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Synthesis and characterization
of fluorine-containing hydroxyapatite

by a pH-cycling method
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Different fluorine-containing hydroxyapatite (FHA) powders were synthesized through a
pH-cycling method by varying sodium fluoride (NaF) concentration in hydroxyapatite (HA)
suspensions. The powders were then calcined at 1200 °C for 1 h. Both uncalcined and
calcined powders were characterized using X-ray diffraction (XRD), Fourier transform
infra-red (FTIR), and F-electrode. It was discovered that fluorine incorporation increased
with the fluorine content in the initial solution and the number of pH cycles employed. A
relatively low fluorine incorporation efficiency, ~60%, was attained for most of the FHA
samples, and it did not vary significantly after calcination. It was also revealed that the FHA
particles produced by the pH-cycling method were inhomogeneous. They were a mixture
of hydroxyapatite and F-rich apatite (or FA) particles. After calcination, however, these FHA
particles were homogenized and became single phased FHA.
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1. Introduction

Hydroxyapatite (HA), the main inorganic phase of hu-
man hard tissue [1], is widely used as implants or repair
materials for bones and teeth. Due to its excellent bioac-
tivity but poor mechanical properties as a bulk material
[2], it has been mainly used in non-load bearing situa-
tions [1] or as a coating on metallic implant substrates,
such as titanium and titanium alloys [3]. However, the
long-term performance of HA is still questionable [4].
The resorption and degradation of HA may influence
the reliability and lifetime of the implants and ulti-
mately lead to their failure.

Fluorine-containing hydroxyapatite (FHA), where
F~ partially replaces OH™ in HA, is more stable than
HA in vivo [5]. Fluorine ions can stimulate extra-
cellular matrix formation in vitro and enhance bone
union in vivo [6-8]. Thus, FHA is a potential candi-
date for biological applications. However, it was re-
ported that implants made of fluorapatite (FA), where
all the OH™ groups in HA were replaced by F~, were
not osteo-conductive due to the high stability of FA
[9]. In addition, high F~ concentration in bone might
lead to severe adverse effects such as osteomalacia [10].
Therefore, it is necessary to tailor the F~ content in
fluorine-substituted hydroxyapatite so as to optimize
the bioactivity of the implants.

There are several methods of synthesizing fluoridated
hydroxyapatite with varied fluorine contents, such as
pH-cycling [11], solid reaction [12], sol-gel [13], and
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pyrolysis methods [14]. The pH-cycling method was
first introduced by Duff [11] to avoid high tempera-
ture operation and usage of volatilized alcohol (fluo-
rine containing reagent). By immersing HA powder in
a solution containing certain amount of fluorine ions,
the fluorine content in HA was increased by repeatedly
fluctuating the pH (usually 4-7) of the solution. In our
study, FHA with different fluorine levels were prepared
by a pH-cycling method, and the resulting FHA pow-
ders were characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and flu-
orine analysis.

2. Methods
2.1. Synthesis of HA and FHA
Synthesizing HA involved a metathesis reaction. 300 ml
of 1 M calcium nitrate (99%, Sigma) and 600 ml of
0.3 M diammonia phosphate (99%, Sigma) solutions
were prepared, and the pH of each solution was brought
up to 11-12 by adding strong ammonia (29.5%, Sigma).
The phosphate solution was slowly added to the cal-
cium nitrate solution, resulting in the precipitation of
HA. The precipitates were aged for 7 days at room
temperature. They were then thoroughly washed with
deionized water and dried in an oven at 80 °C for 16 h.
Finally, the precipitates were ground into a fine powder
using an agate mortar and pestle.

