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 The relevance of well-characterized HAp powders to implant-coating 

applications is further supported by studies showing that substrate surface roughness influences 

electrophoretically deposited HA/chitosan coatings on 316L stainless steel and that electrophoretic 

deposition can provide better HAp phase stability than thermal spraying on the same substrate. 
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Equipment / Tool Model / Specification Manufacturer Application 

Electric Muffle 

Furnace 
High-Temp (Up to 1200°C) Carbolite Gero Thermal Calcination 

Electronic Balance Precision (0.0001g) Sartorius 
Accurate Mass 

Measurement 

Laboratory Drying 

Oven 
Forced Convection Memmert Sample Dehydration 

Mechanical Grinder High-Speed Blades IKA Bone Powdering 

Ultrasonic Cleaner Digital Frequency Control Branson Deep Surface Cleaning 

XRD Spectrometer Cu-Kα Radiation Rigaku / Bruker Phase and Crystallinity 

FTIR Spectrometer ATR / KBr Pellet Thermo Scientific Functional Group Analysis 

SEM-EDX System Cold Field Emission JEOL / Hitachi 
Morphology & 

Composition 
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Raw Bovine 
Bone Waste

Mechanical 
Cleaning & 

Washing

Boiling 
Defatting

Drying
Crushing & 

Milling
Sieving 

(<300Mm)

Baseline 
Bovine Bone 

Powder

HB Untreated 
Control

Phase Purity 
Crystlallinty & 
Crystalline Size

XRD
Functional Groups 

and Chemical Bonds

FTIR

H1 Calcined at 
1000 C

H3 Calcined a t 
600 C

H2 Calcined at  
800 C

DLS
Hydrodynamic 

Diameter & PDI
Morphology & 

Surface Structure

SEM 

Post Calcination Weighing and mass-loss calculation
Fine Milling

Controlled Soaking Time and Furnace Cooling

 



Exp. Theo. NANOTECHNOLOGY 10 (2026) 1791-1812 

reduce residual fats relying on additional organic the

boiled This hydrothermal cleaning step removed 

soluble and loosely bound organic matter and prepared the mineral matrix for subsequent calcination, 

during which the remaining collagenous and carbonaceous components are thermally decomposed.

 

.
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X-ray diffraction is used to identify crystalline phases and evaluate the crystallographic evolution of 

the extracted hydroxyapatite. The diffraction patterns are analyzed for characteristic HAp peaks and 

recognizable secondary phases, mainly phases of tricalcium phosphate. Measurements of crystallinity, 

apparent crystallite size, microstrain, and phase-purity proxies are compared for various calcination 

temperatures.

2.2.4.2. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy is employed to examine the functional group composition of 

both the uncalcined milled bone (B) and the calcined samples at 600 °C (H3), 800 °C (H2) and 1000 

°C (H1). The spectra obtained are plotted as transmittance versus wavenumber. What we observed is 

that the characteristic bands are examined in specific regions of interest for the different types of 

organic vibrations that include structural hydroxyl, phosphate, carbonate and those associated with 

collagen. The position of the peaks that we report here refers to the point of local minima of 

transmittance in each of the windows and the peaks are considered valid if the shape of the band and 

the neighbouring spectral features are in agreement with each other. Since the scanning stop at nearly 
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600 cm⁻¹, the well-known phosphate bending peak at around 563 cm⁻¹ falls outside the range we are 

measuring. 
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Figures 3–6 show the X-ray diffraction patterns of the natural bone sample and of samples H3, H2, and 

