation in uncontrolled atmospheres.  

Figure 2 compares the WAXS patterns of HAp, xF-HAp and FAp prepared under 

HT- and ATM(37 ºC)-conditions. Characterization of the prepared samples by X-ray 

diffraction is focused on peaks at 32º-34º 2, which are characteristics of the (211), 
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(112), and (300) HAp reflections. As it can be seen, the diffraction patterns of all 

minerals are similar and exhibit the peaks associated to the reflections characteristic of 

the P63/m hexagonal crystal structure of HAp, independently of the F
–
 concentration 

and the experimental condition used for their preparation. However, it is worth nothing 

that the peaks of the samples prepared under HT-conditions (i.e. air atmosphere with 

high temperature and pressure) are much better defined than those of minerals obtained 

at 37 ºC under ATM-conditions, indicating that the crystallinity of xF-HAp and FAp is 

largely affected by pressure and temperature. Accordingly, for each fluorination degree, 

the crystallinity and crystallite size are higher by more than twice for samples obtained 

at 150 ºC under a pressure of 200 bars than for those produced at 37 ºC under 

atmospheric pressure (Table 2).  

On the other hand, Table 2 indicates that both crystallinity and crystallite size 

increases with fluoride substitution. Thus, the crystallinity increases from 45% and 

10% for HAp to 61% and 27% for FAp in samples prepared using HT- and 

ATM(37º)-conditions, respectively. This should be attributed to the formation of F···H–

O hydrogen bonds involving the incorporated F
-
 anions and the remaining OH

-
 groups. 

These interactions, which were examined in previous work [35], help to tight these 

anions at their crystallographic positions.  

Figure 3a displays the TGA and DGTA curves of HAp, xF-HAp and FAp prepared 

under HT-conditions. Initially, all samples display a step at around 100 ºC, which has 

been attributed to the evaporation of residual water (i.e. moisture and water superficially 

adsorbed). This dehydration process appears as a broad and relatively small peak in the 

first derivative profile. After this, samples are stable up to a temperature of 145-175 ºC, 

depending on the composition. At this temperature, the minerals experience a drastic 

weight loss, which corresponds to the highest peak of the DGTA curve. The weight loss 



12 
 

continues progressively until 600 ºC. At the latter temperature, the weight loss increases 

with fluorination degree, ranging from 18% for HAp to 22% for FAp. The 

decomposition peak centered at around 200 ºC has been attributed to the dehydration of 

the 2
4HPO  groups [36], which occur according to the following reaction: 

2 2
4HPO 

4
72OP + H2O  (1) 

At a higher temperature, the progressive variation of the weight has been associated 

to the loss of CO2 [36-38]. More specifically, residual type-A 
2

3CO  can react with 

2
4HPO  as follows:

 

2
3CO + 2

4HPO  CO2 + 2 3
4PO + H2O  (2) 

Above 470 ºC, the weight loss has been associated to the 
2

3CO from the lattice (B-

type substitution), which undergoes the following reaction [36-38]:
 

2
3CO + 

4
72OP  2 3

4PO + CO2  (3) 

It is worth noting that the carbonation degree increases with the F
–
 content, which is 

also consistent with the weight loss.  

The wettability of HAp, xF-HAp and FAp prepared under HT- and ATM(37ºC)-

conditions was evaluated using water and FBS, the latter mimicking a physiological 

environment rich in proteins. Results indicate that the contact angles determined for 

both solvents increases with the fluorination degree (Figures 3b-c), evidencing that the 

wettability decreases with increasing fluorine content. Moreover, such increment is 

linear, as is illustrated in Figure S2, which indicates the systematic pattern associated 

with the substitution of OH
–
 by F

–
. Besides, the contact angle is lower for the sample 

prepared under HT-conditions than for the one obtained under ATM(37ºC)-conditions, 

independently of the fluorine content and the solvent. This behavior indicates that, for a 
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given fluorination degree, the affinity of the mineral surface towards the solvent 

increases with the crystallinity and the size of the crystals.  

