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Abstract
Biocompatible composite particles composed of hydroxyapatite (Ca10(PO4)6(OH)2,
HAp) and ferrite (maghemite (γ-Fe2O3) or magnetite (Fe3O4)) were synthesized by
two-step synthesis. In this work, co-precipitation method using aqueous solution of
FeSO4 and FeCl3 was employed to synthesize γ-Fe2O3 and Fe3O4 particles. It was found
that the resultant phase was changed by the molar ratio of FeSO4 and FeCl3, and optimal
molar ratio to suppress the coexistence of α-FeOOH was FeSO4/FeCl3=2. The
suspension composed of crushed ferrite particles, Ca(NO3)2 and H3PO4 aqueous
solution with surfactant ultrasonically nebulized into mist and the mist was pyrolyzed at
500oC to synthesize HAp-ferrite composite particles. The shape of the synthesized
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composite particle was round with dimple, and the particle size was around 0.5-3μm in
diameter. The composite particle showed saturation magnetization of 0.833 emu/g. Net
saturation magnetization of the ferrite component was calculated to be 46.4 or 48.0
emu/g under the assumption that the ferrite was composed of γ-Fe2O3 or Fe3O4,
respectively.
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1. Introduction
Ferrite nanoparticles have been used for many biomedical applications such as media
for

biosensors[1-8],

hyperthermia[9,10],

magnetic

resonance

imaging[11,12],

immunoassay[13,14] and magneto-targeting carrier for drug delivery system
(DDS)[15,16] etc. For these applications, it is important to ensure the biocompatibility
since the ferrite nanoparticles should be introduced into the blood vessels. Therefore,
the surface of the ferrite nanoparticles has been coated with biocompatible materials
such as gold (Au) [17,18], polymer [19,20], silica (SiO2) [21,22], titania (TiO2) [23] and
hydroxyapatite (Ca10(PO4)6(OH)2, HAp) [24-27].

Among these, HAp coated

core/shell structured ferrite nanoparticles is one of the most promising materials. Deb et
al. [24] reported the synthesis of HAp-coated hexaferrite of (CaO)0.75(La2O3)0.20(Fe2O3)6
particles. However hexaferrite has high coercive force that is not suitable for
bio-medical application due to the possibility of magnetic agglomeration. Tang et al.
reported the synthesis of core/shell structured nanoparticles with HAp and Mn- or
Co-ferrite [25-27]. They synthesized the nanoparticles by co-precipitation method using
mixture of aqueous solutions of Ca(NO3)2·4H2O, (NH4)2HPO4, Fe(NO3)3·9H2O and
MnCl2·4H2O or Co(NO3)2, and (NH4)OH. This means that both HAp and ferrite
nanoparticles are precipitated at the same time, and the core/shell structure was realized
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by one-step procedure using phase separation during heat treatment. Chen et al. reported
HAp coated SiO2 nanoparticles [28]. They soaked sol-gel derived SiO2 nanoparticles in
the Kokubo’s simulated body fluid (SBF) [29] to obtain core/shell structure. Therefore,
their procedure can be classified into two-step procedure.
The purpose of this work is to synthesize HAp-ferrite composite particles by the
combination of co-precipitation and ultrasonic spray pyrolysis since ultrasonic pyrolysis
has the advantage to control the composition of multi-component oxide powders, and
the method is suitable for future mass production. HAp nanoparticles have been
synthesized by ultrasonic spray pyrolysis [30-33]. In this work, two-step synthesis was
used to synthesize HAp-ferrite composite. First step is to synthesize ferrite
nanoparticles by co-precipitation method, and second step is synthesis of HAp and
ferrite composite nanoparticles by ultrasonic spray pyrolysis.