H1 that underwent calcination. The pattern for the natural bone sample corresponded to its amorphous 

nature and the apatite-like phase of the material. That is, the strongest X-ray diffraction peak appeared 

at 31–32° 2θ due to the crystallographic orientation of the (211) planes. The structural development of 

the calcined samples, however, is not unambiguous: H2 at 800 °C achieved the highest values in terms 

of crystallinity and crystals’ dimensionality while H1 specimen at 1000 °C is confirmed to possess the 

properties comparable with H3. 
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The revised structural indicators in Table 4 indicate that the reaction to calcination temperature is not 

monotonic. H2 (800 °C) gave the most crystallinity proxy of 96.4%, while the values for H3 (600 °C) 

and H1 (1000 °C) are 92.7%. The phase-purity parameter behaved differently, giving values of 90.6% 

for both H3 and H1, while that for H2 is 88.2%. Thus, it can be said that the sample with the best 

apparent order in the crystal does not always give the maximum value of phase-purity parameter. Thus, 

the results of XRD indicate that conditions of 800 °C help to reach the maximum level of crystallinity 

while the phase purity parameter is slightly higher at 600 and 1000 °C. 

The values from Table 4 as well as the modified comparative curves made it clear that there is a clear 

peak evident in the evident crystallite size at 800 °C, with H2 being 100.09 nm in size and H3 and H1 

being 19.91 nm each. The microstrain value is inversely proportional to the size values found, and thus 

H2 is found to have the lowest microstrain value of 2.207 × 10-3, while H3 and H1 both had a 

microstrain value of 9.211 × 10-3. Thus, it is spotted that the treatment at 800 °C materialized 

significant growth of a coherent domain and relaxation of the lattice, however, when the temperature is 

increased to 1000 °C this trend is not followed. Some modifications in certain values can mean that an 

alteration of peak broadening, overlapping reflections, thermal alteration, or even limitations of the 

method used are observed, thus the methodology of grain growth process should be validated by 

introducing repeat fitting of the full data. 

Sampl

e 

Calcination 

Temperature (°C) 

Crystallite 

Size (nm) 

Crystallinity 

Proxy (%) 

Microstrain (ε 

×10⁻³) 

Phase Purity 

Proxy (%) 

H3 600 °C 19.91 92.7% 9.211 90.6% 

H2 800 °C 100.09 96.4% 2.207 88.2% 

H1 1000 °C 19.91 92.7% 9.211 90.6% 
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Figures 8, 9, and 10 provide additional visualization of the updated XRD parameters. Figure 8 shows 

that crystallite size sharply increases at 800 °C but decreases by 1000 °C. Figure 9 indicates that this is 

associated with a minimum microstrain for H2, indicating good lattice relaxation at intermediate 

temperature. Figure 10 shows that crystallinity and phase purity proxies are not the same: H2 has the 

highest crystallinity proxy, while H3 and H1 have higher phase purity proxy. Thus, this series of 

curves shows that no temperature gives maximum value for every parameter obtained from XRD 

measurements. 

 

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR) analysis 

 

In terms of FTIR spectra, all samples showed clear proof of hydroxyapatite. H2 (800 °C) showed the 

strongest relative peak assignable to hydroxyapatite, with several absorptions: PO₄ ν3 at 1028.0 cm⁻¹ 

and PO₄ ν1 at 962.4 cm⁻¹, as well as the OH bond stretching at 3568.1 cm⁻¹. H3 (600 °C) showed the 

most prominent PO₄ ν3 peak at 1031.9 cm⁻¹, although the remaining bands that appeared in the organic 

part are more pronounced. H1 (1000 °C) showed the cleanest organic part, because it is achieved due 

to more intense removal of lipids and collagen. However, H2 showed more intense PO₄ peaks than H1. 

Sample B that is not calcined still showed the clear Amide I peak at 1652.9 cm⁻¹, attributed to 

collagen. The presence of carbonate peaks between 1410 and 1485 cm⁻¹ and between 850 and 885 

cm⁻¹ shows that carbonate insertion took place in biological apatite. 

 

 

Figure 7 FTIR transmittance spectra of bone-derived samples.
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Table 5 FTIR bond assignments and observed local-minimum wavenumbers for bovine bone-derived 

hydroxyapatite samples. 

