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Hydroxyapatite (HAp) is the main inorganic component that forms teeth and
bones. The abundant limestone reservoir in Indonesia can be utilized as a natural
resource for the green synthesis of hydroxyapatite. The objective of synthesizing
Fe-doped hydroxyapatite/ZnO nanocomposites is to enhance the magnetic
properties of hydroxyapatite, facilitating its utilization as a biomaterial in drug
delivery systems. This application proves valuable in regulating the timing and
location of active substance decay in pharmaceuticals. The coprecipitation
method was employed to synthesize Fe-doped hydroxyapatite (Fe-HAp) at
varying concentrations of 0%, 2.5%, 5%, and 10% mol. Subsequently,
Fe- HAp/ZnO nanocomposites were crafted with a weight ratio 4:1 through
straightforward homogenization between nano Fe-HAp and nano ZnO, utilizing
ethanol as a solvent. The analytical tools employed for characterization included
X-ray fluorescence (XRF), X-ray diffraction (XRD), and Vibrating Sample
Magnetometer (VSM). XRF analysis revealed that the Ca/P ratio in the
Fe- HAp/ZnO nanocomposite decreased with increasing Fe dopant concentration,
while the weight percentage of ZnO remained consistent across all
nanocomposites. The XRD results demonstrated the presence of typical
diffraction patterns of HAp and ZnO in the Fe-HAp/ZnO nanocomposite.
However, secondary phases such as -TCP, CaCOs, and Fe,O; were observed in the
Fe-HAp sample. The crystallite size of the Fe-HAp/ZnO nanocomposite generated
in this study ranged from 29 to 38 nm. VSM characterization outcomes indicated
that the substitution of Fe(IlI) can modify the diamagnetic properties of
hydroxyapatite, rendering it ferromagnetic or superparamagnetic, depending on
the dopant concentration employed.

1. Introduction

The current demand for robust implants and bone

rate and duration, alongside addressing toxicity and side
effects, presents significant challenges. Numerous
endeavors have been wundertaken to devise

substitutes is driven by their attributes related to
biocompatibility, bioactivity, and mechanical properties.
The primary challenge faced by researchers is the
prevention of immune rejection. Customization of bone
replacement structures is essential, requiring meticulous
control of microscopic details for each patient. Similarly,
in drug carrier systems, effective control of drug release

uncomplicated, efficient, and environmentally friendly
methodologies for fabricating biomaterials with desirable
biocompatibility, bioactivity, and robust mechanical
properties. These biomaterials find applications in drug
carrier systems as well [1]. Hydroxyapatite (HAp), the
principal component responsible for bone and tooth
formation, emerges as a highly suitable material for such
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biomaterial development. Compounds falling under the
apatite category are characterized by the chemical
formula Mio(X0;)6Z2, where M2?* represents a metal
cation, X0, and Z- denote anions. In pure HAp,
M corresponds to Ca*, X to P>*, and Z to OH", maintaining
a Ca/P ratio of 1.67 [2]. The specific surface area and
inherent properties of HAp play a crucial role, especially
in biomedical applications. Consequently, nano-sized
HAp (nano-HAp) with an exceptionally large specific
surface area stands out as a superior candidate in the
realm of biomaterial development for biomedical
applications.

Pure nano-sized hydroxyapatite (nano-HAp)
exhibits drawbacks, including suboptimal mechanical
properties, challenges in bodily absorption, and limited
bioactivity,  particularly regarding antibacterial
properties. To address these limitations, substituting Ca*
ions in HAp with various other metal ions, such as Fe, Mg,
Zn, Cd, La, Y, and others, has been explored [3, 4, 5, 6].
This substitution method is commonly referred to as
doping, involving partial substitutions at specific ion
positions without altering the crystal system. The
effectiveness of the doping technique is discernible
through X-ray diffraction analysis, where the diffraction
pattern remains consistent, but a shift in the diffraction
angle towards a smaller or larger direction is observed.