FHA with varied fluorine contents were synthesized
as follows: 2 liters of sodium fluoride (100%, Sigma)
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TABLE 1 Materials tested

NaF/HA molar ratio Calcined at

in initial solution Uncalcined 1200 °C for 1 hr
0 FHAO Cal-FHAO
0.25 FHA1 Cal-FHA1
0.50 FHA2 Cal-FHA2
0.75 FHA3 Cal-FHA3
1.00 FHA4 Cal-FHA4

solutions with concentrations of 2.5 x 1073, 5 x 1073,
7.5 x 1073and 1 x 1072 M, were prepared respectively.
10 g of the HA powder produced above was suspended
in each of the sodium fluoride solution in order to
prepare 25, 50, 75 and 100% fluorine substituted hy-
droxyapatite (FHA). The solutions were equilibrated
at pH 7 overnight. The pH of the solution was then
brought down to 4 by slowly dropping 1 M HNO3 (70%,
Aldrich) to each solution. After 30 min, the pH of each
solution was brought up to 7 again by adding 1 M NaOH
(1 N standard solution, Acros). The pH cycling process
was repeated three times. The precipitates were then
aged for one day at room temperature.

After the pH cycling, the precipitates were subse-
quently washed five times with deionized water to elim-
inate sodium residues remaining in the solution. They
were then dried at 80 °C for 24 h and ground into fine
powders. FHA powders at each composition were cal-
cined at 1200 °C for 1 h in air. The sample name and
composition are listed in Table 1.

2.2. XRD and FTIR analyses

Both uncalcined and calcined HA and FHA powders
were examined using X-ray diffractometer (BRUKER
AXS D5005) with a copper target. The voltage and
current used were 40 kV and 40 mA, respectively. A
step size of 0.02° and a scan speed of 1°/min were used
for the broad-range XRD. A short-range XRD was also
conducted for both uncalcined and calcined HA and
FHA powders with the same step-size and a scan speed
of 0.05°/min. Further, all the specimens were examined
by FTIR (Nicolet Avatar 360) at a resolution of 4 cm ™.

2.3. Fluorine measurement

Fluorine concentration measurement was conducted
using F-selective electrode (Orion 94-09) in a total ionic
strength adjustment buffer (TISAB). 0.2 g of each sam-
ple was dissolved in 10 ml of 1 M nitric acid and then
diluted by 200 ml deionized water. The fluorine content
was determined by mixing 10 ml of such solution and
10 ml of the buffer. Standard solutions made from NaF
were used to calibrate the measurement in the same
buffer solution.

3. Results

3.1. X-ray diffraction

Similar broad-range XRD patterns were obtained for all
the uncalcined specimens. No other phase than apatite
was detected, which suggested that pure apatite was
achieved for all the uncalcined specimens. However,
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Figure 1 Short-range XRD pattern of (a) FHAO, (b) FHA1, (c) FHA2,
(d) FHA3, and (e) FHA4.
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Figure 2 Short-range XRD pattern of (a) Cal-FHAO, (b) Cal-FHALI, (c)
Cal-FHAZ2, (d) Cal-FHA3, and (e) Cal-FHA4.

it was detected by short-range XRD examinations (as
shown in Fig. 1) that both 211, 112, and 300 peaks of
all the fluorine-containing samples shifted to a higher
angle comparing to FHAO (pure HA), but no differ-
ence was seen among these samples. After calcina-
tion, however, the shift of the 211, 112 and 300 peaks
of the fluorine containing specimens to higher angles
varied systematically with increasing fluorine content
(Fig. 2). Nevertheless, broad-range XRD data revealed
that phase pure apatite was obtained for all the samples
including FHAO (pure HA) after calcining at 1200 °C
for 1 h (Fig. 3). Tricalcium phosphate (TCP) was not
detected by XRD in any of these samples.



TABLE II Fluorine concentration of uncalcined and calcined samples

Fluorine ion contend
(mol F/mol Apatite)

Sample
(uncalcined)

Fluorine ion contend

Sample (calcined at 1200°C) (mol F/mol Apatite)

FHA1 0.232 £ 0.012 Cal-FHA1 0.224 + 0.035
FHA2 0.314 £+ 0.034 Cal-FHA2 0.321 £+ 0.017
FHA3 0.425 £+ 0.034 Cal-FHA3 0.415 £ 0.022
FHA4 0.569 + 0.062 Cal-FHA4 0.557 £ 0.037
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Figure 3 Broad-range XRD pattern of (a) Cal-FHAO, (b) Cal-FHAL, (c)
Cal-FHAZ2, (d) Cal-FHA3, and (e) Cal-FHA4.