Band Assignment Class Window (cm⁻¹) B H1 H2 H3 

OH 

stretch 

Structural hydroxyl 

in HAp 

HAp 3545–3590 3566.2 3568.1 3568.1 3568.1 

C–H 

stretch 

Lipid/protein 

aliphatic C–H 

Organic 2900–2960 2900.8 2900.8 2958.7 2958.7 

Amide I Collagen peptide 

C=O stretch 

Organic 1620–1680 1652.9 1652.9 1652.9 1670.3 

Amide 

II 

Collagen N–H 

bend/C–N stretch 

Organic 1520–1580 1521.8 1521.8 1521.8 1521.8 

CO₃ ν3 Carbonate 

substitution in 

biological apatite 

Carbonated 

HAp 

1410–1485 1483.2 1483.2 1483.2 1483.2 

Amide 

III 

Collagen C–N 

stretch/N–H bend 

Organic 1200–1300 1226.7 1211.2 1211.2 1201.6 

PO₄ ν3 Asymmetric 

phosphate stretch 

HAp 1000–1100 1039.6 1018.4 1028.0 1031.9 

PO₄ ν1 Symmetric 

phosphate stretch 

HAp 945–975 962.4 960.5 962.4 962.4 

CO₃ ν2 Carbonate out-of-

plane bend 

Carbonated 

HAp 

850–885 866.0 883.4 883.4 883.4 

OH/PO₄ 

ν4 

OH libration and 

phosphate bending 

near scan limit 

HAp 595–640 601.8 599.8 599.8 601.8 

Note: Values for B–H3 are local-minimum wavenumbers identified within the stated windows. A local 

minimum supports a band assignment only when its profile and neighboring features are consistent. 

The scan ended near 600 cm⁻¹; therefore, the usual phosphate component near 563 cm⁻¹ is not 

measured. 
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11 DLS particle-size analysis 

 

The morphological consolidation and 
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The updated XRD analysis indicates a non-monotonic crystallographic response to calcination. H2 

(800 °C) combined the largest apparent crystallite size (100.09 nm), highest crystallinity proxy 

(96.4%), and lowest microstrain (2.207 × 10⁻³), indicating enhanced coherent-domain growth and 

lattice relaxation at the intermediate temperature. On the contrary, while H3 and H1 recorded the 

lowest crystallite size parameters and crystallinity proxy, they also had higher microstrain values than 

in H2, although the former's phase-purity proxy (90.6%) is higher than that of the latter (88.2%). The 

extra curves of Figures 8-10 reveal this discrepancy and justify the rejection of crystallinity, 

microstrain, crystallite size and phase-purity proxies as interchangeable parameters. The increase in 

visible crystallite sizes and the decrease in microstrain at 1000 °C can be caused by thermal 

reconstruction, overlapping of peaks or errors in peak calculation; therefore, repeat peak fitting or full 

pattern refinement is needed for improved interpretation. Overall, the XRD analysis shows that 800 °C 

is the most effective condition for lattice ordering, whereas 600 and 1000 °C show a little higher 

phase-purity proxy value. 

3.2.3. FTIR functional-group evolution 

 

FTIR results validate the findings of XRD by showing that the apatite structure remained unchanged in 

both unprocessed and calcined samples as the dominance of minerals and compounds changed with 

temperature. Strong PO₄ ν3, PO₄ ν1, OH, and OH/PO₄ ν4 vibrations of H2 show the clarity of the 

entire spectrum of hydroxyapatite after calcining at a temperature of 800 °C. The lowest PO₄ ν3 peak 

in H3 shows that the removal of organic material at 600 °C is not as effective as in the case of H2. On 

the contrary, H1 has the cleanest spectrum in the organic region as the material is heated up to 1000 

°C. But the intensity of the phosphate signal in H1 still proves that the temperature of calcination that 

is most effective for producing hydroxyapatite does not always give a clearly defined vibrational 

signal. This is an important factor to consider when choosing the way of processing samples, as both 

H2 and H1 show effective results. Also, the presence of the CO₃ ν3 and CO₃ ν2 bands suggests that 

CO₃ is incorporated into the structure of the biologically active apatite. These bands cannot be 

interpreted as the traces of organic matter left in the sample. Lastly, the analysis of the low-frequency 

phosphate bands is limited in this case due to the scanning limits that did not cover the region of 563 

cm⁻¹. 

