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ABSTRACT 
Bovine bone is a natural resource having valuable calcium phosphate compounds as a potential bioceramics powder 
feedstock. This study manipulated the calcium phosphates via hydrothermal processes after calcium phosphate-
containing bone was calcined and extracted. Here the resulting powder precursors obtained after calcining at 900 °C 
for 5 hours were hydrothermally processed for varying times at 110°C (1–5 h), yielding mainly biphasic calcium 
phosphates (-tricalcium phosphate and hydroxyapatite) formation with a minute lime according to XRD analysis. 
Calcination and hydrothermal processing can effectively produce a high amount of hydroxyapatite proportion (> 99 
wt.%) with nano crystallite sizes (30-50 nm). After 5-hour calcination, the SEM images revealed the powder product 
with size uniformity (1 µm) and plate-like morphology. The powdered bovine bone was then subjected to DTA, DTG, 
and TG analyses to determine its thermal behavior. Calcination temperatures from 300 to 600 OC removed organic 
compounds and other impurities from powder matrices. Instead, the calcination of bovine bone at temperatures from 
800 to 1000 OC supported the result of the stabilized microstructure of calcium-phosphate-bearing minerals, which 
would make valuable powder feedstock for hydrothermal synthesis. Results of the study demonstrated that simple 
calcination and subsequent hydrothermal processing of bovine bone providing major hydroxyapatite and minor -
tricalcium phosphate would get a depth insight into calcium phosphate resource recovery and recycling.  
Keywords: Bovine Bone, Calcium Phosphates, Calcination, Hydrothermal Method, Hydroxyapatite, -Tricalcium 
Phosphate  
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INTRODUCTION 
Recently, much emphasis has been on generating new synthetic biomaterials from calcium phosphate (CaP) 
resources recovery of animal and biogenic wastes to fulfill the features of biomedical devices.1 Biomaterials 
are similar to human tissue that can repair or replace bone because of their biocompatibility.2 In this way, 
hydroxyapatite (HA) and -tricalcium phosphate (-TCP) are common biomaterials assisting in hard-tissue 
regeneration.3,4 HA is also regarded as a non-toxic biomaterial with minerals similar to bone tissue.5, 6 
Human bone, in particular, contains the amount of HA bioceramic, accounting for roughly 70 % of the 
total.7,8 Accordingly, there appears to be a growing demand for HA to repair bone defects.9 Instead of HA 
material, -TCP may donate Ca2+, promoting higher osteoconductivity in a scaffold material.10 
Additionally, medical applications recognize HA coating on metallic body implants.9,11-13 Further, HA can 
be extracted from eggshells,14,15 cockles,16 seashells,17 oyster shells,18,19, and cuttlefish shells to provide a 
low-cost feedstock of calcium phosphate resources.20,21 Calcium phosphate resources derived from biogenic 
materials are potential powder precursors for HA synthesis.22 Animal bones,21-24, and fish scales,25 on the 
other hand, are potential bioceramics that provide calcium phosphates via calcination or hydrothermal 
synthesis of HA. Practically, animal bones and teeth contain 65 % inorganic nano-crystalline carbonate-
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hydroxyapatite solid rather than organic substances, with water accounting for the remaining 35% of the 
mass.26 As a result, extracting calcium phosphate from natural bone yields a powder feedstock that is both 
cost-effective and beneficial to global sustainability.27 Other methods for extracting calcium phosphate 
from natural bones include the subcritical water processes and alkaline hydrothermal hydrolysis.21,28,29  In 
fact, nonstoichiometric and less crystalline apatite family crystals naturally form in animal bone, 
necessitating a subsequent aqueous crystallization strategy for growing and converting into crystalline 
hydroxyapatite (Ca/P ratio of 1.67), which can improve biocompatibility when used for bone 
regeneration.4,26 In addition to the exact setting Ca/P ratio, the pH solution is a significant parameter for the 
aqueous crystallization of hydroxyapatite derived from bovine bone. Accordingly, crystallization, 
dissolution, and phase transformation processes of various calcium orthophosphates occurring under 
varying experimental conditions (pH and temperature) have become a concern in medical research.30-32 
Depending on the synthesis conditions, HA and -TCP with the desired properties may be in some 
proportions forming from CP natural materials.33 However, research on calcination and hydrothermally 
aqueous crystallization for synthesizing the biphasic calcium phosphates from natural sources of waste 
animal bones, and detailed mineral characterizations for validating the quality of the final powder products, 
is still limited. The present work examined the effectiveness of calcination and subsequent hydrothermal 
methods for extracting calcium phosphates from bovine bones. The current novelty and rationale related to 
an effective relationship between calcination reactions and hydrothermal processing for the recovery of 
calcium phosphate from bovine bones, which allows for the direct synthesis of major hydroxyapatite. This 
study also used X-ray diffraction (XRD), scanning electron microscopy (SEM/EDX), and Fourier transform 
infrared spectroscopy (FTIR) to characterize the structural properties of as-calcined and hydrothermally 
formed powder products. The calcination and hydrothermal processes can improve the purity and nanosize 
of the hydroxyapatite powder products while preserving particle morphology uniformity. This integrated 
powder processing method can add knowledge on recycling bovine bone into high-valued hydroxyapatite 
as biomedical materials.    

