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A pyrolytic route for the formation of
hydroxyapatite/fluoroapatite solid solutions
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Pyrolytic routes previously developed for the formation of hydroxyapatite and calciumfluoride
were modified and combined for the formation of hydroxyapatite/fluoroapatite solid solutions.
Hereby phenyldichlorophosphine, calcium nitrate and calcium trifluoroacetate were used as
starting materials. Hydrolysis and oxidation led to a polycondensation and enabled the formation
of a viscous solution which, by means of drying, could be transformed to an amorphous solid.
Calcining of this solid at temperatures up to 1100°C led to the formation of

hydroxyapatite/fluoroapatite solid solutions.

1. Introduction
Calcium phosphates, because of their chemical com-
position, roughly equivalent to the inorganic matrix of
the human bone, are most suitable for implant mater-
ials [1-3]. The inorganic matrix is based on hy-
droxyapatite, Ca;o(PO4)s(OH), doped with different
quantities of Na*, K and Mg?* which occupy Ca?*
sites, and anions, such as CO3~, SO2~ and F~, sub-
stituting OH ™ -groups. These dopants, especially F~
exercise a great influence on the physical and biolo-
gical properties of the material [4-6].

In contrast to metals or bio-inert ceramics where an
encapsulation takes place, hydroxyapatite is not only
biocompatible but also bioactive, because of its direct
bonding to the bone [7-9].

Hydroxyapatite forms solid solutions with
fluoroapatite [10]. Their lattice parameters are ap-
proximately the same (hydroxyapatite (ASTM card
No.: 9-432): g, = 0.9418 nm, ¢, = 0.6884 nm; fluoro-
apatite (ASTM card No.: 15-876). a; = 0.9364 nm,
¢o = 0.6884 nm). Fluorine doped hydroxyapatite pos-
sesses a notably higher corrosion resistance especially
in biological environment [ 117]. The crystallization of
rapidly quenched calcium phosphates is promoted in
the presence of fluorine. In particular, if plasma
sprayed coatings are used, a higher degree of crystalli-
zation, and hence mechanical strength, is realized
[12].

Stoichiometric fluoroapatite possesses a fluorine
content of 3.77 wt %, the fluorine content of the hu-
man bone is around 1 wt % [12]. Implant materials
should not exhibit notably higher fluorine concentra-
tions otherwise toxic reactions cannot be avoided.

The preparation of hydroxyapatite by a polymeric
route has been described [13], as has the preparation
of calcium fluoride using the thermal decomposition
of calcium trifluoroacetates [14]. In this study, these
two routes were modified and combined, leading to
a pyrolytic route enabling the preparation of
hydroxyapatite/fluoroapatite solid solutions with
exact stoichiometry. '

292

2. Experimental procedure

Fig. 1 shows a flow diagram of the pyrolytic route
used. Calcium trifluoroacetate was prepared by dis-
solving calcium carbonate with trifluoroacetic acid as
previously described [14]. Water and excess acid were
evaporated and after drying at 90°C, the obtained
salt, Ca(CF3COO),-xH, O, possessed a water content
of 3.3 wt %.

Phenyldichlorophosphine, CsHsPCl,, was mixed
with acetone and carefully hydrolyzed with water
[13]. A solution of an exact stoichiometric quantity
of calcium nitrate, Ca(NOj3),, and calcium tri-
fluoroacetate, Ca(CF;COOQ),, in acetone was added
under continuous stirring. Air was bubbled through

the solution in order to oxidize the phosphorous (I1I)

to phosphorous (V) compounds. After stirring for 1 h
at 40°C, a considerable increase in viscosity was ob-
served. Further heating to 70°C led to the evapor-
ation of the solvent and, subsequently, of nitric gases.
The obtained solid was dried at 110°C and sub-
sequently calcined in air at temperatures up to
1100°C.

The intermediates and products obtained were
characterized using X-ray diffraction (XRD) (Siemens
D500), Fourier transform infrared spectroscopy
(FTIR) (Mattson Polaris), thermogravimetry (TGA)
(Netzsch STA 409, applied heating rate: 2 K min™!)
and scanning electron microscopy (SEM) (Cam-
bridge). The fluorine content of the apatite was deter-
mined with the aid of a fluorine sensitive electrode
(Ingold) after dissolution of the apatite in nitric acid
using appropriate conditioners [15].