As it was expected from results displayed in Figure 3b, the water absorption capacity 

of the minerals decreases with increasing fluorination degree (Figure 3d), independently 

of the synthetic conditions. However, it is worth noting that water absorption increases 

with the crystallinity and crystalline size. Minerals prepared using HT-conditions 

display a water absorption capacity that is around twice that of minerals prepared using 

ATM(37ºC)-conditions. 

 

Electrochemical behavior as a function of the fluorination degree 

In recent studies the preparation and properties of polarized HAp, hereafter p-HAp, 

were reported. This electrochemically active material was obtained using a thermally 

stimulated polarization (TSP) process according to which a constant DC voltage was 

applied at 1000 ºC for 1 hour to already sintered HAp (s-HAp) [39-40]. The most 

distinctive characteristic of p-HAp is the electrochemical activity, which is significantly 

higher than that achieved using lower polarization temperatures to samples sintered in a 

saturated water atmosphere [41,42]. In a very recent work, an electrophotocatalyst based 

on p-HAp particles was used to obtain both glycine and alanine (D/L racemic mixture) 

in mild reaction conditions by fixing nitrogen from N2 and carbon from CO2 and CH4 

[40]. Besides, the adsorption of phosphates and phosphonate was found to be 

significantly higher onto p-HAp than onto as prepared samples [39], where “as prepared 

samples” refers to unmodified synthesized samples (i.e. non-sintered and/or non-

polarized minerals). 

In this work HAp, xF-HAp and FAp powders were sintered at 1000 ºC for 2 hours in 

air. After this, each sintered sample was processed into discs as described in the 
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Methods section. Finally, a TSP process was applied to the resulting discs, which were 

sandwiched between stainless steel (AISI 304) plates and polarized for 1 hour under 

application of a constant DC voltage at 1000 ºC. After such time, samples were allowed 

to cool to room temperature, maintaining the DC voltage. Three DC voltages were 

considered for each sample: 250, 500 and 1000 V.  

Polarized samples, hereafter denoted p-HAp, p-xF-HAp and p-FAp, were 

characterized by CV, results being displayed in Figure 4. Cyclic voltammograms 

recorded in PBS (pH 7.2) for as prepared samples, which were used as controls, reflect a 

very poor electrochemical behavior (Figure 4a), even though the electrochemical 

activity was slightly higher than that bare steel (blank) in all cases. In spite of this, the 

electroactivity of as prepared samples decreases with increasing fluorination degree (i.e. 

the electroactivity is 63% lower for FAp than for HAp). The electroactivity enhanced 

considerably after the TSP process, this effect increasing with the applied DC voltage 

(Figures 4b-d). Again, this increment strongly depends on the fluorination degree. Thus, 

the electroactivity of p-HAp obtained using 1000 V is 73% higher than that of as 

prepared HAp, while the increment is of only 47% for p-FAp. The dependence of the 

increment in the electroactivity of the studied minerals against the fluorination degree is 

represented in Figure 4e, the electroactivity obtained for p-HAp at 1000 V being taken 

as the reference (100%) for all systems.  

Results displayed in Figure 4 are fully consistent with previous observations on p-

HAp, which showed that the electrochemically active sites are due to the de-

hydroxylation of the crystals during the sintering and the subsequent re-organization of 

the vacancies into channels during the TSP [39].
 
The movement of ions through such 

channels during oxidation and reduction process depends on the concentration of 

vacancies, which in turn is related with the composition of the prepared mineral. Thus, 
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the amount of vacancies decreases with increasing fluorination degree since the 

sintering-induced de-fluorination is much more difficult than the de-hydroxylation. 

Overall, these results indicate that xF-HAp and, especially, FAp are less affected by 

thermal and electrical treatments than HAp. This stability precludes the use of p-xF-

HAp and p-FAp in practical applications in which electrochemical properties play a key 

role, while p-HAp can be used not only as electro-responsive scaffold [39] but also as 

electrocatalyst to fix nitrogen from N2 and carbon from CO2 and CH4 [40].   

