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The chemical similarity found in hydroxyapatite (HA) with natural bone makes it a 

popular choice for bone replacement. Therefore, in recent years, there has been an 
increasing tendency towards manufacturing HA from biological sources or waste, such 
as animal bone waste. Using naturally derived HA can benefit the economy, the 
environment, and human health. Therefore, this paper reports on the extraction of HA 
from cow bone waste using a simple and cost-effective technique. The bone powder 

was calcined in a furnace at temperatures ranging from 700°C to 1000°C for two hours. 
Then, the synthesized HA was characterized using a Field Emission Scanning Electron 
Microscope (FESEM), Energy Dispersive X-ray Spectroscopy (EDX), Fourier Transform 

Infrared Spectroscopy (FTIR), and X-ray diffraction (XRD). FESEM images revealed that 
HA particles with non-uniform spherical morphology were produced where the size 

increases with the calcination temperature. This finding is consistent with the average 
value of particle diameter measured at a temperature of 1000°C (0.783±0.268 µm) 
which is much greater than at a temperature of 700°C (0.272±0.128 µm). EDX analysis 

revealed that the Ca/P ratio value obtained in this study indicates non-stoichiometric 
HA production. XRD analysis shows that only the HA phase is present and there is no 
secondary phase generated from the calcination process. Meanwhile, FTIR analysis can 
detect the main group elements of the HA which were OH - and PO43-. The findings 
obtained in this study prove the effectiveness of this method in producing highly 

crystalline HA powder from cow bone waste using the thermal treatment method. 
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1. Introduction 

 
The increasing rate of urbanisation and industrialization has created considerable challenges for 

waste management and environmental protection [1]. Biological wastes necessitate the use of 
specific methods for disposal due to their pathogenicity, fluid content, and high oxidation rates. 

Proper waste processing can increase earnings from by-products simultaneously promoting 
environmental sustainability. The slaughterhouses are the largest sources of animal waste; a large 
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part of these wastes cannot be transformed into value-added products. Examples of waste from the 
slaughterhouse are bones, skins, feathers, tendons, internal organs, and blood where this waste 
varies according to the food culture of each region [2]. 

In recent years, a range of sectors have initiated programs to address the issue of "food waste" 
[3]. Thus, researchers are increasingly investigating and valorising biogenic resources such as bio-
waste to produce hydroxyapatite. Hydroxyapatite (HA), a member of the calcium phosphate family 
with the chemical formula Ca10(PO4)6(OH)2, is regarded as one of the most suitable bioceramics 
materials because of its biocompatibility, non-toxicity, osteointegration, and osteoconduction 
properties [4]. The ability of HA to stimulate bone regeneration and biological attachment with host 
tissue in the absence of supplements is due to the chemical and structure similarities [5,6]. HA will 
release Ca2+ and PO3

4- ions when it is exposed to biological fluid and this in turn will help to promote 
cell proliferation and bone metabolism [7].      

Due to its bioactivity, metallic implants such as titanium and stainless steel are frequently coated 
with HA [8,9]. This will help to enhance osteointegration and lower the implant rejection rate. In 
addition, HA can also be used in parts that have voids or bone defects. For that purpose, HA either in 

the form of powder, blocks, or beads will be placed in the affected bone area. 
Numerous chemical methods such as wet chemical precipitation [10,11], hydrothermal synthesis 

[12,13], mechanochemical reaction [14,15], and sol-gel [16,17] methods have been widely employed 
to produce synthetic HA which is considered superior to those developed from natural sources [18]. 
However several disadvantages observed with the majority of these methods are intricate, 
expensive, and deficient in some essential trace elements [4,19]. Furthermore, most of the 
techniques that have been used to produce HA are only capable of producing it in small quantities 
[20]. In addition, the resulting HA often contains a second phase, beta-tricalcium phosphate (β-TCP) 
[21]. The formation of the β-TCP phase in the production of biomedical HA should be avoided due to 
its disadvantages [22,23]. Therefore, there is an ongoing effort to upgrade the process to bulk 
processing of highly crystalline HA. 