3. Results and discussion

Hydrolysis, condensation and oxidation of phenyl-

dichlorophosphine has already been discussed [13],

mainly based on the corresponding infrared spectra:

CGHS — PCIZ + Hzo - C6H5 - P(OH)2 + 2HC1
&
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Fig. 2 graph (a) shows a TGA profile of the dried
polymeric compound prepared with the addition of
calcium nitrate (without calcium trifluoroacetate).
A weight loss of about 4% was observed at a temper-
ature of around 150°C, and about 10% weight loss
was seen at temperatures in the range 350-400°C,
further slight weight loss even at temperatures above
800 °C. The ceramic yield was 82%. Fig. 2 graph (c)
shows a TGA-profile of calcium trifluoroacetate. At
around 140 °C, a weight loss of 4%, due to the evapor-
ation of water, and at about 300 °C, a steep decrease in
weight was observed. The total weight loss was 77.7%.
Fig. 2 graph (b) presents a TGA profile of the dried
polymeric compound prepared with the addition of
23 wt % Ca(CF3COO),. At around 150 °C, a weight
loss of 4.5% was observed. Further weight loss occur-
red in the range of 280-300 °C. The ceramic yield in
this case was 70%. This is in fairly good agreement
with the weight loss of 31% calculated from
Fig. 2 graph (a) and (c), and the chemical composition
of the sample.

DTA profiles of the three compounds are shown in
Fig. 3. The weight losses at temperatures in the range
of 120-160 °C correspond to an endothermic reaction,
supposedly due to the evaporation of residual water
and solvent. The main weight losses at temperatures in
the range of 280-400 °C correspond to highly exother-
mic reactions. Fig. 3 curves (a) and (c) show additional,
relatively broad and exothermic peaks in the range
600-850°C. The thermal decomposition of calcium
trifluoroacetate has already been reported in [14]:

280°C
Ca(CF;CO0),—— CaF, + volatile compounds

3)

The ceramic yield of 21.7% calculated from Equation
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Figure 2 TGA profile of (a) dried polymer (without calcium tri-
fluoroacetate); (b) dried polymer with the addition of calcium tri-
fluoroacetate; (¢) calcium trifluoroacetate.
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Figure 3 DTA profile of (a) dried polymer (without cajcium tri-
fluoroacetate); (b) dried polymer with the addition of calcium tri-
fluoroacetate; (¢) calcium trifluoroacetate.

3 coincide fairly well with the weight loss in the TGA
profile of 77.7%. Although the thermal decomposition
of pure calcium trifluoroacetate occurred at notably
lower temperatures than that of the fluorine-free poly-
mer (Figs 2 and 3, graphs (b), fluorine doped polymers
(Figs. 2 and 3 graphs (c)) are not pyrolyzed in two
steps. Obviously, the decomposition of trifluoroacet-
ate is hindered in the presence of the phosphorous
containing polymer.

Fig. 4, graph (a) shows an FTIR spectrum of a dried
polymer. The broad absorption at 3000 to 3700 cm ™!
is due to the vg,_y vibration. Lines related to the
phenyl group can be seen at 1400-1500 cm ! (veoc),
690-750 cm ™! (8c_y (out of plane) and 8,,,). The
broad absorption at around 500-600 cm ™! is due to
the phosphorous—phenyl vibration. Lines related to
P = 0O and P-O bonds are observed at 1100 and
900 cm !, respectively. The sharp line at 1384 cm ™! is
due to the vy_o vibration and the relatively broad
absorption at 1620 cm ™! is due to vn-o and vc-o.
Calcination temperatures up to 250 °C did not lead to
notable changes in the FTIR spectra. At a calcination
temperature of 330°C (see graph (b)), the intensity of
lines related to the phenyl group as well as that at

293



(d)

(c)

(b}

Absorbance (arbitrary units)

(a)

3600 2800 2000 1600 1200 800 400

Wave number {cm™)

Figure 4 FTIR spectra of (a) the dried calcium trifluoroacetate
containing precursor; samples calcined at {b) 330°C; (¢} 480°C; (d}
1100°C (fluorine content after calcination 0.16 wt %; soak 5 h).

1384 cm ™! attributed to the N-O group decreased
drastically. The lines due to the vp_o vibration
(1100 cm ™ *) and the v o vibration (900 cm ™ '), how-
ever, showed notably higher intensity. Calcining at
a temperature of 480°C led to a nearly complete
removal of all organic compounds, the spectra ob-
tained are fairly similar to those obtained at higher
calcination temperatures, e.g. at 1100 °C (graph (d)).
The sharp line at 3500 cm ™! is due to non-bridging
O-H.

The polymeric precursor and products calcined at
temperatures up to 280°C are amorphous (Fig. 5,
graph (a)). Calcining at 380°C led to a crystalline
product; the corresponding XRD patterns show
notably broadened lines, either due to small crystal-
lites or a highly distorted lattice. Samples calcined at
higher temperatures (Fig. 5 graph (c) and (d) for calci-
nation temperatures of 780 and 1100 °C, respectively)
showed XRD patterns possessing more narrow lines.
The 2@-values of the lines in Fig. (5), graphs (b)—(d),
however, are very similar and, despite slight shifts,
match those of commercially available hydroxyapa-
tite or fluoroapatite. Lines attributable to other cal-
cium phosphates, such as tricalcium phosphate or
calcium fluoride, were not observed.