3.2. Fluorine analyses

Table II lists the fluorine concentration of all the speci-
mens before and after calcination. After calcination, the
fluorine content in the calcined specimens was slightly
varied from their corresponding uncalined forms, but
the difference was less than 10% in all the cases. The
fluorine concentrations in both uncalcined and calcined
specimens increased with the fluorine content added
to the initial solution during the powder synthesis, but
they were significantly lower than those added to the
initial solutions except for the specimens FHA1 and
Cal-FHA1. A fluorine incorporation efficiency, ~60%,
was attained for most of the FHA samples.

To study the fluorine incorporation, the F~content
in both FHA4 precipitates and the remaining solutions
at each pH cycle was measured (Table III). It demon-
strated that with the increase of the fluorine content in
the precipitates, the fluorine concentration in the solu-
tion decreased. At cycle 0, no fluorine was incorporated
into HA. As a result, the fluorine content in the precip-
itates was 0, and that in the solution was 1.00 x 1072
mol/l, which was the initial fluorine content added to the
solution. After the first pH cycling, about 40% (0.421

TABLE III The fluorine concentration of both the precipitates and
corresponding solutions at each pH cycle of FHA4

Fluorine contend of precipitations Fluorine contend

(mol F/mol Apatite) of solution (mol/L)
Cycle0 0 1.00 x 1072
Cycle 1 0.421 6.24 x 1073
Cycle2 0526 5.00 x 1073
Cycle3  0.551 5.01 x 1073

700 650 600 550 500

Wavenumber (cm'1)

Figure 4 FTIR spectra of (a) FHAO, (b) FHA1, (c) FHA2, (d) FHA3,
and (e) FHA4 at lower wavenumbers.

mol fluorine in 1 mol HA) of the fluorine had incor-
porated into the HA structure. Completing all the three
cycles, about 50% (0.551 mol fluorine in 1 mol HA)
of the fluorine ions had incorporated into HA structure,
and the rest was left in the solution, which was removed
in the subsequent washing process.

3.3. FTIR analysis

The FTIR data (Figs. 4 and 5) of both the uncalcined
HA and FHA samples showed that with an increase in
sodium fluoride content in the initial solution, the inten-
sity of both OH ™ librational band at 630 cm™! and OH~
stretching band at 3571 cm™! became weak, but these
bands were still observable in all five uncalcined speci-
mens. In comparison, after calcination, except for pure
hydroxyapatite (Cal-FHAO), both 630 cm~!and 3571
cm~! peaks disappeared in all the fluorine contain-
ing specimens (i.e., Cal-FHA1, Cal-FHA2, Cal-FHA3,
and Cal-FHA4), but a new 3545 cm™! peak was ap-
peared in Cal-FHA2, Cal-FHA3 and Cal-FHA4 sam-
ples which was due to the vibration of the F-OH band
(Figs. 6 and 7).

4. Discussion

During the pH drop from 7 to 4, the Ca>* ions dissoci-
ates from the surface of hydroxyapatite particles [15].
Because of their strong tendency to react with F~ [12],
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Figure 5 FTIR spectra of (a) FHAO, (b) FHAIL, (c) FHA2, (d) FHA3,
and (e) FHA4 at high wavenumbers.
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Figure 6 FTIR spectra of (a) Cal-FHAO, (b) Cal-FHAL, (c) Cal-FHA2,
(d) Cal-FHA3, and (e) Cal-FHA4 at lower wavenumbers.

Ca* ions rapidly consumes F~ ions in the solution to
form CaF,. When pH is raised to 7, the newly formed
CaF, fine particles further react with HPOi_or H,PO,
in the solution to form fluoridated-hydroxyapatite pre-
cipitations [16]. The reaction can be expressed as
below:

Cas(PO4);0H + 10F~ + (7 — m)H"
—> 5CaF, + H,0 + (3 — m)H,PO, + mHPO;~
(D
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Figure 7 FTIR spectra of (a) Cal-FHADO, (b) Cal-FHAL, (c) Cal-FHA2,
(d) Cal- FHA3, and (e) Cal-FHA4 at higher wavenumbers.

