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Abstract

Nanocomposites (HAp/iron oxide), made of hydroxyapatite (HAp) and ferrimagnetic iron oxide, were synthe-
sized by high-energy ball milling a mixture consisting of iron oxide nanoparticles and the starting materi-
als used for the HAp synthesis: calcium hydrogen phosphate anhydrous (CaHPO,), and calcium hydroxide
(Ca(OH),). Two HAp/iron oxide samples with the magnetic phase content of 12 and 30 wt.% were prepared
and their microstructure, morphology and magnetic properties were analysed by X-ray diffraction and trans-
mission electron microscopy. Furthermore, the measurement of particle size distribution was performed by
laser scattering, and temperatureffield dependence on magnetization was determined. X-ray diffraction data
confirmed the formation of two-phased samples (HAp and spinel iron oxide) without the presence of any other
parasite phase. The shape of particles was nearly spherical in both samples, ranging from only a few to sev-
eral tens of nanometres in diameter. These particles formed agglomerates with the most common value of the
number-based particle size distribution of 380 and 310 nm for the sample with 12 and 30 wt.% of iron oxide, re-
spectively. Magnetization data showed that both HAp/iron oxide composites had superparamagnetic behaviour
at room temperature.
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I. Introduction patibility and bioactivity properties, many HAp based
materials in the form of powders, granules, composites
etc. have been developed in the last few decades [7-9].
Several studies have shown that nano HAp can be used

Over the last fifty years, magnetic nanocomposites, in
core-shell or hybrid form, have been intensively investi-

gated due to their unique magnetic properties useful for .o, drug carrier system [10-12], while modified HAp

application in many fields, one of them being medicine 14 be used for the treatment of various types of can-
[1,2]. For example, magnetic core-shell nanocomposites ... [13,14].

are excellent candidates for hyperthermia antitumour
treatment [3,4]. Nanocomposites for medical applica-
tion mainly consist of magnetite (Fe;0,) or maghemite
(y-Fe,0,) because their magnetic moments are high and
they are not toxic in small concentrations [5].

Calcium phosphate salts are essential constituents
of bones and teeth [6], and therefore, hydroxyapatite
(Ca,;(PO,)4(OH),), denoted as HAp, is the most sta-
ble in body fluid and it is the most similar to the mineral
part of bones [9]. Considering their remarkable biocom-

Nanocomposites made from magnetic material and
certain non-magnetic biocompatible component are
very important from the technological point of view.
These materials include, for instance, coating of mag-
netic nanoparticles with polymer [15], synthetic sil-
ica [16], hydroxyapatite [17], and other different bio-
compatible materials. Among these, HAp/iron oxide
nanocomposites attract great scientific attention. Thus,
magnetite/hydroxyapatite composite is a promising ma-
terial for hyperthermia treatments [18]; increase in mag-
netite concentrations significantly increases the loading
capacity of protein for Fe,O, @HAp composites [19];
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magnetic hydroxyapatite microspheres possess better
drug release property compared to microspheres with-
out ferrite component [20]; HAp doped with iron ox-
ide exhibits better solubility in physiological solution
as well as enhanced radiopacity and osteoblast prolif-
eration activity compared to pure HAp [21,22]; yield
and tensile strength of iron/hydroxyapatite composites
decrease with increasing HAp content [23]; HAp/iron
oxide composites are efficient in the removal of heavy
metal ions from water [24]; and HAp/ferrite nanocom-
posites are magnetically recyclable catalysts [25].

