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Apatites were prepared with three different fluoride concentrations: 0.0 mM (pure

hydroxyapatite) 2.5 mM and 5 mM. Reactions were performed in aqueous medium using

a reaction between diammonium orthophosphate and calcium nitrate 4-hydrate and

ammonium fluoride at temperatures of 3°, 25°, 60° and 90 °C. The effects of reaction

temperature and fluoride concentration on the crystal morphology, phase purity and

crystallinity of the precipitates were observed, using transmission electron microscopy

(TEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and ion

chromatography. Transmission electron micrographs revealed that the crystallites

precipitated at 3 °C were spheroidal, but became increasingly acicular with increasing

precipitation temperature. X-ray diffraction results indicated that all the materials produced

were phase pure and that the crystallinity of apatites prepared at higher precipitation

temperatures was higher than those prepared at lower precipitation temperatures.

A significant difference in the a-axis dimension of fluoride-substituted apatites was

observed, as compared to hydroxyapatite. FTIR spectroscopy revealed a hydroxyl band at

3568 cm!1, along with a broad peak of adsorbed water in the region of 3568 cm!1 to

2670 cm!1 in the hydroxyapatite and fluoride-substituted apatite powders. Hence by careful

selection of the precipitation conditions and fluoride contents, the composition and

morphology of fluoride-substituted apatite may be controlled and this has interesting

implications for the development of these materials for biomedical implantation.
1. Introduction
Hard tissues in the human body are composites, con-
sisting of a mixture of organic and inorganic phases.
The mineral phase of bone comprises approximately
60 to 70% of the dry mass, while the remainder is
composed of collagen and other organic compounds.
Bone mineral is a calcium phosphate containing car-
bonate and small amounts of fluoride ions, sodium,
magnesium, and other trace components [1].

The mineral phase of tooth enamel consists of apa-
tite containing 0.04 wt% to 0.07 wt% of fluoride [2],
and constitutes about 95 to 97% of the dry mass.
Fluoride ions present in saliva and blood plasma, are
required for normal dental and skeletal development.
It has been suggested that a fluoride intake of
1.5—4 mgper day significantly reduces the risk of den-
tal caries [3]. van den Hoek et al. [4] stated that the
mechanisms by which dental caries are prevented by
fluoride are not yet fully understood. However, it was
suggested that prior to the eruption of teeth, fluoride
is incorporated into the enamel in the form of fluoro-
hydroxyapatite, which is more acid resistant than

hydroxyapatite.
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It has been reported in the literature [5—8] that the
presence of fluoride ions in solutions containing cal-
cium and phosphate ions promotes the formation of
apatite minerals, usually by the enhancement of the
rate of hydrolysis of phase intermediates. Moreno
et al. [9] have suggested that fluoride has an effect
on the magnitude of the driving force for precipitation,
i.e. on the supersaturation of the solution with respect
to the fluoride-containing phase which precipitates.
Fluoride ion substitution for OH groups in the hy-
droxyapatite lattice has been found to be irreversible
[4]. It is suggested that incorporation of fluoride ions
into the apatite structure increases the crystallinity
and the Ca/P ratio and decreases the HPO

4
/PO

4
ratio. Several reviews [8, 10, 11] have reported
the effects of fluoride concentrations on the formation
of calcium fluoride (CaF

2
), versus fluorapatite.

It has been shown that the fluoride concentration
required to convert hydroxyapatite (HA) to fluorapa-
tite (FAp) increases with pH [12]. van den Hock
et al. [4] suggested that FAp is deposited onto
a growing surface in successive layers and that

each layer of FAp forms only when the preceding
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layer has attained equilibrium with the bulk
solution.

It has been reported that apatite is the only calcium
orthophosphate that can incorporate fluoride ions
[4, 13]. However, dicalcium phosphate dihydrate
has been described as readily taking up fluoride ions
in the hydrolysis reactions to form FAp [13], sugges-
ting that hydrolysis occurs more readily in fluoride
solutions. Barone et al. [6] reported that fluoride ions
promote the conversion of octacalcium phosphate to
fluorapatite.

