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Abstract: The escalating demand for sustainable biomaterials has driven research into
valorizing natural waste sources. This study presents an eco-friendly synthesis route for
producing nanocrystalline hydroxyapatite (nHA) from bovine bone waste, a plentiful
and underutilized byproduct. The process involved cleaning, drying, and calcining the
bone at 1000°C for 4 hours in ambient air, followed by ball milling to produce a fine
powder. The synthesized bio ceramic was thoroughly characterized using Fourier
Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD), transmission
electron microscopy (TEM), and scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM/EDAX). The results confirmed the formation of a
highly crystalline, phase-pure hydroxyapatite with a carbonate substitution
characteristic of bone-derived apatite. XRD analysis, supported by the Scherrer
equation, and TEM imaging revealed a nanocrystalline structure with an average
crystallite/particle size of ~30 nm and a spherical morphology. The Ca/P atomic ratio
of 1.77, determined by EDAX, was close to the theoretical stoichiometric value for
HA. This work demonstrates a simple, green method to transform biological waste into
a high value nanocrystalline bioceramic with superior properties, making it a promising
candidate for advanced biomedical applications such as bone grafts, implants, and drug
delivery systems.
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1. Introduction

The escalating demand for advanced
biomaterials in orthopedics and dentistry has
positioned hydroxyapatite (HA, Caio(POa4)
s(OH)2) as a cornerstone of modern bio ceramic
research, owing to its  exceptional
biocompatibility [1], Oste conductivity [2], and
chemical resemblance to the inorganic mineral
phase of natural bone [3]. While synthetic HA
can be produced through various chemical
routes, these processes often involve high
temperatures, complex procedures, and costly
precursors, raising economic and environmental
concerns [4, 5]. In parallel, the agricultural
industry generates millions of tons of bovine

needs has catalyzed the exploration of
sustainable, eco-friendly synthesis methods to
transform this natural waste into high-value
medical-grade materials [7, 8]. The conversion
of bovine bone into nanocrystalline
hydroxyapatite (nHA) represents a paradigm of
a circular economy, effectively valorizing a
waste product into a sophisticated biomaterial
[9]. This approach not only mitigates
environmental waste but also capitalizes on the
innate, complex architecture and composition
of natural bone, which often results in a bio
ceramic with superior biological properties
compared to its synthetically produced

bone waste annually [6], presenting a  counterparts. However, replicable producing a
significant  disposal challenge and an  high purity, nanocrystalline powder with
underutilized resource. This convergence of  controlled morphology through a simple
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calcination process requires precise
optimization of parameters such as temperature,
atmosphere, and pre-treatment steps [9, 10].
Therefore, this study is dedicated to the
development and thorough characterization of
an eco-friendly synthesis route for producing
nanocrystalline hydroxyapatite Bio ceramic
from natural bovine bone waste, analyzing its
physicochemical, structural, and morphological
properties to assess its potential for biomedical
applications.

The pursuit of sustainable biomaterials has
driven significant research into deriving
hydroxyapatite (HA) from natural bovine bone
[11], an abundant and biocompatible waste
resource. Previous studies have conclusively
established that a calcination process between
800°C and 1000°C effectively removes organic
matter and yields a mineral phase primarily
composed of carbonated hydroxyapatite, which
often demonstrates superior bioactivity due to
its trace ion content and resemblance to human
bone mineral [12-14]. However, a predominant
focus of this existing body of work has been on
producing micro-sized HA powders, with less
emphasis on the precise control of the
calcination parameters to consistently obtain a
pure, nanocrystalline  structure  without
excessive grain growth [15]. This gap is
critical, as nanocrystalline morphology offers a
dramatically increased surface area, which is
theorized to significantly enhance bioactivity,
desorption rates, and functional properties for
advanced applications in drug delivery and
nanocomposites [16]. The study of eco-friendly
synthesis of nanocrystalline hydroxyapatite bio
ceramic from a natural waste source: bovine
bone directly addresses this through optimizing
a simple thermal process to meticulously
control crystal size in the nanoscale regime.

The presented work introduces a precise
optimization of a straightforward thermal
calcination process to consistently produce
a phase- pure, nanocrystalline HA from a
natural waste source (bovine bone). While
previous studies have often focused on
producing micro-sized HA from bone, this
research specifically targets and achieves
precise  control over the nanocrystalline
morphology (~30 nm) without the need for
complex chemical synthesis or additives. The
demonstration of aone-to-one correlation

between particle and crystallite size (indicating
single-crystal nanoparticles) via combined
XRD and TEM analysis is a key finding,
revealing a  specific recrystallization
mechanism that avoids excessive sintering.
This work provides a comprehensive green
synthesis route that effectively transforms
waste into a high-performance nanoceramic,
offering a sustainable and economically viable
alternative to conventional synthetic methods
for advanced biomedical applications.

