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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Sonochemical and milling techniques 
were able to nanoparticle bovine hy-
droxyapatite preserving the crystal 
structure. 

• The average grain size was 40 nm for 
the milling technique and 60 nm for the 
sonication. 

• This material represents a promising 
bioactive material for future use in 
dentistry.  
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A B S T R A C T   

This study aimed to evaluate the effectiveness of sonochemical and milling nanoparticulate techniques using HA 
of bovine origin. The starting powders were characterized using X-ray diffraction (XRD), Fourier transform 
infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDX), and 
transmission electron microscopy (TEM) (75 μm). Sonication was performed with 40% of the maximum 
amplitude (750 W) and 20 Hz in an aqueous solution (4 h). The milling technique used a polyethylene jug loaded 
with 40 vol% milling elements placed in a rotatory mill (104 rpm, 48 h), then in a vibratory mill (72 h). The 
results revealed that the final average grain size of HA was 40 nm for the milling technique and 60 nm for the 
sonication (TEM). FTIR analysis showed a broad band at 1300–500 cm− 1, and similar peaks without HA bond 
degradation, regardless of the two forms of HA nanoparticles. XRD analysis showed peaks equivalent to those of 
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synthetic and animal HA. In addition, the equivalence between the method peaks demonstrated non-degradation 
of structural. The same chemical characteristics between groups were also observed in the EDX samples. We 
concluded that both methods were able to decrease the size of particles preserving the crystal structure, but the 
milling method produced smaller particles.   

1. Introduction 

Hydroxyapatite (Ca10(PO4)6(OH)2, (HA) is widely used for skeletal 
and dental reconstructions because of its excellence in properties such as 
biocompatibility, bioactivity, high osteoconduction and/or osteo- 
induction, nontoxicity, noninflammatory behavior, and non- 
immunogenicity [1–3]. The search for alternative sources is influenced 
by the limited supply of autologous bone and its high applicability and 
consumption. 

The extraction of HA from biological resources, such as biogenic 
(eggshells, seashells, and calcite materials), plant (bamboo, calendula 
flower, etc.), and bone (mammalian and fish bones) sources, from san-
itary, economic, and environmental points of view, is a safer and more 
balanced option for obtaining biomaterials [4,5]. Moreover, the organic 
components and possible pathogens are eliminated during the calcina-
tion process, leaving only the mineral component with beneficial trace 
ions that speed up the bone-formation process [6]. 

The nanoscale form of HA can significantly increase the biocom-
patibility and bioactivity of HA [7] as it presents a high ratio between 
surface area and volume, approaching the size and chemical composi-
tion of the human bone tissue [8]. Manipulating this material at the 
atomic and molecular levels improves the mechanical stability of the 
bone frame and provides a more appropriate chemical surface and 
porosity for cell proliferation, optimizing biocompatibility [9–11]. 

There are several methods described for HA nanoparticulation. The 
main synthesis techniques can be grouped into 1) dry methods; 2) wet 
methods; 3) processes at high temperatures; 4) synthesis methods based 
on biogenic sources, and; 5) a combination of these [5]. In this study, 
two nanoparticulation methods were selected. An initial thermal step of 
calcination was equivalent for both groups and after a representative of 
the dry methods (mechanochemical method) and one of the wet 
methods (sonochemical method) were selected. Both are classified as 
low cost and could obtain nanometric particles with diverse morphol-
ogies and different degrees of crystallinity, degrees of purity, and Ca/P 
ratios [5]. 

It is of great interest not only to evaluate the particle size reduction 
capacity of the methods from biological resources, but also the quality of 
their physical and chemical properties, which are crucial aspects to 
achieve optimal properties. This study aimed to achieve bovine HA 
particles at nanoscale and to evaluate the effect two methods on the 
nanoparticles by inspection of physical and chemical characteristics. 
The study null hypothesis was that the nanoparticles produced by the 
two methods would show similar physical and chemical characteristics 
by X-ray diffraction (XRD) associated with Rietveld refinements, Fourier 
transform infrared spectroscopy (FT-IR), energy dispersive X-ray spec-
troscopy (EDX), and transmission electron microscopy (TEM). 