In recent years, HA generated from natural sources, such as xenogeneic bone, has grown in 
popularity due to various advantages, including cost-effectiveness and environmentally friendly 
approaches, as well as sustainability due to its broad availability [24-26]. This will boost both the 
economy and general health. The present work describes the process of converting cow bone waste 
to HA powder using a simple thermal treatment method. The influence of calcination temperatures 
on the physicochemical properties of the obtained HA powders was characterised using Field 

Emission Scanning Electron Microscope (FESEM), Energy Dispersive X-ray Spectroscopy (EDX), Fourier 
Transform Infrared Spectroscopy (FTIR), and X-ray Diffraction (XRD). 
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2. Methodology  
2.1 Synthesis of HA Powder from Cow Bone Waste  

 
Waste cow bones as shown in Figure 1(a) which consist of various parts of the cow were collected 

from a local market in Batu Berendam, Malacca. The ends of the bones alongside the marrow and 
spongy areas were removed. Then, the bones were cleaned and boiled in boiling water for 2 hours 
to remove organic components and the adherent cow meats from the bones. Then, the cleaned 
bones were dried in an oven at 110 °C for 6 hours (Figure 1(b)).  

The dried bones were cut into smaller pieces and crushed using mortar and pestle followed by 
milling using a planetary ball mill at 400 rpm for 3 hours to obtain bone powder form. Then, the dried 
bone powders were subjected to calcination treatment as shown in Figure 1(c). This calcination 
process is expected to effectively remove organic substances and kill pathogens [27]. 

 

   
(a) (b) (c) 

Fig. 1. (a)Waste cow bones, (b) dried cow bones and (c) schematic of thermal treatment to produce HA 
from cow bone waste  

 
The calcination process was conducted in a furnace (Naberthem) at temperatures of 700, 800, 

900, and 1000°C for 2 hours with the heating rate of 10°C per minute and left to cool in the furnace. 
The temperature selection is based on the findings by Manalu, Soegijono, and Indrani [25]. There are 
similarities in the XRD patterns obtained from beef bones calcined between 700–1000 °C with HA 
(JCPDS-09-0432). This finding shows that the HA produced at this temperature range has high purity 
and does not contain organic parts, making it suitable for biomedical applications. 
 
2.2 Physicochemical Characterisation of HA Powder 

 
Morphological analysis of all HA samples obtained at various calcination temperatures was 

carried out using a Field Emission Scanning Electron Microscope (FESEM, Hitachi SU 5000). The 

morphological observation was performed at 20000X magnification and 10 kV acceleration voltages. 
Before the analysis, each sample was fixed on a copper specimen holder with carbon tape and coated 

with platinum to make them conductive before testing. The average diameter of the synthesized 
particles was measured using ImageJ software where ten measurements were performed to obtain 

the average size value. 
The elemental composition of the produced powder was identified by an EDX detector mounted 

on the FESEM machine. EDX analysis was performed at 15kV and a magnification of 15000X. The Ca/P 
ratio value for each sample was calculated as the average of four points used for EDX analysis.  

The Rigaku MiniFlex 600 is a benchtop X-ray diffractometer that was employed to characterize 
the phase composition, crystallite sizes, and crystallinity of the synthesized HA samples. The X-ray 
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diffractometer was operated at an accelerating voltage of 40 kV and a current of 15 mA. A scan speed 
of 10 degrees/minute and a 0.02° step size were used to record data from 20 to 70°. The obtained 
XRD patterns were compared with standard reference to the HA (JCPDS 09–0432) pattern available 
in the X'Pert HighScore Plus software for phase identification.  

Additionally, the crystallite size was calculated using the Scherrer equation shown in Eq. (1) [28] 
 

𝑑 =
𝐾𝜆

𝐹𝑊𝐻𝑀  cos 𝜃
                                                                                                                                                      (1) 

 
where, d is the crystallite diameter (nm), K is the shape constant (~0.9), 𝜆  is the X-ray beam 

wavelength (𝜆= 0.15406 nm), FWHM is the observed peak width at half- maximum peak height in 
radian and 𝜃 is the Bragg angle in degrees. 