Nano-HAp doped with iron(III) ions (Fe-HAp) has
been documented to yield advantages such as smaller
particle sizes, enhanced mechanical and dielectric
properties, heightened antibacterial efficacy, and
prolonged drug release duration [7]. Furthermore,
Tampieri et al. [8] reported that Fe-HAp exhibits
superparamagnetic properties, rendering it suitable for
applications in drug carrier systems, anti-cancer therapy,
and bone surgery. A bioactive nanocrystalline
hydroxyapatite powder doped with iron (Fe-doped
n- HAp), featuring varying concentrations of Fe, was
successfully synthesized using the reflux method. In
antibacterial activity tests, Fe-doped n-HAp, when
combined with the antibiotic amoxicillin, demonstrated
significant inhibition against bacterial strains [7]. The
high hyperthermia of Fe-HA presents distinct advantages
in anti-cancer therapy, offering a more intense and rapid
local effect. Importantly, its biocompatibility and
degradability overcome the side effects associated with
long-term cytotoxicity [8]. Jose et al. [7] was successfully
synthesized Fe-HAp nanocrystals with Fe concentrations
of 0.05, 0.1, and 0.2 M using the reflux method. A notable
observation was the morphological change from
spherical to needle-like crystals with increasing iron
concentration. Fe doping at 0.1 and 0.2 M exhibited robust
antibacterial activity against E. coli bacteria using the disk
diffusion method. Predoi et al. [9] was reported the
successful synthesis of Fe-HAp 0.05 M in suspension
form using the coprecipitation method. Fe-HAp,
produced in both suspension and coating forms,
demonstrated commendable biocompatibility properties
based on MTT analysis. Alizadeh and Salimi [10] was
synthesized Fe-HAp by utilizing coal ash waste as a
source of Fe3* and Ca?* cations through the precipitation
method [10]. Subsequently, Shu et al. [11] was employed

artificial converter slag processed by salicylic acid, a final
product in steelmaking, as a source of Fe3* and Ca**
cations in the hydrothermal synthesis of Fe-Hap.

In the pursuit of sustainable nano-sized
hydroxyapatite (nano-HAp)-based biomaterials, the
utilization of natural calcium sources as nano-HAp
precursors, including mammalian bones, marine biota,
eggshells, plants, algae, and minerals, takes precedence
[12]. Among the diverse natural sources of calcium,
minerals like limestone exhibit substantial potential for
the large-scale production of this HAp biomaterial.

Nanomedicine stands out as one of the rapidly
advancing branches of nanotechnology, revolutionizing
disease diagnosis and therapy at the cellular and
molecular levels. Over the past decades, metal oxide
nanoparticles have gained prominence in biology and
medicine due to their distinctive physicochemical
properties. Among these nanomaterials, zinc oxide
nanoparticles (ZnO-NPs) have garnered significant
attention from researchers for therapeutic and diagnostic
applications owing to their low toxicity, biodegradability,
and cost-effectiveness [13]. The amalgamation of ZnO
and HAp proves intriguing in biomaterial development
for biomedical applications. A study by Barua et al. [14]
highlighted that ZnO has the potential to enhance the
porosity, compressive strength, thermal stability, and
swelling properties of frameworks. Additionally,
incorporating ZnO at a concentration of 5% (w/w)
demonstrated the ability to augment the bioactivity and
biocompatibility properties of HAp composites.

The incorporation of composites has become
imperative in the application of materials or biomaterials,
owing to their ability to amalgamate the superior
properties of each constituent. Consequently, the
fabrication of composites involving Fe-HAp with ZnO
emerges as a strategic approach to produce biomaterials
with enhanced bioactivity, a crucial requirement in
biomedical applications, particularly in drug carrier
systems. Numerous investigations on implant materials
based on HAp-ZnO composites have demonstrated
superior compatibility and antimicrobial activity in vivo
and in vitro. Furthermore, this composite has proven
effective as a coating material for dental implants,
exhibiting anti-biofilm activity, osteoblast
mineralization, antimicrobial properties, bone tissue
engineering, bone implantation, increased antibacterial
activity, biocompatibility, bone restoration, sealing
ability in endodontically treated teeth, and repair of bone
defects [15].

This article aims to elucidate the potential of local
Padalarang limestone minerals as a viable source of Ca*
in the synthesis of nano Fe-HAp. It will delve into the
methodology of varying the Fe concentration based on
%mol Caio-xFex(PO,)s(OH)..+z, with x ranging from 0% to
10%. Additionally, this article will explore how the crystal
characteristics, morphology, and magnetic profile of
Fe- HAp/ZnO nanocomposites have not been reported
previously.
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2. Experimental

2.1. Tools and Materials

Various tools and instrumentations were employed,
including glassware, a hot plate with a magnetic stirrer,
an oven, a furnace, a mortar and pestle, an alumina
crucible, a centrifuge, an X-ray Fluorescence
Spectrophotometer (XRF) Bruker S8 Tiger, an X-ray
Diffractometer (XRD) Bruker D8 Advance, and a Vibrating
Sample Magnetometer (VSM).

