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Abstract

Synthetic nano hydroxyapatites (HA) have been considered as potential biomaterials for bone tissue engineering appli-
cations because of its excellent biological properties. The present work deals with the synthesis of HA nanoparticles
from different anion source materials via autoclave assisted hydrothermal method. All the prepared HA nanoparticles
were characterized by X-ray diffraction (XRD), Fourier transformation infrared spectra, field emission scanning electron
microscopy, energy dispersive spectra and high resolution transmission electron microscopy. The XRD patterns reveal
the pure and hexagonal phase structure with smaller crystallite size for HA obtained from various calcium salt precursors.
HA particles prepared from nitrate precursors show spherical morphology with 32 nm grain size whereas those derived
from the acetate, chloride and egg shell precursors respectively show needle-like, irregular and oval morphology. The
effect of different anions on the dielectric properties and alternating conductivity of HA is investigated, as a polarized
surface can trigger biological reactions. For the particles obtained from nitrate, acetate, chloride and egg shell precursors
respectively give dielectric constant (¢) values of 9.96, 13.22,9.92 and 10.86 at 5 MHz. The €’ and dielectric loss (€”) values
for the HA nanoparticles decrease with increase in the applied frequency as well. The alternating current conductivity
values confirm that the as-synthesized HA samples exhibit insulating behavior. In short this article provides the various
applicability of HA particles in optoelectronics and drug delivery.
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1 Introduction

Novel bioceramic materials are remarkably developed in
recent years due to their significant clinical requirements
[1]. Similarly, the demands for advanced biomedical
devices, tissue engineering applications and other clini-
cal procedures are growing at an enormous rate. Of the
various biomedical issues, the loss of bone tissue due to
disease or trauma remains as a major and serious health
concern [2, 3]. As far as the orthopedic applications are
considered, the hydroxyapatite ((Ca;,(PO,)s(OH),), HA)
plays a versatile role in bone and hard tissues regenera-
tions, because of its close chemical and physical resem-
blance to the mineral constituent of human hard tissues
[4]. In addition, it shows excellent biocompatibility, bio-
activity and osteoconductivity, making it useful for many
biomedical applications [5]. Nevertheless, nanotechnol-
ogy extends its application in many important areas, such
as solar cells, battery electrodes, gas sensors, magnetic,
optoelectronics devices and photo catalysts [6-8]. How-
ever, the commercially available HA is more expensive due
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to the use of high purity reagents [9] during the synthesis.
Thus the synthetic HA derived from various raw materials
including natural sources has superior significance that
they inherit variable structural and chemical properties.
Natural sources such as waste egg shell as a source
material for HA synthesis offers promising way of nanopar-
ticle synthesis with little environmental hazards. The eggs
are used in huge amount in food processing technology
and after utilization; the eggshells are disposed as wastes.
The eggshell contains calcium carbonate (94%), calcium
phosphate (2%), and organic matters (4%) [10] which
can be the precursor materials for HA nanoparticles. The
synthesized HA generally possesses hexagonal structure
containing calcium ions combined with phosphate and
hydroxyl ions [11]. The HA is a dielectric material due to
this specific ions configuration and improves the electri-
cal properties of its composites. This contributes towards
the successful utilization of HA in electronic systems and
its electronic properties varies depending on various
parameters, such as preparation techniques, calcium/
phosphorous (Ca/P) ratios, nonstoichiometry, defects,
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crystallite size and the possible surface atmospheric reac-
tion [10]. Therefore, to investigate the electronic structure,
it is essential to study the atomic and structural proper-
ties of the synthetic HA obtained from different anionic
precursors.