2. Experimental Techniques

Natural bovine femur bones were sourced
from a local slaughterhouse. The bones were
thoroughly cleaned to remove adhering flesh,
marrow, and other biological residues. This was
achieved by repeated boiling in deionized water
for several hours, followed by manual scraping.
The cleaned bones were then dried in a hot air
oven at 120°C for 24 hours to remove moisture.
The dried bone samples were crushed into

smaller fragments (~2-5 cm) wusing a
mechanical crusher to facilitate further
processing.

The cleaned and crushed bone fragments
were subjected to a heat treatment process to
remove organic constituents and obtain a pure
inorganic apatite phase. The samples were
placed in a high-temperature alumina crucible
and calcined in a programmable muffle furnace.
The calcination process was carried out in an
ambient air atmosphere at 1000°C with a dwell
time of 4 hours at this temperature. The furnace
is then switched off and kept cooling naturally
to room temperature. The temperature was
chosen based on previous studies to ensure
complete organic compartment removal while
preventing the decomposition of
hydroxyapatite.

The calcined white, brittle bone fragments
were ground into a fine powder using a high
energy planetary Ball Mill Emax (Retsch
GmbH, Germany) operating at 1500 rpm for 2
hours. A 1:1 mass ratio of zirconium oxide
grinding balls to sample was employed to
achieve a nanocrystalline powder. The resulting
fine powder was subsequently sieved through a
sieve to ensure uniformity and eliminate any
large agglomerates.

The X-ray diffraction (XRD) patterns of the
prepared powdered sample were collected using
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PANalytical X’pert Pro MPD (with wavelength
L = 1.5406 A, Cu-Ko radiation, and operating
voltage 35 kV) in the 20 range (5-70°) in a
continuous mode. FT-IR spectra measurements
were carried out using a Bruker FT-IR
spectrometer (Invenio S, Germany). The
spectral resolution was 4 cm™, scan number
was 64 within the wavenumber range of 4000—
400 cm™ was applied to the collection of ATR
spectra.  Scanning  electron  microscopy
(QUANTA FEG 250 FE-SEM) was employed
to analyze the surfaces of the specimens, their
exact structures, crystalline structure, and
materials composing the specimens. Images
and particle sizes of HA was detected by TEM
by using (JEOL JEM-2100, Japan) with 200 kV
analytical electron microscope

3. Results and Discussion
3.1. FTIR analysis of synthesized HA

Fourier ~ Transform  Infrared  (FTIR)
spectroscopy was employed to identify the
functional groups and chemical bonds present
in the calcined bovine bone powder, confirming
the formation of hydroxyapatite (HA) and
revealing its biomimetic nature Figure (1).

The analysis revealed characteristic
absorption bands corresponding to the
phosphate (PO+*") and hydroxyl (OH") groups
that define the HA structure. The dominant
spectral features were attributed to the
vibrational modes of the phosphate tetrahedron:
strong asymmetric stretching vibrations (vs) of
the P—O bonds were observed as broad bands at
1087 and 1026 cm™, while the symmetric
stretching vibration (vi) produced a sharp peak
at 962 cm' [17, 18]. Furthermore, the
asymmetric bending vibrations (v4) of the O—P—
O bonds were clearly identified as distinct
peaks at 599, 563, and 473 cm™! [19].

The presence of the hydroxyl group was
confirmed by a sharp band at 630 cm’,
corresponding to the liberation mode of the
OH™ ion, and a broad, weak band observed at
3550 cm™!, associated with the O—H stretching
vibration [18-21]. The sharpness and well-
defined positions of these peaks are indicative
of a highly crystalline HA phase. Additionally,
the spectrum exhibited low-intensity bands at
1453 and 873 cm™, which are characteristic of
carbonate (COs*") ions incorporated into the
apatite lattice through B-type substitution, a

hallmark of bone-derived hydroxyapatite that
enhances its biological compatibility. Obtained
results can be summarized as shown in Table

(D).

Transmittance (%)

3561
453 ..
1087
1026
873
630 _
s63----
175

T T T T T * T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™?)