A wide range of promising applications of the
HAp based nanomaterials has supported the develop-
ment of numerous methods for their synthesis. The
mechanochemical method is a simple way to produce
various HAp based nanocomposites [18,26,27]. A typ-
ical process requires starting materials with Ca** and
PO43‘ ions that are mixed in an appropriate molar ra-
tio and powdered in a planetary ball mill [18]. Besides
the type of reagents, other adjustable processing param-
eters in the synthesis procedure are: the type of milling
medium, the type of atmosphere, composition and di-
ameter of milling balls, duration of the milling process,
powder-to-ball mass ratio, the angular velocity of vial
and the angular velocity of the platform to which the
vial filled with milling material is attached. Nanoparti-
cles with diverse morphology (the most common forms
being sphere, rod, tube, prism etc.) and a very high crys-
tallinity degree can be achieved by applying this method
[7]. One of the main limitations of the mechanochemical
synthesis of magnetic nanocomposites is the possibil-
ity of the formation of impurity phases, which depends
on the concentration of magnetic ions and could have a
negative influence on their magnetic properties [28].

This is the first time that the synthesis of nanocom-
posites HAp/iron oxide by high-energy ball milling
of spinel iron oxide nanoparticles, calcium hydrogen
phosphate anhydrous, (CaHPO,) and calcium hydrox-
ide (Ca(OH),) was performed. Samples with target
iron oxide composition of 30 wt.% (according to our
knowledge, the upper limit of magnetite content into
HAp/Fe,O, nanocomposite that is suitable for biomedi-
cal applications) and 12 wt.% were prepared. The pre-
pared samples were analysed by different techniques
such as X-ray powder diffraction (XRPD), transmission
electron microscopy (TEM), light scattering particle-
size distribution analysis and magnetic measurements.

II. Experimental

High-energy ball milling (HEBM) was used for the
preparation of HAp/iron oxide composites with differ-
ent amount of HAp and iron oxide. Iron oxide nanopar-
ticles were synthesized using a slightly modified Mas-
sart’s method [29]. In brief, 1.5M NaOH was added to
the initial solution of FeSO, - 7H,0O and FeCl, - 6 H,O.
Molar ratio of FeSO,-7H,0 and FeCl;-6H,0 was
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1 : 2 with the aim of obtaining pure magnetite. After
reaching pH = 10, the suspension was heated to 80 °C
while being vigorously stirred for 30 min. The coprecip-
itate was then rinsed repeatedly in deionized water until
neutral pH was obtained.

Anhydrous calcium hydrogen phosphate (CaHPO,,
Merck) and calcium hydroxide (Ca(OH),, Merck) were
used as starting materials to obtain HAp. Formation of
HAp can be described using the following equation:

6 CaHPO, +4 Ca(OH), — Ca,,(PO,),(OH),+6 H,0

In order to obtain the iron oxide concentration of 30
and 12wt.% in HAp/iron oxide, 18 mmol of CaHPO,
and 12mmol of Ca(OH), were added into 65ml and
20ml of the previously prepared magnetic nanoparticles
water suspensions (the iron oxide concentration was
20 mg/ml). The mixtures were stirred vigorously with
a magnetic stirrer, after which they were kept in a ster-
ilizer at the temperature of 70 °C for 10 min, resulting
in partial water evaporation. Mechanochemical milling
was carried out in the Fritsch Pulverisette mill using a
tungsten carbide bowl and balls (diameter 20 mm). The
charge to the ball ratio and rotational speed were 1 :
20 and 600 rpm, respectively. During the milling, small
amounts of samples were taken from the opened balls
for XRPD at ten-minute intervals. The final samples,
obtained after 130 min of milling, were denoted by SI
(composite with targeted 30 wt.% of iron oxide) and SII
(composite with targeted 12 wt.% of iron oxide).

The data on X-ray powder diffraction were collected
by the Rigaku Smartlab 3kW X-ray powder diffrac-
tometer. The scanning range was 15-115° in 26 with a
step of 0.05° and a scanning speed of 1 °/min.

Transmission electron micrographs were determined
by using the JEOL JEM 2100 transmission electron mi-
croscope (TEM) operating at 200k V. The samples were
dispersed in acetone, and the obtained suspensions were
dropped on lacey carbon film on a 300-mesh copper
grid.