 

H2 - 800 °C: The spectrum indicates clear structural O–H bond at 3568.1 cm⁻¹, strong PO₄ bond at 

1028.0 cm⁻¹, the most intense PO₄ bond at 962.4 cm⁻¹, and a distinguishable OH/PO₄ bond at 599.8 

cm⁻¹. Organic matter present decreased compared to H3 and H4, while the carbonate bonds continued 

to be similar to the ones present in the apatite containing carbonate. Therefore, H2 displayed very clear 

and well-defined features of HAp making it to have the highest quality result in FTIR. 

 

H3 - 600 °C: H3 featured the clearest peak of PO₄ bond at 1031.9 cm⁻¹, and also the bond at 962.4 

cm⁻¹ and the bond between OH and PO₄ at 601.8 cm⁻¹. But the presence of amide and C–H 

connections is way stronger suggesting the presence of more residual organic matter. 

H1 — 1000 °C: Structural O–H at 3568.1 cm⁻¹ and phosphate bands at 1018.4, 960.5, and 599.8 cm⁻¹ 

confirmed the retention of HAp. H1 had the lowest prominence of collagen-related organic bands 

among the samples, giving the cleanest organic region, although its phosphate fingerprint is weaker 

than those of H2 and H3. 
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B — uncalcined: Phosphate bands at 1039.6, 962.4, and 601.8 cm⁻¹ demonstrated the mineral HAp 

component of natural bone. The strongest Amide I/collagen signature and other organic bands are 

retained, while carbonate is expected as a component of biological apatite. Thus, B contained HAp but 

had the greatest organic residue and is the least pure HAp sample according to FTIR. 

 

 H2 has the clearest hydroxyapatite pattern, as it contains high, well-defined phosphate bands as 

well as hydroxyl structures, while also having low intensity of organic bands overall. Although H3 has 

the strongest individual PO₄ ν3 absorption, H1 has the cleanest organic absorption area, while the 

detection of phosphate ions is weaker than in the previously analyzed samples. Of the uncalcined B 

sample, the largest amount of collagen-related matter is observed. Therefore, FTIR data support the 

obtained results; however, verification of phase purity and crystallinity must be performed by using 

XRD analysis and, if required, additional compositional studies.

 

According to the DLS results, thermally treated samples are found to have less hydrodynamic effective 

diameters than the bones that are not calcined. H1 had an effective diameter of 15.1 nm and a PDI of 

0.289 and H3 had an effective diameter of 26.4 nm and a PDI of 0.278. These measurements reflect 

equivalent sizes on a diffusion basis while the results are affected by agglomeration, dispersion 

surroundings, and weighting system in DLS. Thus, the PDI of H1 and H3 being lower indicates 

narrower distributions than those of HB and H2 in the experiments.

 

 

pretreatment
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1. The process known as controlled calcination was able to produce hydroxyapatite from cow bones, 

but the best temperature to use varies in relation to the specific expected outcome. 

2. The amount of mass lost is dependent on temperature as well, since all organic collagen and carbon 

residue is eliminated during calcination. 

3. The new XRD analysis results indicate that H2 sample (800 °C) had the largest crystallite size 

(100.09 nm), highest crystallinity index (96.4%) and lowest microstrain (2.207 × 10⁻³), while H1 and 

H3 samples had the highest phase purity (90.6%). 

4. According to the DLS analysis conducted on all samples and confirming the thermal treatment 

method used in this study, the nanoparticles produced had a very small hydrodynamic diameter 

(around 15 nm). 

5. The results of FTIR analysis confirmed that all samples had characteristic phosphate and hydroxyl 

peaks with the H2 sample (800 °C) providing the best qualitative results overall, while H evidence 

with respect to its varnish properties was received from H1 sample (1000 °C), which allowed better 

removal of organic components. The formation of faceted nanoparticle morphologies at high 

temperatures provides a superior surface structure suitable for enhanced bioactivity and mechanical 

interlocking. 
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