Meanwhile, the crystallinity index was evaluated from Eq. (2)  [29] using the OriginPro software, 
which involves dividing the crystalline peak area by the overall area of the peaks. 

 

Crystallinity index =
Area of all the crystalline peaks

Area of all  the crystalline and amorphous  peaks  
                                                                (2) 

 
The functional groups of the prepared samples were determined by Fourier-transform infrared 

(FTIR) spectroscopy using a Jasco FTIR-6100 spectrometer. All powder samples were characterized 
using the ATR sampling method, where a spectrum of each sample was acquired in the wavenumber 

range from 400–4000 cm-1 at a spectral resolution of 4 cm−1. 
 

3. Results  
3.1 Morphology of the Synthesised HA Powders 

 
Figure 2 presents the FESEM images of the synthesised HA powder obtained after calcination at 

various temperatures. It can be observed that irregular spherical particle shapes with highly 
agglomerated particles of nanoparticles were produced at all temperatures. It is also visible from the 
images in Figure 2 that the particle size increases as the calcination temperature increases. To 
confirm this observation, ImageJ software was employed to measure the average particle diameter. 
Figure 3 presents the average diameter value taken from 10 measurements. The average diameter 
of the particles synthesised at 700, 800, 900, and 1000 °C were 0.272±0.128, 0.386±0.078, 
0.544±0.155, and 0.783±0.268 µm, respectively.  

Compared to the research conducted by Manalu, Soegijono, and Indrani  [25], HA produced from 
cow bone waste has particle sizes of 0.416 and 0.833 μm at calcination temperatures of 700 and 900  
°C, respectively. This indicates that the HA generated in this study is smaller in size than in previous 
research [22]. Smaller HA particle size is more beneficial because it increases the contact surface area 

of HA with the adjacent tissue when in application [30]. This will increase the interaction of HA 
surface, bone surface, and protein absorption in forming bone growth. 
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Fig. 2. FESEM images of the synthesised HA powder calcined at various temperatures; (a) 700 °C (b) 
800 °C (c) 900 °C and (d) 1000 °C 

 

 
Fig. 3. Average diameter at various temperatures measured using the ImageJ software  
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An increase in the size of non-uniform spherical particle morphology was observed with 
increasing temperature. It is expected that at high temperatures, particles will continue to grow due 
to the lack of barriers (such as solutes, impurities, grain boundaries, etc.) that can prevent particle 
growth [31]. Thus, a suitable temperature should be selected to control the powder particle growth 
and hinder the occurrence of particle agglomeration. 

Wu et al., [32] reported a similar finding when they ground eggshell waste with dicalcium 
phosphate dihydrate (DCPD) for 1 hour and heated it at 1200 °C for 1 hour to produce HA powder.  It 
was found that as the heating temperature increased from 900 to 1200 °C, the HA particles grew 
gradually where the average size increased from 1.62 to 2.54 µm.  

One of the factors that caused the agglomeration of nanoparticles is the high Van der Waals 
forces formed between the particles [33,34]. Van der Waals forces refer to the weak forces that 
contribute to intermolecular bonding in solid materials. Agglomeration normally occurs when the 
attractive Van der Waals forces overcome the repulsion of the nanoparticles. Additionally, small 
particle size exhibits a greater attractive force. Therefore, the tendency of nanoparticles to 
agglomerate is higher as compared to the micro-size particles. As mentioned by Mishra and 

Ramaprabhu [35], nanoparticles are prone to easy agglomeration, which can substantially alter the 
reactivity, dispersion, and toxicity of the powder by modifying surface properties. 

