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a b s t r a c t

Properties of hydroxyapatite (HA) or fluorapatite (FA), such as bioactivity, biocompatibility, solubility,
and adsorption properties can be tailored over a wide range by modifying the composition via ionic sub-
stitutions. This research aimed to prepare and characterize Mg-doped FA (Mg-FA) nanopowders. Mg-FA
nanopowders with different Mg contents were prepared by sol–gel method. The designated degree of
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substitution of Ca by Mg in the mixture was determined by the x value in the general formula of
(Ca10−xMgx(PO4)6F2), where x = 0, 0.25, 0.5, 0.75, and 1. X-ray diffraction (XRD), scanning electron micro-
scopic (SEM), transmission electron microscopy (TEM), atomic absorption spectrophotometer (AAS) and
Fourier transform infrared spectroscopy (FTIR) techniques were utilized to characterize the obtained
powders. Results showed that Mg ions entered into the fluorapatite lattice and occupied Ca2+ sites. The
incorporation of Mg ions into the fluorapatite resulted in the decrease of the lattice parameters. The

ystall
obtained powders had cr

. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) has been widely used
or biomedical applications due to its bioactive, biocompatible
nd osteoconductive properties [1–4]. Despite these desirable
roperties, synthetic HA is limited in application due to poor ther-
ostability, high in vivo solubility and poor mechanical properties

5–7]. Various amounts of substitutions (i.e. F−, CO32−, Na+, Mg+2,
n+2) are present in biological apatites [8]. Properties of HA, such as
ioactivity, biocompatibility, solubility, and adsorption properties
an be tailored over a wide range by modifying the composition via
onic substitutions [9,10].

Fluorine-substituted HA (Ca10(PO4)6(OH)xF2−x, FHA) and fluo-
apatite (Ca10(PO4)6F2, FA), in which the hydroxylic groups (OH−)
re substituted by F− ions, are considered as alternative biomedical
aterials and have the potential for use in dental implants [11–13].

he introduction of fluoride into apatite has been shown to be ben-
ficial factor in improving osteoblast response in terms of adhesion,
ifferentiation, proliferation and mineralization processes, com-
ared to pure hydroxyapatite [14]. Fluorine replacement reduces

he solubility, stimulates the formation of bone tissue, and increases
he compression strength [15].

Mg is one of the most important substitutes for calcium in bio-
ogical apatites. Dentin, Enamel, and bone contain 1.23, 0.44 and
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ite size of about 30–100 nm.
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0.72 wt% of Mg, respectively [9]. Mg is strongly associated with the
mineralization of calcified tissues, directly stimulating osteoblast
proliferation [16]. The adhesion strength between substrate and
apatite coating is increased as magnesium is incorporated into the
apatite coating [17]. Liang et al. [18] found that Mg implantation
improves the bioactivity of zirconia and titanium. The presence of
Mg in the FHA coating significantly affects the bone growth (forma-
tion of new apatite layer) in SBF, i.e. the in vitro bioactivity of the
coating [19]. The sol–gel technique, because of its apparent advan-
tages of fine homogeneity, high reactivity of starting materials,
lower processing temperature and lower sintering temperature, is a
new method for synthesizing fine powders. Moreover, this method
permits researchers to easily dope HA or FA with trace elements
[20–22].

Considering the above points in view, Mg-FA materials may then
be superior to pure FA for implant applications.

In this work, we prepared Mg-FA powders in order to integrate
the advantages of Mg with the low soluble ability of FA. The pow-
ders with different Mg contents were prepared by sol–gel method,
and the effects of Mg incorporation on the powders were investi-
gated.

2. Experimental
2.1. Powder preparation

The flowchart of the preparation method of Mg-FA nanopowder in this study
is shown in Fig. 1. Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O; Merck), magne-
sium nitrate hexahydrate (Mg(NO3)2·6H2O; Merck), phosphorus pentoxide (P2O5;
Merck) and hexafluorophosphoric acid (HPF6; Floka) were selected to prepare Ca-

dx.doi.org/10.1016/j.jallcom.2010.05.073
http://www.sciencedirect.com/science/journal/09258388
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Fig. 2. XRD patterns of Mg-FA nanopowders calcined at 650 ◦C.

Table 1
Lattice parameters and crystallite size of the obtained powders.

