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RESUMO 

 

Métodos de nanoparticulação da hidroxiapatita bovina, síntese e caracterização 

estrutural/química de um compósito cerâmico de SiO2/nano-hidroxiapatita experimental 

 

Objetivos: O objetivo deste trabalho foi testar dois métodos de nanoparticulação de 

hidroxiapatita bovina (HA), sintetizar um compósito cerâmico experimental SiO2/nano-

hidroxiapatita e caracterizá-los estrutural e quimicamente. 

Materiais e Métodos: Corticais de fêmures bovinos foram selecionadas e, após a remoção da 

matéria orgânica, calcinadas e particuladas. Para realização da nanoparticulação dois métodos 

foram selecionados: sonicação e moagem por moinho de bolas. A sonicação foi realizada com 

40 % da amplitude máxima de 750 W e 20 Hz em solução aquosa acrescida de HA e poliacrilato 

de amônia (4 h de ativação). A técnica de moagem utilizou um jarro de polietileno (300 cm3) 

carregado com 40 vol% (500 g) de elementos de moagem (esferas de zircônia 3Y, HA, álcool 

isopropílico e ácido para-aminobenzóico), acoplados ao moinho rotatório (104 rpm, 48 h) 

seguido de moinho vibratório (72 h). Os produtos das técnicas de nanoparticulação foram 

caracterizados e a técnica de moagem foi utilizada para a síntese do compósito cerâmico 

experimental contendo sílica pirogênica e nano-HA de origem óssea bovina (SH). Os grupos 

foram conformados por compressão uniaxial/isostática, divididos em 3, 5 e 10 % de adição de 

HA, 1,2 e 2,4 % em peso de PVB e sinterizados à 1100, 1200 e 1300 °C para temperaturas 

máximas do platô (4 h). As caracterizações tanto dos métodos de nanoparticulaçõa, quanto do 

compósito cerâmico experimental foram realizadas por Microscopia Eletrônica de Transmissão 

(MET), Microscopia Eletrônica de Varredura (MEV), Espectroscopia de Energia Dispersiva de 

Raios-X (EDX), Difração de Raios-X (DRX) e Infravermelho por Transformada de Fourier 

(FTIR). 

Resultados: O tamanho inicial das partículas de HA foram em média 75 µm e após as técnicas 

de sonicação e moinho de bolas foram de 60 nm e 40 nm, respectivamente. Ambas 

metodologias associadas à calcinação prévia, foram capazes de produzir partículas 

nanométricas de HA bovina, mantendo a estequiometria, morfologia e pureza adequadas. Com 

relação ao compósito cerâmico experimental SH, a compressão do pó foi um método eficiente. 

A temperatura de 1200 °C apresentou ligações químicas potencializadas sem a degradação do 

HA no perfil DRX. As imagens de MEV sugerem que 2,4 % em  peso  de  PVB  resultaram  em 

 



 

 

 

  



 

 

uma melhor compactação e menor incidência de trincas e poros, e a proporção de 5 % de HA 

apresentou propriedades potencialmente superiores para o biomaterial. 

Conclusões: A técnica do moinho de bolas giratório e vibratório proporcionou uma maior 

redução das partículas de HA bovina e o compósito cerâmico experimental SH com 5 % de HA, 

2,4 % em peso de PVB e sinterizado a 1200 °C apresentou propriedades potencialmente 

superiores para o biomaterial. 

 

Palavras-chave: Cerâmica. Hidroxiapatita. Sílica. Cerâmica composta.  



 

 

  



 

 

ABSTRACT 

 

Nanoparticulation methods of bovine hydroxyapatite, synthesis and structural/chemical 

characterization of an experimental SiO2/nano-hydroxyapatite composite ceramic 

 

Objectives: The aim of the study was to evaluate two methods of nanoparticulation methods of 

bovine hydroxyapatite (HA), synthesize an experimental SiO2/nano-hydroxyapatite composite 

ceramic and made a structurally and chemically characterization of them. 