 
3.2 Elemental Composition Analysis  
 

Elemental analysis of HA powder produced at various calcination temperatures is shown in Figure 
4. It can be observed that calcium and phosphorus elements are present in all samples. From the 
atomic percentages obtained from EDX analysis, the Ca/P ratio can be calculated. Figure 5 shows the 
Ca/P ratio, showing a decrease with increasing calcination temperature. Additionally, the Ca/P ratio 
values obtained deviate from the stoichiometric HA ratio (Ca/P = 1.67) due to the presence of various 
beneficial elements in cow bone, which substitute calcium and phosphate ions in the apatite lattice. 
It is expected that some phosphate ions have been replaced by carbonate ions, resulting in the 
obtained Ca/P ratio being higher than the stoichiometric value of 1.67. 

Nevertheless, the presence of these elements can also enhance the biological activity of HA 
produced from organic sources [36], as it more closely resembles apatite found in human bones. 
Despite the difference in Ca/P ratio compared to the stoichiometric value of HA, all ratios obtained 
fall within the acceptable range for HA, which is less than 2 [37]. 

The findings presented above are consistent with other studies that produced HA from cow bone 
waste using the calcination method. For instance, Ramesh et al., [38] obtained HA with a Ca/P ratio 

ranging from 1.58 to 1.88, with the highest ratio observed at the lowest temperature of 600 °C. 
Meanwhile, Luthfiyah et al., [39] obtained HA with a Ca/P ratio of 1.69 and 1.61 for temperatures of 

850 and 900 °C. From these studies, it was found that the Ca/P ratio decreased with increasing 
calcination temperature, which is consistent with the trend observed in the current research.  
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(a) (b) 

  
(c) (d) 

Fig. 4. The elemental analysis performed on the produced HA powder at various calcination 
temperatures (a) 700 °C (b) 800 °C (c) 900 °C and (d) 1000 °C 

 

 
Fig. 5. Effect of temperature increment on the Ca/P ratio of the produced 
HA powder 
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3.3 FTIR Analysis 
  

Figure 6 presents the FTIR spectra of the synthesised HA at various temperatures obtained in this 
study. The positions of the OH- peak and the four vibration modes of PO4

3- groups (ν1, ν2, ν3, ν4) were 
found to be consistent with findings from other studies [40, 41]. The OH- peak is observed in all 
samples at approximately 3570 cm-1. Two phosphate bands were identified at around 960 cm-1 and 
470 cm-1, corresponding to the ν1 (symmetric stretching) and ν2 (bending) modes, respectively. In the 
spectral region ~1087-1033 cm-1, the ν3 mode phosphate group (asymmetric stretching) also appears 
in all samples.  

Two prominent peaks at 570 and 600 cm-1 indicate the ν4 (bending) mode. Well-separated ν4 
peaks corresponding to transverse and longitudinal optical frequencies were evident in all samples, 
suggesting highly crystalline samples were successfully obtained [42]. In contrast, amorphous calcium 
phosphate would exhibit a broad single absorption band in this region due to structural lattice 
distortion. As HA transitions to a more crystalline state, its hexagonal structure becomes more 
pronounced. Consequently, the vibrational mode of PO₄3- in this region splits into two distinct peaks, 

indicating increased crystallinity.  
In addition to the OH- and PO4

3- vibrational peaks, the FTIR spectrum also shows carbonate bands 

at 1455–1464 cm-1 and ~875 cm-1. The presence of the peak at 875 cm−1 suggests that some of the 
phosphate groups in the apatite structure have been replaced by carbonates [36]. This substitution 
is supported by previous EDX results where the Ca/P ratio obtained was higher than the 
stoichiometric HA ratio. The presence of carbonates in cow bones, as well as the absorption of carbon 
dioxide from the atmosphere during sample preparation, contributes to carbonate formation [43]. 
Carbonate is an important component of human bone structure, and its presence increases the 
bioactivity of HA [44]. However, their presence can also pose risks by potentially reducing the thermal 
stability of HA. 