EXPERIMENTAL 
Material and Methods 
The following process is to extract calcium phosphates, as shown in Fig.-1. Crushing and grinding raw 
bovine bone were performed to make the powder feedstock for this investigation. Moreover, the ground 
powder was heated in an oven at 900 OC for 5 hours.  In an autoclave reactor, 2 g of the calcined powder 
was dissolved into distilled water with an S/L (solid/liquid) ratio of 1:3, in which an initial pH of 10 was 
set up by adding 6 mL of NaOH, and the autoclave was tightly closed and heated to 110 OC for 5 hours. At 
the end of hydrothermal synthesis, the precipitating solid was rinsed regularly with water and filtered 
through filter paper (Whatman@42) after separation before being desiccated in a 110 OC oven for 2 hours. 
SEM, FTIR, and XRD characterization analyses were on all powder products under examination. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.-1: Calcination and Hydrothermal Treatment of Bovine Cow Bones 
 

Characterization 
The powders were analyzed using XRD equipment (GE Sensing Technology, 30003 TT) set to the Bragg 
Brentano mode, a Cu-K ( = 0.15406 nm), 40 kV, and 40 mA, as well as their parameters (5-90O 2, 0.02O 
steps, and 3s/step). The proposed phases were confirmed against the Crystallography Open Database (COD) 
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utilizing XRD Rietveld profile refinements (QualX PC-based match program) (Fulprof-2k, version 3.30). 
The COD's crystal structure model was also employed in the XRD Rietveld refinements.34,35,36 As a result, 
the mass fractions of each crystalline phase generated by calcining and hydrothermal techniques totaled 
100 wt. %.37 Furthermore, the Williamson-Hall (W-H) formula was used to calculate the HA crystallite 
size, as shown in Equation (1), based on the preferred XRD patterns of HA contribution; where Dv is the 
crystal size in diameter; K is the shape factor as 0.9 for ceramic materials;  is the wavelength of radiation 
in nanometers (= 0.15405 nm); and hkl is the full-width half maximum (FWHM) for physical and 
instrumental broadening can both be related to peak broadening (Eq.-1).38,39 

hkl
vD

K
hklhkl  sin4cos         (1) 

This equation can be fitted to the standard straight-line equation (m = slope; c = intercept):   
  y = mx + c         (2) 
In this study, Eq. 1 was used to estimate the preferred XRD peaks with significant intensities. The 
Williamson-Hall (W-H) plot calculates crystallite sizes based on the obtained line's intercept (Eq.-2). 
Instead, the morphology of the calcined and hydrothermally formed powders was analyzed using 
SEM/EDX method (Hitachi H-7100) at 20.0 kV and 1.00000 nA. Before SEM/EDX examination, the 
surface coating of the powder was with gold. This study also used FTIR (IR-Prestige 88) spectroscopy to 
characterize the structural properties of as-calcined bone and hydrothermally formed powders. This 
research can assist us in better understanding the phases associated with anions and substituting PO4

3- and 
OH-groups. All spectra acquired were at a rate of 200 scans per second, with a spectral resolution of 2 cm-

1 in bands ranging from 400 to 4000 cm-1. Furthermore, TG-DTA on the calcined powder used thermal 
analysis (Perkin-Elmer TG-DTA-6300) for a fraction of the as-received bovine powder calcining in a 
muffle furnace at temperatures from 30 to 900 oC for 10 oC/min. 
 

RESULTS AND DISCUSSION 
The Properties of as-received and Calcined Powders 
The elemental chemical compositions of as-received and calcined bovine powder samples obtained by XRF 
analysis are present in Table-1. The primary chemical elements of Ca and P are in the received and calcined 
samples at 900 OC for 5 hours, confirmed by the XRF analysis. Both bone powder samples appeared to 
correspond to biphasic calcium phosphate with a Ca/P ratio greater than 1.67. The Ca/P ratio increased after 
calcining the powder, resulting primarily in calcium phosphate minerals, which was later confirmed using 
an XRD Rietveld method. 
 