Materials and Methods: Cortical of bovine femurs were selected and, after a pre-treatment, 

calcined and particulate. Sonication was performed with 40% of the maximum amplitude of 

750W and 20Hz in aqueous solution added with HA and ammonia polyacrylate (4h of 

activation). Milling technique used a polyethylene jug (300 cm3) loaded with 40vol% (500g) 

milling elements (3Y zirconia balls, HA, isopropyl alcohol and para-aminobenzoic acid), 

placed in a rotatory mill (104rpm, 48h) followed by a vibratory mill (72h). Ball mill technique 

was used to mixture fumed silica and nano-HA from bovine bone source. Groups were divided 

into 3, 5 and 10% of HA addition, 1.2 and 2.4 wt.% of PVB, and 1100, 1200 and 1300 °C for 

maximum temperatures to firing plateau (4h). Characterization was performed by Transmission 

Electron Microscopy (TEM) / Scanning Electron Microscopy (SEM), Energy Dispersive X-ray 

Spectroscopy (EDX), X-ray Diffraction (XDR) and Fourier Transform Infrared (FTIR). 

Results: The initial particle size is 75µm and sonication (60 nm) and ball mill (40 nm) 

techniques, associated with prior calcination, were capable of producing nanosized bovine HA 

particles, maintaining an appropriate stoichiometry, morphology and purity. According to SH 

composite ceramic, the uniaxial/isostatic powder compression is an efficient method. The 

temperature of 1200 °C presented potentialized chemical bonds without the degradation of HA 

at XDR profile. SEM images suggests that 2.4 wt.% of PVB result in optimized compaction 

and a lower incidence of cracks and pores, and the SH composite ceramic with 5% of HA 

presents potential superior properties to biomaterial. 

Conclusion: The ball mill technique provided smaller particles of bovine hydroxyapatite and 

the experimental material SH composite ceramic with 5% of HA, 2.4 wt.% of PVB and sintered 

at 1200 °C presents potential superior properties to biomaterial. 

 

Keywords: Ceramics. Hydroxyapatite. Silica. Composite Ceramic. 
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1 INTRODUCTION 

 

Biomaterials can be defined as any nondrug individual or combined substance from 

synthetic or natural origin, which can be used any time, as a whole or as part of a system that 

treats, augments, or replaces any tissue, organ or function of the body [OLADEJI; UMORU; 

ARIBO, 2012; VON RECUM; LABERGE, 1995]. Historically, the humanity uses materials 

that are capable of being in contact with body fluids and tissues for long periods, whilst eliciting 

little, if any adverse reactions [DOREMUS, 1992]. In ancient Egypt, the first records of their 

use were found. Coconut shells for repairing injuries to skulls and animal tendons for sutures 

are some examples [DSM, 2009]. The ideal biomaterial must present nonimmunogenic, 

biocompatibility, bioresorbable, and biodegradability properties. There is a high demand in 

research for those suitable for restorations and bone tissue replacement [HENCH; POLAK, 

2002]. 

Applicability also will depend on the mechanical, physical, structural, and chemical 

properties. In general, biomaterials are commonly used as implants [DENISSEN et al., 1989], 

tissues and organ transplants [ZHOU; LEE, 2011], and in drug delivery systems [MONDAL; 

DOROZHKIN; PAL, 2011; SZCZE; HO; CHIBOWSKI, 2017]. There is a wide variety and 

they can be classified in three main forms: (1) according to the origin {biological (autogenous, 

allogeneic or xenogenous) or synthetic/alloplastic (metals, polymers and ceramics)}, (2) to the 

response induced to the environment (bioinert, bioabsorbable or bioactive), and (3) according 

to generation {first / bioinert, second / bioactive and biodegradable or third-generation / 

stimulators of cellular responses at molecular levels (biomimetics and tissue engineering)}. 

