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A promising composite of bioactive hydroxyapatite (HAp) and zinc ferrite (ZnFe,O,) has potentials
for future bone reinforcing formation. In present study, HAp and ZnFe,O, composite ceramic was
prepared by solid state reaction route for easier control of structural and magnetic characteristics
and with low cost. HAp powder was synthesized by precipitation method from chicken eggshell.
Mixed powders with varying ZnFe,O,/HAp weight ratios from 2—10 wt% were milled together and
uniaxially pressed and then sintered at 1200 °C for 3 hours. The XRD results showing no other
phases of composite ceramics with only HAp and ZnFe,O, phases were identified, indicating high
stability of HAp property. Phase fractions of ZnFe,O, were found to increase from 10.8 to 18.73 wt%
with increasing content of ZnFe,O,. FT-IR results were only revealed vibration bands of standard
HAp phase. SEM results revealed primary grains sizes of the prepared ceramics in nano scale.
The BET surface area and pore volume increased with increasing content of ZnFe,O, in composite
ceramics. The VSM results of composites with increasing ZnFe,O, content had been shown with
increasing magnetization from 0.05 to 1.85 emu/g while their coercivities were decreased from 44
to 24 Oe. Higher magnetization as well as higher super paramagnetic behavior could be achieved
with increasing the studied ZnFe,O, weight ratios in ZnFe,O,/HAp composite ceramics, which can

be tailored for specific applications.
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1. INTRODUCTION

Magnetic therapy has been considered a promising alter-
native in disease treatments in health care, especially in
the treatments of bone diseases. Hydroxyapatite (HAp,
Ca,((PO,)4(OH),) has been recognized as one of the
most promising materials for hard tissue implants in
orthopedic and dental surgeries due to its excellent bio-
compatibility and chemical similarity with bones and
teeth.! Therefore composites of HAp and magnetic mate-
rial with of unique magnetic property and biocompati-
ble characterization have recently received great interests
and widely developed in biomedical applications such as
drug delivery materials, catalysts and hyperthermia agents.

*Author to whom correspondence should be addressed.

J. Nanosci. Nanotechnol. 2015, Vol. 15, No. 11

1533-4880/2015/15/9281/006

Previously, particle composites consisting of HAp and
Fe;0,, y-Fe,0;, CoFe,0,, MnFe,O, or MgFe,O, had
been demonstrated by several techniques such as wet
co-precipitation, hydrothermal method, ultrasonic spray
pyrolysis, microwave irradiation, ultrasonic irradiation and
mechanochemical route.>” The preparation methods have
some disadvantages such as the long reaction time require-
ment and subsequent heat treatment to the complete
magnetic HAp crystallization and moreover its induc-
tion of other impurity phases which subsequently as a
result reduces HAp stability. Recently, the materials have
been actively studied for possibilities in bone tissue engi-
neering applications by fabricating magnetic HAp scaf-
folds/substrates for bone regeneration.®'' However, the
preparation of scaffolds/substrates for bone regeneration
application has been rarely considered in comparison
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with the other forms of the composites for biomedical
applications.

In this work; therefore, an easy method was proposed
to produce a promising composite ceramic consisting of
HAp and Zinc ferrite (ZnFe,O,) by using solid state
reaction route. This method was expected to have better
controllability of structural and magnetic characteristics
and with commercial feasibility. The effect of ZnFe,O,
weight ratios on characteristics of the ZnFe,O,/HAp
composite ceramics was investigated in a range from
2-10 wt%. Chicken eggshells were chosen to be cal-
cium source for synthesizing HAp because they com-
pose of high calcium content with low cost and can
be easily procured.!? Particularly, HAp synthesized from
eggshells had significantly higher bone regeneration than
commercial HAp at long time.'* ZnFe,O, was chosen as
the magnetic component because previous reports have
been demonstrated bone growth and bone mineralization
can be stimulated by Zn. Moreover, it benefits for an
antimicrobial action and also decreases the inflammatory
reaction.'* !> Thus ZnFe,O, was not only expected to
reveal magnetic behavior but also to accelerate bone for-
mation for future implants. The prepared ceramic sam-
ples were characterized X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), Brunauer-Emmett-Teller (BET) ana-
lyzer and vibrating sample magnetometer (VSM). These
results will lead us to a methodology development for fab-
ricating of ZnFe,O,/HAp composite ceramic optimized for
specific applications.

