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ABSTRACT: The nanosized hydroxyapatite substituted by fluoride and carbonate ions
(CFHA) had been synthesized by aqueous precipitation method. CFHA had been
considered as potential bone graft material for orthopedic and dental applications. The
objective of this study was to determine the effects of simultaneously incorporated CO%
and F~ on the substitution type and content. The morphologies of CFHAs were observed
by TEM. The carbonate substitution type and content were characterized by FTIR. The
fluoride contents were determined by F-selective electrode. The phase compositions and
crystallinity of the samples were investigated by XRD. The fluoride and carbonate
contents of CFHA increase with the dopant concentrations nonlinearly. The carbonate
substitution has much more obvious effect on morphology compared with the fluoride
substitution. The co-existence of CO3 and F~ ions can influence the corresponding
substitution fraction. The isomorphic substitution of sodium for calcium in the
substitution process of CO3  can improve crystal degree and favor the B-type
substitutions. Due to the closeness of the ion radii and equivalent substitution of F-
and OH-, F~ will occupy the OH" sites of HA crystals more easily, compelling most of the
CO3% to be located in the B sites.
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Ca;((PO4)s(OH),) and organic (mostly collagen) compo-
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physic-chemical properties, and in-vitro and in-vivo
performance [3-5].

Carbonate is the chief minor substituent in bone apatite
(2.0-8.0 wt.%) [6]. The carbonate group can substitute the
hydroxyl ions (A-type) and the phosphate ions (B-type)
respectively or substitute two positions at the same time
(AB-type) [7]. The ratio of type A to type B in biological
apatite is between 0.7 and 0.9 depending on the age of the
individual [8]. The presence of B-type carbonate in the
apatite lattice was shown to cause a decrease in crystallinity
and an increase in solubility both in vitro and in vivo tests,
causing better bioresorbability and osteointegration rate
[9], while the human trabecular osteoblastic cells had a
lower affinity for the A-CHA surface compared to HA one
[10]. The effect of carbonate substitution on structure and
performance depends on the substitution content and type.

Fluoride-doped hydroxyapatite is formed by replacing
OH" with F over a wide range of concentrations. Fluoride
substitution exhibited improved thermal stability and
mechanical properties [11-12]. Moreover, F~ ions were
shown to promote the mineralization and crystallization of
HA in the bone forming process [13]. Furthermore, F~ ions
released from synthetic fluoride-doped HA powder can
prevent dental caries in a bacteria containing acidic
environment [14].

CO3 and F substitution in apatite have opposite effects
on crystallinity and solubility. CFHAs as bone graft
materials of desired solubility can be prepared by
manipulating the relative contents of CO3  and F
incorporated in the apatite. The aim of the present study
was to investigate the effects of the concentrations and
adding order of dopant ions, the isomorphic substitution of
Na™ ion on the co-substitution type and contents.

Table 1 The dopant concentration and the substitution content of samples

2 Materials and methods
2.1 CFHA preparation

The CFHA powders were prepared by an aqueous
precipitation method by dropping the (NH4),HPO,,
NaF and NaHCOj; solution into a reactor containing
Ca(NOs), 4H,0 solution. All the solvents and reagents
were analytically grade and were purchased from Shanghai
National Chemical Reagent Corporation. The molar ratio
[n(Ca>*)/n(PO; )] was 1.667 which is the stoichiometric
[n(Ca>*)/n(PO; )] ration of HA. The dopant concentra-
tions of sample were listed in Table 1. After mixing, the
solution was vigorously stirred for about 3h and the
pH > 10 values of the solutions were adjusted by the
addition of NH,OH solution. The reaction temperature of
60°C was maintained by use of a thermostatically
controlled hot plate. Finally, after aged for 24 h at room
temperature, the precipitate was washed, filtered and dried.
In order to prepare Na-free samples, F and CO3~ were
introduced using NH4F and NH4HCOj5 respectively. The
difference between samples 17 and 2% with C,,Fg is the
adding order of fluoride and carbonate sources. First
dropping carbonate sources into the pre-stirred mixture of
(NH4),HPO,4 and Ca(NOs;),-4H,O solution, stirring for
4 h, then dropping fluoride sources, designated as sample
1%; and vice, firstly dropping fluoride sources, stirring for
4 h, then dropping carbonate sources, designated as sample
2",

