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Fluorapatite nanopowders with different amounts of fluoride ions were prepared using the
surfactant-assisted microwave method under isothermal conditions. Microwave irradiation
was applied for the rapid formation of crystals. A micellar solution of polyoxyethylene (23)
lauryl ether was used as a regulator of nucleation and crystal growth. Characterization studies
from X-ray diffraction, field-emission scaning electron microscopy and Fourier-transform infrared spectra showed that crystals have an apatite structure and particles of all samples are
nano size, with an average length of 50 nm and about 15-25 nm in diameter. Antimicrobial
studies have demonstrated that synthesized fluorapatite nanopowders exhibit activity against
tested pathogens: Escherichia coli, Staphylococcus aureus and Candida albicans. Activity increased with the amount of fluoride ions. The synthesized fluorapatite nanomaterials are
promising as materials in environmental protection and medicine for orthopedics and dental
restorations.
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INTRODUCTION
Synthetic apatite materials have been an indispensable component of various applications in environmental protection and medicine for orthopedics and
dental restorations [1-3]. The toxic and radioactive
heavy metals are one of the most dangerous toxic contaminants in the environment, especially in ground water and soil. The fate of heavy metals in the environment
depends mainly on their interaction with minerals. The
stability of the final product of this interaction represents a key factor, which determines mobility and biological availability of heavy metal pollutants in the environment. Apatite was selected as an ideal material for
long-term containment of heavy metals, which have a
high sorption capacity for these metals, low water solubility, high stability under reducing and oxidizing conditions, low cost, and availability. The apatites investigated include synthetic hydroxyapatite (HAP;
* Corresponding author; e-mail: voyo@vin.bg.ac.rs

Ca10(PO4)6(OH)2) and fluoroapatite (FAP; Ca10
(PO4)6F2), apatites of biological origin and naturally
occurring apatite minerals [4-7]. Fluoroapatite, in comparison to pure hydroxyapatite and other apatite materials, has higher physico-chemical stability, such as an increased resistance to dissolution by acid [8]. It has a
high affinity for uranium and other radionuclides [9].
Alpha radiation, resulting from the decay of
radionuclides, found in the crystalline structure of apatite materials can induce crystalline to amorphous transformation [10-12]. Fluorapatite materials showed radiation-damage resistance at temperatures above 70 °C,
making them very promising materials for nuclear
waste storage [13]. Biomaterials based on fluoroapatite
have been very promising because of their crystallographic similarities to the natural inorganic component
of bone (hydroxyapatite). In vitro and in vivo studies
have shown that synthetic fluoroapatite is a possible replacement for bone repair due to its biocompatibility,
bioactivity, and osteo- conductive properties [14]. Implant-associated infections present significant surgical
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problems and usually require removal [15]. To solve the
problem of implant related infections, the use of bone
implants which include antimicrobial agents such as antibiotics, fluoride and biocides metal ions is proposed
[16-18]. Fluoride ions play an important role in the prevention and control of dental caries. Fluorapatite materials showed potential antibacterial activity but not the
biocidal effect [16].
The many applications of fluoroapatite materials
mainly depend on the chemical composition, shape,
morphology, and size of apatite particles. Therefore,
various synthesis methods of fluorapatite have been
developed in recent years: neutralization [16], sol-gel
[19], surfactant-assisted [20], mechanochemical synthesis [21], microwave [22] and flame spray pyrolysis
[23]. Most of these methods require time consuming
procedures and obtain macroscopic particles.
Microwave heating is a widely accepted,
non-conventional energy source for inorganic, organic synthesis, and different physicochemical processes, such as sintering, nucleation and crystallization, adsorption, and so forth [24, 25]. The effect of
microwave irradiation on the kinetics of chemical reactions is explained by thermal effects, such as overheating, hot-spots, selective heating or as a consequence of specific microwave effects. The main
advantages of using the microwave method, relative to
conventional heating methods in chemical synthesis,
are rapid volumetric heating, higher reaction rate,
shorter reaction time, selectivity, and higher yield. The
surfactant-assisted method is very promising for synthesis of apatite nanoparticles [20]. Surfactant properties, in particular the polarity of the heads as well as its
quantity in the solution, can affect the crystallization
process, the chemical composition, size and morphology of apatite particles. Several studies have shown
that surfactants have an impact on the morphology and
size of apatite particles obtained by the microwave
method [26, 27]. Gopi et al. [26] reported the synthesis
of hydro- xyapatite nanospheres by using the microwave heating method and hexadecyltrimethylammonium bromide (CTAB) as a template. Arami et
al. [27] reported the synthesis of hydroxyapatite
nanostrips with an average width of 10 nm and length
of 55 nm using CTAB as the surfactant.
In this work, fluorapatite (Ca10(PO4)6Fx(OH)2-x,
0 £ x £ 2) powders with different fluoride concentrations were synthesized by the surfactant-assisted microwave method. The main reason for using the
surfactant-assisted microwave method is the possibility of preparing nanoproducts in a short time from relatively inexpensive chemicals, and thereby making it
suitable for an industrial production. The antimicrobial activity of fluorapatite samples was tested against
different pathogens: Staphylococcus aureus (S.
aureus), Escherichia coli (E. coli), and Candida
albicans (C. albicans) was evaluated in vitro.
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MATERIALS AND METHODS