2. EXPERIMENTAL DETAILS

2.1. HAp Preparation

In present work, hydroxyapatite (HAp) powders were
prepared by precipitation reaction between Ca(NO;),
solution prepared from chicken eggshells (CaCO;) and
(NH,),HPO, solution with Ca/P mol concentration ratio of
1.67. Fresh chicken eggs as the starting source in prepar-
ing HAp were obtained from Charoen Pokphand Foods,
(CPF) public company limited, Bangkok, Thailand. Mem-
branes were removed and the eggshells were washed with
distilled water to remove impurities and left in air to dry
for a few days. Then, these shells were ground using an
agate mortar to obtain fine (CaCO;) powder. The theoret-
ical reaction for preparing the HAp is given by equations:

CaCO; — CaO+CO, (1)

CaO+2HNO; — Ca(NO;), +H,0 (2)
10Ca(NO,), + 6(NH,),PO, + 2NH,0OH

— Ca,((PO,)s(OH), +20NH,NO, 3)

Firstly sufficiently powdered eggshells were calcined at
1300 °C for 4 hours to acquire the 0.33 mole of CaO
powders.'® The prepared CaO powders were dissolved in
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65% HNO; solution to make Ca(NO;), solution of 1 molar
and adjusting pH to 10-12 with 30% NH,OH solution.
To prepare 0.6 molar of (NH,),PO, solution, 0.2 mole of
(NH,),HPO, powders was dissolved in distilled water and
pH was again adjusted to 10-12 with 30% NH,OH solu-
tion. The prepared (NH,);PO, solution was slowly added
into continuously stirred Ca(NO;), solution for 4 hours.
The suspensed particles were left at room temperature for
8 hours for complete reaction. Then the precipitated sus-
pension was poured and filtrated and thoroughly washed
with distilled water several times to remove excess ions.
The cleaned precipitate was dried at 80 °C in an oven
for 12 hours and finally ground using an agate mortar to
obtain fine HAp powders.

2.2. ZnFe,0, Preparation

ZnO and Fe,0O; powders were mixed with stoichiome-
try ratio of 1:1 in ethanol solution and introduced into
a stainless steel vial with stainless steel balls in a high
energy mixer/mill (SPEX-8000-D) for 10 minutes. Then
the mixed powders were dried and ground before calcin-
ing at 1100 °C for 2 hours to complete the formation of
ZnFe,0,.

2.3. ZnFe,0,/HAp Ceramic Preparation

Finally composite powders of ZnFe,O, and HAp were
introduced in a stainless steel vial containing stainless
steel balls of diameter 10 mm with mixing mass ratio of
powder/ball be 1:10 and were milled in a SPEX 8000-D
mixer/mill for 10 minutes. Green compacts of these com-
posites of five different amounts of ZnFe,O, additions
(2, 4, 6, 8 and 10 wt%) were prepared using a single-end
die pressing. They were subsequently sintered at 1200 °C
for 1 hour. The weight ratios of ZnFe,O, to HAp investi-
gated in this work were 2/98, 4/96, 6/94, 8/92 and 10/90,
respectively. The composite ceramic 2/98 represents the
composite ceramic containing 2% of ZnFe,O, and 98% of
HAp by weight.

2.4. Sample Characterization

The crystal structure of samples was identified by an
X-ray diffractometer (XRD model-PW-1830). These anal-
yses were carried out on powder samples with a Philips
diffractometer using monochromatized CuK, radiation.
The X-ray tube was operated at 30 kV and 25 mA. The
samples were scanned in the 26 range of 20°-60° with
a step of 0.02° and a scanning time of 8 seconds. The
function groups of the prepared ceramics were analyzed
by fourier transform infrared-attenuated total reflectance
(FTIR-ATR) spectroscopy technique. All FT-IR measure-
ments were carried at room temperature over the range
from 515-2000 cm~! using a FT-IR spectrometer (Perkin
Elmer model 2000). The morphology of the samples was
examined using a scanning electron microscope (SEM,
Hitachi, S-4700) operated at 10 kV. The specific surface
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area and pore volume of specimens were made by BET
surface area analyzer (Quantachrome model: Autosorb-1)
using nitrogen adsorption at 77 K. The magnetic proper-
ties were made by vibrating sample magnetometer (VSM).
The hysteresis loops were recorded at room temperature
with maximum applied field up to 9000 Oe.

3. RESULTS AND DISCUSSION

X-ray diffraction patterns of the prepared HAp, ZnFe,0O,
and ZnFe,O,/HAp composite ceramics are shown in
Figure 1. The dominant diffraction peaks of HAp corre-
sponded to the (002), (102), (201), (211), (112), (300),
(202), (130), (222), (312), (213), (321), (140), (402) and
(004) planes of hexagonal symmetry in the JCPDS file
number 74-0566. The diffraction peaks of ZnFe,O, phase
were indexed to the crystal planes of cubic spinel ZnFe,O,
according to the JCPDS file number 82-1049. The biphasic
phases consisting of only the HAp and the ZnFe,O, phases
were observed for all conditions, indicating no phase trans-
formation. The ZnFe,O, phase was only observed at (311)
plane. The XRD patterns of composite ceramics showed
well matching of peak positions and intensities with those
of the standard HAp phase. Similar results were also
reported by other researchers which demonstrated the mag-
netite particle is well functionalized in the hexagonal
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Figure 1. X-ray diffraction patterns of HAp, ZnFe,O, and
ZnFe,O,/HAp composite with five different ZnFe,O, contents.
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structure of HAp without disturbing calcium phosphate
crystal lattice.5 10