2. Experimental
Reagent grade FeSO4·7H2O and FeCl3 were weighed and dissolved in the 60 ml
deionization water. The composition of the solution was changed according to
xFeSO4·7H2O-(100-x)FeCl3 (0≤x≤1). Total concentration of Fe in the solution was kept
at 0.075 mol/l. To carry out co-precipitation, 30 ml NaOH aqueous solution (1 mol/l)
was dropped slowly at the dropping rate of 3 ml/min. After the co-precipitation, the
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supernatant solution was removed, and deionization water was added to wash the
sediment. Then the sediment was centrifugally separated. This washing procedure was
repeated 3 times. Then the sediment was filtrated and dried at 200oC. Dried sediment
was crushed by planetary milling in ethanol using 2 mmφ yttria stabilized zirconia
(YSZ) balls in the YSZ pod for 30 h at 100 rpm. The crushed sediment was added in the
deionization water with 0.02 mol/l cetyltrimethyl ammonium bromide (CTAB)
surfactant to prepare suspension since Liu et al. reported the validity of CTAB addition
to prepare suspension of maghemite (γ-Fe2O3)[34]. The suspension (100 ml) containing
0.5 mol/l γ-Fe2O3 (where all Fe was considered to be γ-Fe2O3 form), and the suspension
was mixed with the 0.5 mol/l HAp source solution (100 ml), and precursor for
ultrasonic spray pyrolysis was prepared where HAp source solution was consisted of
Ca(NO3)2·4H2O, H3PO4 and 5 mass% of NaNO3. Prior to ultrasonic spray pyrolysis, the
precursor was ultrasonically homogenized for 8 hours using ultrasonic homogenizer.
Then the precursor was nebulized using 1.6 MHz ultrasonic nebulizer and the generated
aerosol was transported by N2 carrier gas (5 l/min) into furnace for drying at 100oC
followed by furnace for decomposition at 500oC. After the decomposition, the particles
were collected by filter.
Crystal structure of the samples was examined using an X-ray diffractometer
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equipped with a Cu anode (D8 Advance, Bruker) and phase composition was analyzed
using TOPAS software [35]. Magnetic property of the samples was examined by
vibration sample magnetometer (VSM)(BHV-35, Riken denshi) measured at room
temperature with maximum magnetic field of 10 kOe and frequency of 25 Hz. The
magnetization was calibrated using standard sample of Ni foil. The composition of the
composite particles was measured using an inductively coupled plasma atomic emission
spectrometer (ICP-AES) (Optima 2100DV, Perkin Elmer). Prior to ICP-AES
measurement, the film was dissolved in hydrochloric acid.

3. Results and discussion
Figures 1 (a)-(e) show the change of XRD patterns of co-precipitated particles after
drying

at

200oC

with

the

composition

x

in

molar

%

of

FeSO4·7H2O

(xFeSO4·7H2O-(100-x)FeCl3. In these figures, we gave same mark (closed circle) for
both Fe3O4 (cubic spinel structure) and γ-Fe2O3 (tetragonal) because the diffraction
patterns of Fe3O4 and γ-Fe2O3 are very close. These figures indicate that the single
phase α-FeOOH (goethite) was obtained at x=0 (Fig.1(a)), and coexistence of
α-FeOOH was clearly observed at x=33.3 and 100 (Figs. 1(b) and (e)).

