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Abstract

Hydroxyapatite (HA) is a calcium phosphate-based substance that
closely mimics the structure and chemical composition of natural bone.
Its properties can vary depending on the preparation method and the
origin of the precursors. This study aims to thoroughly investigate the
properties of HA powders derived from chicken bone waste, obtained at
different calcination temperatures. To achieve this, the chicken bones
underwent a meticulous cleaning process followed by air drying.
Subsequently, the dried bones were finely crushed into smaller pieces
and subjected to calcination at 600°C (HA-600) and 1000°C (HA-1000)
for comparison. The resulting HA powders were then characterised
using a range of analytical techniques, including X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and Brunauer-Emmett-
Teller (BET) analysis and Field emission scanning electron microscopy
(FESEM). The XRD analysis uncovered that HA-600 exhibited a low
crystalline HA component, whereas HA-1000 displayed a highly
crystalline structure that consists of two distinct phases: HA and beta-
tricalcium phosphate (B-TCP). Nonetheless, functional groups such as
hydroxyl, phosphate, and carbonate were detected in the FTIR spectra,
confirming the formation of HA as the dominant phase in both samples.
Additionally, BET analysis disclosed that the average total surface area
of the samples was measured as 26.933 cm3/g and 6.896 cm3/g for HA-
600 and HA-1000, respectively, implying that the powder particles are
relatively larger in size for sample calcinated at higher temperature.
These findings indicate that subjecting chicken bone-derived HA to
high-temperature calcination plays a pivotal role in shaping its
properties. This process can be fine-tuned for optimal results, yielding
bio-ceramic materials tailored to meet specific requirements in various
biomedical applications.

1. Introduction

The last five decades have witnessed a significant surge in research dedicated to enhancing medical materials,
especially those employed in skeletal repair and reconstructive surgery [1]. Various materials, including metals,
ceramics, composites, and polymers, have been explored for their suitability in supporting complex bone tissue.
Among these materials, bio-ceramics stand out as one of the most promising implant options, owing to their
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compositional resemblance to bone [2]. Calcium phosphate (CaP)-based bio-ceramics, with their exceptional
biocompatibility and chemical stability, have gained widespread acceptance as implant materials [3]. Notably,
there are four primary types of CaP: Hydroxyapatite (HA), calcium-deficient hydroxyapatite (CDHA), tricalcium
phosphates (TCP), and biphasic calcium phosphate (BCP) [1]. Particularly in disciplines such as orthopedics and
dentistry, HA has garnered recognition in the biomedical community due to its remarkable chemical similarity to
the mineral phase found in bone tissue. The bone regeneration properties of HA position it as a highly effective
synthetic bone substitute, causing its widespread use in the field of regenerative medicine and healthcare [4],
[5]- The ongoing global research and development efforts in this domain aim to further expand the applications
of HA, contributing to a continuous growth trajectory for the HA market. Projections suggest that the HA market
is expected to reach a value of approximately $3 billion by 2023 [6].

Producing HA necessitates a raw material, which can be sourced from either an inorganic or natural origin.
Nonetheless, the production of synthetic HA utilizing inorganic precursors carries the risk of generating harmful
byproducts, potentially posing environmental hazards [7]. The synthesis of synthetic HA typically entails the
utilization of chemicals and elevated temperatures, which may lead to the generation of hazardous waste
materials and airborne pollutants. Without appropriate handling, these waste products can exert detrimental
effects on the environment, encompassing contamination of water and soil, as well as contributing to air
pollution. Natural HA proves to be more accessible and cost-effective when compared to its synthetic
counterpart [8]. Among the cost-effective natural biological sources that have undergone extensive scrutiny are
eggshells, fish bones, seashells, and various plant materials [9], [10]. It is worth noting that the choice of initial
materials used in HA synthesis can influence its structural properties since the behaviour of these precursors
undergoes changes during the heating process [1]. In accordance with the findings of Mohd Pu’ad et al. [11], the
extraction and recovery of valuable compounds from natural waste materials require specialized techniques to
transform these waste resources into useful assets. The transformation process of raw chicken bones into HA
powder is shown in Fig. 1.