2.2 Characterization

The morphological features and particle sizes of the

Sample n(CO%’ )/n(Poi*) n(F’)/n(Ca“) With/without Na Fluoride content /wt.% Carbonate content /wt.%
C;F4Na 0.03 0.04 with 0.424 3.20
C;FgNa 0.03 0.08 with 0.679 3.19
C5F,Na 0.03 0.12 with 1.373 3.14
CFsNa 0.11 0.04 with 0.392 6.19
C;FgNa 0.11 0.08 with 0.628 6.16
Cy1FioNa 0.11 0.12 with 1.268 6.13
CypF4Na 0.22 0.04 with 0.362 8.21
CyFgNa 0.22 0.08 with 0.558 8.17
CyFioNa 0.22 0.12 with 1.223 8.15
CaoFy 0.22 0.04 without 0.441 7.21
CyoFg 0.22 0.8 without 0.679 7.18
C;3Fy, 0.03 0.12 without 1.223 2.13
HA 0 0 with - -
C3;HA 0.03 0 with - 3.23
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precipitated powders were investigated by transmission
electron microscopy (TEM, TECNAI 12). The infrared
(IR) spectra were recorded using KBr pellets (about 1 mg
sample per 200 mg KBr) with a spectral resolution of
4 cm' by Fourier transform infrared spectroscopy (FTIR,
Nexus, Nicolet, USA) to evaluate the functional groups of
the specimens. It was reported that the ratio of the
extinction of the IR carbonate band at about 1420 cm™
(E1420) to the extinction of the IR phosphate band at about
570 cm ! (Es70) is linearly related to the carbonate content
of apatites [15]. In experimental conditions, the equation
utilized for calculating the carbonate content was w =
17.4E1450/Es79 + 0.4, where w is the carbonate content in
mass. The fluoride content of samples was determined by
F-selective electrode (Orion94-09) choosing guaranteed
reagent NaF as a reference calibration. The phases
composition and crystallinity of the samples were inves-
tigated by X-ray diffraction (XRD) using a diffractometer
(PANalytical X' pert PRO, Netherlands) with Cu Ka
radiation.

3 Results and discussion

3.1 The effect of dopant ions concentration

As can be seen from Fig. 1, F~ doping had less obvious
effects on the morphologies of apatites, which was in
accordance with conclusion from Chen et al. [16].
However, crystal size and aspect ratio obviously decreased
with the increase of carbonate ions concentration. Since
ionic strengths may have a certain effect on the thermo-
dynamics constant, the solubility product of apatite (Kp)
increases with the increase of carbonate contents. While the
driving force of CFHA formation decreased as InKj,
increased [17], according to the crystal growth theory, the
crystals with small aspect ratio and size were prone to be

formed under the condition of low driving force.

FTIR spectra of the apatite prepared at different dopant
concentrations were shown in Fig. 2. All the spectra
showed the typical bands of the apatite at about 1090—
1044cm™  (PO3~
960 cm™ (PO,  symmetric stretching vibration), 570 and
600 cm ' (PO, bending vibration) [18].