 

 
Fig. 6. FTIR spectra of the waste cow bone heated at various 
temperatures for 2 hours  
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3.4 Phase Composition and Crystallinity Analysis 
 
Figure 7 depicts the XRD patterns of the HA powder after heat treatment at various temperatures 

as well as the HA reference pattern (JCPDS 09-0432). It was evident that there is a resemblance in 
the peak position of HA implying a good match between the reference and the synthesized pattern. 
Peaks correlated with the HA phase are in the range of 2θ = 25°–35° and can be observed in the XRD 
patterns (Figure 7). Only the HA phase is present, indicating that this method is effective in producing 
high purity HA.  

Besides, no trace of other HA decomposition products, such as tricalcium phosphate (β -TCP) or 
tetra-calcium phosphate (TTCP) phases, was visible in the patterns. This also indicates that high 
crystalline HA was synthesized which can be evidenced by the appearance of the very sharp 
diffraction peaks of the XRD patterns. Also, it is apparent that with increasing temperatures, the peak 
intensity increases indicating the high crystallinity observed at high temperature. These intensity 
changes can be observed at the following peaks (002), (210), and (202). Apart from crystallinity, the 
extremely sharp diffraction peaks of the patterns also suggest that the HA powders with large 

crystallite sizes were produced using this method. 
 

 
Fig. 7. The XRD patterns of the extracted HA obtained at various calcination temperatures (a) 700 ℃ (b) 800 
℃ (c) 900 ℃ and (d) 1000 ℃ 

 

The impact of heat treatment on crystallite growth and coarsening was validated by evaluating 
their sizes using the Scherrer equation. The average crystallite sizes recorded at 700, 800, 900, and 

1000 °C were 55.94, 72, 78.27, and 79.59 nm, respectively (Table 1). It is clear that the heating at 
elevated temperatures leads to the generation of larger particles. This finding can be supported by 

the FESEM analysis, where small particles were observed after heating at 700 °C (Figure 2(a)), 
whereas heating at 1000 °C produces the largest particle (Figure 2(d)). 

The effect of temperature increments on the crystallinity index can be observed from the data 

shown in Table 1. The crystallinity index rises with the gradual removal of amorphous phases, and 
the improvement of the crystalline structure occurs with increasing calcination temperature. 

Additionally, there is a tendency for the material's crystallinity to rise in tandem with an increase in 
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crystallite size. This is evidenced by the fact that HA powder calcined at 1000 °C had the largest 
crystallite size and highest crystallinity index value. It is expected that when the calcination 
temperature increases, the crystal size also increases due to the occurrence of crystal growth and the 
transformation of small crystals into larger ones. This change in size will also cause crystallinity to 
increase. 

 
Table 1 
Crystallite size and crystallinity index of the extracted HA 
Temperature (°C) FWHM Crystallite size (nm) Average size (nm) Crystallinity index (%) 

(211) (300) (211) (300) 

700 0.148 0.161 58.10 53.78 55.94 55.87 
800 0.115 0.125 75.01 68.99 72.00 60.55 
900 0.108 0.112 79.50 77.04 78.27 61.99 
1000 0.105 0.112 82.00 77.18 79.59 70.3 

 

4. Conclusions 

 
Pure hydroxyapatite was successfully synthesised from cow bone waste using the thermal 

treatment method. The following conclusions can be gained based on the detailed analysis of the 

samples produced in this study: 
 

i. Non-uniform spherical HA powders with highly aggregated particles made from nanoparticles 
were produced at all calcination temperatures. Increasing the calcination temperature causes 

the formation of larger particles. The average diameter of the particles calcined at a 
temperature of 700 °C is 0.272±0.128 µm and increases to 0.783±0.268 µm when the 

calcination temperature is 1000 °C. 
ii. In addition, there is a decrease in the Ca/P ratio as the calcination temperature increases. The 

difference between the Ca/P ratio value obtained and the stoichiometric value of HA is due 
to the replacement of PO4

3- ions in the HA structure. 

iii. Meanwhile, XRD analysis showed the production of highly crystalline HA powder, in which 
only the HA phase was formed at all temperatures. 

iv. The findings obtained in this study prove the feasibility of this material recycling technology 
in the conversion of cow bone waste into valuable HA. 
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