The materials were processed limestone sourced
from PT. Kurnia Artha Pratiwi, specified in Table 1, ZnO
nanoparticles, Fe(NO;);.9H.O (Merck, 299.95% trace
metals basis), (NH,).HPO, (Merck, ACS reagent, 298%),
aluminum foil, and distilled water.

2.2. Extraction of Hibiscus sabdariffa Linn Petals

2.2.1. Synthesis and Characterization of Fe-doped HAp
(Fe-HAp)

Calcium oxide (CaO) was initially made by calcinating
limestones at 900°C for 5 hours. CaO and iron nitrate
nonahydrate (Fe(NO;);.9H.0) were individually weighed
by stoichiometry to generate nano-sized
Fe- Hydroxyapatite = (Fe-HAp) with varied Fe
concentrations: 0% (Caw(PO,)s(0OH)s, HAp),
2.5% (Cagqueo.zs(PO4)6(0H)2.1, FGZ.S—HAP), 5%
(Cag.sFeos(P0O,)s(OH)2.5, Fe5-HAp), and 10%
(CaygFe(PO,)s(OH);, Fe10-HAp). Subsequently, 100 mL of
distilled water was added, and a 0.3 M (NH,).HPO,
solution was slowly introduced into the mixed suspension
according to stoichiometry, with continuous stirring for
approximately 90 minutes.

The mixture was then allowed to stand for 12 hours
until complete sedimentation occurred. The resulting
precipitate was filtered, separated using a centrifuge, and
dried at 110°C for 3 hours. The obtained powder
underwent calcination at 700°C for 3 hours. The calcined
powder was subject to compositional analysis through the
X-ray fluorescence (XRF) method and structural
examination utilizing the X-ray diffraction (XRD)
method.

2.2.2. Preparation of Fe-HAp/ZnO Composite

The Fe-Hydroxyapatite/Zinc Oxide (Fe-HAp/ZnO)
nanocomposite was prepared by blending Fe-HAp
nanopowder and ZnO nanopowder in a weight ratio of 4:1.
Subsequently, ethanol was added to the mixture, which
was homogenized for 90 minutes. The resulting blend
was dried at room temperature for 12 hours, followed by
filtration and subsequent drying at 110°C for 5 hours. The
Fe-HAp/ZnO nanocomposite powder was subjected to
characterization utilizing XRF, XRD, and a Vibrating
Sample Magnetometer (VSM).

3. Results and Discussion
3.1. Elemental Composition Analysis

Based on the XRF analysis results presented in
Table 2, it is evident that the Ca/P ratio of synthetic
Fe- doped Hydroxyapatite/ZnO nanocomposites is
comparatively smaller (ranging from 1.66 to 1.74) in
contrast to the Ca/P ratio of nanohydroxyapatite (ranging
from 1.81 to 1.84). This discrepancy allows for the
potential formation of calcium compounds beyond
hydroxyapatite, specifically Tri Calcium Phosphate (TCP).
Previous research by Saryati et al. [16] calcining raw clam
shells using a precipitation reaction also produced the
peak phase of TCP and HAp phase with a calcination
temperature of 700-1000°C which can be seen from the
Ca/P ratio, which is greater than the Ca/P ratio of
hydroxyapatite.

Other research states that the formation of TCP is
attributed to the thermal treatment undertaken in the
calcination process. In this process, carbon dioxide
interacts with deionized water, generating carbonate
anions (C0s>"), which are subsequently incorporated into
the crystal lattice of HAp. Hydroxyapatite (HAp)
undergoes decomposition, resulting in the formation of
the tricalcium phosphate (TCP) phase, which is
discernible at a temperature of 700°C and achieves
complete crystallization beyond 900°C. TCP exhibits
stability within the temperature range of 1200 to 1400°C
[17]. Conversely, the weight percentage of zinc (Zn)
remains relatively consistent across all samples,
exhibiting no significant variance based on the initial
stoichiometry.