Noticing that the classification by generations must not be interpreted chronologically, but 

conceptually [HENCH; POLAK, 2002]. 

Among the biomaterials, bioceramics have great prominence for bone replacement 

because of the potential of body interaction which reflects into promotion of tissues 

regeneration, helping the healing and restoring physiological functions [OLADEJI; UMORU; 

ARIBO, 2012]. Since then, bioceramics have been proposed for biomedical and dental 

applications and are divided into “bioinert” high strength ceramics (e.g., alumina, zirconia), 

bioactive ceramics (e.g., hydroxyapatite, bioglass, glass ceramic), and various bioresorbable 

ceramics with active surface in metabolic processes with predictable results (i.e. tricalcium 

phosphate) [VON RECUM; LABERGE, 1995]. 
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A noticeable representative of bioactive ceramics is the hydroxyapatite (HA). With 

Ca10(PO4)6(OH)2 as its general formula [DE JONG, 1926], is the main mineral component of 

bones and teeth, being responsible for its hardness and strength. This biomaterial is of great 

interest in many fields due to its remarkable structure and inherent properties. Considered to be 

an environment-friendly material, HA presents excellent biocompatibility, non-toxicity, 

osteoconductive property, nondregadability, noncarcinogenic and nonimmunogenic reactions, 

and good hemocompatibility, optimizing the applicability in bone tissue regeneration [ZHOU; 

LEE, 2011] and drug delivery system [MONDAL; DOROZHKIN; PAL, 2018]. The chemical 

and thermal stability of HA remains the major reasons that make it an attractive material choice 

and an excellent candidate for biomedical applications [FU et al., 2016; FULLER et al., 2002]. 

Other physicochemical properties of HA are also relevant and make it a very promising 

candidate for applications beyond health. The use of HA on treatment of air, water and soil 

pollution is possible due to the absorption capacity and ion exchange capability which 

contribute to the retention and removal of pollutants, facilitating the catalytic activity of 

heterogeneous surfaces [IBRAHIM et al., 2020], being effective even in the recovery of nuclear 

waste [FULLER et al., 2002].  

There are two main methods for HA obtainment; inorganic synthesis such as sol-gel, 

hydrothermal, emulsion, hydrolysis, combustion, pyrolysis, solid-state and mechanochemical 

methods [SADAT-SHOJAI et al., 2013], or from biological sources or wastes such as mammalian 

bone, marine or aquatic sources, shells, plants or even mineral sources [MOHD PU'AD et al., 

2013]. Is inevitable the comparison between methods and, although many synthesis methods 

have been developed, the obtainment of HA without formation of toxic intermediary products 

still remains a challenge. Natural HA is non-stoichiometric presenting trace elements that 

mimics the apatite produced from human bone and accelerate the process of bone formation 

[AKRAM et al., 2013], despite the deficit in calcium and phosphorus [BOSKEY, 2013].  

Among the peculiarities of HA from natural sources, its sustainable and economic 

appeal is highlighted [AKRAM et al., 2013]. The ability to combine excellent chemical and 

biological properties with sustainability, environmentally friendly and economy is remarkable. 

Bovine bone is a good source of natural HA because of the morphological and structural 

similarity to human’s bone, specially the cortical of the femoral bone [HERLIANSYAH et al., 

2007]. Properties such as size, shapes and crystalline phases of Ca/P and CA/P ratio, differ 

according to extraction and calcination methods [MOHD PU'AD et al., 2013]. A pretreatment is 

preconized to initiate the removal of organic components and calcination complete it, 
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eliminating eventual pathogens presented [AKRAM et al., 2013; RUKSUDJARIT et al., 2008]. 

The use of additional methods helps to reduce the size of HA particles and optimize its 

properties. 