Figure 1 also

shows that predominant phase at x>33.3 is spinel structure including Fe3O4 (magnetite)
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and γ-Fe2O3 (maghemite). The amount of Fe3O4, γ-Fe2O3 and α-FeOOH, and each
crystallite size was determined using TOPAS software, and the results were shown in
Fig. 2 as the function of composition x. Figure 2(a) indicates that predominant phase in
spinel structure is not Fe3O4 but γ-Fe2O3 in the composition range is 33.3≤x≤100. It was
also clarified that the coexistence of α-FeOOH was detected for all compositions, and
minimum value of coexistence of α-FeOOH was realized at x=66.7. This figure
indicates that the amount of α-FeOOH increased for x=100 compared to x=66.7. As the
reason, we consider that both divalent and trivalent Fe is needed to crystallize as the
spinel structure. For the sample x=100, no trivalent Fe exists at the initial stage.
Therefore, to form spinel structure, oxidation of divalent Fe into trivalent Fe is needed.
However, the oxidation of divalent Fe into trivalent Fe predominantly occurs at the
surface layer of solution. Some trivalent Fe diffuses into bulk layer to form spinel
structure, however; most of trivalent Fe remains at the surface layer to form α-FeOOH
because the concentration of trivalent Fe in the surface layer is high. Figure 2(b) depicts
that crystallite size of both Fe3O4 and γ-Fe2O3 increase with composition, and crystallite
sizes of Fe3O4 and γ-Fe2O3 at x=66.7 are 30.5 and 17.6 nm, respectively. In the
following experiments, composition x=66.7 was used since the amount of impurity
phase (α-FeOOH) was minimum.
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The suspension including crushed ferrites (mixture of γ-Fe2O3 and Fe3O4), CTAB,
Ca(NO3)2·4H2O, H3PO4 and NaNO3 was ultrasonically spray pyrolyzed at 500oC, and
the sample was collected. Figure 3 shows XRD pattern of the resultant particles. This
figure indicates that predominant phase is HAp, and small amount of ferrite was also
found. This indicates that composite of HAp and ferrite was synthesized. To determine
the amount of HAp and ferrite, the composite particles were dissolved in HCl and the
composition was analyzed by ICP-AES, and the result was shown in Table I. In the
Table I, prescribed composition was also shown. This table shows that incorporation
efficiency of ferrite particles into HAp matrix is 11.5%. This table also indicates that
molar ratio of Ca/P=1.63 and this value is almost close to that of source solution and
stoichiometric HAp (Ca/P=1.67). This table indicates that molar ratio of γ-Fe2O3/HAp
becomes 0.115 if all Fe ions are supposed to be incorporated in the γ-Fe2O3. Similarly, if
all Fe ions are supposed to be incorporated in the Fe3O4, the molar ratio of Fe3O4/HAp
becomes 0.0767. Figure 4 shows M-H curve of the HAp-ferrite composite particles
measured at room temperature. In this figure magnetization was calculated using total
weight of the sample including HAp and ferrite. This figure depicts that saturation
magnetization of the composite is 0.833 emu/g. To estimate the state of ferrite, the M-H
curve was calculated on the assumption that all Fe ions are incorporated in γ-Fe2O3 and
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Fe3O4 is also shown as inset (a) and (b), respectively. Insets (a) and (b) indicate that
saturation magnetization calculated on the assumption that all Fe ions are incorporated
in γ-Fe2O3 and Fe3O4 turns out to be 46.4 and 48.0 emu/g, respectively. These values are
smaller than the bulk saturation magnetization of 82.4 emu/g for γ-Fe2O3 [36], and 92.1
emu/g for Fe3O4 [37]. The lowering of magnetization compared with bulk suggests that
diffusion of Ca into spinel structure occurred during spray pyrolysis process since this
process is a reaction between solution and nanoparticles. To consider the diffusion of Ca
into spinel structure, lattice parameter of Fe3O4 in the HAp-ferrite composite was
calculated to be a=0.8466 nm. This value is slight larger than that of pure Fe3O4
(a=0.08394 nm) [38] suggesting the diffusion of Ca into spinel structure since ionic
radius of Ca2+ (0.100 nm in 6-fold coordination) is larger than that of Fe2+ (0.078 nm in
6-fold coordination) [39]. Actually, the lowering of magnetization by substitution of Fe
by Ca has been reported by Park et al. [40]. Figure 4 also shows that the coercive force
of synthesized HAp-ferrite composite is around 120 Oe. This value is smaller than the
coercive force reported for single-domain magnetite particles (270 Oe) [41]. This
decrease of coercive force can be attributed to the grain size of the ferrite particles. As
the particle size is reduced, the density of magnetic bonds decreases as long as the
proportion of undercoordinated ions on the surface becomes grater. Therefore, smaller
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fields enable more easily the reversal of spins and lead to lower switching fields for
smaller sizes [42].