Table 1. Specifications of Padalarang limestone mineral from PT. Kurnia Artha Pratiwi

Parameter Unit RHEOCARB 7 Method
CaCoO; % 98.01
ASTM C 25-31
MgOo % 0.27
Water content % 0.29 ASTM C 25-20
Brightness R457/T525 % 88.33 1S02470
MALVERN
Malvern Mastersizer
D98 n 8.05 2000E-Laser Particle Size

Analysis
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Table 2. Elemental composition of Fe-HAp/ZnO composite based on XRF analysis

Composition (%ow/w) Composition (mol) Ca/P (Ca+Fe)/P
Sample
Ca P Fe Zn Ca p Fe
Limestones 97.34 - 0.5189 - - - - - -
HAp 5519  23.26 0.28 - 1.38 0.75 - 1.84 1.84
HAp/ZnO 45.77 19.43 0.17 33.51 114 0.63 - 1.81 1.81
Fe2.5-HAp/ZnO 43.03 19.31 2.31 34.17 1.08 0.62 0.04 1.74 1.81
Fe5-HAp/ZnO 41.02 19.26 4.76 33.62 1.03 0.62 0.09 1.66 1.81
Fe10-HAp/ZnO 39.2 18.38 8.86 32.57 0.98 0.59 0.16 1.66 1.93

Note: Limestone = processed limestone from PT. Kurnia Artha Pratiwi, Padalarang; HAp = HAp synthesized from limestone; HAp/ZnO =
HAp and ZnO composite with a %w/w ratio of 4:1; Fe2.5-HAp/ZnO = HAp composite doped with 2.5%mol Fe and ZnO with a %w/w ratio
of 4:1; Fe5-HAp/ZnO = HAp composite doped with 5 mol% Fe and ZnO with a %w/w ratio of 4:1; and Fe10-HAp/ZnO = HAp composite
doped with 10 mol% Fe and ZnO with a %w/w ratio of 4:1.

3.2. Crystal Structure Analysis According to the findings presented in Figure 2a, it is
evident that the introduction of Fe dopant exerts a
suppressing influence on the formation of the calcite
phase. Furthermore, as the concentration of Fe dopant
increases, there is a noticeable reduction in the
proportion of Hydroxyapatite (HAp) relative to
B- Tricalcium Phosphate (B-TCP). Consequently,
incorporating a higher dopant concentration, specifically
“ at 10% mol, leads to the appearance of the secondary

Based on Figure 1, there are secondary phases in
synthetic HAp, including -TCP and CaCO;. The presence
of the side product B-TCP in the synthesis of HAp using
the wet chemical method was also reported by Kaygili et
al. [18] who synthesized HAp using the sol-gel method.

HAp phase Fe,0;. In Figure 2b, the diffraction angle at 31.02°

R le L wu .. M'w\‘ J\LW et | corresponding to the (0210) plane of the -TCP crystal is

observed to shift towards a larger 26. Following Bragg’s

= 1 PO, 1CDID 04-006.9376 law applicable to various crystal systems, a larger

< | | l diffraction angle signifies a smaller distance between

% S B VLI Y WV TS P crystal planes and, consequently, a reduced unit cell size.
£

The reduction in unit cell size is attributed to the
partial substitution of Ca? ions (112 A) by Fe3* ions
(0.78 &), which possess a smaller ion radius [19]. Hence,
it can be concluded that the Fe dopant is successfully

CaCO, ICDD 01-072-1937 incorporated into the B-TCP crystal. The observed shift in

the diffraction angle in HAp proves challenging to

LTI e I rrttl discern, given the very small relative intensity compared
20 () to the p-TCP phase.
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Figure 3. X-ray diffraction patterns of Fe-HAp and

Figure 2. (a) X-ray diffraction patterns of HAp and Fe- Fe- HAp/ZnO composites

HAp with various Fe dopant concentrations (2.5%, 5%,
and 10% mol) and (b) magnification of the diffraction
pattern in the (0210) plane for the B -TCP crystal
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Table 3. Fe-HAp/ZnO composite crystallite size obtained
through Scherrer calculations

Sample Average crystallite size (nm)
HAp 24
HAp/ZnO 29
Fe2.5-HAp/ZnO 37
Fe5-HAp/ZnO 36
Fe10-HAp/ZnO 38