There have been some reports in the literature of the
thermodynamic and kinetic effects of fluoride ion con-
centration on precipitation and dissolution reactions
[5—8, 13—22]. However, the effects of preparation tempe-
rature on the crystal structure of precipitated fluoride-
substituted apatite have not been comprehensively
investigated.

In the present study, pure hydroxyapatite and
fluoride-substituted apatites were prepared at 3, 25, 60
and 90 °C. The effects of fluoride ion substitution
on the fluoride-substituted apatite structure were
analysed using transmission electron microscopy
(TEM), X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR) spectroscopy and ion
chromatography.

2. Materials and methods
2.1. Precipitation method
AnalarR grade diammonium orthophosphate,
calcium nitrate 4-hydrate and ammonium fluoride
solutions were used to prepare pure hydroxyapatite
and fluoride-substituted apatite at 3, 25, 60 and
90 °C. Ammonium fluoride was added in two different
concentrations, 2.5 mM and 5 mM, to 1.8 litres of
calcium nitrate solution heated at 60 °C. The solution
was held at this temperature for 1 h and continuously
stirred. Diammonium orthophosphate solution was
added dropwise to constantly stirred calcium nitrate
solution at a set temperature over a period of 2 h
during precipitation. The precipitate was agitated at
the set temperature for 1 h and then aged at 25 °C for
20 h. Samples were filtered using a Buchner funnel
and washed five times using double-distilled water.
The filter cakes were dried in an oven at 90 °C in
a filtered air atmosphere for 20 h and then ground to
powder.

The fluoride-substituted apatites prepared using
2.5 mM and 5 mM solutions of ammonium fluoride are
referred to as HA025F and HA05F, respectively.

2.2. Transmission electron microscopy
The morphology of the precipitates was determined
by transmission electron microscopy (JEOL JEM
100 CX). Carbon-coated 200 mesh copper grids were
dipped in a dilute suspension of the precipitate.
Excess suspension was carefully removed using ab-
sorbent paper, before being left to dry in air prior
to insertion into the microscope. The precipitates
were examined in bright field mode at a magnification

of 50 000] using an accelerating voltage of 100 kV.
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Selected area electron diffraction patterns were ob-
tained for each of the precipitates. The camera length
of the microscope was calibrated using a diffraction
pattern from an evaporated aluminium standard
sample.

2.3. Carbon, hydrogen and nitrogen
analysis

Carbonate was determined as carbon using a Control
Equipment Corporation Model 240 XA CH&N ele-
ment analyser. The samples were dried at 120 °C for
24 h prior to analysis in order to remove adsorbed
water. Duplicate measurements were taken for each
sample.

2.4. Fluoride analysis
0.5 g of the sample was placed in 200 ml of double-
distilled water. The suspension was distilled from sul-
phuric acid at 180 °C and the distillate collected in
dilute sodium biocarbonate solution. The fluoride ion
content was determined in the distillate using an ion
chromatograph, Dionex DX 100.

2.5. X-ray diffraction
Following precipitation and drying of the powders,
the samples were analysed using a Siemens D5000
diffractometer with a flat plate geometry. CuKa radi-
ation was used (wavelength 0.15418 nm) with a graph-
ite diffracted beam monochromator. Data were col-
lected from 5° to 110° 2h, with a step size of 0.02° and
a count time of 12 s.

2.5.1. Rietveld analysis
The crystal structures of HA and fluoride-substituted
apatite were refined using the Rietveld method [23].
The starting model used in the refinement was based
on a single crystal determination [24]. Peak shapes
were modelled using a pseudo-Voigt distribution and
an asymmetry parameter was refined. Scattering fac-
tors for neutral atoms were assumed. In each case, five
background parameters, a scale factor, four peak
shape parameters, cell parameters and a zero point
correction were refined before variation of the struc-
tural parameters. Isotropic thermal parameters were
refined for all atoms and a site occupancy parameter
refined for the hydroxyl oxygen. The hydrogen atom
was not located.