2. Materials and methods 

2.1. Obtainment of HA 

The extraction of HA from bovine bones is intended to be sustainable: 
recovering and processing residues that would be discarded in landfills 
or used to produce animal food. In this study, the organic matter in 
bovine femurs was removed via a thermochemical process [12], and the 
remaining material from the femurs was reduced using mortars and 
pestles. The samples were subjected to chemical and cytotoxic analyses 
to verify the absence of heavy metals and biological contamination in 
the bone composition. Once the results for these components were 

negative, the bones were released for further use. 
To obtain a uniform and submicrometric powder, the granules were 

milled in a jug of polyethylene (85 mm of height and 300 cm3 of volume) 
and loaded with 40% vol (500 g) of spheres of 3Y zirconia ∅ 3 mm, para- 
aminobenzoic acid (C7H7NO2) as deflocculant and isopropyl alcohol 
(C3H8O) as the solvent of the liquid medium binder solvent. The jar was 
filled with a concentration of 30 vol% solids and placed in a gyratory 
mill (104 rpm for 48 h), then a vibratory mill (72 h). The samples were 
dried in an oven at 80 ◦C and granulated in stainless steel sieves of #200 
mesh ≤75 μm. 

2.2. Initial characterization 

XRD patterns characterize the structural phase (Rigaku D/MAX 
2500 PC with CuKα radiation source (λ = 1.54056 Å) with rotatory 
anode operation at 40 KV and 150 mA). The Scherrer equation26 was 
used to determine the crystallite size of the HA: 

D=
0.9λ

FWHM • cos θ
(1)  

where the crystallite size (nm), the wavelength is λ (0.0154056 nm), the 
full width at half maximum (FWHM) of the diffraction peak under 
consideration (rad) and the diffraction angle θ (deg). PANalytical X’Pert 
HighScore and PCPDFWIN software were used to propose standards and 
evaluate the XRD profiles according to the International Centre for 
Diffraction Data (ICDD). 

The FT-IR spectra were recorded (FTIR-Vertex 70, Bruker) with KBr 
in the transmittance mode in the range of 500–2500 cm− 1 to investigate 
the functional groups of the resultant powders. 

For semi-quantitative examination, EDX was coupled with scanning 
electron microscopy (SEM, SERON AIS-2100). The samples were coated 
with gold at a thickness of 10 nm and were investigated using an XL30 
FEG, an ultra-vacuum system with a base pressure of 1 × 10− 5 Pa and an 
acceleration voltage of 20 kV. 

For further structural analysis that aimed to explore individual 
nanostructures and measure the initial particle size and agglomeration 
phenomenon, TEM (Philips CM200) was performed at 200 kV. Samples 
were prepared by dropping a diluted suspension over a 300-mesh 
carbon-coated copper grid and drying the excess solution with semi- 
permeable paper. Images were obtained to identify the crystallo-
graphic orientations and crystallinity of the nanoparticles. 

X-ray fluorescence analysis by wavelength dispersion (WDXRF) was 
also performed to verify whether the chemical composition was in 
accordance with ASTM F1185-03, which determines the maximum 
concentration of heavy metals allowed for HA of animal origin. 

2.3. Methods of nanoparticulation 

To test the efficiency of the particle, decrease without degradation, 
two methods were selected. 