Preparation of the materials
The starting materials were Ca(CH3
COO)2xH2O (AppliChem), (NH4)2HPO4 (Merck),
polyoxyethylene (23) lauryl(ether) (Brij 35; Alfa
Aesar), NaF (VWR) and NH4OH (Merck) of pro
analysis grade of purity. The microwave assisted reactions were conducted using a microwave reactor (Discover, CEM Corp., Matthews, N. C., USA) supplied
with a programmed temperature control system. All
the reactions were carried out in the microwave field
of 2.45 GHz, maintaining the desired temperatures at
60 °C.
The first solution was prepared by mixing 50 mL
of 0.1 M Brij 35 and 100 mL of Ca(CH3COO)2 (0.11 M).
The second solution of 50 mL (NH4)2HPO4 (0.13 M) and
NaF (0.01 M; 0,.02 M; 0.03 M or 0.04 M) was dropped
into the first solution. The pH of both solutions was
maintained at 10 by the NH4OH solution before mixing.
The synthesis process in a microwave field lasted 15
minutes with constant stirring. The precipitate thus obtained was filtered by a vacuum filtration process. The
precipitate was washed with ethanol and water to remove
the excess of Brij 35, and dried at 105 ºC and pulverized
into a powder.
Characterization of synthesized
apatite samples
The X-ray diffraction (XRD) studies of the
apatites were performed using a Philips PW 1050
diffractometer, using CuK1.2 Ni-filtered radiation.
The diffracted X-rays were collected over a 2q range
20-80° using a step width of 0.02° and measured for 1 s
per step. Lattice parameters a, b, and c of the apatite
hexagonal unit cell and average crystallite size were
determined using the Powder Cell 2.4 program.
The Fourier-transform infrared (FTIR) spectra
of synthesized apatite samples, were recorded on a
Nicolet 6700 FTIR spectrophotometer (Thermo Scientific) using the ATR technique, in a frequency interval of 4000-400 cm–1.
The morphology of the obtained powders was
studied by field-emission scanning electron microscopy (FESEM) TESCAN Mira3 XMU at 20 kV. Prior
to the SEM analysis, the powder samples were coated
with an Au-Pd alloy using a spatter coater.
The semi-quantitative chemical analysis of the
samples was analysed using an energy dispersive
spectrometer (EDS) with a SiLi X-ray detector (Oxford Instruments, UK) connected to a scanning electron microscope and a computer multi-channel analyzer. The measurements were performed to detect
calcium, phosphorus, and fluor.
The combined measurements uncertainty of the
experimental procedures was less than 5 % [28-30].
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In vitro antimicrobial activity