Generally, the preparation methods and the conditions
of synthesis are crucial factors for manufacturing synthetic
HA particles, and they possess major role in chemical as
well as structural applications of HA. Therefore, alternative
methods and simple techniques are employed to synthe-
size HA nanoparticles in industrial-scale with good quality,
uniformity and perfect crystalline structure [11]. The vari-
ous synthetic methods used to generate HA nanoparticles
include microwave assisted, hydrothermal, sol-gel, micro-
emulsion, freezing method, solvothermal, high-gravity
precipitation and chemical precipitation methods [11-17].
However, in recent years, autoclave assisted hydrothermal
method is also highly employed for the nanoparticle syn-
thesis. This particular method has several eminent advan-
tages, such as high product purity, homogeneous compo-
sitions, low synthesis temperature and less required time
[18, 19]. Here, the current study addresses synthesizing HA
nanoparticles by autoclave assisted hydrothermal method
using a chelating agent cetyltrime-thylammonium bro-
mide (CTAB). The effects of anions on the crystal structure,
morphology, purity and electrical properties of HA nano-
particles are studied elaborately using various analytical
techniques. This study helps to identify the perfect anionic
modifications on the HA nanoparticles to get maximum
efficiency for the generated particles. In addition, the
dielectric properties illustrate the possible applications of
synthetic HA in energy storing applications.

2 Experimental details
2.1 Preparation of hydroxyapatite nanoparticles

HA nanoparticles were prepared through autoclave
assisted hydrothermal method. Different precursor mate-
rials such as calcium nitrate, calcium acetate, calcium chlo-
ride of analytical grade were obtained from Merck, India.
The waste hen eggshells were collected and immersed in
boiling water to remove inner membrane and surface con-
taminants. After drying, they were crushed and powdered
using an agate mortar [20]. After, 1.42 g eggshell powder
was used as calcium source material for the preparation of
HA sample. About 0.5 M calcium salts and 0.3 M diammo-
nium hydrogen phosphate ((NH,),HPO,) were separately
dissolved in 50 ml of deionized water and adjusted the pH
to be 9 by adding ammonium hydroxide (NH,OH) under
constant stirring. For all the samples, the Ca/P molar ratio
was maintained at 1.67. Later, the (NH,),HPO, solution was

slowly added dropwise into the calcium solution, followed
by 10 ml 0.1 M CTAB solution and obtained a colloidal sus-
pension with continuously vigorous stirring for 2 h. The
resultant milky solution was transferred to polypropylene-
capped bottles of 100 ml capacity and then subjected to
autoclave reactor with pressure 15 psi for 30 min. After
completing the reaction processes, the autoclave-bottles
were cooled down to room temperature. The as obtained
solutions were then separated by centrifugation and
washed several times with distilled water and ethanol to
remove impurity ions and subsequently dried at 120 °C for
about 3 h in hot air oven, and then calcined at 700 °C for
2 h in a muffle furnace to obtain pure nano HA samples.

The synthesis reaction of HA from different anion pre-
cursors can be described as follows:

10Ca(NO;), + 6(NH,),HPO, + 8NH,OH
— Ca,(PO,)¢(OH), + 6H,0 + 20NH,NO, )

10CaCl, + 6(NH,),HPO, + 8NH,OH
= Cayo(PO,)s(OH), + 6H,0 + 20NH,Cl 2

10(CH,C00),Ca + 6(NH,),HPO, + 8NH,OH
— Cao(PO,)g(OH), + 6H,0 + 20NH, (CH,CO0) (3,

CaCO; — CO, + CaO (Egg shell powders) (4)
CaO + H,0 — Ca(OH), (5)

10Ca(OH), + 6(NH,),HPO, + 8NH,OH
— Cay(PO,)6(OH), + 6H,0 + 20NH,OH ©)

2.2 Characterization of the HA samples

The phase and structural investigation of the HA samples
were done by X-Ray Diffractometer (PANalytical model
X'PERT-PRO X-ray diffractometer system) equipped with
monochromatic CuKa (target) radiation (A\=1.5418 A). The
identification of functional groups in the HA samples was
done by Fourier transformation infrared (FT-IR) analysis
(Nicolet 380 spectrometer using KBr pellet technique)
by scanning during the wave number 4000-400 cm™".
The surface morphology and elemental composition of
the samples were analyzed using field emission scanning
electron microscope (FESEM, Zeiss, 6027 Merlin compact)
equipped with energy dispersive X-ray (EDS) and high
resolution transmission electron microscope (HRTEM,
FEIl Tecnai G2 S-Twin-D 2087, 200 kV). The dielectric and
alternating current conductivity properties were further
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Fig. 1 a XRD patterns of hydroxyapatite (HA) nanoparticles, b crystallite size and lattice constants of HA samples and c texture coefficient

HA samples, synthesized using four different anions

investigated using a HIOKI 3532-50 LCR HIiTESTER at room
temperature.