The nanosized HA (grain size ≤ 100 nm) with appropriate stoichiometry, morphology 

and purity presents optimized surface activity and similarity to mineral found in hard tissue 

[VALLET-REGÍ; GONZÁLEZ-CALBET, 2004]. Although there are several nanoparticulation 

methods, synthesize a well-defined powder for a specific application is laborious and essential 

to evaluate their accuracy in controlling stoichiometry, crystallinity, geometry, size and size 

distribution, and degree of particle agglomeration [MOHD PU'AD et al., 2019]. Wet methods 

have the ability to control the morphology and the mean size of powder, however, the medium 

solution can be incorporated into the crystal structure, leading impurities, and the low 

preparation temperature results in lower crystallinity and Ca/P phases different than HA 

[MOHD PU'AD et al., 2019]. Sonochemical synthesis uses the acoustic cavitation in an aqueous 

phase where the collapse of microbubbles occurs [JEVTIC, M. et al., 2008] and promote a rise if 

HA crystal growth up to 5.5 times with more uniform [ROUHANI; TAGHAVINIA; ROUHANI, 

2010]], smaller, purer crystals with minimal agglomeration [ROUHANI; TAGHAVINIA; 

ROUHANI, 2010; CAO; ZHANG; HUANG, 2005; GIARDINA; FANOVICH, 2010]. Classified as 

mechanochemical method, the effect of planetary mill or ball mill vary according to the milling 

medium, type and diameter of the milling balls, atmosphere, steps and pauses, duration, speed 

and the powder-to-ball mass ratio [HONARMANDI et al., 2010; YEONG; WANG; NG, 2001; 

KRAJEWSKI et al., 1996]. Although it is an effective method, caution is necessary because long 

milling time leads to decrease in a crystallite size and increase in lattice strain and crystallinity 

[NASIRI-TABRIZI; HONARMANDI; EBRAHIMI-KAHRIZSANGI, 2009]. 

Biomaterials based on nano-HA enhanced densification and sinterability [BOSE, S. et 

al., 2009], improved cell differentiation and proliferation [WANG; LIU; GUO, 2010], decreased 

apoptotic cell death [CAI, Y. et al., 2007], and enhances resorbability, bioactivity, 

osteointegration and bone tissue formation in comparison to micron-sized HA [DOROZHKIN, 

2010]. These characteristics make possible their applicability on the most diverse domains of 

Dentistry. On prevention, nano-HA functions as dentinal hypersensitivity and remineralizing 

therapeutic element; on esthetics, as adjuvant material for bleaching therapy; and on surgery, 

implantology and periodontology they are used as coatings for titanium implants, it has 

remarkable properties as a sinus lifting material, superior bone regenerating properties 
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compared to autologous bone graft, and scaffolds [BORDEA, I.R. et al., 2020]. In all applications, 

bioactivity is the most requested characteristic and its maximization is of great clinical interest.  

Silica (SiO2), or silicon, is an important micronutrient for bone and connective tissue 

health [CARLISLE, 1972; SCHWARZ; MILNE, 1972]. In bone, Silica (Si) is involved in early 

stages of bone mineralization stimulating osteoblast cells [CARLISLE, 1972]. The association 

of Si-HA was proposed aiming to maximize the bioactivity and presents favorable in vivo 

results [GIBSON; BEST; BONFIELD, 1999]. An initial cellular and ionic process occurs on their 

surface which allows the subsequent crystallization of apatite crystals, collagen formation and 

cell adhesion [PATEL et al., 2002; HENCH; CLARKE, 1982]. The benefit of early bone ingrowth 

and repair is directly related to Si influence in cell proliferation ability and induction of 

osteogenic signal in human mesenchymal cells, that although transitory, it is considered 

significant [KRUSE et al., 2011]. Although the association Si-HA has been much discussed, there 

is a gap in the literature regarding the densified conformation with silica matrix and HA acting 

as its additive. Sintering temperature, timing and atmosphere, starting powder grain size and 

shape, pressure, composition and preparation methods are some factors that influence dense 

ceramics preparation [TURNER, 2009; BOWEN; CARRY, 2002].  