Based on Figure 3, it is apparent that all composites
exhibit additional diffraction peaks, signifying the
presence of ZnO. Specifically, peaks are observed at angles
of 32° for the (100) plane and 36.4° for the (101) plane,
consistent with the JCPDS 36-1451 standard. This
observation serves as an indication that the composite
has been successfully formed. Conversely, the average
crystallite size was calculated using the Scherrer equation
approach (Equation 1) [20].

kA
- B.cos6 (1)

The calculation of the crystallite size (d) was
performed using Scherrer’s equation (Equation 1), where
k represents Scherrer’s constant (0.9), A denotes the
wavelength of the X-ray Cu Ka (0.15406 nm), 8 signifies
the full width at half maximum (FWHM) in radians, and 6
represents the diffraction angle in radians at the five
highest peaks, namely 28.02° 31.09°, 32°, 34.5° and
36.4°. The results of these calculations are presented in
Table 3, revealing that the average crystallite size for both
the HAp and nanocomposite samples falls within the
range of 24-38 nm.

3.3. Magnetic Properties Analysis

According to the outcomes of the VSM analysis,
illustrated in the M-H curve depicted in Figure 4, the
HAp/ZnO sample exhibits a pattern consistent with
diamagnetic materials (DM). The magnetic moment is
inversely proportional to the applied magnetic field in

0.08

0.06

e o
o B
s B
h 1

i)
-0.02 Y

W

Magnetic Moment (emu/g)
o

T T T
=15 =1 =0.5 o 05 1 15
Magnetic Field, H (T)

(a)

Magnetic Moment {emu/g)

15 1 0% 0 05 1
Magnetic Field, H (T)

(c)

diamagnetic materials. This observation indicates that
both HAp and ZnO possess diamagnetic properties,
a characteristic previously reported for HAp by Ates et al.
[21]. In contrast, the Fe2.5-HAp/ZnO nanocomposite
demonstrates ferromagnetic (FM) properties at low
magnetic fields (< 0.5 T), as indicated by the blue circle.
Furthermore, Fe(III) dopant concentrations of 5% and
10%  exhibit both ferromagnetic (FM) and
superparamagnetic (SPM) properties. The magnetic
properties of Fe-doped HAp have been previously
documented by Silva et al. [22] and Fe-doped B-TCP was
reported by Singh et al. [23].

The magnetic characteristics of the composite, as
inferred from the M-H curve, are detailed in Table 4.
Fe10-HAp/ZnO is categorically identified as a type of
superparamagnetic material, given the residual magnetic
value (M) proximity to 0. This finding aligns with the
observations reported by Tampieri et al. [8], in which
Fe- HAp was synthesized using the simultaneous
addition method (T = 4£0°C) and oxidative method (T =
60°C), exhibiting the characteristic superparamagnetic
M-H curve phenomenon.

Table 4. Ms, My, and Hc values for Fe-HAp/ZnO
composite samples

Sample Type (eIII\I/l[lS/g) (errl\l/tllr/g) (I’i“)
HAp/ZnO DM - B B
Hii;z/'gr_lo DMEM - - _
HES/SZ_nO FM 0.0451  0.0083  0.0341
H}i;l/%;l o SPM  0.0481  0.0001 0.0031

Note: Ms = magnetic saturation; M; = residual magnetism; H. =
coercivity

Magnetic Moment (emu/g)

Magnetic Moment (emu/g)

T T T
15 as 0 03 1

Magnetic Field, H (T)

(d)

Figure 4. M-H curve of nanocomposite samples a) HAp/ZnO, b) Fe2.5-HAp/ZnO, c) Fe5-HAp/ZnO, and Fe10-HAp/ZnO.
The red line shows the M-H pattern, and the blue circle indicates the appearance of ferromagnetic properties
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4. Conclusion

The synthesis of Fe(IlI) doped hydroxyapatite
(Fe- HAp) was effectively accomplished through the
coprecipitation method utilizing locally processed
limestone. The resultant hydroxyapatite retained
secondary phases: B-TCP, CaCOs, and Fe,0s. The average
particle size of the resulting Fe-doped
hydroxyapatite/ZnO nanocomposites falls within the
nanometer scale (24-38 nm). Incorporating Fe(III) into
hydroxyapatite crystals is a strategic approach capable of
transforming the  diamagnetic  properties  of
hydroxyapatite into superparamagnetic characteristics.
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