Antimicrobial activities of samples were investigated, by a modified liquid challenge method, [31]
against a gram-negative bacterial strain E. coli (ATCC
25922), gram-positive bacterium S. aureus (ATCC
25923) and yeast C. albicans (ATCC 24433). Prior to
obtaining inoculum, bacteria were cultivated on nutrition agar No. 8 and yeast on malt extract agar No. 37
slants (LabM, U. K). The incubation time for bacteria
was 24 h at 37 °C and for yeast 48 h at 28 °C.
The 0.01 g of an appropriate apatite sample was
challenged to 1 mL of an inoculated buffered saline solution containing about 2.1×106 cfumL–1 (S. aureus),
7.54×106 cfumL–1 (E. Coli) and 2×106 cfumL–1 (C.
albicans). After one hour of incubation at 37 °C in a
water bath shaker, 9 mL of saline was added and the
suspension was vigorously vortexed for 3 min to separate the cells since they tend to adsorb to the particles
[16]. Aliquots of 1 mL were taken as samples for further dilution with saline and viable cell determination
by seeding in agar plate Petri dishes with a corresponding medium. The formed colony units were
counted after incubation in a thermostat under appropriate conditions.
The percentage of viable cell reduction (R %)
was calculated using the eq. (1).
R [%] = 100× (C 0 - C ) / C 0

Figure. 1 XRD patterns of hydroxyapatite and
fluorapatites with different contents of fluoride ions

Table 1. Unit cell parameters and crystallite sizes (Xs) of
all synthesized apatite samples
Sample
HAP
FHAP1
FHAP2
FHAP3
FAP

a
9.43484
9.42393
9.39608
9.38626
9.38450

c
6.88009
6.88472
6.88162
6.88482
6.88427

Xs
17.5
13.5
15.7
17.5
19.9

(1)

where C0 is the average number of strain colonies of
the control, and C – the corresponding number of colonies of challenged apatite samples at the same predetermined time.
RESULTS

Characterization of apatite
nanocrystals
The XRD patterns of synthesized apatite samples are presented in fig. 1. The positions of its X-ray
diffraction peaks were in accordance with ASTM data
for hydroxyapatite (Card 9-0432) and fluorapatite
(Card 15-0876). The lattice parameters, crystallite size
and the fraction of the crystalline phase of all samples
are presented in tab. 1.
The results of EDS analysis for calcium, phosphorus, and fluor of all samples are shown in tab. 2.
The FTIR spectra of the samples are shown in
fig. 2. The spectra show the characteristic bands for
phosphate and hydroxyl groups and absorbed water.
The dominant bands that appear at 1043-1018 cm–1
and the small band at 961 cm–1 belong to the asymmetric stretch vibration of PO34 groups, while the bands at
563-550 cm–1 originate from the stretching symmetric
vibrations. The bands at 451-432 cm–1 correspond to a
symmetrical vibration from PO3groups. The
4

Table 2. The results of EDS analyses of hydroxyapatite
and fluorapatite samples (*atomic ratio [%])
Sample

Ca*

P*

HAP
HFAP1
FHAP2
FHAP3
FAP

14.84
15.87
15.76
17.21
18.29

9.76
9.44
9.22
9.88
9.66

Ca/P
Nominal Measured
1.67
1.52
1.67
1.68
1.67
1.71
1.67
1.74
1.67
1.89

F*
0
0.53
1.84
2.80
3.10

Figure 2. FTIR transmittance spectra of synthesized
samples: hydroxyapatite and fluorapatites with
different content of fluoride ions
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FHAP1, FHAP2, and FHAP3 samples contain an additional band originating from the PO34 groups at
about 991 cm–1. The weak bands at about 1430 cm–1
and 870 cm–1 indicate the presence of carbonate ions
in samples. The broad absorption band at 2500-3700
cm–1 and weak at 1640 cm–1 are assigned to the adsorbed water. The weak band of the hydroxyl group located approximately at 3572 cm–1 is easily visible in
the HAP sample. FESEM micrographs of the HAP
and FHAP samples are presented in fig. 3. Morphology of the synthesized samples were was similar. The
particles have a nano-size character and an irregular
rod-like morphology. The average lenghtlength of
particles in all samples is about 50 nm in lenghtlength
and they have are about 15-25 nm in diameter.

The results of antimicrobial
activity determination
The results of the antimicrobial tests of the
fluorapatite samples against microbes are shown in
fig. 4. The antimicrobial effect demonstrates that all
apatite samples show viable cell reduction of microbial species. Antimicrobial activity of fluorapatite materials is a function of quantities of fluoride ions and
the types of microbes.