The particle size distribution was determined by us-
ing the Malvern Mastersizer 2000 particle size anal-
yser capable of analysing particles between 0.01 and
2000 um. The fluid that was used as a dispersion
medium (dispersant) was distilled water. Hydro2000
Micro Precision, the dispersion unit for small amounts
of material, was used for the measuring done in the dy-
namic mode with pump speed of 2500 rpm and ultra-
sonic regime. The results were recorded as the particle
volume-based percentage after which they were recal-
culated as the particle number-based percentage.

Magnetic properties of the samples were character-
ized by the magnetization measurement versus applied
field M(H) at 300K as well as by ZFC and FC magne-
tization from 5 to 300K in the applied field of 100 Oe.
All the measurements were done on the Quantum De-
sign SQUID device MPMS-XL5.
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III. Results and discussion

3.1. Composite structure

The formation of HAp/iron oxide composite was
monitored by XRPD. Figure 1a shows XRPD patterns
of the iron oxide nanoparticles and starting materi-
als for the HAp synthesis. The most intensive diffrac-
tion peaks for Ca(OH),, CaHPO, and spinel iron oxide
were recorded in 26 range 22-42° (Fig. 1a). Iron ox-
ide peaks were broader than Ca(OH), and CaHPO, due
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Figure 1. XRD patterns of HAp/iron oxide composites:
a) starting materials, b) sample SI and c) sample SII —
symbol @ denotes HAp peaks
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to a smaller crystallite size in comparison to the start-
ing materials used for the HAp synthesis. Figures 1b
and lc depict XRPD patterns of the SI and SII sam-
ples measured after a different milling time. It can be
seen that, after 40 min of milling, the peaks of the start-
ing materials were clearly visible at diffractograms of
both samples, as well as the additional peaks between
31° and 33°. These peaks indicated the formation of
HAp phase. A significant increase in HAp peaks inten-
sity was recorded after 70 min of milling (Figs. 1b and
Ic). The diffraction peaks of the starting materials for
the HAp synthesis were still visible indicating that the
formation of HAp was not completed after 70 min of
milling. The most intense diffraction peaks correspond-
ing to Ca(OH), and CaHPO, disappeared after 130 min
of milling. XRPD patterns determined for both samples
with a longer counting time (Fig. 2) confirmed that the
mechanochemical reaction was completed.

XRPD patterns of both samples showed the presence
of iron oxide with spinel structure (Fe;O,, y-Fe,0,) and
HAp phases only. Impurities from vials and balls mate-
rial are common in mechanochemical synthesis. Com-
bination of relatively low speed, short milling time and
hard mill equipment (made of tungsten carbide) resulted
in no observable XRD peaks from WC for both investi-
gated samples. Coprecipitation method in this research
was performed in order to provide pure magnetite. Dur-
ing the synthesis, milling and storage in ambient at-
mosphere magnetite nanoparticles could be partly ox-
idized to maghemite [1,30]. The fact that diffraction
peaks indicating the presence of maghemite in space
group P4,32 were not visible in XRD patterns of both
investigated samples cannot provide any definite proof
about the exact magnetic phase content. The determina-
tion of magnetite/maghemite precise content ratio was
not of crucial importance regarding the scope of the syn-
thesized composites (magnetic hyperthermia related to
bone tissue) due to minor differences in magnetic be-
haviour of magnetite and maghemite.

XRD data measurement with a scanning speed of
1 °/min were used for the confirmation of the compos-
ite formation, refinement of crystal structure and deter-
mination of microstructure parameters (crystallite size).
Considering all previously mentioned the two-phase
structural model: spinel iron oxide - space group Fd3m,
and HAp - space group P63/m, was used for the crystal
structure refinement in the FullProf computer program.
Rietveld refinement results are presented in Fig. 2 for
both samples. Structural parameters that were refined
for both phases were lattice parameters, overall temper-
ature factors, the scale factor and atomic position coor-
dinates. The attempts to refine the occupation numbers
did not provide stable refinements, which is frequently
the case with nano-sized crystal domains since the cal-
culation of scattering factors in the Rietveld procedure
normally assumes “infinite” and regular periodic struc-
tures (i.e. macrocrystals). Table 1 shows determined
structural and microstructural parameters of interest.
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Figure 2. XRD patterns of HAp/iron oxide composites - final
Rietveld refinement plot (vertical bars indicate the positions
of the crystallographic reflection for HAp (first-row tick
marks) and spinel iron oxide (second row) phases)