Obvious vibration peak of O—H at about 630 cm ™' was
shown in pure HA. The O—H vibration intensity at about

asymmetric  stretching vibration),

630 cm™" decreased significantly, the peaks at 1550 cm™
ascribed to A-type COj3 appeared, moreover, the 1460 cm™
band (ascribed to the complex of two peaks: v3, of A-site
CO?™ and v3, of B-site CO3 ") appeared stronger than that
of 1420 cm™ one (ascribed to v3, of B-site CO%*) [19],
indicating that the predominantly A-CHA in sample C;HA,
in accordance with the reports that A-type mostly existed
over the carbonate range of 0—4 wt.% [20]. However, O—H
peaks at 630cm™' disappeared in all sample CFHAs,
indicating that the co-substitution of F~ and CO}  had
almost occupied all of OH sites in the structure. In the
composite-doping samples C3F4Na and C;F|,Na with the
same n(CO2 )/n(PO3 ) at 0.03, the 1460cm ' band
appeared slightly weaker than that of 1420 cm™ one, as
shown by curves ¢ and f in Fig. 2, indicating that the
substitution priority of F~ for OH™ changed the carbonate
substitution type and compelled most of the CO%™ to be
located in the B sites.

The intensities of characteristic bands of CO3 "~ at about
1460, 1420 and 875cm™ increased with increasing
n(CO3 )/n(PO; "), as shown by curves d and e in Fig. 2,
indicating that structural carbonate contents increased with
the carbonate concentrations. However, the actual sub-
stitution contents still had a quite deviation from the
theoretical calculation (assuming the substitution mecha-
nism as follows: F~ substituted OH, CO3 ~ only substituted
PO; , and moreover, the part of Ca>* were substituted by

Fig. 1 TEM photographs of CFHAs prepared at different dopant concentrations: (a) C;F4Na; (b) C,,F,Na; (¢) CxF4Na; (d) C3F,Na.
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Fig. 2 FTIR spectra of the apatites prepared at different dopant concentrations: HA (a); C3HA (b); C3F4Na (c); Cp,F1,Na (d); CyoF4Na

(e); Cs3F 2Na (f).

CyFy
=
8
5]
g
=
g
g
P
960
o 14607700 / , ,
2000 1500 1000 500
Wavenumber/cm ™'

Fig. 3 FTIR spectra of CFHAs using NH4HCO; or NaHCO; as
reactants introducing COj; groups.

Na* in order to compensate the electricity imbalance). For
example, according to the dopant molar ratios, the
theoretical carbonate and fluoride contents of sample
C,,F5Na should be 6.82 and 2.14 wt.%, respectively,
compared with the test data of 8.15 and 1.223 wt.%, as
shown in Table 1. Due to the difference of preparation
conditions, on the coexistence condition of F-, OH, CO%~,
PO;~, Ca>" and Na*/NHJ ions in the reaction system,
there are many possible co-substitution mechanisms which
are different from the supposed substitution model [21]. In
addition, the higher CO3  substitution content can be
related to the part of CO3™ in the A site and surface

absorbance of CO,. However, the complexity of F~
substitution process resulted in the actual F~ substitution
contents much lower than the theoretical value based on the
theory proposed by Tanaka et al. [22]. And it also can be
seen from Table 1 that the F- and CO3  substitution
contents of CFHA increase with the dopant concentrations
nonlinearly. Moreover, on the premise condition of the
same dopant concentrations, due to the interference
between F~ and CO3  co-substitution, the more the
carbonate content, the less the fluoride content and vice
versa.

3.2 The effect of Na* ions existence

FTIR spectra of both samples (see Fig. 3) clearly show the
typical bands of CO3 -containing apatites. The peak at
1640 cm™ is attributable to the presence of adsorbed water.
The intensity of characteristic bands of CO3" at about
1460, 1420 and 875 cm™ in sample C»,FgNa are obviously
stronger than that in sample C,,Fg, indicating less content
of carbonate in sample C,,Fg. Due to the low stability of
NH4HCOs as the CO%f source, NH4HCO; can be easily
eliminated by heating, the concentration of carbonate ions
in the solution greatly reduced, and then decreased the
carbonate substitute content, as confirmed by the calcula-
tion data in Table 1.