 

Effect of the fluorination degree in the solubility  

The remarkable effect of 
2

3CO in the solubility of HAp was deeply studied by Pan 

and Darwell [43]. These authors attributed the increment in the HAp solubility at low 

pH with the substitution degree by 
2

3CO and the formation of complexes such as 

CaH2PO4H2CO3
+
 and CaH2PO4HCO3. In order to analyze the effect of 

2
3CO -

substitution in the solubility of xF-HAp and FAp, we firstly prepared different HAp 

samples by varying the content of 
2

3CO . These carbonated HAp samples were obtained 

using the CO2-conditions described in the Methods section, the CO2 atmosphere being 

maintained during 1, 1.5, 2, 2.5 and 3 hours to achieve different carbonation degrees. 

The concentration of 
2

3CO (in % wt.) in the resulting samples, which was determined 

by considering that all atomic percent C found by XPS corresponds to such specie 

(Table 3), increased with the time that the CO2 atmosphere is applied, ranging from 

2.12% (1 hour) to 16.30% (3 hours). 

The solubility of the carbonated HAp was evaluated by adding 500 mg of each 

sample to an aqueous solution (50 mL) with 100 mM HCl and 50 mM NaCl. Figure 5a 

shows that, as it was expected, the solubility of HAp increases rapidly with the 
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carbonation degree (i.e. from 78 to 763 mM when the carbonation time increased 

from 1 to 3 h; Table 3). In contrast, the solubility in the same medium decreases 

significantly with the fluorination degree, as is evidence in Figure 5b for HAp, xF-HAp 

and FAp samples prepared under controlled N2(37ºC)-conditions. Thus, the content of 

2
3CO  in these samples was very low, as was discussed above (Table 1).  

A completely different behavior was obtained for xF-HAp and FAp prepared using 

ATM(37ºC)-conditions (Figure 5c). In this case, the content of 
2

3CO  increases with the 

fluorination degree, ranging from 2.67% wt. (0.4F-HAp) to 16.03% wt. (FAp), as is 

explicitly labelled in Figure 5c, and, therefore, the solubility in the acid medium 

increases considerably with the fluorination degree. However, such solubility is still 

significantly lower than that of HAp prepared under CO2-conditions (Figure 5a), even 

though the carbonation degree was similar in both cases. Thus, the inhibitory effect 

associated for the F
–
 anions and the unrestrictive effect attributed to the 

2
3CO anions 

coexist in xF-HAp and FAp samples prepared using ATM(37ºC)-conditions. 

In order to examine the effect of external F
– 

anions in the solubility of HAp prepared 

under N2(37ºC)- and CO2-conditions (CO2 atmosphere maintained for 1 hour), very 

small F
–
 concentrations were supplied by adding NH4F to the acid solubility medium. 

The variation of the solubility of these minerals as a function of the supplied F
–
 

concentration, [F
–
], is compared in Figure 5d. As it was expected, both cases, the 

solubility decreases with increasing external [F
–
]. This general behavior was 

independent of the presence of 
2

3CO  in the mineral matrix, even though samples 

prepared CO2-conditions, which contain 2.12% wt. 
2

3CO , exhibited higher solubility 

for all the explored [F
–
] concentrations. Similar observations were obtained for 0.8F-
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HAp prepared under N2(37ºC)- and CO2-conditions (CO2 atmosphere maintained for 1 

hour), as is reflected in Figure 5e.  

Overall, comparison of results displayed in Figure 5 indicates that, although the 

incorporation of F
–
 into the mineral matrix reduces the solubility, external F

– 
anions 

surrounding the HAp matrix inhibit such process more effectively. Probably, the latter 

anions are partially adsorbed onto the mineral surface and a dynamical equilibrium with 

the solution, which involves re-precipitation processes, is reached. These results have 

remarkable implications for the use of HAp as mineral coating for dental implants. 

Thus, implants made from titanium, stainless steel or cobalt-chrome alloys are 

frequently modified at the surface by bioceramics coatings that can be applied using 

different technologies, even though plasma spraying is the most popular and the Food 

and Drug Administration (FDA)-approved method [44]. In recent years, strategies based 

on the substitution of HAp by xF-HAp or FAp coatings has been proposed as effective 

strategies to decrease biofilm accumulation, to inhibit the demineralization process and 

to combat caries-related bacteria [45-49]. However, our results clearly indicate that such 

fluoride-therapy is more effective by supplying F
–
 anions to the HAp coating from an 

external source (e.g. frequent mouthwashes with a fluoride solution) than incorporating 

such anions into the own mineral matrix replacing HAp by  xF-HAp or FAp. 