According to the FTIR spectra, the phosphor-
ous—phenyl bond is not destroyed during drying and
calcining at temperatures up to 280°C. Therefore,
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Figure 5 XRD patterns of samples calcined at different temper-
atures: (a) 280 °C; (b) 380°C; (c) 780°C; (d) 1100°C (fluorine con-
tent after calcination 1.88 wt %; soak 5 h).

Equation 4 may be suggested as follows:
6 P02C6H5(10 - x)CanCa(CF3COO)2

+ 0Oy

— organic Ca;0(PO4)6(OH), 5, F;, (4)

It should be noted that the ceramic yield of 85.5% for
pure hydroxyapatite (x = 0} calculated from Equation
4 coincides very well with the TGA weight loss of 14%
experimentally observed for a polymer dried at 250 °C.
If calcium trifluoroacetate acted in the pure com-
pound as well as in the phosphorous—containing poly-
mer as fluorinating agent in the quantitatively same
manner, Equation 4 should be written with x = y.
Chemical analysis, however, resulted in notably lower
fluorine contents in the range y = 0.46x to 0.54x: this
means that the fluorine content of the apatite was
around half the value predicted from Equation 3 from
the concentration of trifluoroacetate added. It should
be noted that the fluorine content did not depend on
the soaking time or the calcination temperature.
XRD patterns and FTIR spectra of samples cal-
cined at differnt temperatures are in agreement with
the TGA and DTA profiles. The main weight loss,
observed at about 400 °C is due to evaporation (and
oxidation) of the major quantity of organic com-
pounds. At higher calcination temperatures, the FTIR
spectra indicate only minor quantities of organic com-
pounds and the XRD patterns are equal to those of
hydroxyapatite and fluoroapatite. The broad exother-
mic peak observed in the DTA profile at a temper-



ature of 700°C corresponds to the line-narrowing in
the XRD patterns and hence is attributable to the
crystallization of apatite. In the fluorine-doped
sample, this peak is sharper and occurs at slightly
lower temperatures. ’

Fig. 6 shows XRD patterns of samples calcined at
1100°C possessing different fluorine contents. By
comparison with the XRD patterns of commerically
available hydroxyapatite or fluoroapatite, the lines are
considerably shifted. Compared with the lattice con-
stants given in the literature, lines possessing high
l-indices and low h and k indices are shifted towards
lower 2 © values and hence the apatite lattice proved
to be distorted. From the Miller (hkl) indices, the
lattice constants can be calculated. With increasing
calcination temperature and soaking time, the cal-
culated lattice constants become closer and closer to
those reported in the ASTM card. As shown in Fig. (6),
the XRD patterns also depend on the quantity of
fluorine in the lattice. Fig. 6 curve (c) (fluorine content:
0.6 wt%) shows three intensive peaks in the 20 range
31-33°. These peaks are attributable to the [300],
[112] and [211] Miller indices (see ASTM card No.

9-432). By contrast, Fig. 6 curve (a) (no fluorine) shows
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Figure 6 XRD patterns of calcined samples possessing different
fluorine contents: (a} 0 wt %; (b) 0.1 wt %; (c} 0.6 wt % (calcination
temperature 1100 °C, soak 5 h).
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Figure 7 Lattice constant g, of hydroxyapatite/fluoroapatite solid
solutions with different fluorine content (calcination temperature
1100°C; soak 5h).

only two peaks in the same 20 range; lines attributed
to the Miller’s indices [112] and [211] are not separ-
ated from each other. In Fig. 6 curve (b), possessing
only a small fluorine concentration, the peak at-
tributed to these two Miller indices is notably
broadened. In all samples investigated, the lattice con-
stants a, were higher, and the lattice constants
¢o lower than the values reported in ASTM card or
observed at conventionally produced hydroxyapatite.
Fig. (7) shows the lattice constant a, versus the fluor-
ine content of the apatite. For hydroxyapatite without
any fluorine doping, the lattice parameter a, is fairly
different from that reported in the ASTM card. The
higher the fluorine content, the smaller the lattice
distortion and hence the deviation from the value
listed in the ASTM card (see dashed line in Fig. (7}).
Line-splitting was never observed, and also a detailed
XRD line analysis gave no evidence for the occurrence
of two separate hydroxyapatite and fluoroapatite
phases.

4. Conclusions

In order to achieve the formation of hydroxyapa-
tite/fluoroapatite solid solutions, a combination of
two pyrolytic routes recently developed for the forma-
tion of hydroxyapatite and calciumfluoride was used.
This led to the formation of apatites which, as far as
can be detected from XRD, were not contaminated by
additional phases, such as calcium fluoride or trical-
cium phosphate. The fluorine content was about 50%
of that calculated from the quantity of calcium tri-
fluoroacetate added. The solid solutions formed, pos-
sessed slightly shifted XRD lines, the lattice distortion,
however, decreases with increasing calcination tem-
perature, soaking time and fluorine content.
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