2.3.1. Ball mill 
Using a polyethylene jug (300 cm3) loaded with 40 vol% (500 g) 

milling elements (3Y zirconia balls, HA, isopropyl alcohol, and para- 
aminobenzoic acid) placed in a ball mill (104 rpm, 48 h) and then in a 
vibratory mill (72 h), grinding was performed. After that, the alcohol 
was evaporated with the aid of a heated air blower (≅ 80 ◦C) and the 
powder was granulated in stainless steel sieves of # 200 mesh ≤75 μm. 
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2.3.2. Sonochemical 
HA powder was subjected to ultrasonic processing in a Sonics brand 

model VCX-750 Vibra-Cell Ultrasonic Liquid Processor using 750 W of 
power and a frequency of 20 kHz for 4 h with pulses of 5 min in duration 
and variable amplitude fixed at up to 40% from the nominal amplitude 
of the equipment (750 W/cm2). The Ca/P molar ratio was fixed at 1.67, 
and the concentration of the Ca2+ ions was 0.02. The aqueous solution 
(deionized water–Milli-Q® systems) was chosen for its purity to avoid 
contamination and chemical interaction during acoustic cavitation. 
Although its high vapor pressure (17.5 mmHg, 0 Â ◦C), the samples were 
cooled in an ice bath, and deionized water was added to maintain the 
solution at a constant volume and standardize the effect of acoustic 
cavitation. 

To prevent particle agglomeration, ammonium polyacrylate defloc-
culant (C3H4O2, NHPA) was added to the mixture during sonication (0.1 
wt.%) [13]. After the sonication, the aqueous portion was dried in an 
oven at 80 ◦C and granulated in stainless steel sieves of #200 mesh ≤75 
μm. 

2.4. Final characterization 

After performing the nanoparticulation methods, samples in liquid 
medium were submitted to TEM, and dry samples were collected for 
XRD, FTIR and EDX. 

The methodological design of this study was summarized by Fig. 1. 

3. Results and discussion 

Decreasing the particle size with the maintenance of an appropriate 
stoichiometry, morphology, and purity is fundamental [14]. 

There are methods capable of controlling the geometry, size distri-
bution, crystallographic, and chemical structure which reflects in great 
mechanical, in vitro, and in vivo biological properties [5]. Combined 
methods have been frequently used, and these methods seem to improve 
the final properties of HA that is derived from natural sources [5]. For 
bovine bones, the most frequent association of nanoparticulation 
methods is hydrothermal and calcination [15]. The present study 

demonstrates that the association between calcination and sonochem-
ical or ball milling also provides promising results of reaction kinetics, 
reduction of particle size, and high purity. 

The FTIR spectra of the samples and the amplification of bands at 
1300–1500 cm− 1 are presented in Fig. 2. A narrow band near 965 cm− 1 

represents the v1 mode of PO4
3− ions apatite present in all spectra of HA 

and carbonated apatite. The band at 469 cm− 1 is assigned to the v2 
phosphate mode in the bending vibration, and it does not appear in the 
spectrum. The v2 band of CO3

2− is located at range from 873 to 880 cm− 1 

(out-of-plane bending vibration), which results from out-of-plane 
stretching. The main signal of the phosphate group appears in the 
triply degenerate v3 domain (1100–1035 cm− 1). The v3 mode, between 
1400 and 1600 cm− 1, is composed of two bands [16] and represents the 
strongest IR band for carbonate. The band at 700 cm− 1 indicates C–O 
absorption, and its combination with the v3 signal indicates that no 
calcite was associated with HA [17]. The v4 phosphate mode appears at 
different sites for carbonated apatite (bending vibration): the 633, 603, 
and 565 cm− 1 bands [18,19]. Frequently, carbonate ions are associated 
with impurities, that is, residual organic components, after calcination 
[20]. Absorbed water (1635 cm− 1) was almost imperceptible in the 
spectra. The slight presence of the characteristic peak at 650 cm− 1 (shift 
to 660 cm− 1) due to v1(OH) in the HA could be better visualized using 
high-energy transfer inelastic neutron scattering spectroscopy [21]. As 
important as the identification of the peaks presented is the relevant 
observation of their maintenance of shapes and intensities of the ab-
sorption band in FT-IR spectra after performing the methods demon-
strated, which demonstrates the preservation capacity of the methods. 