To further confirm the stability of HAp structure in com-
posite ceramics, the lattice parameter and the crystallite
size of ZnFe,O, and HAp phases in composite phases are
reported in Table I. The lattice parameters of HAp phase
in composite ceramics were in the range of a = 0.9350-
0.9407 nm and ¢ = 0.6837-0.6896 nm, close to pure HAp
phase (a = 0.9418 nm and ¢ = 0.6884 nm). There was
insignificant relevance between both lattice parameters of
HAp and ZnFe,O, phases as increased ZnFe,O, weight
ratios in composite. However, lattice parameter variation
of HAp directly related to that of ZnFe,O, indicating
the interaction between ZnFe,O, and HAp phases. The
average crystallite sizes of HAp and ZnFe,O, in com-
posite ceramics, qualitatively calculated from the FWHM
of the HAp (002) plane and the ZnFe,O, (311) plane
using Scherrer’s formula, were found to be in the range
of 60.02—-63.05 nm and 45.76-81.38 nm, respectively. The
HAp crystal from our results had been shown with small
crystal size which exhibiting a higher bioactivity in com-
parison to coarse crystals. Moreover, the finer crystals also
provide larger interfaces for osseointegration.'”- '8

For ZnFe,O,/HAp phase composition, it was found the
intensity height of ZnFe,O, peak was related directly to
the ZnFe,O, weight ratio. ZnFe,O, phase fractions in
composite ceramics were found to be 10.81, 11.15, 14.05,
16.18 and 18.73 wt% when ZnFe,O, weight ratios were
increased from 2 to 10 wt%, respectively, as shown in
Table I. The remaining high HAp phase fraction in com-
posite ceramic indicated the high stability of HAp prop-
erty. From overall results, it can conclude that solid state
reaction method consisting of mechanical milling and sin-
tering process could be used to fabricate the ZnFe,O,/HAp
composite ceramics with no induction of any phases and
no change of HAp structure after the functionalization with
magnetic particle indicating high stability of HAp prop-
erty. It is noted that the ZnFe,O,/HAp phase composi-
tion could be clearly controlled by changing the ZnFe,O,
weight ratios of composite ceramics.

The chemical structure and functional groups of
ZnFe,O0,/HAp composite ceramic with different weight
ratios investigated using FT-IR (ATR) spectroscopy are
shown in Figure 2. From the results, no ZnFe,O, band
could be observed in the spectrum. This may due to
the overlapping of the ZnFe,O, vibrational bands with
HAp bands. However, their intense variations observed in
HAp vibrational bands indicated the interaction between
ZnFe,04 and HAp. In HAp bands, the broad bands of -OH
groups are presented around 632 cm~'. The broadband
observed at about 960 cm~! corresponds to v, symmetric
P-O stretching vibration of the PO}~. The band between
570 and 600 cm™! is referred to v, vibration mode of PO;~
group occupying two sites in the crystal lattice. A major
peak at 1092 cm™! of PO]~ is identified as the v, vibra-
tion band, which is the most intensified peak among the
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Table I. The phase fraction, lattice parameter and the crystallite size of ZnFe,O, and HAp phases in composite phases.

HAp phase

Lattice (nm) ZnFe,0, phase

wt% ZnFe,O, % Phase fraction a c Crystallite size (nm) % Phase fraction Lattice a (nm) Crystallite size (nm)
2 89.19 0.9350 0.6837 60.02 10.81 0.8328 81.38
4 88.85 0.9407 0.6896 62.64 11.15 0.8392 74.69
6 85.95 0.9372 0.6869 61.54 14.05 0.8362 55.31
8 83.82 0.9384 0.6880 63.05 16.18 0.8382 53.61
10 82.27 0.9373 0.6880 60.55 17.73 0.8387 45.76

phosphate vibration modes. The band at 1366-1370 cm™!
corresponds to v; asymmetric stretching of the C—O bond
of CO3™ in both A- and B-type substitutions in HAp lat-
tice. P,O3~ group at 1216 is observed. A peak appeared at
1732-1736 cm™! attributes the combination of v, asym-
metric stretching and v, bending of CO%~ group. With an
increase in ZnFe,O, weight ratios, there was a decrease in
the intensity of these bands. Adding the ZnFe,O, in com-
posite may inhibit these ion substitutions in HAp lattice
resulting on the decreased intensity of these group bands.
The shape of FT-IR spectra for the composite ceramics of
all weight ratios had been shown in similar pattern.