5CaF; + (3 — m)H,PO; 4+ mHPO;™ + (1 — x)H,0
—> Cas(PO4)3(OH) xFy + (10 — x)F~

+T—-—x—mH @O<x<1,0<m<3)

2

Combining Egs. (1) and (2), the chemical reaction at
each pH cycle can be written as:

Cas(PO4)3(OH) + xF~ 4+ xH™
— Cas(PO4);F(OH); . + xH 0 (3)

At the second pH-cycle, more F~ incorporates into
HA. Like the first pH-cycle, more F~ reacts with the
dissociated Ca’>* from HA surfaces and forms F-rich
apatite or FA. Similar chemical reactions also occur in
the third pH-cycle. It is evident from Table II that the
more fluorine added to the initial solution, the higher
the fluorine content in the precipitates, and the lower
the F~ concentration in the remaining solution. With
the increase of the pH cycles, the fluorine content in
the remaining solution decreased (Table III). However,
the rate of F~ incorporation at each pH cycle was differ-
ent. Taking FHA4 as an example, approximately 40%
of the fluorine in the solution had incorporated into HA
after the first pH cycle, but only extra 10% fluorine was
incorporated after the second cycle, and almost no F~
incorporation occurred in the third cycle (Table III). On
average, the total fluorine incorporation in all the fluo-
rine containing samples after three pH cycles was about
60% (except for FHA1), and 40% of the fluorine added
to the solution remained unreacted. Calcination did not
enhance the rate of fluorine incorporation (Table II).
Duff [11] also reported that excessive F~ was required
to achieve completely fluorine-substituted apatite,
Ca5 (PO4)3F.



At each pH cycle, some HA particles had reacted
with F~ in the solution and formed F-rich apatite or FA,
while the rest of HA remained un-reacted. As a result,
identical XRD patterns were observed for specimens
FHA1,FHA2,FHA3, and FHA4, as these samples were
a mixture of HA and F-rich apatite (or FA) at different
ratios. However, they were substantially different from
FHAO (pure HA) that was absent of fluorine ions. Fur-
thermore, the FTIR spectra (Figs. 4 and 5) of all the
precipitates demonstrated that two bands at 631 cm™!
and 3571 cm™! attributed to OH™ were observed in
all these specimens, which was due to the presence of
HA in all the precipitates. It was also observed that the
higher the fluorine content in the precipitates, the lower
the intensity of the OH™ bands. As a result, all the flu-
orine containing uncalcined specimens were a mixture
of HA and F-rich apatite (or FA). With the increase of
the fluorine content in the initial solution, the HA con-
tent in the precipitates decreased while F-rich apatite
(or FA) increased.

During the calcination process, the F~-rich apatite
(FA) and HA turned into a homogenous, single-phased
FHA (Fig. 3), where the 300 peak of all the calcined
samples shifted to a higher angle with the increase of
fluorine content (Fig. 2). It was reported by Okazaki et
al. [14] that with the increase of fluorine content, the
a-axis parameter decreased and the unit cell of apatite
shrank resulting in the 300 peak shifting to a higher
angle, which suggested that more fluorine had replaced
the OH™ groups in the apatite. Also, the FTIR spectra
(Figs. 6 and 7) demonstrated that both 630 cm~! and
3571 cm™! vibrations disappeared in all the fluorine-
containing calcined specimens. Freund and Knobel [17]
revealed that the intensity of both OH™ vibration band
at 630 cm™! and OH™ stretching band at 3571 cm ™! de-
creased when F~ was incorporated into the HA lattice.
If more than 30% of the F~ was incorporated into the
HA lattice, a new band appeared at 3543 cm~! vibra-
tion [18], which was observed in the three high F~ con-
taining samples, Cal-FHA2, Cal-FHA3 and Cal-FHA4
(Fig. 7).

5. Conclusions

FHA with varied fluorine contents were synthesized
through a pH cycling method. The results indicated that
less than 60% of the initial fluorine was incorporated
into the OH™ position in the apatite structure for most of
the FHA samples. It was also concluded that the initial
precipitate was a mixture of HA and F-rich apatite (or

FA). After calcination, the mixture was converted into
homogenous fluoridated hydroxyapatite.
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