The synthesis of a new biomaterial is classified as having a high innovative content, 

since it is part of the development based on unprecedented knowledge, and as highly complex, 

since associates different types of knowledge and multidisciplinary interaction. With the 

development of synthesis approaches, traditional materials as ceramics have been constantly 

redesigned and enhanced [WANG; CHOU; ZHANG, 2019]. A crucial stage of the innovation 

process is an extensively structural and chemical characterization by systematic methods. High-

resolution scanning electron microscopy (SEM), scanning transmission microscopy (TEM), 

energy dispersive x-ray spectroscopy (EDX), x-ray diffraction (XDR), and Fourier transform 

infrared (FTIR) are some examples of method that may provide tools for exploring properties 

of innovative or existing biomaterials [BRANDON; KAPLAN, 2013]. The applicability study 

will continue the flow of investigation, directing its use based on its performance. This stage 

includes methods such as mechanical and optical tests, fractographic analysis, density, 

permeability, among others. 

Seeking innovation, sustainability and development of intelligent materials, the aim of 

this study was to evaluate the effectiveness of two nanoparticulation methods of bovine HA and 

to synthesize an experimental SiO2/nano-HA composite ceramic via uniaxial/isostatic powder 

compression. The hypotheses consist in the effectiveness of the grinding and sonication 
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processes to reduce HA particles on a nanometric scale and in obtaining an experimental 

biomaterial with promising chemical and structural characteristics for future clinical 

employability. Factors such as the variation in the addition of HA in SiO2 matrix, concentration 

of binder, and different sintering temperatures were performed. Based on structural and 

chemical characterization, the effectiveness of the sonication and ball mill method in reducing 

HA particles and the microstructure of the new synthesized ceramic material was extensively 

analyzed giving support to the methodological originality presented by the study. 
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2.1 ARTICLE 1 

 

 

Nanoparticulation of Bovine Hydroxyapatite by Sonochemical an Mechanochemical Ball 

Mill Methods: Physical and Chemical Characterization 
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ABSTRACT 

 

The size and quality of the hydroxyapatite (HA) particles are crucial factors and can 

significantly increase their biocompatibility and bioactivity. This study aims to evaluate the 

effectiveness of sonochemical and milling nanoparticulate techniques using HA of bovine 

origin. The starting powder were characterized using X-ray diffraction (XRD), Fourier 

transform infra-red (FTIR), scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDS), and transmission electron microscopy (TEM) (75µm). Sonication was 

performed with 40% of the maximum amplitude of 750W and 20Hz in aqueous solution added 

with HA and ammonia polyacrylate (4h of activation). Milling technique used a polyethylene 

jug (300 cm3) loaded with 40vol% (500g) milling elements (3Y zirconia balls, HA, isopropyl 

alcohol and para-aminobenzoic acid), placed in a rotatory mill (104rpm, 48h) followed by a 

vibratory mill (72h). After these processes, the same protocol of initial analyses were 

performed. The results reveal that the final average grain size of HA was 40 nm for milling 

technique and 60 nm for sonication (TEM). FT-IR showed a broad band at 1300-500 cm−1, and 

similar peaks, without degradation of the HA bonds, regardless of the two forms of HA 

nanoparticulation. XDR analysis showed peaks equivalent to those in the literature for synthetic 

and animal HA. In addition, the equivalence between the methods peaks demonstrated the 

structural maintenance. The same chemical characteristics were also demonstrated in the 

samples from the EDX. It was concluded that both methods were able to decrease the particles 

without damaging them, but the milling method produced smaller particles. 

 

Keywords: Ceramic material. Nanoparticles. Nanostructured materials. Hydroxyapatite. 

 

Highlights: 

• Biocompatibility and bioactivity are directly affected by the size and quality of the particles. 

• It is necessary to reduce the particle without physicochemical degrading it. 

