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ABSTRACT

Hydroxyapatite (Hap) is a cornerstone material in biomedical fields, crucial for bone tissue repair and replacement in the human body. How-
ever, its mechanical strength falls short compared to that of natural bone, necessitating enhancements. Addressing this challenge, cobalt ferrite
emerges as a promising reinforcing agent for Hap, boasting excellent biocompatibility. Diffraction was employed to assess the crystallinity
and phase purity of hydroxyapatite, cobalt ferrite, and the composite. The results indicated a crystallite size of 13.51 nm for hydroxyapatite,
9.62 nm for cobalt ferrite, and 76.4 nm for the hydroxyapatite/cobalt ferrite composite. Further characterization through Fourier Trans-
form Infrared Spectroscopy (FTIR) and Raman spectroscopy confirmed the presence of functional groups in the synthesized materials. FTIR
analysis validated the successful synthesis of hydroxyapatite, cobalt ferrite, and their composite. Specifically, FTIR spectra exhibited oxygen
functional groups such as -OH, -CO, C=0, and C-OH in hydroxyapatite, while cobalt ferrite exhibited CO,, Fe-O, and Co-O groups. Ultra-
violet analysis was conducted to determine the bandgap energies, revealing values of 3.51 eV for cobalt ferrite and 5.47 eV for hydroxyapatite.
This comprehensive characterization underscores the potential of the Hap/CoFe;O4 nanocomposite in bone tissue engineering.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0214715

I. INTRODUCTION Consequently, Hap stands as a pivotal material in biomedicine.” Its

versatility finds expression in the reconstruction of skull defects,’

Hap stands out as a highly versatile biomaterial employed
in implantation and grafting, owing to its remarkable resem-
blance to the composition of teeth and bone tissues. Its chem-
ical makeup is represented by the formula Ca;o(PO4)s(OH),.'
Essential characteristics defining a biomaterial encompass bioac-
tivity, non-inflammatory properties, biocompatibility, osteoconduc-
tivity, safety, and non-immunogenicity.” Fortunately, the array of
attributes found in Hap mirror those of calcium phosphates present
in human bone, establishing its biocompatibility with these tissues.

the rectification of substantial bone defects, and the burgeoning
field of bone tissue engineering.” Moreover, HAP plays a crucial
role in the removal of heavy metals from biological systems,” and
notably, it serves as a potent vehicle for drug delivery.” As nanotech-
nology continues to advance, scientists have undertaken significant
endeavors to diversify the morphologies of Hap, broadening the
scope of the Hap family and enhancing its applicability.® This relent-
less pursuit of innovation not only enriches our understanding
of Hap but also opens avenues for novel applications across var-
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ious disciplines, promising transformative solutions in medicine,
environmental remediation, and beyond.

Magnetic nano-materials have emerged as invaluable assets
across a spectrum of applications, ranging from catalysis’ and
colloidal photonic crystals'’ to magnetic particle imaging,'' nano-
fluids,'” data storage,'” defect sensors,'* optical filters,"” and envi-
ronmental remediation.'® Their versatility knows no bounds. Espe-
cially noteworthy is their potential in the biomedical industry, where
magnetic nanoparticles stand out due to their unparalleled mechan-
ical, thermal, physical, and chemical attributes."” Over recent
decades, there has been a surge in the development of nanocompos-
ite particles combining hydroxyapatite (Hap) with magnetic materi-
als such as Fe3O4, yFe; 03, CoFe; 04, MnFe;O4, or MgFe; Oy, specif-
ically tailored for biomedical applications such as drug delivery sys-
tems, catalysts, and hyperthermia agents. These materials boast bio-
compatibility and exhibit unique magnetic properties.'” *> Among
the plethora of ferrite materials explored for magnetic recording
applications, cobalt ferrite (CoFe,O4) stands out for its exceptional
chemical stability and mechanical hardness, making it a prime
candidate for such purposes.” Its widespread consideration under-
scores its significance in advancing magnetic recording technologies.
Finally, the convergence of hydroxyapatite (Hap) with magnetic
materials has unveiled a new era in biomedical engineering, offering
a myriad of opportunities for drug delivery, catalysis, and hyper-
thermia treatments. With a foundation rooted in the exceptional
biocompatibility and unique magnetic properties of these com-
posite materials, their potential spans across diverse fields, from
medicine to environmental remediation. As cobalt ferrite (CoFe;O4)
emerges as a standout contender among ferrite materials for mag-
netic recording applications, it epitomizes the fusion of cutting-edge
technology with inherent material properties, promising transfor-
mative solutions in the realm of magnetic recording technologies.
As research in this field continues to evolve, the synergistic potential
of HAP-magnetic nanocomposites remains poised to revolutionize
various sectors, shaping the landscape of innovation for years to
come.