Figure (1) FTIR spectra of the synthesized HA

Table (1) FTIR band position and assignment
of synthesized HA

Wavenumber Assignment Ref.
. 3 17,
473,563, 599 Bending (PO,) 18 19
630 Bending (OH)~ 17
961 Symmetric  Stretching | 17,
(POL)* 18, 19
1088, and 1025 Asymsrpetrlc Stretching 19, 20
(POy)
1412, 1457, 877 | (CO3)™ 19, 20
3566 (OH)" 17-21

3.2. X-ray diffraction (XRD)

The X-ray diffraction (XRD) analysis of the
bovine bone calcined at 1000°C, presented in
Figure (2), conclusively identifies the resultant
material as highly crystalline, phase-pure
hydroxyapatite (HA, Caio(POs) «(OH)2). The
diffraction pattern exhibits all characteristic
peaks of stoichiometric HA, showing excellent
agreement with the standard JCPDS card #09-
0432. The most intense peak, a defining feature
of the HA crystal structure, is observed as a
doublet centered at approximately 31.8° 20,
which  corresponds to the overlapping
reflections from the (211) and (112)
crystallographic planes. This high-intensity
peak, along with other strong and well-defined
reflections such as the (002) plane at 25.9° and
the (300) plane at 32.9°, confirms a high degree
of crystallinity and the absence of secondary
phases like tricalcium phosphate (TCP) or
calcium oxide [19-22]. The successful
formation of pure HA at this temperature is
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attributed to the complete combustion of the
organic matrix and the subsequent thermal
decomposition and recrystallization of the
native bone mineral, which eliminates fewer
stable phases and promotes crystal growth. The
precise match between the synthesized
material's diffraction pattern and the standard
confirms that calcination of bovine bone at
1000°C is an effective method for producing a
biomaterial with a chemical and structural
composition nearly identical to the mineral
component of human bone, making it an
excellent candidate for biomedical applications
such as bone grafts and implants where
bioactivity = and  osteoconductivity  are
paramount [22].

(212)

(300)

Intensity
(002)
(112)
(310)
(222)
(312)
(004)

_—

(JCPDS), no. 09-0432
T

|| I
2IO 3IO 40 5IO GIO
26 (degree)
Figure (2) XRD pattern of the studied HA

To quantify the crystallite size of the
synthesized hydroxyapatite, the Scherrer
equation was employed. This equation relates
the broadening of a diffraction peak to the size
of the crystallites, under the assumption that
size effects are the primary contributor to peak
broadening, as opposed to micro strain or
instrumental factors. The analysis was applied
to the most intense and well-defined peak, the
(211)/ (112) doublet. The Scherrer equation is
given by [23-25]:

D = (KX) /(B cosH)

Where:

D is the average crystallite size (in nm),

K'is the dimensionless shape factor, often
taken as 0.9 for a spherical crystal with cubic
symmetry,

Ais the wavelength of the X-ray radiation
(for Cu-Ka, A =0.15406 nm),

Bis the full width at half maximum

(FWHM) of the diffraction peak in radians,
after correcting for instrumental broadening,

0 is the Bragg angle (half of the 20 peak
position).

The measured FWHM (B) for the (211) peak
at20 =~ 31.8°was found to be0.00297
radians after necessary instrumental broadening
correction. Using the valuesK = 0.9and A =
0.15406 nm, and with 6 = 15.9°, the calculated
average crystallite size was determined to be
approximately 30 nm. This result confirms that
the calcination process at 1000°C successfully
produced a nano-crystalline hydroxyapatite
powder. The nanoscale dimension of the
crystallites is a critical attribute, as it directly
influences the material's surface area,
solubility, and biological  performance,
typically enhancing its bioactivity and Oste
conductivity potential compared to co-grained
materials.

3.3. Transmission electron Microscope

Figure (3) presents the transmission electron
microscopy (TEM) image of the synthesized

hydroxyapatite (HA) alongside its
corresponding  particle  size  distribution
histogram. The micrograph unequivocally
reveals that the powder consists
of nanoparticles with a nearly spherical

morphology. The histogram, constructed from
measuring a statistically significant number of
particles, provides a quantitative assessment,
confirming that the average particle size lies
within the range of 30 to 35 nanometers. This
observation indicates a relatively narrow and
homogeneous size distribution, which is a
crucial parameter for ensuring consistent
biological and mechanical properties in

biomedical applications.
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Figure (3) TEM analysis of the studied HA
with histogram
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The TEM results exhibit a remarkable and
consistent correlation with the data obtained
from X-ray diffraction (XRD) analysis. The
XRD analysis, using the Scherrer equation on
the broadening of the (211) peak, calculated
an average crystallite size of approximately 30
nm. The close agreement between the TEM
particle size (30-35 nm) and the XRD
crystallite size (~30 nm) leads to a critical
conclusion: each individual nanoparticle
observed in the TEM image is, in fact, a single
crystal [26, 27].