Chicken bone

HA powder

Sintering

Fig. 1 Transformation process of raw chicken bones into HA powder

In this present work, natural HA bio-ceramic derived from chicken bones were studied. The selection of
these bones as the natural source is primarily based on their high availability as waste after meat consumption.
This characteristic makes them a readily accessible and abundant resource for HA synthesis. One of the core
advantages of employing chicken bones lies in their high content of calcium and phosphate, crucial components
for HA production. Additionally, chicken bones are abundant and easily procured, presenting a financially
efficient and sustainable source of HA. By utilizing chicken bones as a HA source, it concurrently reduces the
waste generated by the poultry industry, offering a valuable alternative to conventional waste disposal methods
like incineration or landfilling [12]. The utilization of natural sources of calcium and phosphate for HA
production not only lessens the environmental impact associated with conventional synthesis methods but also
fosters sustainable development [13]. Furthermore, employing chicken bone waste as a raw material for HA
synthesis creates a value-added opportunity for the poultry industry, which grapples with significant bio-waste
production.

The calcination method is considered an economical and straightforward approach for producing HA
powder. In this process, bone particles were placed in an open alumina crucible and heated in a furnace to
eliminate organic components, resulting in pure HA. Each sample are typically heated at a predetermined rate
and temperature, followed by gradual cooling to room temperature. The properties of HA derived from natural
bones are heavily influenced by the chosen synthesis technique, the bone's condition, and the calcination
temperature. These attributes encompass characteristics such as particle size distribution and purity. HA can
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manifest in various microscopic forms, including needles, rods, and spheres, each offering distinct levels of
porosity. This porosity plays a crucial role in modulating cell proliferation, adhesion, and the interaction
between bone and tissue.

The primary objective of this study is to investigate the effect of low and high calcination temperatures as a
means of producing HA from biogenic waste, specifically chicken bone. To achieve this, chicken bone waste was
subjected to different thermal treatment at 600°C and 1000°C. The HA powders acquired were subsequently
subjected to various characterization techniques to assess their physicochemical properties. Utilizing chicken
bone as a resource presents a more economically viable and environmentally friendly alternative to traditional
chemical methods. Repurposing bio-wastes to create valuable biomaterials stands as an efficient strategy for
both pollution reduction and demonstrating a sustainable approach to solid waste management, all while
fostering economic growth.

2. Methodology

2.1 Preparation of Chicken Bone for Thermal Treatment

Firstly, the gathered chicken bones underwent a meticulous cleaning process to remove any remnants of skin
and flesh from their surfaces. Subsequently, the bone samples were boiled to eliminate any residual grease.
Following this, the bones were left to air-dry for several days until they reached complete dryness. To ensure
thorough drying, the samples were then placed in an oven at a temperature of 90°C for 24 hours. After that, the
dried bones were pulverized into a powder form through ball milling process, as depicted in Fig. 2. The ball
milling process entailed placing bone fragments and grinding balls within a rotating drum. The drum's rotational
speed was adjusted to 350 rpm. The ball milling process was carried out for one hour, and this procedure was
iterated six times to guarantee comprehensive particle size reduction and uniformity. This iterative process
persisted until the desired particle size and uniformity were attained, ultimately yielding finely powdered
chicken bones. The chicken bone powder was then carefully transferred to an open alumina crucible with the aid
of a spatula before subjected to calcination process.

(b)
Fig. 2 (a) Dried chicken bone; and (b) dried chicken bone crushed into powder form

2.2 Calcination of the Chicken Bone

Following pre-treatment, the samples were placed in an electric furnace as shown in Fig. 3 and then subjected
to calcination under air atmospheric conditions. For comparative purposes, two distinct calcination
temperatures (low and high), specifically 600°C and 1000°C, were employed, resulting in the designation of the
calcinated samples as HA-600 and HA-1000, respectively. The process entailed a heating rate of 10°C/min with a
holding time of 2 hours. Subsequently, the samples produced after the calcination process were finely sieved
before undergoing a comprehensive analysis to examine the characteristic properties and formation of HA in
both samples.