3 Results and discussion
3.1 XRD analysis

Figure 1a shows the XRD patterns of the HA nanoparti-
cles synthesized using four different calcium precursors
by autoclave assisted hydrothermal method (as explained
in Egs. 1, 2, 3 and 6). The typical XRD patterns of all the
samples exhibit a hexagonal phase structure of HA, in
good agreement with the standard data (JCPDS card No.
09-0432). Major diffraction peaks are observed at 26 val-
ues of 25.9°, 31.9°, 32.5° and 32.9° corresponding to the
crystal planes of (201), (211), (112) and (300) respectively.
No other extraneous peaks such as B-TCP or a-TCP were
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observed besides those of HA phase which suggests the
high phase purity of the prepared samples. Presence of
sharp diffraction peaks indicate the crystalline nature of
the prepared samples. The comparatively higher peak
width for the particles prepared from the chloride and
nitrate anionic precursors indicates smaller crystallite size
and less crystallinity when compared with those samples
prepared from acetate and eggshell anions.

The average crystallite size (D) is calculated from the
well-known Scherrer’s Eq. 7 [21]:

094
" pcosh 7)

where M\ is the wavelength of X-ray (\=0.154 nm), B is the
full-width at half-maximum (FWHM) measured in radian
and O the diffraction angle. The degree of crystallinity (X.)
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Table 1 Structural parameters of the as-synthesized HA nanoparticles by autoclave assisted hydrothermal method

Sample code Lattice parameter  Lattice dis-  Crystallite Degree of crys- Lattice strain ()  Dislocation Specific
A tortionc/a  size (D) (nm) tallinity (X.) density (m™)  surface area
a=b C
Calcium nitrate 94261 6.8762  0.7294 25.44 0.1116 7.0x107 1.54x107"  103.23
Calcium acetate 9.4258 6.8720  0.7290 27.76 0.1364 6.7x107 1.297x107" 96.10
Calcium chloride  9.4364  6.9272  0.7340 21.70 0.0686 93x10™ 2.123x107° 12133
Calcium eggshell  9.4262  6.8562  0.7273 29.64 0.1669 6.6x107* 1.13x107" 89.68

of the synthesized nanoparticles was also calculated using
Eq. 8 [22]

3
0.24
X = (== 8
c <ﬁ> (8)

Itis found that the crystallite size and crystallinity calcu-
lated using the above equations follow the trend: Calcium
Chloride < Calcium Nitrate < Calcium Acetate < Calcium-
Eggshell, for various precursors. The two independent
factors of lattice strain and small crystallite sizes generally
contribute to the peak broadening in the diffraction pat-
tern [23]. Stokes-Wilson equation (Eq. 9) is widely used to
determine the lattice strain (&) [24]

_ b
£ =
4tan @

9)

The total peak broadening is represented by the sum
of the contributions of crystallite size and strain present in
the material. Assuming that the strain present in the mate-
rial is uniform, the crystal is supposed to have isotropic
nature. The influence of lattice strain values on the XRD
peak broadening is clear from the values given in Table 1. A
lattice parameter expansion with decreased particle size is
attributed to the surface stress, strain and surface defects
introduced in the nanocrystalline material during its syn-
thesis [25]. Figure 1b shows the crystallite size and lattice
constant values for the HA samples.