Concerning to the diffusion, we also consider the possibility of the substitution of Ca2+
with Fe2+ in HAp. Lattice parameter of HAp in HAp-ferrite composite is a=0.94098 nm
and c=0.68917 nm (cell volume of 1.585 nm3). On the other hand, lattice parameter of
pure HAp has been reported to be a=0.9424 nm and c=0.6879 nm (cell volume of 1.587
nm3) [43]. The fact that lattice parameter is slightly changed suggests the partial
substitution; however, the amount of substitution is almost negligible since cell volume
of HAp is almost unchanged.
Figure 5 shows SEM photograph of the HAp-ferrite composite particles. This
photograph indicates that the composite particles have round shape with some dimples
that is characteristic for powder synthesized by spray pyrolysis. The particle size was
around between 0.5 and 3 μm with average particle size of around 1.8μm. We estimated
the thickness of shell and the radius of the core on the assumption that all HAp-ferrite
composite particles have core/shell structure, and the core and shell is composed of
ferrite and HAp, respectively. For this estimation, the composition shown in Table I was
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used. As the result, the thicknesses of the shell and the radius of core were turned out to
be 1.5 and 0.3 μm, respectively. Now we are trying to observe cross sectional TEM
image of the HAp-ferrite composite particles to ascertain the microstructure.
In this work, we tried to synthesize core/shell type HAp-ferrite composite particles.
However, another type of composite such as mechanical mixture of HAp and ferrite also
serve as the our final target of novel drug-delivery and hyperthermia. Now we also
synthesizing this type of composite using planetary milling; however, in this case,
ferrite particles are partially exposed on the surface of the composite particle, and
lowering of the bio-compatibility would be expected. Therefore, from the point of
bio-compatibility, we believe that core/shell type composite is safer than that
synthesized by mechanical mixture.

4. Conclusions
We synthesized HAp-ferrite composite particles using two-step synthesis. First step is
to synthesize ferrite particles by co-precipitation of FeSO4 and FeCl3 aqueous solutions.
The ferrite was mainly composed of maghemite (γ-Fe2O3) and magnetite (Fe3O4).
Second step is to synthesize HAp-ferrite composite particles by ultrasonic spray
pyrolysis at 500oC using suspension composed of crushed ferrite particles and Ca(NO3)2
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and H3PO4. Formation of HAp-ferrite composite was confirmed by X-ray diffraction,
composition

analysis

and

magnetic

property

measurements.

The

saturation

magnetization of ferrite in the HAp-ferrite composite was 46.4 or 48.0 emu/g under the
assumption that ferrite component was composed of γ-Fe2O3 or Fe3O4, respectively. The
values of saturation magnetization suggested that partial substitution of Ca would occur
in the ferrite.
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List of captions

Table I. Composition of prescribed and analytical HAp-ferrite composite particles.
o

Fig. 1, Change of XRD pattern of co-precipitated particles after drying at 200 C with

composition x in xFeSO4·7H2O-(100-x)FeCl3. (a) x=0, (b) x=33.3, (c) x=50, (d) x=66.7,
and (e) x=100.
Fig. 2. Change of (a) amount of phase and (b) crystallite size with composition x in
xFeSO4·7H2O-(100-x)FeCl3. The amount of phase and crystallite size was measured
using TOPAS software [35].
Fig. 3. XRD pattern of HAp-ferrite composite particles synthesized by two-step
ultrasonic spray pyrolysis (x=66.7).
Fig. 4. M-H curve of HAp-ferrite composite particles synthesized by two-step ultrasonic
spray pyrolysis. M-H curve calculated on the assumption that all Fe ions are
incorporated in γ-Fe2O3 and Fe3O4 is also shown as inset (a) and (b) ,respectively
(x=66.7).
Fig. 5. SEM photograph of HAp-ferrite composite particles (x=66.7).
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Table I. Composition of prescribed and analytical HAp-ferrite composite particles.
Ca (mol%)

P (mol%)

Fe (mol%)

Prescribed composition

55.6

33.3

11.1

Analytical composition (ICP-AES)

61.1

37.5

1.4
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o

Fig. 1, Change of XRD pattern of co-precipitated particles after drying at 200 C with

composition x in xFeSO4·7H2O-(100-x)FeCl3.
18

Fig. 2. Change of (a) amount of phase and (b) crystallite size with composition x in
xFeSO4·7H2O-(100-x)FeCl3. The amount of phase and crystallite size was measured
using TOPAS software [35].
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Fig. 3. XRD pattern of HAp-ferrite composite particles synthesized by two-step
ultrasonic spray pyrolysis.
20

Fig. 4. M-H curve of HAp-ferrite composite particles synthesized by two-step ultrasonic
spray pyrolysis. M-H curve calculated on the assumption that all Fe ions are
incorporated in γ-Fe2O3 and Fe3O4 is also shown as inset (a) and (b), respectively.
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Fig. 5. SEM photograph of HAp-ferrite composite particles.
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