DISCUSSION

One of the most promising methods for the synthesis of apatite materials is the microwave method.
Microwave radiation creates a heating solution which
can affect the stability of the surfactant micellar solution. In this work isothermal conditions (T = 60 ºC) are
used to ensure the stability of the micellar solutions.
The used concentration of Brij 35 (0.025 M) is higher
than the critical micellar concentration (CMC) of
0.048 mM at 25 ºC and 0.034 mM at 50 ºC [32, 33].
Schwarzenbacher et al. [34] reported that an aqueous
solution of Brij 35 (to 30 % w/w) at 60 ºC is micellar
while at higher ratios leads to the formation of an isotropic surfactant liquid.
The XRD patterns (fig. 1) of synthesized samples are similar, diffraction peaks were broad, indicating that the obtained products have low crystallinity
and that the crystallites were nanosized. There are no
other characteristic peaks of impurities, such as CaO
and other calcium phosphates. Crystallographic similarity of apatite samples come from the same hexagonal lattice structure of space group P63/m, with slight
differences. The incorporation of fluoride ions into the
apatite structure causes a decrease in the lattice parameter (a) (tab. 1). A significant in the lattice parameter
(a) was observed in previous studies [16, 19]. Changes
in the lattice parameter (a) are the result of differences
in size, structures and physical properties of F– (0.136
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nm) and OH– (0.14 nm) ions. Other ions, especially
carbonate ions, influence the values of lattice parameters, which lead to a contraction in the a-axis dimension and expansion in the c-axis dimension. The incorporation of carbonate ions can also result in smaller
crystals and amorphous products. According to FTIR
analysis (fig. 2) carbonate ions are present in all samples.
EDS elemental analysis shows that all [Ca]/[P]
ratios in the samples are similar to the amount of the
starting material (tab. 2). According to the obtained results it can be assumed that fluoride ions are almost
completely incorporated into the apatite structure. The
existing differences can be related to the present traces
of carbonate ions.
FTIR spectra of all apatite samples (fig. 2) displayed typical absorbance bands, which are in agreement with literature data [35]. The presence of weak
bands at 870 cm–1 and 1430 cm–1, indicate to a B-type
3substitution within some CO23 groups in PO 4 sites of
the apatite lattice. The intensity of these bands can indicate that a small amount of carbonate ions is incorporated into apatite samples. Natural fluoroapatites
have a greater capacity to retain uranium and a bigger
acidic solubility with an increase in the amount of carbonate ions [36, 37].
The morphology and size of apatite particles is
influenced by many factors such as the type and concentration of the precursors, conditions of synthesis
(pH, temperature) and optionally, a variety of organic
substances such as surfactants, during the synthesis
process. Silva et al. [38] reported that fluorapatite
crystals are obtained from an aqueous solution in the
course of 3 hours with a rod-like rectangular shape.
Fluorhydroxyapatite nanorod particles with a relatively uniform rod-like morphology were obtained by
a precipitation method in the precencepresence of a
non-ionic surfactant [poly(oxyethylene)sorbitan
monooleate] (Tween 80) and acetate ions [20]. The
morphologies of synthesized apatite samples (fig. 3)
are similar to the morphology found in hydroxyapatite
powders prepared under microwave irradiation/iridation? in the presence of sodium lauryl ether
sulfate or alkylbenzene sulfonate [39]. A comparison
of the average particle size and the mean crystallite
size (tab. 1), determined from the X-ray diffraction
data, indicates a polycrystalline nature of the powder
particles. According to the FESEM micrographs it can
be concluded that the amount of fluoride ions does not
significantly influence on the size and morphology of
particles. Nanosized apatite displayed a fast and high
sorption capacity of heavy metal ions [40, 41]. This is
very important for rapid removal of heavy metal ions
and the prevention of environmental threats.
The antimicrobial properties of synthesized
fluorapatite powders as promising biomaterials for use
in the reconstruction of bone defects would be of great
relevance. In this study, antimicrobial activities of the
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Figure 3. FESEM images of synthesized samples; HAP (a), FHAP1 (b), FHAP2 (c), FHAP3 (d), and FAP (e)
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from fluorapatite particles in an alkaline medium by
ion exchange with OH- ions [47].