Sample a-axis (nm) c-axis (nm) Crystallite size (nm)

FA0M 0.93427 0.68663 29
FA2.5M 0.93408 0.68546 26
Fig. 1. Flowchart of the sol–gel synthesis of Mg-FA nanopowder.

recursor, Mg-precursor, P-precursor and F-precursor, respectively. A designated
mount of phosphoric pentoxide (P2O5, Merck) was dissolved in absolute ethanol.
lso, a designated amount of Mg-precursor and Ca-precursor was mixed to form

he Ca–Mg mixture and then dissolved in absolute ethanol. This mixture was added
rop-wise into the P-precursor to obtain a solution with (Ca, Mg)/P ratio of 1.67.
hen, HPF6 was added to the solution. The designated degree of substitution of Ca2+

y Mg2+ in the mixture was determined by the x value in the general formula of FA
Ca10−xMgx(PO4)6F2), where x = 0, 0.25, 0.5, 0.75 and 0.1. The subsequent powders
ere labeled as FA0M, FA2.5M, FA5M, FA7.5M and FA10M, respectively. The mix-

ure was continuously stirred for about 24 h at ambient temperature to form a gel.
s-formed gel was aged for 24 h, and then it was dried in an oven at 100 ◦C in air for
4 h. The dried gel was sintered at a rate of 5 ◦C/min up to 650 ◦C for 1 h in a muffle
urnace.

.2. Powder characterization

Phase structure analyses were carried out by X-ray diffraction (XRD) using a
hilips X’Pert-MPD diffractometer with Cu K� radiation (� = 0.15418 nm) over the
� range of 20–60◦ (time per step: 1 s and step size: 0.02◦).The obtained experimen-
al patterns were compared to the standards compiled by the Joint Committee on
owder Diffraction and Standards (JCDPS), which involved card # 15-0876 for FA.

he crystallite size of the FA nanopowders was determined by using the Scherrer
quation [23]:

= k�

t cos �
(1)

Fig. 3. FTIR spectra of sintered FA pow
FA5M 0.93401 0.68507 34
FA7.5M 0.93401 0.68507 37
FA10M 0.92943 0.68199 37

where ˇ is the width of peak in the middle of its height, � is the wavelength
(=0.154 nm), � is the Bragg angle, k is a constant (=0.9), and t is the apparent crys-
tallite size. For this purpose, three diffraction peaks (0 0 2), (2 0 2), and (2 2 2), which
have the advantage of being well separated and having high intensities, were chosen
for the measurement. The half-widths were calculated by sigma plot software.

Lattice parameters (c and a) were calculated from peaks (0 0 2) and (2 1 1),
respectively, using the standard HCP unit cell plane spacing relationship [24]:

1
d2

= 4
3

(
h2 + hk + k

a2

2
)

+ l2

c2
(2)
where d is the distance between adjacent planes in the set of Miller indices (h k l).
The functional groups of samples were analyzed with Fourier transform infrared

(FTIR, Bomem, MB100) in a mid-IR spectrum range in the range of 400–4000 cm−1.
For this purpose, each powder was mixed with KBr. Mg contents were determined
using an atomic absorption spectrophotometer, (AAS) (3030). The morphology and

der with different Mg contents.
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gglomerates size distributions of the prepared powders were investigated by scan-
ing electron microscopy, SEM (Phillips XL 30: Eindhoven, The Netherlands). The
orphology and particle size of the powders were checked using transmission

lectron microscopy (TEM) working at 200 kV.

. Results and discussion

.1. Phase structure analysis

Fig. 2a shows the XRD patterns of Mg-FA powders which were
intered at 650 ◦C. FA diffraction peaks were observed for all the
amples according to standard card of FA (JCDP#15-0876). It was
ound that the position of FA peaks shifted slightly to higher angles
ith increasing the Mg content of FA powders as shown in Fig. 2b.

his suggests that the lattice parameters of FA reduce as a result
f the substitution of Ca2+ with Mg ions in the FA lattice. On the
ther hand, since Mg ionic radius (0.065 nm) is smaller than that
f Ca2+ ions (0.099 nm) [25], the substitution of calcium by smaller
g ions resulted in a contraction of the cell parameters of FA. The

ontraction of the cell parameters of FA as a result of increasing Mg

ontent has also been reported by Hidouri et al. [26]. Similar result
as also been reached in the case of HA-containing Mg ions [25].
he lattice parameters of powders are listed in Table 1.