From the calculated data, a numerical index (di-
mensionless) of the overall distortion (D

*/$
) of the

structure may be calculated from the PO
4

tetrahedra.
The numerical index (D

*/$
) represents the deviation of

the PO
4

tetrahedra from an optimal configuration
and is derived from:
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2.6. FTIR spectroscopy
Fourier transform infrared (FTIR) spectroscopy was
used to analyse the powder samples of hydroxyapatite
and fluoride-substituted apatite. FTIR spectra were
obtained using a Nicolet 800 spectrometer in conjunc-
tion with a MTech photo-acoustic (PAS) cell. A photo-
acoustic signal was generated when infrared radiation
absorbed by a sample was converted into heat within
the sample. This heat diffused to the sample surface
and into the adjacent atmosphere. Thermal expansion
of the gas produced the PAS signal. The signal genera-
tion process isolated a layer extending beneath the
sample’s surface, which has a suitable optical density
for analysis, without altering the sample. The tech-
nique directly measured the absorbance spectrum of
this layer. Spectra were obtained at 4 cm~1 resolution,
by averaging 128 scans. The sample chamber of the
PAS cell was purged with helium gas and dried using
magnesium perchlorate as a drying agent.

3. Results
Transmission electron micrographs of hydroxyapatite
and fluoride-substituted apatite are shown in Figs 1—3.
The hydroxyapatite crystals were smaller and more
spheroidal at precipitation temperatures of 25 °C and
below, and became increasingly large and more acicu-
lar as the precipitation temperature increased, as
shown in Fig. 1. A similar trend was observed for
HA025F and HA05F precipitates, as shown in Figs 2
and 3. Considering the effects of fluoride concentra-
tion on the morphology of the precipitated apatites, it
was found that increasing fluoride ion concentration
tended to reduce the aspect ratio of the crystallites
produced. The electron diffraction patterns taken for
the HA025F prepared at precipitation temperatures of
3 and 90 °C are shown in Fig. 3e and f, respectively.
Fig. 3e demonstrates a more complete ring structure
than Fig. 3f and this is due to the smaller crystals
resulting from the 3 °C reaction. Similar results were
obtained for HA and HA025F samples.

From ion chromatographic analysis, no fluor-
ide ions were detected in the HA sample whereas
concentrations of 0.18 wt% and 0.27 wt% were
detected in the HA025F and HA05F samples respec-
tively, when precipitated at 3 °C. CH&N analysis in-
dicated that the CO2~

3
ions in the HA, HA025F and

HA05F samples precipitated at 3 °C were constant at
1.0 wt%. X-ray diffraction spectra for HA025F
and HA05F precipitated at 3 °C and 90°C are shown
in Figs 4 and 5. It can be seen that the peaks are
more clearly defined at 90 °C. Both spectra show
that the materials contain no extraneous calcium
phosphate phases. Unit cell dimensions (a and c axes)
were calculated from Rietveld refinement. The results,
summarized in Table I, indicate that for the 3 °C
and the 90 °C reactions, there was a decrease in
both the a and c axis dimensions with increasing
fluoride ion concentration. Also, for each fluoride
ion concentration, there was a decrease in a axis di-
mension and an increase in c axis dimension as the
reaction temperature increased from 3 to 90 °C. A

significant variation in the values of Ca(2)—OH
Figure 1 TEM micrographs of hydroxyapatite precipitated at
(a) 25° C, (b) 60 °C.

bond length was observed for HA025F and HA05F at
precipitation temperatures of 3 and 90 °C, as shown in
Fig. 6. However, a very small variation in Ca(2)—OH
bond length for the HA was found at precipitation
temperatures of 3 and 90 °C. The variation in distor-
tion index (%) of the prepared materials with respect
to precipitation temperatures is shown in Fig. 7. In
general, the distortion index of the materials produced
at 90 °C was found to be lower than the distortion
index of the materials produced at 3 °C.

PAS-FTIR spectra of the hydroxyapatite and fluor-
ide-substituted apatite powders are shown in Figs 8
and 9. The spectra for HA, HA025F and HA05F
revealed numerous peaks associated with phosphate
bands at 600, 962 and 1025 cm~1, carbonate bands at
875 cm~1, 1418 cm~1 and 1455 cm~1 and a hydroxyl
band at 3568 cm~1, respectively. The hydroxyl band
in the spectra of the HA025F and HA05F samples had
a lower intensity than the HA sample. These spectra
were also masked by a broad H

2
O adsorption peak in

the 2670 to 3568 cm~1 region.