From the XRD data, the dislocation density (6) and spe-
cific surface area (S) of the HA particles were also calcu-
lated according to the following equation [23, 26]:

(10)

s (6 10%) an
==,

Based on all these parameters (Table 1) it is observed
that the samples prepared from chloride and nitrate pre-
cursors show more variation from the crystalline parame-
ter like dislocation density, specific surface area and lattice

distortion values compared to the samples obtained from
acetate and eggshell precursors due to their lower crystal-
lite size (Table 1). In other words, the samples prepared
from chloride and nitrate ions show high specific surface
area with lower crystallite size whereas samples synthe-
sized from acetate and eggshell exhibit lower specific
surface area with increased crystallite size. In addition,
the preferential orientation of HA samples prepared from
different precursors is quantitatively analyzed by texture
co-efficient values as illustrated in Fig. 1c. The texture coef-
ficient values indicate the preferential orientation of HA
crystallites produced from chloride and nitrate precursors,
by their (211) and (300) crystal planes, whereas it changes
to (201) in the acetate and eggshell anions. It is worth
mentioning that the value of texture coefficient in (h k I)
planes, greater than one indicates the progressive orienta-
tion of large proportion of crystallites towards a particular
plane [27]. Thus, the coefficient exhibits different preferen-
tial orientation for calcium apatite crystallites due to the
variation in the ionic environment. Thus it is clear that the
peak broadening (small crystallite size) effect intimately
relates with the preferential orientation.
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Fig.2 FTIR spectra of hydroxyapatite (HA) nanoparticles derived
from Nitrate, Acetate, Chloride, and Egg shell precursors

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:94 | https://doi.org/10.1007/542452-019-1807-3

3.2 Functional group analysis

Functional groups of HA nanoparticles synthesized with
different anions were evaluated by FT-IR (Fig. 2) spectral
data. Apatite spectra show the fundamental vibration
modes of PO, groups in the apatite structure at about 464,
553,607,924, and 1030-1100 cm™' [28] wavenumbers. The
absorption peak occurred at 3570 cm™' is associated to the
O-H stretching vibration of interlayer water molecules and
H-bonds of hydroxyl group. The bands at 1664 cm™' and
3428 cm™ attribute to the bending mode of H-O-H vibra-
tion coming from the absorbed water molecules [18, 29].
The entire FT-IR spectra show the presence of CO, peak at
2355 cm™ ' indicating the involvement of atmospheric gas
during the stages of sample preparation. The sharp phos-
phate bands (850-1050 cm™") observed for the samples
prepared from nitrate, acetate and egg shell precursors
vary from those obtained from chloride due to the fast
reaction between precipitant and precursor, and also due

to the high degree of crystallinity. The significant broaden-
ing of both these -PO, stretching band and -OH stretching
bands (3000-3600 cm™") of chloride ions when compared
with other spectra is an indicator of small crystallite size
and crystallinity. Thus the FT-IR result is in good agreement
with the XRD analysis (Table 1). The highly sensitive FT-IR
spectral results thus reveal the absence of any CTAB mol-
ecules in the prepared samples as well.

3.3 Morphological analysis

The structural morphology of the HA nanoparticles syn-
thesized with different anionic precursors are investigated
by FESEM as shown in Fig. 3a—d. The FESEM micrographs
suggest the influence of different anions on the HA parti-
cle morphology. The sample prepared from the nitrate pre-
cursor (Fig. 3a) shows spherical shaped non-uniform nano-
structure with an average grain size of 32 nm. Whereas, the
formation of aggregates with needle shaped nanoparticles

Acetate |y .