Table-1: Chemical Elements in As-Received and Calcined Bovine Bones 
Element Mg Al Si P S CL K Ca Fe Sr 

As-received bone (wt.%) 0.15 0.04 0.32 5.33 0.15 0.08 0.08 16.3 0.05 0.01 
Calcined bone (wt.%) 0.38 0.22 1.19 25.29 0.15 0.21 0.09 71.99 0.37 0.09 

 

Figure-2 shows the XRD Rietveld refinement plot of the calcined powders samples. The phases generated 
in this powder were assigned crystallography Open Database (COD) # 9010050 (hydroxyapatite) and COD 
# 9005865 (-tricalcium phosphate; -TCP). The XRD spectra revealed an additional crystalline phase 
corresponding to CaO (COD # 900-6699). Increasing the calcination temperature to 900 OC promoted HA 
to convert into -TCP and lime (CaO), as shown in Eq.-3. 
 

    OHCaOPOCaOHPOCa 2243326)4(10        (3) 

Further quantitative XRD Rietveld analysis determined phase composition weight percentages and 
crystallite size of bovine bone hydroxyapatite (Table-2). In all tests, the primary phase of HA was 
discovered, with crystallite size variations ranging from 35 to 50 nm. Supposedly, calcination could 
facilitate the development of homogenous nanocrystalline HA. This discovery is similar to that of 
Chandrasekaran et al.40 

Correspondingly, the HA- particles recovered from the calcined bovine powders are nanocrystalline. 
Figure-3 provides SEM images of calcined powder samples indicating the powder agglomeration. The 
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particle of agglomerated powder samples may relate to the numerous processes that happened during the 
drying of the precursor (Fig.-3). Agglomerated HA particles in calcined powder samples could be 1 m 
globules in size. 

 
Fig.-2: XRD Rietveld Refinement Plots of Biphasic Calcium Phosphates (HA and -TCP) and Impurity Cao 

Generated by Calcining Bovine Bones for 5 h at 900 OC 
 

Table-2: The Calcined Powders' Phase Compositions and Crystallite Size 
Phases Wt.%  Crystallite size (nm) 

HA 99.1 36.5 
TCP 0.7  
Lime 0.2  
Total 100  

 

The nanocrystalline HA appears to be generated by calcining and then merging particles of any shape. The 
findings of EDX microanalysis on the surface of calcined powders are also in Fig.-3, which revealed 
calcium and phosphorus spectra. Trace elements (Cu) are present in HA samples isolated from calcined 
bovine bones. The Ca and P ratio elemental spectra are evident, with predicted Ca/P values greater than HA 
stoichiometric values (1.67 to 1.5).4 These findings suggested that Ca-containing minerals could form 
instead of hydroxyapatite. 
 

 
Fig.-3: SEM/EDX Examination of Calcined Bovine Bone Powder Samples 

 

Hydrothermally Powdered Product Characteristics 
The powder sample was hydrothermally synthesized at 110 OC for varying times (1-5 h), and results show 
no change in phase composition as the hydrothermal time increased (Fig.-4). Quantitative XRD Rietveld 
examination indicated that the dominant phase is still hydroxyapatite, with crystallite sizes ranging from 35 
to 55 nm (Table-3). The hydrothermal approach used in this study appears to have had minimal influence 
on the modified crystallite sizes. 
Further, a morphological study of the hydrothermally powdered product yielded SEM pictures of the tiny 
particles embedded in each agglomerated cluster, which match biphasic calcium phosphate particles (Fig.- 
5). Hydrothermal recrystallization of the dissolved calcium phosphate led to globule agglomerated 
morphology, as seen in Fig.-5. Based on the observed fracture surfaces of the particles, nanosized HA 
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particles appear to have been embedded in the aggregated formations during the hydrothermal process. By 
increasing the hydrothermal period to 5 h, all samples had almost homogenous spherule agglomerates (Fig.- 
5a-e). The particle size of the resulting hydrothermally powder appeared to have changed somewhat. 
However, particle size and crystallite size in HA powder samples did not match, showing that the particles 
collected are crystal agglomerates rather than single crystals. 