On the other hand, it is well known that the solubility of some minerals, as for 

example NaCl, is practically independent of the pH, while the solubility of HAp 

increases approximately 10 times for each unit of decrease in pH. Similar pH 

dependence has been reported for FAp [43], which was reported to exhibit a solubility 

profile just below and nearly parallel to that of HAp. Figure S3, which represents the 

solubility of xF-HAp against the change of pH within the 2.0 pH  3.0 interval, proves 

that such behavior is independent of the fluorination degree. These experiments, in 
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which mimic the bacterial acid attack, support previous discussion, indicating that 

fabrication of HAp mineral coatings with a low or null fluorination degree is the most 

appropriated.  

 

CONCLUSIONS 

Synthetic HAp, xF-HAp and FAp have been prepared using experimental conditions 

that differ in the environment, the temperature and/or the pressure. The synthetic 

conditions regulate the mineral composition in terms of 
2

3CO  and F
–
 intake, the 

formation of vacancies, the water absorption, the crystallinity, and crystallite size. The 

solubility in aqueous acid media of the prepared minerals depends on their composition. 

More specifically, the solubility increases with the 
2

3CO  content while it decreases 

with increasing fluorination degree. Moreover, the inhibitory effect associated to the F
–
 

anions contained in the mineral matrix of xF-HAp and FAp enhances when F
–
 anions 

are supplied to HAp through an external solution. These results have important 

implications that affect the mineral coatings used to protect dental implants. Thus, non-

carbonated HAp coatings enriched in F
–
 anions through external sources are more 

suitable for inhibiting demineralization than the recently proposed xF-HAp and FAp 

coatings, which contain the F
–
 anions within the mineral matrix. 
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Table 1. Atomic percent composition (Ca, P, O, F and C) of HAp, xF-HAp and FAp 

prepared under N2(37ºC)- and ATM(37ºC)-conditions. Ca/P, F/Ca and O/Ca ratios are 

displayed for each compound. 

 

 Ca P O F C Ca/P F/Ca O/Ca 

 N2(37º)-conditions 

HAp 39.69 19.18 40.94 0.0001 0.19 1.60 0.002 2.57 

0.4F-HAp 39.82 19.15 40.80 0.0023 0.23 1.61 0.044 2.55 

0.8F-HAp 39.81 18.91 41.11 0.0037 0.17 1.63 0.071 2.58 

1.2F-HAp 39.77 18.58 41.44 0.0065 0.21 1.65 0.124 2.60 

1.6F-HAp 39.72 18.47 41.65 0.0086 0.15 1.66 0.165 2.62 

FAp 40.00 18.48 41.42 0.0100 0.09 1.67 0.190 2.58 

 ATM(37ºC)-conditions 

HAp 38.29 18.18 43.34 0.0001 0.19 1.63 0.002 2.83 

0.4F-HAp 35.80 16.87 46.82 0.0020 0.51 1.64 0.043 3.27 

0.8F-HAp 33.87 15.95 49.25 0.0035 0.93 1.64 0.079 3.63 

1.2F-HAp 29.77 14.01 54.81 0.0046 1.41 1.64 0.118 4.60 

1.6F-HAp 26.72 12.47 58.91 0.0055 1.89 1.66 0.157 5.51 

FAp 25.42 12.01 60.49 0.0064 2.08 1.64 0.195 5.95 
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Table 2. Crystallinity (c) and crystallite size (L) of HAp, xF-HAp and FAp prepared 

under HT- and ATM(37ºC)-conditions. 

 

 HT-conditions ATM(37ºC)-conditions 

 c (%) L (nm) c (%) L (nm) 

HAp 44.71.0 49.81.4 9.71.7 10.30.5 

0.4F-HAp 47.21.3 55.61.0 13.41.1 13.10.8 

0.8F-HAp 50.71.4 60.61.9 16.30.7 17.31.8 

1.2F-HAp 53.71.6 66.12.1 19.41.8 22.41.4 

1.6F-HAp 57.91.5 70.82.6 22.31.9 27.01.7 

FAp 61.11.0 76.21.7 26.71.2 32.51.4 
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Table 3. Atomic percent composition (Ca, P, O, F and C), Ca/P ratio and content of 

2
3CO (in % wt.) as determined by XPS of HAp prepared using ATM- and CO2-

conditions. For the latter, the CO2 atmosphere was during a time comprised between 1 

and 3 hours (indicated in parenthesis). The % wt. of 
2

3CO  was determined assuming 

that all atomic percent content of C corresponds to 
2

3CO . The solubility in an aqueous 

solution with 100 mM HCl and 50 mM NaCl is also displayed. 