Through the computer fitting peak technology, CO3"
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vibration peak in 875 cm ! can be split into two peaks in
873 and 880cm ' distributed as the Lorentz function.
Landi et al. [10] reported that a weight ratio of A- and B-
type CO3 could be estimated from the intensity ratio of
two peaks at 880 and 873 cm™ in the IR spectrum. The
analysis showed that A/B-type weight ratios were 0.53
(CyyFg) and 0.28 (C,,FgNa). Moreover the appearance of
the shoulder peak is near 1500 cm™' in sample C,,Fg,
which is attributed to carbonate ions in type A-sites [23],
confirming that the presence of Na* favored the B-type
carbonate substitution. According to the molecular-
dynamic model [24], Na® ion was incorporated into
CHA more easily than NH], which can be attributed to
the difference in ionic radius between Na* (1.16 A) and
NH; (1.43 A), meaning that Ca®>* (1.14 A) ions can be
more easily replaced by Na* ions in order to compensate
for extra negative charge caused by the B-type substitution
of CO3~ for PO; ions (CO3 + Na' <> PO;  + Ca’*)
[25].

Due to the high carbonate substitution and low synthesis
temperature, both as-prepared precipitates are low-crystal-
linity HA, as shown in Fig. 4. However, the sample
C,,FgNa has more prominent HA peaks compared with the
sample C,,Fs. CO%‘ for POi_ coupled Na™ for Ca*" is
conductive to keep charge balance. Moreover, the close-
ness of ion radii of Na* and Ca*" causes little change of
lattice parameters by compensating mismatch of [CO3] and
[PO,4] group size. Consequently, the introduction of Na™
can reduce the lattice distortion of the carbonate-doped
apatites so as to improve its crystallinity.

O O HA

Intensity/a.u.

20 25 30 35 40 45 50
260/degree

Fig. 4 XRD patterns of CFHAs using NH4HCO5 or NaHCOj as
reactants introducing COj; groups.

3.3 The effect of adding order of fluoride and carbonate

The more prominent carbonate vibration peaks indicated
the higher carbonation degree of sample 17, as shown in
Fig. 5. When the carbonate sources are introduced into the
F-free HA precipitation, carbonate have priority to occupy
the [OH] and [PO4] sites, resulting in the higher
carbonation degree. However, when the carbonate sources
drop into the fluoride-doped apatite precipitation (sample
2%), the possibility of a competition between the pre-existed
F~ and the newly introduced CO3~ for occupation of the
OH sites should be considered. Due to the closeness of the
ion radii and the equivalent substitution of F-and OH ", F
will occupy the OH™ site of HA crystals more easily,
compelling most of CO3™ to be located in the B sites,
confirmed by the A/B-type weight ratio analysis of 0.56
(1%) and 0.48 (2.

Transmittance/a.u.

1500 1000 500

Wavenumber/cm !

Fig. 5 FTIR spectra of CFHAs with different adding order of
fluoride and carbonate.

4 Conclusions

To manipulate the relative contents of CO3  and F
incorporated in the apatite, the effects of the concentrations
and adding order of dopant ions, the isomorphic substitu-
tion of Na™ ion on the co-substitution type and contents
were investigated. The fluoride and carbonate contents of
CFHA increase with dopant concentrations nonlinearly.
Due to the complexity of substitution mechanism and
preparation conditions, the test data and theoretical values
of substitution contents have a quite deviation. As a result
of the closeness of ion radii of Na™ and Ca®" and charge-
balance compensation function, the isomorphic substitu-
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tion of Na™ ions can improve crystallinity and favor the B-
type carbonate substitutions. The possibility of a competi-
tion between F~ and CO3 "~ for occupation of the OH sites
should be considered in the coexistence condition of
dopant ions. Considering the closeness of the ion radii and
equivalent substitution of F~ and OH", F~ will occupy the
OH' site of HA crystals more easily, compelling most of
CO3~ to be located in the B sites.
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