Fig. 4 illustrates the varying colours exhibited by the final samples due to the different calcination
temperatures applied. The transition in colour of the resulting samples from the chicken bone material gradually
shifted from a light brownish-yellow shade to a light grey and white, a consequence of the distinct thermal
treatment processes. The evolution of colour shades can be attributed to the organic burnout process within the
bone samples, as discussed in a previous work by Bee et al. [14]. The HA-600 powders was observed to be
greyish in colour, most likely because some ash residue was retained because due to incomplete burning of the
organic compound. Fig. 2(a) depicts this grey powder resulting from the calcination process at 600°C.
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Conversely, Fig. 2(b) illustrates the HA-1000 sample, characterized by a white hue, indicating the complete
elimination of all ash residues from the bone sample at higher temperature.

Fig. 4 Images of (a) HA-600; and (b) HA-1000 calcinated samples

2.3 Material Characterization Techniques

The analysis of hydroxyapatite (HA) synthesized from chicken bones encompassed a comprehensive suite of
analytical methods. These techniques include X-ray diffraction (XRD) analysis, Fourier-transform infrared
spectroscopy (FTIR), Brunauer-Emmett-Teller (BET) analysis, and Field-Emission Scanning Electron
Microscopy (FESEM). To ascertain the phase composition and crystallinity of the samples, X-ray diffraction
(XRD) analysis was performed using a Rigaku Model Ultima IV diffractometer. The XRD spectra were recorded
across a 260 angle range of 10° to 90°, employing CuKa radiation at 40 kV and 40 mA. Peak comparison was made
with the International Centre for Diffraction Data (ICDD) for HA and -TCP, with reference codes 01-082-2956
and 01-070-2065, respectively. On the other hand, for the investigation of functional groups and chemical bonds,
FTIR analysis was conducted on HA-600 and HA-1000 samples using a PerkinElmer Spectrum One
spectrometer, spanning a range of 500 cmto 4000 cm™. The determination of specific surface area, total pore
volume, and average pore diameter of the powders was accomplished through BET analysis, utilizing a
Micrometric 3Flex 3500 instrument. Nitrogen gas adsorption facilitated the calculation of specific surface area,
pore size distribution, and pore volume. Morphological examination of the particles involved the use of FESEM,
specifically a Jeol JSM-7600F instrument, which provided high-resolution imaging and detailed surface
morphology analysis. A flowchart that describes the processes involved in the development of HA powder from
chicken bones and its characterization is presented in Fig. 5.
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boiled, cleaned, rinsed, and dried for several days.

v

Chicken bones were dried in the oven
for 24 hours at 90°C.

[ Chicken bones were collected from various waste, }

Dried chicken bones were
crushed into small pieces.

v

Crushed chicken bones were put
in an open alumina crucible.

The samples were subjected to a calcination process in a
carbolite furnace for 24 hours at 600°C and 1000°C.

v

[ HA powders were obtained. ]

'

Characterization of HA powders
using XRD, BET, FTIR and FESEM.

[ The examination and analysis of the results. ]

Fig. 5 Flowchart that describes the process of obtaining HA powders from chicken bones, followed by their
characterizations and analyses

3. Results

3.1 XRD Analysis

The X-ray Diffraction (XRD) analysis of the HA-600 and HA-1000 samples are shown in Fig. 6(a) and Fig. 6(b),
respectively. Within the XRD spectrum of HA-600, the most prominent peaks were detected at a 20 angle of
31.9° and 32.2°. The presence of these peak conclusively indicated the prevalence of the HA phase within the
sample [15], but at a slightly lower crystallinity. Similarly, the XRD spectrum of HA-1000 unveiled striking peaks
at a 20 angle of 31.9°, 32.1° and 32.9° with much higher intensity, unequivocally affirmed the conversion of the
raw material into crystalline HA. These peak served as compelling evidence for the presence of HA as a
dominant phase within the HA-1000 sample. However, secondary phase of 3-TCP was also detected based on the
presence of its peak at approximately 30.7°, confirming the formation of biphasic calcium mixture (HA+{-TCP)
in the HA-1000 sample. Phase content for both samples is displayed in Table 1.