£

-

200 nm

Fig.3 FESEM surface morphology of HA nanoparticles prepared out of different anions a nitrate, b acetate, ¢ chloride, and d egg shell
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Fig.4 EDS spectra of HA samples prepared out of different anionic
precursors

Table 2 The effect of different anion on Ca: P molar ratio for all the
HA samples

Samples O (at.%) Ca(at.%) P (at.%) Ca/P molar ratio
Calcium nitrate 59.78 24.99 15.23 1.640
Calcium acetate  59.74 25.03 15.23 1.643
Calcium chloride 59.46 25.22 15.32 1.646
Calcium eggshell  59.10 25.44 15.46 1.645

is observed for those samples prepared from acetate pre-
cursor. The sample prepared from chloride consists of
agglomerated irregular shaped discrete nanoparticles.
Moreover, the morphology of the sample prepared from
eggshell shows agglomerated nature with oval shaped
nanoparticles of average grain size 44 nm (Fig. 3d). The
CTAB used is considered as a chelating agent because of
its charge and stereochemistry properties. In an aqueous
solution, the CTAB would ionize completely and resultin a
form of cation with tetrahedral structure. Meanwhile, the
-PO, anions in HA site also possesses a tetrahedral struc-
ture. Hence, the CTAB is capable to regulate the crystal-
lization process [30]. However, the CTAB does not prevent
the formation of agglomerates upon mixing the sources
of CaandP.

The energy dispersive spectroscopy (EDS) spectra evi-
dence the presence of Ca, P and O in the HA samples pre-
pared out of different anionic precursors as depicted in
Fig. 4. Itis further confirmed that, no impure elements are
present in HA structure. The elemental composition and
Ca: P molar ratio of the samples are summarized in Table 2.
The molar ratio of Ca: P is nearly equal to the theoretical

value 1.66, confirming is the presence of no extraneous
phase such as a-TCP or B-TCP in the samples. This result is
in good agreement with the observations done from XRD.

To further investigate the interior morphology and
size of HA nanoparticles, HRTEM micrographs are used
as shown in Fig. 5a—d. The typical nitrate sample consists
of elongated spherical shaped nanoparticles with a size
below 50 nm. Most of the particles were well separated
although some of the particles are loosely aggregated
as represented in the enlarged Fig. 5a. The micrograph
obtained for the sample prepared from acetate precur-
sor is shown in Fig. 5b which demonstrates the formation
of needle shaped particles with an average size 60 nm.
Figure 5c shows the chloride sample consisting of non-
uniform aggregates of rod like nanoparticles. This involves
nucleation, growth and coagulation process, all of which
are induced significantly by the chloride salt during reac-
tion. Samples prepared from eggshell demonstrate elon-
gated spherical or oval shape as shown in Fig. 5d. Since
the particle size and shape varies based on the precursor
anions, it is expected that the anionic environments dur-
ing the hydrothermal synthesis influence the morphologi-
cal development of the HA nanoparticles [31]. In short,
the morphological highlights of the autoclave mediated
apatite nanostructures are much affected by the involved
anions and synthesis conditions.

The selected area diffraction patterns exhibit crystallo-
graphic direction as shown (insert in TEM). The diffraction
spot confirms the crystalline index of the formed nanopar-
ticles with high degree of polycrystalline nature [32]. The
TEM-SAED results are also in well consistent with the XRD
and FESEM results.

Zeta potential analysis is further carried out to con-
firm the differently charged sample surfaces of HA nano-
particles [33] as shown in Fig. 6. The results observe the
influence of surface charge of the nano HA lattice on the
different anion precursors. All HA samples exhibit a nega-
tive zeta potential in water at pH 7.4. The potential value
obtained for HA between — 7.6 and —6.2 mV, is consist-
ent with previous studies [34, 35]. As size decreased, the
zeta potential value increased. It can be clearly mentioned
that samples prepared from the chloride and nitrate pre-
cursors respectively show the zeta potential at —6.25
and —6.8 mV with lower crystallite size of 21.7 nm and
25.44 nm. Whereas the samples synthesized from the
acetate and eggshell exhibit lower zeta potentials of — 7.4
and —7.6 mV, respectively related to the crystallite sizes
27.76 nm and 29.64 nm. The increased zeta potential con-
firms the surface structure of the nano HA is being affected
by lower crystallite size. This observation is in good agree-
ment with the XRD results.
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Fig.5 TEM micrographs and .