Il. METHODOLOGY
A. Synthesis of hydroxyapatite

The synthesis of hydroxyapatite Caio(PO4)s(OH), nanopar-
ticles involved utilizing 0.5M solutions of Ca(NOs),.4H>O and
(NH,4),HPOy as precursor materials. A co-precipitation agent, 3.0M
NaOH, was employed. The precursor solutions were prepared by
dissolving the respective salts in deionized water. Subsequently, the
solutions were combined under continuous stirring. After stirring
for about 2 h, NaOH (3M) was slowly added dropwise to maintain
the pH at 10.00.”* The mixture was then subjected to centrifuga-
tion at 12 000 rpm for 20 min. The resulting precipitate was dried to
obtain the desired hydroxyapatite nanoparticles. The chemical reac-
tions involved in the production of Ca;o(PO4)s(OH), nanoparticles
are provided below:

10 Ca(NO3)2 . 4H20 + 6(NH4)2 HPO4 + 2H20
= Calo(PO4)6(OH)2 +12 NH4 NO3 +8 HNO3.

pubs.aip.org/aip/adv

B. Synthesis of cobalt ferrite

To synthesize cobalt ferrite, CoCp; 6H, O, FeCls, and NaOH are
dissolved in deionized water. The salt solutions are combined in a
beaker and stirred using a magnetic stirrer. NaOH solution is grad-
ually added dropwise to the salt solution to regulate the pH, which
is maintained between 11 and 12 throughout the reaction. The reac-
tants are continuously stirred until the desired pH is achieved. The
resulting product is washed with deionized water and centrifuged
multiple times at 13 000 rpm for 20 min, leaving behind a thick black
precipitate. This precipitate is then dried at 80 °C for 72 h.*® The
dried substance is subsequently ground into a fine powder. MNP
properties such as morphology, particle size, chemical composition,
and magnetic properties depend on the synthesis method and condi-
tions, for example, temperature, PH, etc. The stoichiometric reaction
for the synthesis of cobalt ferrite (CoFe,Qy4) is as follows:

CoCl, - 6H,0 + 2FeCj3 + NaOH = CoFe;O4 + 8 NaCl + 10H,O0.

C. Method for producing hydroxyapatite
and cobalt ferrite

Experiments exploring lower weight ratios of CoFe;O4 rang-
ing from 4 to 8 wt. % were conducted. Here, different percentage
ratios were chosen to show comparison for different concentrations.
Hydroxyapatite (Hap) powders were blended with CoFe,Oj at vari-
ous Hap/CoFe; 04 weight ratios (4%, 6%, and 8%). The mixture was
then placed into stainless steel vials along with stainless steel balls
(10 mm in diameter) at a powder/ball mass ratio of 1:10. The milling
process lasted for 10 min, followed by sintering at 1200 °C for 3 h.”

I1l. CHARACTERIZATION
A. X-ray diffraction analysis

Figure 1(a) illustrates the x-ray diffraction spectra for hydrox-
yapatite, revealing distinct peaks corresponding to the crystal planes
(002), (211), (300), (202), (310), (222), (213), (004), and (304). These
peaks serve as unequivocal evidence for the formation of a poly-
crystalline structure within the HAP nanoparticles, as documented
in Ref. 27. In Fig. 1(b), the x-ray diffraction patterns for cobalt
ferrite are depicted, showcasing characteristic peaks attributed to
the crystal planes (220), (311), (400), and (511). These peaks deci-
sively affirm the presence of a polycrystalline structure within cobalt
ferrite, as cited in Ref. 28. The x-ray diffraction spectra presented
in Figs. 1(c)-1(e) correspond to the HAP/cobalt ferrite composite.
Notably, the sole observation of the (311) plane in the CoFe;O4
phase within the Hap/CoFe;O4 composite underscores its dis-
tinct crystalline nature. Moreover, a meticulous comparison of the
obtained XRD patterns with the standard Hap and CoFe,O4 phases
reveals a remarkable congruence in peak positions, as detailed
in Ref. 29. This coherence further validates the successful formation
of the composite material.