Regarding nanoparticulation methods, both showed be friendly- 
performance. The bovine bone powder had white color, with some 
light-yellow parts, which shows the beginning of the organic matrix 
removal after the thermochemical process with 30% hydrogen peroxide 
(H2O2) as a 100-vol aqueous solution was heated to 100 ◦C. Previous 
literature has reported a successful pre-treatment that involves 
removing fat, protein, and soft tissues and cutting the bone into small 
pieces before boiling [22–24]. This process ensures that a larger surface 
area meets the chemical agents, providing a good sample. This 
pre-treatment was completed after calcination with a heating curve of 

Fig. 1. Methodological flowchart.  
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5 ◦C/min up to 900 ◦C, a 2-h plateau [25], and a long cooling time, 
which homogenized into a white color, with protein and collagen 
absence [26,27]. The use of the thermal method increases the crystal-
linity of particles [4], and the proper temperature for sintering HA from 
bovine bone is approximately 1000 ◦C based on two-thirds of its melting 
point [27]. A high temperature results in the degradation of the calcium 
phosphate, and β-tricalcium phosphate (β-TCP) starts to be obtained at 
850 ◦C, and at 900 and 1000 ◦C, pure crystalline HA still can be pro-
duced [4]. The choice of 900 ◦C sintering temperature ensures that 
partial dehydration will initiate, as well as the production of β-TCP and a 
creeping reaction of hydroxides or carbonates to the respective oxides. 
This avoid the melting point of bovine bone, as demonstrated by studies 
with differential thermal analysis (DTA) [27–29]. Also, temperatures 
above 800 ◦C can eliminate all pathogens, preventing the possibility of 
disease transmission [30]. 

XRD is a relevant technique for identifying phases before and after 
nanoparticulation methods. Fig. 3 shows the XRD patterns, which 
demonstrate that the data are in accordance with previously reported 
descriptions of the XRD structure and characteristic patterns of bovine 
origin HA (XRD, JCPDS file no. 9–432, 1996) [31] and of the pure HA 
phase [25]. The intensity and correspondence of the (211), (300), and 
(202) diffraction peaks in the precursor powder and after nano-
particulation methods are observed, which highlights the production of 
pure HA nanoparticles. The slight change in peak width after ball mill 
and the peaks shift by XRD diffraction can be related to the fine-grained 
microstructure [32–34]. 

The strongest (211) peak at 31.9◦ corresponds to HA (P63/m), which 
belongs to the hexagonal symmetry (JCPDS 9–432). These results indi-
cate that the dihydroxylation of HA and, as hydroxyl carbonate apatite, 
is beneficial for biomedical purposes owing to its similarity with bone 
apatite [27]. The peak of all carbonated calcium hydroxyapatite (CHA) 
at the (002) reflection was clearly broader. The characteristic peaks for 
β-TCP, which are located at the 2θ angles of 27.75, 31.65, 45.55, and 
48.00◦ that normally do not appear in samples calcined at temperatures 
below a 1000 ◦C are evident in the methods for both samples, although 
less intensely present. The shape of the XRD peaks suggests a well 
crystallized particles, and the broadened nature implies that the grain 
sizes are on the nanometer scale [17]. The estimated average grain size 
is 32.08 nm for the sonochemical method and 51.15 nm for ball mill 
method using the Debye-Scherrer formula, which was consistent with 
that found in the TEM analysis. 

Bovine HA presents 93% Ca10(PO4)6(OH)2 and 7% Ca3(PO4)2 and 

β-TCP as its crystalline phase composition. Its similarity to natural bone 
mineral has reported in previous literature [27], and in this study the HA 
crystallized in hexagonal space group P63/m. EDX allows for the qual-
itative and quantitative analysis of the inorganic elements present in a 
sample, and it confirmed the presence of Ca, P, and O (Fig. 4). The 
properties of hydroxyapatite are strongly dependent on its stoichiom-
etry, the reactivity of its surface, and its biological behavior. Thus, the 
Ca/P molar ratio is one of the tools used to characterize the composition 
of different calcium phosphates. A Ca/P ratio of ≅ 1.92 fits with the 
acceptable range [35,36], so it appears to be a viable candidate for a 

Fig. 2. FT-IR spectrum and the amplification of bands 1300–1500 cm-1 of HA precursor and after the nanoparticulation methods.  