• The sonochemical and grinding methods produced nano-HA without degradation. 
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INTRODUCTION 

 

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is widely used for skeletal and dental 

reconstructions due to its excellent properties as biocompatibility, bioactivity, high 

osteoconduction and/or osteo-induction, nontoxicity, noninflammatory behavior and 

nonimmunogenicity [1 - 3]. Due to the delimited supply of autologous bone and its high 

applicability and consumption, the search for alternative sources is influenced.  

The extraction of HA from biological resources, for example biogenic (eggshells, 

seashells and calcite materials), plants (bamboo, calendula flower, etc.) or bones (mammalian 

and fish bones) origins, are a safe and more balanced option from the sanitary, economic and 

environmental points of view to obtain the biomaterial [4, 5]. Moreover, the organic 

components and possible pathogens are eliminated during the calcination process, leaving only 

the mineral component with beneficial trace ions to speed up the bone formation process [6]. 

The nanoscale form can significantly increase the characteristics of biocompatibility and 

bioactivity of HA [7], since it presents a high ratio between surface area and volume, 

approaching in size and chemical composition to the human bone tissue [8]. Manipulating the 

material at the atomic and molecular level 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 of HA nanoparticulation. The main synthesis techniques can 

be grouped into dry methods, wet methods, processes at high temperatures, synthesis methods 

based on biogenic sources and the combination of them [5]. For this study, both combined 

methods were selected. An initial thermal step of calcination and after a representative of the 

dry methods (mechanochemical method) and one of the wet methods (sonochemical method) 

were selected. Both classified as low cost and with the ability to obtain nanometric particles 

with diverse morphology, different degrees of crystallinity, purity phase and Ca/P ratio [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 from its physical and chemical 

properties, crucial aspects to achieve optimal properties. In this study, two main directions were 

followed; the first purpose was to reach the nanoscale reduction of HA particles from bovine 

origin in the different methods used. The other goal was to evaluate the effect of the methods 

on the particles, evaluating its physical and chemical characteristics in order to optimize their 

use. X-ray diffraction associated with Rietveld refinements, Fourier transform infrared spectra, 
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energy dispersive X-ray spectroscopy and transmission electron microscopy were used to 

investigate structural and morphological properties of the samples. 

 

MATERIAL AND METHODS 

 

Obtainment of HA  

The extraction of HA from bovine bones aims at a sustainable approach; recovering and 

processing residues that would be discarded in landfills or used for the production of animal 

food. Bovine femurs had their organic matter removed by thermochemical process [12] (Fig. 

1A) and were reduced with the aid of mortars and pestles (Fig. 1B). Samples were submitted to 

chemical and cytotoxic analyzes to verify the absence of heavy metals and biological 

contamination in the bone composition. Once the results were negative, the bones were released 

for use. 

In order to obtain an uniform and submicrometric powder, the granules were milled in 

a jug of polyethylene (85 mm of height and 300 cm3 of volume) loaded with 40% vol (500 g) 

of spheres of 3Y zirconia ∅ 3 mm making up a useful volume of 100 ml, 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 hours) (Fig. 1C) followed by a vibratory mill (72 hours) (Fig. 

1D). The samples were dried in an oven at 80 ºC and granulated in stainless steel sieves of # 

200 mesh ≤ 75µm. 

 

Initial characterization  

X-ray diffraction (XRD) patterns characterizes the structural phase (Rigaku D/MAX 

2500 PC with CuK� radiation source (� = 1.54056 Å) with rotatory anode operation at 40 KV 

and 150mA). The Scherrer equation [26] was used to determine the crystallite size of the HA. 

(1) 

Where the crystallite size (nm), the wavelength is � (0.0154056 nm), the full width at 

half maximum (FWHM) of the diffraction peak under consideration (rad) and the diffraction 

angle � (deg). The software “PANalytical X’Pert HighScore” and “PCPDFWIN” were used to 

propose standards and evaluate the XDR profiles by the Joint Committee on Powder Diffraction 

and Standards (JCPDS). The JCPDS 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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Fourier transform infrared (FT-IR) spectra were recorded (FTIR-Vertex 70, Bruker) 

with KBr pellets, in the transmittance mode with the range of 500-2500 cm-1, in order to 

investigate the functional groups of resultant powders.  