4. Discussion
It was demonstrated that precipitation temperature has
a strong influence on the morphology of precipitates

of HA, HA025F and HA05F. This result may be
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Figure 2 TEM micrographs of HA025F precipitated at (a) 3 °C, (b) 25 °C, (c) 60 °C and (d) 90 °C. Selected area electron diffraction patterns

of HA025F precipitated at (e) 3 °C and (f ) 90 °C.
explained on the basis that, as the precipitation tem-
perature decreased from 90 °C to 3 °C, supersatura-
tion of the solute increased. As a consequence, more
apatite nucleation sites and a reduced apatite growth
rate resulted in a much smaller precipitate size.

The peak height and peak area of the carbonate

bands in HA, HA025F and HA05F powders were
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constant, irrespective of fluoride ion substitution. This
observation for FTIR further supports the results ob-
tained by CH&N analysis. The reduction in the OH
peak height with increasing fluoride concentration
suggests that the fluoride groups substituted for the
OH groups. Therefore, it may be deduced that the

changes which occurred in the lattices of HA025F and



Figure 3 TEM micrographs of HA05F precipitated at (a) 3 °C, (b) 25 °C, (c) 60 °C and (d) 90 °C. Selected area electron diffraction patterns

of HA05F precipitated at (e) 3 °C and (f ) 90 °C.
HA05F compared with the HA were due to fluoride
ion substitution for the hydroxyl group.

From the Rietveld refinement, it may be seen
that there is a statistically significant difference in
the c-axis length for samples precipitated at 90 °C
as compared with the 3 °C samples. A more obvious
decrease in the a axis dimension was observed in

the fluoride-substituted apatites than in the hy-
droxyapatite samples. The effect of fluoride ion addi-
tion may clearly be seen when examining the
Ca(2)—OH bond length. The values of the Ca(2)—OH
bond length were significantly higher for HA05F and
HA025F than for HA. This may be attributed to the
fact that the fluoride ions substituted for OH groups
in the apatite lattice and since the fluoride group has

a larger ionic radius than that of the OH group, more
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Figure 4 X-ray diffraction spectra for HA025F samples precipi-

tated at (a) 3 °C and (b) 90 °C.

(b) HA025F.
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Figure 5 X-ray diffraction spectra for HA05F samples precipitated
at (a) 3 °C and (b) 90 °C.
TABLE I Unit cell dimensions and unit cell volume of HA and fluoride-substituted apatites

Specimen a axis (nm) c axis (nm) Volume (nm3)

3 °C 90 °C 3 °C 90 °C 3 °C 90 °C

HA 0.9432 0.9431 0.6882 0.6898 0.5301 0.5308
HA025F 0.9421 0.9419 0.6880 0.6886 0.5287 0.5289
HA05F 0.9417 0.9419 0.6880 0.6888 0.5282 0.5291

Figure 6 Ca (2)-OH bond length of hydroxyapatite and fluoride-
substituted apatites precipitated at 3 °C, and 90 °C.
 Figure 7 Distortion index of hydroxyapatite and fluoride-sub-

stituted apatites precipitated at 3 °C, and 90 °C.
Figure 8 FTIR spectra of apatites precipitated at 3 °C: (a) HA; and
distortion was observed in the fluoride-substituted
apatites than in HA.

5. Conclusion
Hydroxyapatite and fluoride-substituted apatite crys-
tallites were small and spheroidal in morphology at
precipitation temperatures of 3 and 25 °C, and became
increasingly large and more acicular at higher precipi-
tation temperatures. The addition of fluoride ions for
any given reaction temperature appeared to reduce the
aspect ratio of the crystallites. X-ray diffraction analysis
and transmission electron microscopy indicated that
the crystallinity of the 3 °C samples was lower than
that of the 90 °C samples. A significant increase in

the Ca(2)—OH bond length of fluoride-substituted



Figure 9 FTIR spectra of HA05F precipitated at (a) 3 °, (b) 25°,
(c) 60° and (d) 90°C.

apatites was observed due to the incorporation of
fluoride ions in the lattice, and also a marked decrease
in a axis dimension was observed in the fluoride-sub-
stituted apatites with increasing fluoride ion substitu-
tion.
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