CONCLUSION

Figure 4. The comparative percentage of microbial
reduction (R%) for S. aureus, E. coli and C. albicans,
after the treatment with the synthesized apatite powders
after 1 hour

fluorapatite samples were tested against S. aureus, E.
coli and C. albicans, because those species have been
involved in bone implants-related infections [42]. S.
aureus appears as the main causative agent. Infections
by E. coli and C. albicans as the main causes are rare.
According to the results of the antimicrobial assay (fig. 4), the hydroxyapatite sample showed a reduction in the viable cell number of investigated species as a result of their adhesion to the surface of the
particles. Hydroxyapatite biomaterials do not have
antimicrobial properties and microbes can colonize
their surface. Fluoride ions decrease adhesion properties of some carcinogenic pathogen bacteria on a
hydroxyapatite surface [43]. The percentage of microbial reduction after the treatment with the fluorapatite
synthesized samples is higher and increases with the
amount of fluoride (fig. 4). Among the tested microbial species, gram-negative bacteria E. coli are the
most susceptible to the fluorapatite materials. The E.
coli bacterium adheres more weakly to the surfaces of
the fluorapatite cement than that on the natural enamel,
indicating that fluorapatite cement could inhibit bacteria attachment and have antimicrobial properties [44].
Ge et al. [45] reported that fluorhydro- xyapatite coatings showed antibacterial activities against Staphylococcus aureus and Escherichia coli in phosphate buffered saline (pH 7.4). We previously, reported that the
K. pneumoniae (gram-negative) bacteria showed
greater sensitivity than S. aureus to pure and silver-doped fluorapatite materials [17]. C. albicans
showed a slightly higher sensitivity than S. aureus toward fluorapatite materials (fig. 4). A previous study
has shown that the use of fluoride proved to be a reducing agent for the growth and activity of C. albicans
[46]. The mechanism of antimicrobial actions of fluoride ions is complex and incompletely understood. We
suppose that the antimicrobial effect of fluorapatite
samples is mainly based on fluoride ions released in
the PBS solution. The fluoride ions can be released

Fluorapatite powders with different fluoride
concentrations were synthesized in the micellar solution of the surfactant Brij 35 under microwave radiation and isothermal conditions, T = 60 ºC. The analysis
of XRD, FTIR, and SEM showed that particles of
fluorapatite samples are of nanosize and homogenous
in composition. The synthesized fluorapatite samples
showed antimicrobial activity against S. aureus, E.
coli and C. albicans. The results of this study indicate
that synthesized fluorapatite nanomaterials can be
considered as a potential sorbent for toxic and radioactive heavy metals ions and antimicrobial biomaterials
in orthopedics and dentistry.
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Slavko SMIQANI]
SINTEZA FLUOROPATITNIH NANOPRAHOVA POMO]U MIKROTALASNE
METODE U PRISUSTVU TENZIDA POD IZOTERMALNIM USLOVIMA
Fluoroapatitni nanoprahovi sa razli~itim koli~inam fluoridnih jona napravqeni su
pomo}u mikrotalasne metode u prisustvu tenzida pod izotermalnim uslovima. Micelarni rastvor
polioksietilen (23) lauril etera kori{}en je kao regulator nukleacije i rasta kristala. Karakterizacione studije: rendgenostrukturna analiza, emisiona skeniraju}a elektronska mikroskopija i Furije-transformisani infracrveni spektri, pokazale su da kristali imaju apatitnu
strukturu i da su ~estice svih uzoraka nanoveli~ine, sa sredwom du`inom oko 50 nm i oko 15-25 nm u
pre~niku. Antimikrobne studije pokazale su da sintetisani fluoroapatitni nanoprahovi ispoqavaju aktivnost protiv testiranih patogena: Escherichia coli, Staphylococcus aureus i Candida albicans.
Aktivnost se pove}ala sa koli~inom fluoridnih jona. Sintetisani fluoroapatitni nanoprahovi
su obe}avaju}i materijali u za{titi `ivotne sredine i u medicini za ortopedske i zubne restauracije.
Kqu~ne re~i: fluoroapatit, mikrotalasna obrada, nanoprah, za{tita `ivotne sredine