The results of the quantitative phase analysis obtained
from the Rietveld refinement should be taken with care-
ful consideration. Firstly, considering the fact that the
Rietveld errors only indicated how well the model fitted
the observed diffraction pattern, they did not represent
the estimates of the true errors of the sample composi-
tion. Secondly, although the quantitative phase analysis
using the Rietveld method is capable of yielding accu-
rate results for well crystallized bulk materials, it loses
its power for nanocrystalline materials because their
diffraction patterns become broad and less defined. In
this respect, the obtained composition (in wt.%), given
in Table 1, should be interpreted as semi-quantitative
and they comply well with the target values (30 wt.%
of iron oxide in the sample SI and 12 wt.% in the sam-
ple SII).

The lattice parameters for iron oxide and HAp phases
in both samples were slightly different from the values
reported for bulk magnetite JCPDS Card No. (79-0417)
(a 8.394 A), bulk maghemite JCPDS Card No. 39-
1346 (a = 8.346A) and bulk HAp JCPDS Card No.
74-0565 (a = 9.424 A, ¢ = 6.879 A). The lattice param-
eters of nanocrystalline materials in general can be sig-
nificantly different from the bulk or single crystal mate-
rials. The lattice parameters of HAp obtained from the
mandible bone with the crystallite size of 10 nm were
reported to be 9.4184 A and 6.8837 A, while for the
carbonated HAp synthesized by the chemical precipita-
tion with the crystallite size of 8 nm were 9.3971 A and
6.9027 A [31]. Smoleni et al. [32] synthesized hydrox-
yapatite nanopowder with a programmed resorption rate
with lattice parameters ranging from 9.423-9.433 A to
6.8745-6.8777 A. The lattice parameter of nanocrys-
talline iron oxide in the investigated samples was found
to be slightly smaller than the one for the corresponding
bulk magnetite but larger than bulk maghemite materi-
als. This could be caused by possible magnetite particle
oxidation during milling resulting in a magnetite core
with a surrounding maghemite shell [33,34].

The crystallite size was obtained based on the line
profile analysis of the X-ray diffraction data. Isotropic
X-ray line broadening was analysed by the refine-
ment of TCH-pV function parameters (isotropic effect).
The instrumental broadening was characterized through
the instrumental resolution function that had been ob-
tained for the LaB, standard. The average crystallite
size obtained from Rietveld analysis, given in Table 1,
was found to be quite similar for both phases of pre-
pared composite samples. The obtained values showed
nanocrystalline nature of all phases in the prepared com-
posites.

Typical TEM images of the prepared composite sam-
ples are presented in Fig. 3. Iron oxide and HAp
nanoparticles could not be distinguished with certainty
from TEM images. The samples were investigated at
different magnifications. Low magnification TEM im-
ages showed that agglomerates were in the micrometer
size range for both samples, as it is shown in Fig. 3a for
the sample SI. Higher magnification images (Figs. 3b
and 3c) showed that agglomerates in both samples were
created from much smaller particles that were nearly
spherical in shape, whose diameter was between 7-
30nm and 10-40nm for the sample SI and SII respec-
tively. The crystallite size determined from X-ray line-

Table 1. Structural and microstructural parameters

Composition Lattice Average crystallite
Sample Phase [wt. %] parameters [A] size [nm]

spinel iron oxide 33.9(2) 8.388(1) 15

SI HAp 66.0(4) 9.412(1) 9
6.884(1)

spinel iron oxide 12.7(4) 8.388(1) 10

SII HAp 87(1) 9.431(1) 14
6.881(1)
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Figure 3. Representative TEM images of HAp/iron oxide composites

broadening analysis was of the same order of magnitude
as the size of those primary particles observed by TEM.