the corresponding SAED pat- Nitrate
terns (shown as an inset) of
HA samples synthesized from
a nitrate, b acetate, c chloride,
and d egg shell precursors
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Fig. 6 Zeta potentials analysis of HA nanoparticles prepared out of
different anions in aqueous solutions at pH 7.4

3.4 Dielectric and AC conductivity of the samples

The improved electrical properties of bioceramic nanoma-
terials play crucial role in biomedical applications. The die-
lectric properties of HA nanomaterials are associated with
its polarization, as the biological effect can be enhanced
on a typical polarized surface. The induced polarization
helps to regenerate bone tissues in both in vitro and
in vivo [36] experiments. The dielectric real part, €' is attrib-
uted to the dielectric constant and the imaginary part €” to
the dielectric loss. The €', €” and the real part of AC conduc-
tivity (o,.) are calculated by the following relations [37]:

e =g —jg" (12)
C,t
y _ P
€= A (13)
Gt
" o_ c
&= goAw (14)
0, = 2nfeye’ tan s (15)

where € is the permittivity of free space charge
(€,=8.854x 1072 F/m), A is the area of the electrode, t
is thickness of the sample, tan & is the tangent loss fac-
tor (tan 6=¢"/¢"), C, and G_ are the capacitance and con-
ductance, fis frequency of applied ac field and w = 27nfis
the angular frequency. In our experiments, the dielectric
properties of the HA nanoparticles synthesized using four
different calcium precursors are measured as a function of
frequency. The obtained €' plots of the HA nanoparticles
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Fig.7 Dielectric constant (¢') as a function of frequency plots for
the HA samples

are shown in Fig. 7. It is observed that the €' decreases with
the applied frequency of the electric field and the decrease
in is due to the change in the dielectric polarization. The
HA nanostructure consists of an array of calcium ions com-
bined with phosphate and hydroxyl ions. At lower frequen-
cies, theses ions oscillate when the natural frequency of
OH bound charge is equal to frequency of applied AC
field. The oscillations of dipole moments cause a change
in €' at lower frequency. With different Ca* ions from
various precursors, the relative permittivity €' is increased

Table 3 The dielectric constant (€') values of the HA samples at dif-
ferent frequencies

’ ! !’ ’

Sample €1kHz €100 kHz €1 MHz €5MHz
Calcium nitrate 11.52 9.20 8.65 9.96
Calcium acetate 24.36 13.39 11.75 13.22
Calcium chloride 22.15 10.51 8.59 9.92
Calcium eggshell 26.56 11.89 9.55 10.86
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Fig.8 Dielectric Loss (€") as a function of frequency plots for the

HA samples

Table 4 The dielectric loss (¢”) values of the HA samples at differ-
ent frequencies

Sample A & 00kkHz €1 Mz €4 Mz
Calcium nitrate 3.40 0.490 0.33 0.21
Calcium acetate 0.90 0.187 0.07 0.11
Calcium chloride 1.87 0.283 0.09 0.13
Calcium eggshell 0.88 0.245 0.1 0.14

whereas the crystallite size is decreased. This indicates
that there is an inversely proportional relation between
the relative permittivity and crystallite size. The influence
of various anions changes the relative permittivity and in
turn, the crystallite size [38, 39]. The change in €’ values
are also represented in Table 3. At 5 MHz, the calculated
values of €' are 9.96, 13.22,9.92 and 10.86 respectively for
samples prepared from nitrate, acetate, chloride and egg
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Fig.9 Alternating current conductivity (o,.) versus frequency plots
of the as-synthesized HA samples

shell precursors. The obtained results are in good agree-
ment with the previously reported case of Kaygili et al. [40,
41].The larger decrease in €' value for the sample obtained
from chloride anion is due to the change in ionic polariza-
tion. The crystallinity can change the ionic polarization of
HA and thus, €’ is decreased [41].

Figure 8 shows the variations in €” values observed for
the HA samples. The €” spectra of HA samples was also
decreased by increasing the applied frequency. No signifi-
cant change in €” value is observed at 5 MHz frequency
for all HA nanoparticles prepared with different anions as
shown in Table 4. The reduction in €” values is due to the
migration of ions in all the samples.