The hysteresis loops of the ZnFe,O,/HAp composite
ceramics with five different ZnFe,O, contents are shown
in Figure 3. The saturation magnetizations (M) of com-
posite ceramic were found to be 0.05, 0.36, 0.76, 1.21,
and 1.85 emu/g, while their coercivities were found to
be 44.00, 36.16, 34.40, 29.20, and 24.14 Oe with the
increasing of ZnFe,O, weight ratios from 2 to 10 wt%,
respectively. The increased M, could be attributed to
the enhancement of the total magnetic moments, which
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Figure 2. FT-IR (ATR) spectra of ZnFe,O,/HAp composite with five
different ZnFe,O, contents.
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result from the increase of ZnFe,O, weight in composite
ceramics. Moreover the results confirmed the superpara-
magnetic behavior of these composite ceramics, indicated
by a low coercivity value.

Thus it can conclude that the increasing of ZnFe,O,
in ZnFe,O,/HAp composite ceramics primarily resulted in
higher saturation magnetization and higher superparamag-
netic behavior. The M, value of ZnFe,O,/HAp composite
ceramics was close to that of magnetic HAp previously
reported.'” It has been demonstrated that the magnetic
HAp scaffold with low saturation magnetization could
better stimulate cell adhesion, proliferation, and differen-
tiation compared with the HAp scaffold due to the intrin-
sic magnetic field provided by the incorporated magnetic
particles. Moreover these scaffolds well responded exter-
nal magnetic field.!> Therefore, ZnFe,O,/HAp composite
ceramics with low magnetization obtained from our result
is expected to be efficient in the future bone tissue regen-
eration application.

SEM images of the ZnFe,O,/HAp composite ceram-
ics with five different amounts of ZnFe,O, are shown in
Figure 4. The grain morphology of these composite ceram-
ics was observed to be in polygonal shapes. The primary
grain sizes of composite ceramics in the range of nano
scale were observed and tended to reduce from 850 nm
to 620 nm with the increasing ZnFe,O, weight ratios
from 2 to 10 wt%, respectively. Moreover these composite
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Figure 3. VSM of ZnFe,O,/HAp composite with five different
ZnFe,O, contents.
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Figure 4. SEM images of ZnFe,O,/HAp ceramic with ZnFe,O,
amounts of (A), (F) 2 wt%, (B), (G) 4 wt%, (C), (H) 6 wt%, (D), (I)
8 wt%, and (E), (J) 10 wt%, at magnification x 5000 and x 10000,
respectively.

ceramics exhibited an enhanced porosity and good inter-
connectivity with the increase of ZnFe,O, weight ratios.
The significant change in porosity could be contributed
to lower sinterability of the composite ceramic as increased
ZnFe,0, weight ratios in them. Also, micropores gen-
erated throughout structures will make them easy to get
in touch with the organic components such as collagen,
hyaluronic acid or surface modified groups when used as
biomaterials. The BET surface area and pore volumes of
these composites were measured to support SEM results as
shown in Table II. The BET surface area and pore volume
of composite ceramics were tended to increase from 0.67
to 15.35 m?/g and 0.005 to 0.032 cc/g with the increasing
ZnFe,0, weight ratios, respectively. From overall results,
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Table II. The BET surface area and pore volumes of ZnFe,O,/HAp
composite ceramics.

wt% ZnFe,0, Surface area (m?/g) Pore volume (cc/g)

2 0.67 0.005
4 2.47 0.007
6 8.63 0.018
8 9.74 0.030
10 15.35 0.032

it can be concluded that the surface morphology with nano
grain size and high pore structure was observed with high
surface area for cell attachment, indicative of good cell
growth and differentiation.'®

4. CONCLUSION

In the present work, a promising ZnFe,O,/HAp composite
ceramic had been successfully prepared by solid state reac-
tion route with intended application in the future bone rein-
forcing formation. The ZnFe,O,/HAp composite ceramic
fabricated by this method was found no induction of any
phases and no change of HAp structure after the func-
tionalization with magnetic particle indicating high HAp
stability. The ZnFe,O,/HAp phase composition could be
clearly controlled by changing the ZnFe,O, weight ratios
in composite ceramics. The higher saturation magnetiza-
tion as well as higher super paramagnetic behavior could
be easily altered by increasing ZnFe,O, content in the
composite ceramic. The surface morphology of these com-
posite ceramics exhibited primary grain in nano scale
with enhanced pore structure when ZnFe,O, weight ratios
increased; indicating high surface area for cell attachment
and better cell growth and differentiation. Therefore, the
results confirmed ZnFe,O,/HAp composite ceramic pre-
pared by this method is expected with good potential and
efficient for the future bone regeneration application.
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