The particle-size distribution was analysed by the
Mastersizer 2000. The Applied Mie light scattering the-
ory assumes that the particles are spheres and that the re-
sults obtained for their size represents equivalent sphere
diameters. The recorded number-based particle size dis-
tribution (PSD) curves are shown in Fig. 4. PSD results
showed that the number of particles smaller than 200 nm
was negligible in both samples, as well as that particles
greater than 2 um existed in both samples. Taking into
account these results together with the above-mentioned
ones from the TEM image analysis and XRPD, it can
be concluded that the obtained size distribution curves
were obviously related to agglomerates. The key ele-
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Figure 4. Particle (agglomerate) size distribution curves of
HAp/iron oxide composites

214

ments influencing the intensity of agglomeration are
the synthesis method and the type of material (Van der
Walls forces, effective surface area). The greatest in-
fluence is on the side of the synthesis method which
provides a high degree of agglomeration in general.
For the purpose of avoiding the formation or breaking
of agglomerates, the samples were treated with ultra-
sound prior and during the measurements by the Mas-
tersizer 2000, but such de-agglomeration procedure did
not result in the breaking of agglomerates. The agglom-
eration of HAp/Fe,O, was also reported by other au-
thors. For example, agglomerates in the range of 100—
350 nm were observed for nanocomposite obtained by
wet milling [35]. PSD parameters are given in Table
2. Parameters dy 1, dys and dyg indicate particle (ag-
glomerate) diameters below which are 10%, 50% and
90% of the cumulative distribution curve measured on
the number basis. The values of the mentioned param-
eters as well as the most common values of the fre-
quency number-based distribution curves (mode) indi-
cate slightly larger agglomerates in the sample SII. We
believe that the different agglomerate size in two sam-
ples originates mostly from different balance between
constituent materials.

Table 2. Number-based PSD parameters

Sample dy; [nm] dys[nm] dyo [nm] Mode [nm]
SI 262 370 689 310
S1I 328 496 1067 380

3.2. Magnetic properties

It is a well-known fact that the bulk magnetite and
maghemite shows ferrimagnetic behaviour. However,
when down-scaled to a single domain particles, the sur-
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Figure 5. Temperature dependence on ZFC and FC
magnetization of HAp/iron oxide composites

face disorder effects and decrease in anisotropy energy
lead to superparamagnetism, sometimes joined with
collective phenomena like spin-glass or exchange bias
in core-shell structures, or superspin-glass in the pres-
ence of sufficiently strong interparticle interactions [36—
38].

Each studied composite sample consisted of one
magnetic phase (ferrimagnetic iron oxide) and one non-
magnetic phase (HAp). The effects of composition on
the basic magnetic properties, saturation magnetization
and coercivity were considered. Figure 5 illustrates the
temperature dependence on ZFC and FC magnetiza-
tion in the samples. The maximum temperature in the
ZFC curve was 120K and 110K for the sample SI and
SII, respectively. The maximum in the ZFC magnetiza-
tion curve was typical for both superparamagnetic and
super-spin-glass states, that is, T,,,, was the blocking
temperature and freezing temperature, respectively. FC
magnetization showed constant increase alongside tem-
perature decrease for both samples. Such behaviour was
typical for superparamagnetic systems [39] and indi-
cated the absence or low magnetic interparticle inter-
action. In addition, the absence of ZFC-FC curves over-
laps up to 300 K was a clear indication that some portion
of magnetic particles remained blocked at room temper-
ature, thus implying wide particle-size distribution.