Figure 9 shows the AC conductivity of HA nanoparticles
prepared from different anionic precursors as a function
of frequency. The alternating electrical conductivity (o,.)
gradually increases with increasing frequency at room
temperature for all the HA samples and obeys the uni-
versal power law [40]. However in order to confirm the
conductivity mechanism of the samples, the well-known
Jonscher relation [42] is used as follows.
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Fig. 10 The plots of frequency exponent (s) value for the HA sam-
ples
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Fig. 11 The plots of impedance (Z) versus frequency for the HA
samples

Oac = Odc + B’ (16)

where o, is the direct current conductivity, B is a constant,
w is the angular frequency and s is an exponent. The fre-
quency exponent (s) measured from the slope of log o,
versus log 2nif and was respectively found to be 0.86, 0.92,
0.90, and 0.91 for nitrate, acetate, chloride and eggshell
based HA nanoparticle (Fig. 10).

The s values for all samples are less than one, suggest-
ing the direct current conductivity of HA samples at room
temperature that cannot be measured [43]. The slightly
higher s values for the samples prepared from acetate
and egg shell precursors become higher insulating with
respect to nitrate and chloride based samples. The result
suggests that the entire samples follow alternate current
conductivity mechanism, i.e. the electron or hole hopping
from one charged defect site to another [41]. The plots of
resistance versus frequency for the HA samples are shown
in Fig. 11. The measured resistance values for all samples
range between 10° and 107 Q, and this value corresponds
to the lower electronic conduction behavior of all the sam-
ples prepared from different anions.

Complex impedance spectrum is used to investigate
the transport properties of HA nanoparticles at different
frequency range. The impedance (Z) is a complex number
and is represented by a real part Z' gives resistive and an
imaginary part Z" provide reactive with the formula

z=27-iz" (17)

The room temperature complex impedance spectra for
the HA samples prepared out of different anionic precur-
sors are depicted in Fig. 12. Cole-Cole plots typically con-
sist of one spike with semi-circle, which indicates the paral-
lel combination of resistance and capacitance connected
with series of one capacitance [44, 45]. The bulk resistance
of HA is determined from the intercept on the Z' axis at the
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Fig. 12 The complex impedance spectra of the HA nanoparticles
prepared out of different anionic precursors

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:94 | https://doi.org/10.1007/542452-019-1807-3

low frequency end of the parabola in Cole-Cole plots. The
semi-circle curves are depressed and that their centers are
shifted down to the Z' real axis showing a non-Debye type
of relaxation. All the above findings indicate that the use
of different Ca?* cation precursors influence the dielectric
properties of finally produced HA nanoparticles.

4 Conclusions

In summary, the autoclave assisted hydrothermal method
can be successfully utilized to synthesize pure HA nano-
particles using different calcium precursor materials with
Ca: P molar ratio of 10:6. The influence of different anionic
precursors on the structural, morphological and dielectric
properties of HA nanoparticles were examined utilizing
various analytical techniques. The crystallite size, crystal-
linity and lattice parameters of the HA samples showed
appreciable variations depending on the different anionic
precursors and this is much evident from the XRD analysis.
The FESEM and TEM micrographs illustrate the formation
of spherical and oval shaped nanostructures with an aver-
age size of 22-60 nm in all HA samples. The purity of the
final products and the Ca: P molar ratio were confirmed by
FT-IR and EDS spectral studies. The alternating conductiv-
ity (oac) was gradually increased with an increasing fre-
quency at room temperature for all the HA samples, and
the variations follow universal power law behavior. The HA
nanoparticles prepared from nitrate and chloride anions
could be used for optoelectronic and drug delivery appli-
cations due to its small crystallite size, high specific surface
area and high €. According to the data presented from
eggshell sample, no significant changes were observed
for the structural, purity and dielectric properties. Thus, HA
samples with better properties accomplished by autoclave
mediated hydrothermal synthesis can be served as better
biomaterials in biomedical industry.
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