In our research endeavors, we delved into exploring the crys-
tallite dimensions of various materials. Specifically, we found that
the crystallite size of hydroxyapatite (Hap) stood at 13.71 nm, while
that of cobalt ferrite (CoFe;O4) measured 9.62 nm. Interestingly,
the hybrid material comprising both Hap and CoFe;04 exhibited
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FIG. 1. XRD pattern of (a) hydroxyapatite, (b) cobalt ferrite, (c) Hap + 4 wt. %
cobalt ferrite, (d) Hap + 6 wt. % cobalt ferrite, and (e) Hap + 8 wt. % cobalt ferrite.

a significantly larger crystallite size, amounting to 76.4 nm. These
determinations were made utilizing the Debye-Scherrer formula, a
fundamental tool in crystallography.*’

The Debye-Scherrer formula is expressed as

D = KA/B cos®.

Here, A represents the wavelength of x rays (Cu Ka = 0.154 nm),
while D signifies the crystal its size in nanometers. In addition,
denotes the full width at half maximum (FWHM), measured in
radians, and 0 represents the angle of diffraction, also measured in
radians. The constant K, a crystallite shape factor, played a crucial
role in our computations, with a value of k = 0.9.

B. Fourier transform infrared spectroscopy
(FTIR) analysis

The prominent functional groups identified in the Fourier
Transform Infrared (FTIR) spectrum of sznthesized hydroxyapatite
(HAP) include the phosphate group (PO4”"), hydroxyl group (OH),
and carbonate group (CO3%7).>! Within this spectrum, the stretch-
ing modes of hydroxyl groups appear at around 3372-3348 cm™,
while the absorption attributed to adsorbed water manifests as a
broad peak. Notably, the O-H stretch vibration of hydrogen-bonded
~OH groups is evident in the range of 3300-2300 cm™", particularly
observed at 2990 cm™". In addition, a significant indicator of the
presence of OH groups within the HAP lattice is the stretching mode
of O-H, typically observed at around 3600-3300 cm™",** with a spe-
cific instance noted at 3369 cm™'. In contrast, the FTIR spectrum
of the cobalt ferrite sample [Fig. 2(b)] displays a distinct broadband
at 588 cm™!, attributed to the intrinsic Co—O stretching vibration,
indicating the presence of spinel ferrites. Furthermore, peaks within
the range of 950-1155 cm ™' are associated with the Fe-Co alloy
system, " with the specific bond at 1068 cm™" attributed to Fe-Co.
Moreover, the presence of the NO3z group is characterized by a
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FIG. 2. FTIR pattern of (a) hydroxyapatite, (b) cobalt ferrite, (c) HAP + 4 wt. %
cobalt ferrite, (d) HAP + 6 wt. % cobalt ferrite, and (e) HAP + 8 wt. % cobalt ferrite.

symmetric vibration observed at 1364 cm™", while O-H stretching

vibrations are discernible at 3420 and 2977 cm™!, and an absorp-
tion band at 1630 cm™ corresponds to the bending of absorbed
water molecules.” Figures 2(c)-2(e) depict the chemical structure
and functional groups of Hap/CoFe,O4 composites with varying
CoFe;04 weight ratios, examined through FT-IR spectroscopy. The
analysis reveals overlapping of the CoFe,O4 and Hap bands, result-
ing in the disappearance of the CoFe;O4 band at 588 cm™ in the
composite spectrum. Despite this, a consistent pattern in the FT-
IR spectra is observed across all composite conditions. Notably, the
addition of CoFe;Oy introduces variations in intensity and shift of
Hap bands, indicative of interactions between Hap and CoFe;O4
phases.