Table 1 Phase content for HA-600 and HA-1000 samples

Sample HA (%) B-TCP (%)
HA-600 100 0
HA-1000 89.3 10.7

The XRD analysis of both HA-600 and HA-1000 samples delivered invaluable insights into their
crystallographic properties, reaffirming the formation of HA in both instances. Notably, the XRD analysis of HA-
1000 showcased superior crystallinity compared to HA-600. This superiority was evidenced by the heightened
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intensity of the characteristic peak at a 26 angle and the sharper peak profile. This enhanced crystallinity within
HA-1000 can be attributed to improved crystal growth and a reduced amorphous content, indicative of a more
well-defined and ordered crystal lattice structure. The heightened crystallinity observed in HA-1000 accentuates
its superior stability and potential for enhanced material properties.
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Fig. 6 XRD patterns of (a) HA-600; and (b) HA-1000 samples

3.2 FTIR Analysis

Functional group detection for phosphate, carbonate, and hydroxyl in HA can be greatly aided by the FTIR
spectral analysis. The FTIR graph for HA were divided into several regions, each corresponding to a different
functional group or type of chemical bonding. The phosphate region (850-1200 cm) shows several peaks that
correspond to the stretching and bending vibrations of the phosphate groups in HA. The hydroxyl region (3000-
3800 cm) shows a broad absorption band that corresponds to the stretching vibration of the hydroxyl (OH-)
groups in HA.

Fig. 7 and Fig. 8 show the FTIR spectrum of HA-600 and HA-1000, respectively, which shows several
characteristic peaks that correspond to the different functional groups in the HA structure. For example, the
phosphate (PO43-) group produces strong absorption bands between 850 and 1200 cm-! for both graphs, while
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the OH- group appears as a broad absorption band around 3400 cm-. At approximately 3572 cm'?, similar OH
band with the lowest intensity can be observed, but it corresponds to the stretching mode of the OH structural
group [8]. Both HA-600 and HA-1000 samples displayed the four characteristic bands for PO groups at 1049-
1092 cm, due to the symmetrical O-P-O bending (vs), the band at 962 cm is due to the symmetrical P-O
stretching (v1), and the band at 569-570 cm1, 601-603 cm! is due to the anti-symmetric O-P-O bending (v4), and
finally a P-O stretching (vz) band can be detected at the range of 470-472 cm! [16]. It should be highlighted that,
the presence of these bands are often associated with HA structure characteristics. On the other hand, the
manifestation of CO band can only be seen in the HA-1000 (at approximately 850-900 cm-1), probably because it
contains biphasic mixture, unlike HA-600. The HA-1000 sample not only comprises the 3-TCP phase but is also
notably more crystalline compared to HA-600, a fact corroborated by the XRD pattern shown in Fig. 6. The FTIR

result of these calcinated samples is in good agreement with the previous report for natural HA extracted from
the fish scale [17].

1011

o]

65

530 i L
4000.0 3600 3200 2300 2400 2000 1800 1600 1400 1200 1000 800 600 5154
anl

Fig. 7 FTIR spectra of HA-600

107.1 1

\WWW“ '

1y741

362056 I

20
169

T T T T T T T T T
4000.0 3600 3200 28000 2400 2000 1800 1600 1400 1200 100
c-1

Fig. 8 FTIR spectra of HA-1000

L I
T T 1
800 00 515.0)

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 16 No. 8 (2024) p. 236-245 243