Fig. 3. The comparative XDR patterns of HA precursor and after the nano-
particulation methods. The ICDD involved card # 024–0033 for HA, # 
009–0080 for CaHPO4, # 001–1160 for CaO and # 001–0941 for Ca3(PO4)2. 
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bone substitute. HA that is extracted from mammalian sources contains 
trace elements that have optimum potential for enhancing the biological 
properties of natural HA, and these elements are not found in other 
sources [4]. Examples of these minor elements are Mg2+ and Na+, which 
appear in our EDX samples, and are the most frequently found on 
spectrum. 

The TEM images show the nanoparticle size and morphology of the 
HA samples. Figs. 5–7 shows TEM images of the initial, sonochemical, 
and ball milled samples, respectively. Different forms of HA crystal-
lites—needles, flakes, spheres, rods, and plate-like—are indicated. The 
particle shape was not affected by the extraction method or source, and 
the same source of bone could produce different shapes [4]. In our ex-
periments, the aggregation resulted in nanoflakes with an average size of 
≅ 75 μm for the initial samples, ≅ 60 nm for sonicated, and ≅ 40 nm for 
ball milled samples (Figs. 8 and 9). Similar results were found by Aya-
tollahi et al. [15]. Samples that underwent the sonication technique 
showed difficulty in signaling diffraction. This could be justified by the 
presence of amorphous material around the nanoparticles. The sono-
chemical method is a wet-chemistry method, and the lattice parameters 
may have been negatively affected by water inclusion and/or atypical 
surroundings [37]. The deflocculant polymer in the aqueous medium 
encompassed the HA nanoparticle, which hindered the diffraction and 
formation of the crystalline plane (Fig. 6). For the ball milled samples in 
an alcohol medium, there was no such event, and the diffraction signal 
did not present any difficulty. There was competition between the 
amorphous phase and the crystalline phase; however, the sample dif-
fracted (Fig. 7). Further studies are necessary to elucidate the interaction 
between the deflocculant polymer, HA nanoparticles, and the type of 
medium. 

4. Conclusions 

The present study demonstrated the viability of the nano-
particulation of bovine hydroxyapatite via the sonication and ball mill 
methods, combined with prior calcination. The samples maintained 
stoichiometry, morphology, and purity. Owing to the increasing demand 
for nano-HA in biomedical applications, it is important to elucidate 

Fig. 4. Chemical characteristics for the three samples obtained by EDX.  

Fig. 5. TEM micrograph of the HA sonicated sample. In detail electron 
diffraction shows that this is a polycrystalline sample. 

Fig. 6. TEM micrograph of the HA sonicated.  

Fig. 7. TEM micrograph of the HA milled sample. In detail electron diffraction 
shows that this is a polycrystalline sample. 
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methods that are capable of obtaining phase purity, thermal stability, 
low cost, and from a sustainable source.  

1 Bovine bone is a raw material and a suitable natural source for nano- 
hydroxyapatite.  

2 The sonication (≅ 60 nm) and ball milling (≅ 40 nm) methods 
efficiently obtained particles on a nanometric scale, as indicated by 
TEM images and XRD analysis.  

3 The XRD profile of both nanoparticulation methods has similar 
stoichiometric with initial HA indicating a high crystallinity and a 
single phase of HA.  

4 The FTIR analysis showed a broad band at 1300–500 cm− 1 and 
similar peaks, without the degradation of the HA bonds, regardless of 
the two forms of HA nanoparticles.  

5 EDX demonstrated that the samples had the same chemical 
characteristics. 
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