 
Fig.-4: XRD Powder Pattern Generated Hydrothermally at 110 oC Over Time Intervals Varying from 1 to 5 h, with 

HA, -TCP, and CaO Spectra Depicted 
 

Table-3: Hydrothermally Produced Powder Phase Compositions and HA Crystallite Size at 110 OC for Varying 
Times 

Phase (wt.%) 
Time duration 

1 h 2 h 3 h 4 h 5 h 
HA 98.5 98.6 99.3 98.5 97.4 

-TCP 1.1 1.2 0.6 1.3 2.6 
Lime 0.3 0.2 0.2 0.2 0.2 

The crystallite size of HA (nm) 42.1 38.5 38.5 55.5 37.5 
 

Furthermore, the morphology from the HA powder hydrothermally generated at 110 °C was the same as 
that of the as-calcined HA synthesized at 900 °C, with small particles suspended in a spherule 
agglomeration. 

 

 
 

Fig.-5: SEM Images of Hydrothermally Generated Powders After; a) 1, b) 2, c) 3, d) 4, and e) 5 h at 110 oC 
 

FTIR spectroscopy results for hydrothermally produced powders at 110 OC for different periods are present 
in Fig.-6. The existence of the -TCP phase correlated to PO4 spectra, which are visible in all synthesized 
powders and accorded very well with the XRD result analysis. Also, the FTIR spectra of numerous 
hydrothermally powdered samples (Fig.-6) revealed the vibration modes of CO3

2- group members at 1457 
cm-1 and 1460 cm-1, respectively. This substitution in the crystal lattice of HA is typical of precipitated 
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calcium phosphates, characterizing the production of carbonate-substituted B-type hydroxyapatite.41 
However, structured HA-CO3

2- may be destroyed during calcination. The FTIR spectra of the calcined 
bovine powder (Fig.-6) reflected this observation. 
 
Thermal Analysis 
The thermal analysis determined the calcination and hydrothermal temperatures for extracting HA from 
raw bovine bone powder. Water removal resulted in a 12.6 % mass loss at 100 °C, according to the DTA/ 
DTG/ TG curves in Fig.-7.42 At 630 °C, the temperature rose to 600 °C, resulting in an additional 41.9 % 
mass loss. This value reflected ammonium and water losses from surface powder, including water and 
carbonate removal from the crystal lattice.43,44 After heating to 750 °C, there was a 1.7 % mass loss and a 
1.1% mass loss after heating to 900 °C. 
 

 
Fig.-6: FTIR Spectra of Hydrothermally Generated Powder at 110 °C Throughout 1 to 5 h 

 

 
 

Fig.-7: DTA-DTG-TG Curves of Bovine Bones 
 

Figure-7 also shows the variations in DTA in bovine bone powders. The data demonstrate an exothermic 
peak between 300 and 400 OC, resulting in a 30.25% loss in total weight mass. This sluggish loss continues 
up to 450 °C, leading to an additional 37.5% mass loss, followed by an extreme exothermic peak over 750 
°C, resulting in a 54.4% mass loss. These initial peaks are related to hygroscopic water dehydration. The 
second peak could be the structured water loss during the crystalline transition. The temperature chosen for 
calcination and calcium phosphates (hydroxyapatite and -TCP) remained steady when the exothermic 
peak reached its maximum at 900 OC. This DTA analysis result also validated the well-chosen calcination 
temperature employed in the current investigation. Other than those calcium phosphates, further 
hydrothermal processing at 110°C had no results. 
 

CONCLUSION 
Bovine bones, with their high calcium concentration, are promising bioceramics in synthesizing biphasic 
calcium phosphates, mainly hydroxyapatite. Calcination and subsequent hydrothermal processing of the 
ground bovine bone powder retrieved calcium phosphates with major hydroxyapatite (> 98 wt.%) and minor 
-tricalcium phosphate. Using the Williamson-Hall (W-H) formula for calculating the crystallite size of 
hydroxyapatite validated nanosized particle agglomeration. As can be seen in the SEM micrograph, 
calcination, and hydrothermal processing resulted in spherule particle aggregation. The particles were 
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porous. As the calcination temperature increased, the particle size stayed constant, but the particles tended 
to be homogenous and spherical. As determined by SEM examination, the particle size of the synthetic 
powder (1 µm) is different from that of a crystallite measured by XRD analysis (40-50 nm). Similarly, 
additional hydrothermal processing of the calcined powder precursors had little effect on the morphology 
or crystallite size of the powder outputs. However, more research is required to create calcium phosphates 
as a scaffold material with a specified morphology by using chemical additives. 
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