3.3 BET Analysis

Table 2 presents the results obtained from the BET analysis, offering valuable insights into the surface attributes
of the generated HA powders such as specific surface area (Sger), the total pore volume (Vr), and the average
pore diameter (Davg). The HA-600 sample displayed notable distinctions compared to HA-1000 sample. Upon
analysing the BET results, it becomes evident that the surface area of the HA-600 sample surpasses that of HA-
1000, recording values of 26.933 m?/g and 6.896 m?/g, respectively. This disparity implies that the powder
particles in HA-600 sample were much smaller than the particles in HA-1000. This observation aligns with the
expected behavior, as higher calcination temperatures tend to promote particle growth. Likewise, the total pore
volume within the HA-600 sample significantly outpaces that of HA-1000, with respective values of 0.215 cm?/g
and 0.008 cm?/g. Moreover, the analysis also unveiled the average pore diameter (Davg) for HA-600 sample
exhibited a larger average pore size, measuring 32.563 nm, whereas the HA-1000 sample displayed a much
smaller value of 4.952 nm.

Table 2 BET surface analyzer data for HA-600 and HA-1000 samples

Surface area, Sger Total pre volume, Average pore
Sample (m2/g) Vr diameter, Davg
(cm3/g) (nm)
HA-600 26.933 0.215 32.563
HA-1000 6.896 0.008 4.952

3.4 FESEM Morphological Observation

Fig. 9 presents the FESEM image of HA-1000, in which the particle size was found to be in the range of 10 to 50
pum. The observed phenomenon of particle agglomeration in the powders is mainly attributed to a combination
of high collective energy among small particles and van der Waals attraction [18]. Subsequent to the removal of
organic elements from the chicken bone, the morphological examination of samples resulting from thermal
calcination at 1000°C unveiled a porous network. As elucidated in a study by Ramesh and colleagues [19], the
appearance of this porous network within the matrix could be attributed to the breakdown of organic
components within the chicken bone during the thermal treatment process.

The FESEM images also distinctly illustrate that HA-1000 particles possess a structure akin to flakes and has
a coarse surface. On the other hand, the morphology of HA-600 was not observed under FESEM because it did
not meet the criteria for classification as bio-ceramic material. The HA-600 powder displayed a greyish hue,
possibly attributed to the presence of ash residue resulting from incomplete organic incineration. It is important
to highlight that the US Food and Drug Administration (FDA) mandates that HA powder must exhibit a pristine,
white coloration [20].

20pm EHT= 5.00kV  Signal A= SE2 Date 1 Jun 2023 PRt

Mag= 500 X
WD= 7.3mm Photo No. = 2854 Time :15:29:26

Fig. 9 SEM micrograph of HA-1000 sample
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4. Conclusions

In this present study, we successfully synthesized HA powders at two different temperatures, 600°C and 1000°C,
by utilizing chicken bone waste via the direct calcination method. XRD analysis carried out on both HA-600 and
HA-1000 samples confirmed the establishment of HA as the main phase. XRD peaks for HA-600 were observed
to be broader and less intense, implying that it had not yet achieved a fully crystalline state. In contrast, the XRD
patterns for HA-1000 indicate a well-defined crystalline structure of HA and B-TCP, confirming the formation of
a biphasic calcium mixture of ceramic powders. This investigation also highlighted the influence of calcination
temperature on crystallinity and phase composition, with higher temperatures favouring 3-TCP formation. A
noteworthy distinction observed in the FTIR spectra was the absence of the carbonate group in the HA-1000
sample, most likely due to the presence of secondary phase, 3-TCP as well as its improved level of crystallinity.
FESEM micrograph of HA-1000 exhibits flake-like powder shape with coarse surface particles that is highly
agglomerated. The results from this study indicate that the formation of high crystalline HA powders can be
attained at high temperature calcination (1000°C) but not at lower temperature (600°C). The increased level of
crystallinity observed in HA-1000 highlights its superior stability as a more promising bio-ceramic material. In
conclusion, the utilization of chicken bones for HA synthesis represents a promising avenue for the creation of
cost-effective, biocompatible biomaterials. This approach not only offers economic advantages but also aligns
with sustainable and environmentally friendly practices.
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