C. Ultra-violet analysis for estimation
of optical bandgap energy

The calculated optical bandgap of CoFe; 04 is 3.51 eV, as shown
in Fig. 3(b), and the bandgap energy for the prepared hydroxyapatite
sample is 5.47 eV, as shown in Fig. 3(a). In addition, the Tauc and
Wood plot is given by

ahv = B(hv — Eg)",

where a is the absorbance of the sample, hvis the incident energy of
the photon, E; is the optical bandgap, n is an exponent, and B is a
band tailoring constant.*®

It can be shown that the bandgap energy of HAP is large
compared to that of cobalt ferrite. The composite does not show
a relevant graph for the determination of bandgap energy. These
results indicate a shift in the optical bandgap, possibly due to struc-
tural phase transformations. This observation aligns with findings
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FIG. 3. UV analysis of (a) hydroxyapatite and (b) cobalt ferrite.

reported by various researchers.”"”” A crucial observation is that the

bandgap tends to increase with a reduction in particle size. This phe-
nomenon can be attributed to the absorption of light, which results
from the excitation of electrons from the valence band to the con-
duction band. This behavior is central to the determination of the
bandgap through the aforementioned method.”**

D. Raman spectroscopy analysis

Figure 4 illustrates the Raman spectra obtained from both
hydroxyapatite (Hap) and Hap/cobalt ferrite samples. In the spec-
trum of Hap, a distinctive Raman peak is detected within the range
of 963-961 cm™", which has been previously attributed to the v1
PO,>” mode.”"’ Notably, a similar peak is discernible at ~965 cm™"
in the Hap samples under investigation. Furthermore, the presence
of three additional PO4*>~ modes is evident in the spectra, spanning
the regions of 450-400 cm™ (PO4*~ v2), 1076-1028 cm™" (PO4*~
v3),and 610-579 cm™! (PO,>~ v4),"""” as depicted in Fig. 4. Conse-
quently, the Raman peak observed at around 1051 cm™" in the HAP
samples can be attributed to the PO4*~ (v3) mode.”® The band-
width around 965 cm™ in the spectrum of Hap appears notably
broader than the other bandwidths observed in the Hap samples.
This discrepancy suggests a higher likelihood of a comparatively
elevated CO32~ content within the Hap sample.”’ However, in the
case of the Hap/cobalt ferrite composite, no discernible peak corre-
sponding to cobalt ferrite is detected, akin to the finding in the FTIR
analysis.

E. TEM analysis

5

Figure 5 presents TEM images, particle size distribution his-
tograms, and selected area electron diffraction (SAED) patterns
of synthesized HAP/CoFe,04 composites. From the TEM images
shown in Fig. 5(a), there are lots of defect sites that can be observed
on the surface of the composite as well as explained nanoparticles.

The particle size distribution histogram was constructed based on
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FIG. 4. Raman analysis of (a) hydroxyapatite, (b) 4 wt. % cobalt ferrite + Hap, (c)
6 wt. % cobalt ferrite + Hap, and (d) 8 wt. % cobalt ferrite + Hap.

the analysis of 40 nanoparticles. As shown in Fig. 5(b), the mean size
of the HAP/CoFe, 04 composite particles is 64 nm with a standard
deviation of 11 nm. Furthermore, a noticeable reduction in agglom-
eration is observed, and smaller-sized particles are fabricated. From
XRD analysis, by applying the Debye-Scherrer equation, the aver-
age crystalline size of the HAP/CoFe;O4 nanoparticles is reported as
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FIG. 5. (a) TEM images of HAP/CoFe,04 composites, (b) particle size distribution histogram of HAP/CoFe;04 composites, and (c) SAED pattern of HAP/CoFe;04

composites.

76.4 nm, which is in an agreement with the result obtained from the

TEM images.

44,45

The selected area electron diffraction (SAED) pattern supports
this, indicating a fully crystalline structure with multiple lattice plane

reflections. In the SAED pattern of the HAP/CoFe;O4 compos-
ites shown in Fig. 5(c), concentric circles are observed for HAP,
indexed as (002), (211), and (004) lattice planes, and concentric cir-
cles are observed for cobalt ferrite, indexed as (311). These circles
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FIG. 6. VSM analysis of (a) cobalt ferrite and (b) Hap/cobalt ferrite composite.
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Table I. Magnetization (MS), remanence (Mr), and coercivity (Hc) for Hap and the
Hap/cobalt ferrite composite.
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F. Vibrating sample magnetometer analysis

According to the data presented in Fig. 6, the saturation magne-

Remanence tization for cobalt ferrite is calculated to be 19.24 emu/g, as shown in

Magnetization Remanence Coercivity ratio Fig. 6(a), significantly lower than the reported value for bulk cobalt

Sample (Ms) (M;) (Ho)  (R=M.:/Ms) ferrite (74.08 emu/g)."® Conversely, hydroxyapatite (Hap) exhibits

no discernible magnetic properties on its own. However, when com-

Cobalt ferrite 19.24 5.10 242.67 0.27 bined with cobalt ferrite, Hap demonstrates magnetic behavior, with