As can be seen (Fig. 2a), with increasing the Mg content, one
mall extra peak of MgF2 phase appears on XRD patterns, suggest-

Fig. 5. SEM micrographs of (a, b) FA0M, (c, d) FA5M
Fig. 4. Mg concentrations determined by the x value in the general formula of
(Ca10−xMgx(PO4)6F2) in the powders: broken line: designated: solid line: measured
Mg concentrations in the powders.

ing that the whole Mg cannot be incorporated in FA lattice. Also,
with increasing Mg content of FA powders, the intensity of MgF2
peak increased. The appearance of extra phase on XRD patterns of

Mg-FA powders is also reported by Hidouri et al. [26]. They reported
that with increasing Mg content of FA powders, the Mg2F(PO4)
phase was detected. In contrast, this study led to the appearance of
MgF2.

and (e, f) FA10M calcined powder at 650 ◦C.
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Fig. 6. SEM micrographs of FA

Crystallite sizes of the prepared FA with different degrees of
g content, calculated using XRD data, are shown in Table 1. The

rystallite size of the obtained powders is in the range of 26–37 nm.

.2. FTIR evaluation

FTIR spectra of the obtained FA powders with different Mg con-
ents are shown in Fig. 3. The IR spectra of each of the prepared
owders are characteristics of FA [26,27]. The bands at 966 and
t 474 cm−1 were attributed to �1 and �2 vibration peaks, respec-
ively [25,28]. The absorption peaks located at 1096 and 1045 cm−1

ere derived from the asymmetrical stretching (�3) of PO4
3−, and

t 577 and 603 cm−1 they were assigned to the bending modes
�4) of PO4

3−, respectively [25]. The bands located at 1632 and
436 cm−1 in IR spectra of FA0M powder were attributed to the
ater present in the samples and/or absorbed in the KBr pellet [26].

.3. Chemical analysis

Chemical analysis of the Mg-FA powders is shown in Fig. 4,
here x and xm are designated and measured Mg concentration,

espectively. As can be seen, with increasing x, Mg concentration
ncreased. In addition, xm was smaller than x, suggesting that the Mg

as partially incorporated into the FA lattice [26]. In other words,
artial amount of Mg in the starting solution entered into the FA

attice. Similar results were obtained for HA [24,25,29,30], which
how partial substitution of Ca with Mg in the HA lattice.

.4. SEM analysis

Fig. 5 shows the microstructure and morphology of FA pow-
er samples with different Mg contents. The morphology of the
owders indicates that it is composed of agglomerates with wide
article size distributions. As can be seen, these samples are formed
y particles of very irregular shape and dimensions, independently
f Mg content. The SEM photomicrographs of FA5M powder in
igher magnifications are shown in Fig. 6. As shown in Fig. 6, the
gglomerated particles in Fig. 5 are composed of very fine particles.

.5. TEM analysis
The morphological shape and size of FA5M powder obtained
rom TEM are shown in Fig. 7. The TEM image reveals that powders
re formed by particles ranging from 30–100 nm. This is in agree-
ent with the crystallite size of Mg-FA powders calculated using
RD data.
Fig. 7. TEM micrograph of FA5M powder.

Bioceramics with a grain size lower than 100 nm have superior
mechanical and biological properties. It has also been showed that
the dissolution rate of the bioceramic nanopowder is higher than
that of conventional powder, and thus apatite is formed more eas-
ily [31,32]. The obtained powders had a crystallite size in the range
of nano scale. Nanometer size characteristic for obtained powders
renders them similar to natural bone. In addition, the Mg-FA mate-
rials are expected to have better biocompatibility and biological
properties than pure FA.

4. Conclusions

Mg-doped fluorapatite (FA) nano powders with different Mg
content were fabricated by sol–gel method. FTIR result combined
with the X-ray diffraction indicated that substitution of Ca2+ with
Mg ions in the fluorapatite matrix was successfully occurred.

The incorporation of Mg ions into the fluorapatite led to the

decrease in the lattice parameters. Our results indicate that just
partial amount of Mg entered into the FA lattice and the remain-
der formed MgF2. The obtained powders had crystallite size of
about 30–100 nm. The Mg-FA materials are expected to have bet-
ter biocompatibility and biological properties than pure FA. Future
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xperiments should be conducted on Mg-FA to determine its bioac-
ivity and biocompatibility.
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