 

Conditions Ca P O C F Ca/P % 
2

3CO  Solubility 

(mM) 

ATM  38.78 18.12 42.96 0.14 0.0003 1.65 0.27 19.50.6 

CO2 (1 h) 36.50 16.84 46.34 0.32 0.0002 1.67 2.12 77.62.8 

CO2 (1.5 h) 34.36 15.80 49.28 0.56 0.0002 1.68 5.10 215.05.2 

CO2 (2 h) 30.12 14.01 54.98 0.89 0.0003 1.66 8.50 468.76.9 

CO2 (2.5 h) 26.85 12.32 59.38 1.45 0.0002 1.68 11.67 694.110.2 

CO2 (3.0 h) 24.12 11.15 62.95 1.78 0.0003 1.67 16.30 763.514.3 
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CAPTIONS TO FIGURES 

Figure 1. FTIR spectra of HAp, xF-HAp and FAp samples prepared using (a) 

ATM(37ºC)- and (b) N2(37ºC)-conditions. The position of the main bands for 
2

3CO  

and water are displayed using red and blue dashed lines, respectively. (c) High-

resolution XPS spectra in the F 1s region for HAp, xF-HAp and FAp samples prepared 

using N2(37ºC)-conditions. 

Figure 2. X-ray diffraction patterns of HAp, xF-HAp and FAp samples prepared 

under HT-conditions at 150 ºC and ATM(37ºC)-conditions. The hexagonal structure 

typically observed for HAp was identified by the peaks associated to the (211), (112) 

and (300) reflections. 

Figure 3. (a) TGA (left) and DTGA (right) curves for HAp, xF-HAp and FAp 

samples prepared under HT-conditions. Contact angles of (b) water and (c) FBS, and (d) 

water absorption capacity for HAp, xF-HAp and FAp samples prepared under HT- and 

ATM(37ºC)-conditions. 

Figure 4. Control voltammograms of HAp, xF-HAp and FAp: (a) as prepared and 

polarized through a TSP process using a DC voltage of (b) 250 V, (c) 500 V and (d) 

1000 V. Voltammograms for bare steel (blank) are included in all cases. (e) Variation of 

the electrochemical activity with the polarization process using different DC voltages. 

Values are relative to p-HAp obtained using 1000 V (taken as 100%). 

Figure 5. Solubility in aqueous solution with 100 mM HCl and 50 mM NaCl against: 

(a) the % of 
2

3CO (in wt.) of HAp prepared using CO2-conditions (37 ºC), which were 

applied during different times to achieve different carbonation degrees; (b) the 

fluorination degree (expressed as F/Ca ratio) of HAp, xF-HAp and FAp prepared under 

N2(37ºC)-conditions ; (c) the fluorination degree (expressed as F/Ca ratio) of HAp, xF-

HAp and FAp prepared under ATM(37º)-conditions Numerical labels indicate the % of 
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2
3CO (in wt.) in the prepared samples as determined by XPS; (d) the [F

–
] supplied to 

the solubility medium of HAp prepared using N2(37ºC) and CO2-conditions. In the 

latter, the CO2 atmosphere was applied during 1 hour; and (e) the [F
–
] supplied to the 

solubility medium of 0.8F-HAp prepared using N2(37ºC)- and CO2-conditions. In the 

latter, the CO2 atmosphere was applied during 1 hour. 

  



31 
 

 

 

 

 

 

Figure 1 

  



32 
 

 

 

Figure 2  



33 
 

 

 

 

Figure 3 

  



34 
 

 

 

 

 

 

 

 

Figure 4 

  



35 
 

 

 

 

 

 

 

 

Figure 5 

  



36 
 

GRAPHICAL ABSTRACT 

 