Hap/cobalt the saturation magnetization recorded at 2.14 emu/gm for the com-
ferrite 2.14 0.99 1652.98 0.46

correspond well with the XRD data. Therefore, the SAED pattern
indicates that synthesized HAP/CoFe;O4 nanoparticles possess a
fully crystalline structure. A comparative assessment between TEM
images and XRD studies indicates that the synthesized composites
significantly influence nanoparticle size, playing a crucial role in
controlling the size reduction process.

posite material, as shown in Fig. 6(b). The degree of intergrain
group exchanges, determined by the parameter R ranging from 0
to 1, signifies the presence or absence of various types of interac-
tions.”” For instance, R < 0.5 indicates particle interaction primarily
through magneto-static forces, while R = 0.5 suggests randomly ori-
ented non-interacting particles undergoing coherent rotations.*"*’
Values of 1 > R > 0.5 confirm the existence of exchange-coupling
particles. The observed R values below 0.5 for both cobalt ferrite
and Hap/cobalt ferrite samples suggest predominant interactions via
magneto-static mechanisms. The fluctuations in the coercivity field
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FIG. 7. TGA analysis of (a) hydroxyapatite, (b) cobalt ferrite, and (c) Hap/cobalt ferrite.
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and remanence ratio with particle size can be elucidated by con-
sidering factors such as domain structure, critical size, and crystal
anisotropy.”’ These parameters influence the magnetic properties
and behavior of the materials under investigation. Table I shows the
magnetization (MS), remanence (Mr), and coercivity (Hc) for the
Hap and Hap/cobalt ferrite composite.

G. Thermogravimetric analysis (TGA) analysis

The TGA curves depicted in Figs. 7(a)-7(c) illustrate the ther-
mal behavior of the respective samples. Beginning with the as-
prepared Hap sample, as indicated in Fig. 7(a), the TGA analysis
revealed a gradual weight loss pattern. Specifically, there was a
recorded weight loss of 13.77% between 40 and 170 °C, followed
by additional weight losses of 2.76% between 170 and 290 °C and
5.09% from 170 to 680 °C. This weight loss profile suggests succes-
sive stages of decomposition or chemical transformations occurring
within the sample across varying temperature ranges. Moreover,
for the CoFe;O4 sample showcased in Fig. 7(b), a distinct ther-
mal degradation pattern was observed. The TGA curve exhibited a
minor initial weight loss of 0.53% between 32 and 445 °C, followed
by a slight increase in weight loss of 0.54% from 445 to 601 °C.
These observations suggest specific thermal events or phase tran-
sitions unique to the CoFe,;O4 sample, possibly associated with its
chemical composition or structural properties. Moving on to the
TGA curve of the as-prepared Hap sample presented in Fig. 7(c),
a nuanced weight loss profile emerged. Within the temperature
range of 37-73 °C, a minor weight loss of 0.35% was observed, fol-
lowed by a more substantial weight loss of 1.81% from 73 to 257 °C.
In addition, a further weight loss of 0.49% occurred between 170
and 680 °C. Notably, the weight loss observed below 180 °C was
attributed to the dehydration of absorbed moisture, while the sub-
sequent weight loss up to 500 °C was attributed to the removal of
crystal water and surfactant from the sample.”'

IV. CONCLUSION

To further advance the biomedical utilization of hydroxya-
patite, it is imperative to enhance its structural and mechanical
characteristics. In pursuit of this enhancement, cobalt ferrite was
chosen due to its exceptional compatibility and bioactivity, lead-
ing to the successful synthesis of the hydroxyapatite/cobalt ferrite
composite, in the characterization of the synthesized samples.

The magnetic properties and hysteresis loop were analyzed
using a Vibrating Sample Magnetometer (VSM). Notably, the VSM
study revealed that pure hydroxyapatite lacks a hysteresis loop,
whereas the incorporation of cobalt ferrite imparts magnetic prop-
erties to the composite, aligning with the primary objective of our
research. In addition, Thermogravimetric Analysis (TGA) eluci-
dated the weight mass loss behavior with temperature, providing
further insights into the thermal stability of the synthesized mate-
rials. This result leads to other research opportunities, for exam-
ple, hydroxyapatite forming compositions with magnesium ferrite,
nickel ferrite, etc.
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