This  one-to-one relationship  between
particle and crystallite size signifies a high
degree of crystallinity and a specific formation
mechanism. It indicates that the calcination
process at 1000°C did not lead to extensive
sintering or fusion of multiple primary crystals
into larger, polycrystalline granules. Instead,
the heat treatment effectively removed the
organic matrix and allowed the native bone
mineral to recrystallize into discrete, well-
defined nanocrystals. The nearly spherical
shape  further suggests a low-energy
equilibrium form and is advantageous for
applications like bio-inks or composite
materials where flowability and packing density
are important [28].

Therefore, the TEM analysis provides direct
visual evidence that strongly supports the XRD
findings. Together, these techniques paint a
comprehensive picture of the synthesized
material: a phase-pure hydroxyapatite
composed of  discrete, single-crystal
nanoparticles with a spherical morphology and
an average size of ~30 nm. This nanoscale,
highly crystalline structure is paramount as it
mimics the natural nano-architecture of bone
mineral, promising enhanced surface reactivity,
improved  biodegradability, and superior
bioactivity for bone tissue engineering
applications.

3.4. Scanning electron microscope supported
energy dispersive X-ray (SEM/EDAX)

The morphology of the as-synthesized
hydroxyapatite  (HA)  nanoparticles  was
investigated using scanning electron
microscopy (SEM), as presented in Figure (4a).
The micrographs reveal that the nanoparticles
are highly agglomerated, forming larger
clusters. This agglomeration is a common

phenomenon in nanoscale powders and can be
attributed to high surface energy driving
particle  cohesion,  potentially  through
mechanisms such as Ostwald ripening [29, 30].
Despite the agglomeration, the primary
particles are discernible and exhibit a spherical
shape, which is consistent with the
morphological findings from TEM analysis.
Furthermore, the SEM image shows a highly
porous surface morphology, characterized by
numerous voids and pores. This is a direct
result of the calcination process, where thermal
decomposition and combustion of the organic
collagen matrix within the raw bovine bone
leave behind a porous inorganic HA structure.
This stands in stark contrast to the dense,
smooth micro-surface typical of unprocessed
raw bone particles. To confirm the chemical
composition, energy-dispersive X-ray (EDX)
spectroscopy was performed, with the spectrum
shown in Figure (4b).

The analysis detected primarily calcium (Ca)
and phosphorus (P), along with oxygen (O),
confirming the expected elemental constituents
of HA. The atomic ratio of Ca to P, a critical
metric  for identifying  stoichiometric
hydroxyapatite, was calculated from the weight
percentages provided inTable (2). The
calculated Ca/P ratio of 1.77 (from Ca: 21.04
wt.% / P: 12.44 wt.%) is very close to the
theoretical stoichiometric value of 1.69,
confirming the successful synthesis of a near-
pure hydroxyapatite phase with minimal ionic
substitution.
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Figure (4 a,b): SEM and EDAX analysis of the
studied HA-NPs.

Table (2) EDAX analysis results of Studied
HA

Weight% | Atomic%
OK 67.93 82.82
PK 12.44 6.24
CaK 21.04 10.24

4. Conclusion

This study successfully established a simple
and eco-friendly method for synthesizing high
purity nanocrystalline hydroxyapatite (nHA)
from natural bovine bone  waste.
Comprehensive characterization confirmed that
calcination at 1000°C effectively removed the
organic matrix and yielded a highly crystalline,
single-phase  hydroxyapatite powder. The
presence of carbonate ions in the apatite
structure, a hallmark of bone-derived HA, was
identified, enhancing its biomimetic properties.
Crucially, the combination of XRD analysis
and TEM imaging demonstrated that the
synthesized HA consists of discrete, single-
crystal nanoparticles with a nearly spherical
morphology and a narrow size distribution
averaging ~30 nm. The measured Ca/P ratio
further confirmed the formation of a near-
stoichiometric composition. The successful
conversion of an abundant agricultural waste
into a nanoscale biomaterial with superior
attributes—such as high surface area and
expected enhanced bioactivity—highlights the
significant potential of this material for use in
demanding biomedical applications, including
bone tissue engineering, implant coatings, and
nanocomposites, while promoting a circular
economy.
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