Saturation magnetization and coercivity values were
influenced by many factors such as: crystallite size, mi-
crostrain, presence of parasitic phases, cation distribu-
tion, interparticle interaction, etc. The hysteresis loops
of the samples, recorded at 300K, are shown in Fig.
6. Magnetization values were calculated using the to-
tal weight of the composite sample (Fig. 6a). In order
to evaluate the state of the magnetic phase, the mag-
netization values were also calculated per gram of iron
oxide (Fig. 6b). Data overlap, Fig. 6b, points to the fact
that the same particles were used for the synthesis of
the composites. Coercivity values (H¢) were found to
be 95 and 80Oe for the SI and SII, respectively. For
both samples, magnetization was not saturated up to the
maximum applied field of 5T at 300 K, which is com-
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monly attributed to the disordered layer at the surface of
the nanoparticles. This effect becomes more prominent
with a decreasing particle-size [40].

The values for the average magnetic particle size
and magnetization saturation (Mg) at 300 K were ob-
tained based on the weighed Langevin fit. A log-normal
particle-size distribution:

1
8(D) = N, Xp| = 2 (1

was used as a weighing factor. In the equation, Dy and
o are distribution parameters, and D is the particle di-
ameter. The complete fitting function form is:

M(B) = Mg f ¢(D)-L(D,B,TYdD +yB  (2)

where L(D, B, T) is the Langevin function in which the
particle moment is represented by a product of magneti-
zation saturation and particle volume. D, Band T are the
particle diameter, magnetic field induction and tempera-
ture, respectively. The y B represents an additional linear
term originating from the nanoparticle disordered sur-
face layer and HAp phase. During the fitting procedure,
free parameters were magnetization saturation My, dis-
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Figure 6. Hysteresis loops of HAp/iron oxide composites
recorded at 300 K, calculated per gram of: a) the sample
and b) magnetic phase (line represents the best fit)
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tribution parameters dy and o, and linear parameter y.
Both hysteresis loops were used simultaneously for the
fitting. As a result, the acquired value for magnetiza-
tion saturation was My = 60 emu/g, and the average di-
ameter calculated from the distribution parameters was
davg = 9nm with a standard deviation of 3 nm. The ac-
quired size complies well with the values obtained from
the Rietveld refinement and the TEM analysis.

Saturation magnetization of the bulk Fe,O, and -
Fe,0, were 92-100emu/g and 60-80emu/g, respec-
tively [30]. The reduction in saturation magnetization
in comparison to the values of the bulk can normally be
observed for nanomaterials due to the presence of mag-
netically disordered surface. However, it also strongly
depends on the relative volume ratio between ordered
and disordered regions within the particle. For exam-
ple, Sneha and Sundaram [35] reported the satura-
tion magnetization of only 7.34emu/g at 300K in iron
oxide-hydroxyapatite nanocomposite prepared by the
wet milling of Fe;O, and HAp (0.70 w/w, respectively),
with the average particle-size of Fe;O, in the range of
50-70 nm. That value of saturation magnetization was
lower than reported one, in spite of the fact that both of
our samples were composed of smaller particles, which
indicated higher crystallinity of the samples examined
in this study.

IV. Conclusions

High-energy ball milling of the mixture of iron oxide
nanoparticles, anhydrous calcium hydrogen phosphate
and calcium hydroxide was successfully applied for the
first time to synthesize HAp/iron oxide composites with
30wt.% of iron oxide (SI) and 12 wt.% of iron oxide
(SII). The crystallite size obtained by the line profile
analysis of the X-ray diffraction data was of the same
order of magnitude as the particle size obtained from
the TEM images according to which the particle size
ranged from 7 to 30nm for the sample SI and from
10 to 40nm for the sample SII. These nanoparticles
formed agglomerates in distilled water suspension. 90%
of these agglomerates were smaller or equal to =700 nm
and ~1000 nm for the samples SI and SII, respectively.
The small particle-size resulted in the insignificant re-
duction in magnetization compared to the bulk material,
as well as in the absence of its complete saturation up
to the field of 5 T. Both of the mentioned effects caused
strength lowering of interparticle magnetic interaction
and blocked behaviour of iron oxide (or even super spin
glass state) below ~120K for the sample SI and ~110K
for the sample SII. This type of material would be an
appropriate candidate for biomedical applications such
as magnetic hyperthermia and carrier for medicaments,
but not in this state of agglomeration.
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