To semi-quantitative examination the energy dispersive X-ray spectroscopy (EDX) 

which was coupled with scanning electron microscopy (SEM, SERON AIS-2100) was 

performed. The samples were coated with gold at ≌ 10 nm thickness and were investigated 

using an XL30 FEG, an ultra-vacuum system with the base pressure of 1 × 10-5 Pa and an 

acceleration voltage of 20 kV. 

As a further structural analysis based on exploring the individual nanostructures and to 

measure the initial particle size and agglomeration phenomenon, the transmission electron 

microscopy (TEM, Philips CM200) was performed at 200 kV. Samples were prepared by 

dropping a diluted suspension over a 300-mesh carbon coated copper grid drying the excess 

solution with a semi permeable paper. Images were obtained with the aim of identifying the 

crystallographic orientations and the crystallinity of the nanoparticles. 

X-ray fluorescence analysis by wavelength dispersion (WDXRF) is also performed to 

verify if the chemical composition was in accordance with ASTM F1185-03, which determines 

the maximum concentration of heavy metals allowed for the HA obtained from animal origin. 

 

Methods of nanoparticulation  

In order to test the efficiency of particle decrease without degradation, two methods 

were selected.  

 

A. Ball mill  

 Using a polyethylene jug (300 cm3) loaded with 40vol% (500 g) milling elements (3Y 

zirconia balls, HA, isopropyl alcohol and para-aminobenzoic acid) placed in a ball mill (104 

rpm, 48 h) and after in a vibratory mill (72 h), grinding was performed. After that, the alcohol 

was evaporated with the aid of a heated air blower (≅ 80 ºC) and the powder was granulated in 

stainless steel sieves of # 200 mesh ≤ 75µm. 

 

B. Sonochemical 

HA powder was submitted to ultrasonic processing in a Sonics brand model VCX-750, 

750W of power and frequency of 20 kHz for 4 h, with pulses of 5 min and variable amplitude 

fixed 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 Ca2+ ions was 0.02 M. 



28  Articles 

 

The choice of aqueous solution (deionized water - Milli-Q® systems) is due to its purity, 

avoiding contamination and chemical interaction during acoustic cavitation.  Although its high 

vapor pressure (17.5 mmHg – 20 °C), samples were cooled with an ice bath and deionized water 

was added in order to leave the solution always in a constant volume and standardize the effect 

of acoustic cavitation.  

To prevent agglomeration of the particles, ammonium polyacrylate deflocculant 

(C3H4O2 - NHPA) was added to the mixture during the sonication (0.1 wt.%) [13]. After the 

process, the aqueous portion was dried in an oven at 80 ºC and granulated in stainless steel 

sieves of # 200 mesh ≤ 75µm. 

 

Final characterization 

 Performed the nanoparticulation methods, samples in liquid medium were submitted to 

TEM, and dry samples were collected for XDR, FTIR and EDX. 

 

RESULTS AND DISCUSSION 

 

As important as decrease the particles size is the maintenance of an appropriate 

stoichiometry, morphology and purity [14]. Methods capable of controlling the geometry, 

size/distribution, crystallographic and chemical structure, reflects in great mechanical and in 

vitro and in vivo biological properties [5]. The combined methods have been frequently used 

and seems to improve the final properties of HA from natural sources [5]. For bovine bones the 

most frequent association is hydrothermal and calcination [34]. The present study demonstrates 

that the association between calcination and sonochemical or the ball mill also provide 

promising results of reaction kinetics, reduction of particle size and high purity. 

The FTIR spectrum of the samples and the amplification of bands 1300 – 500 cm-1 are 

presented in Figure 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 apatites. The band at 469 cm-1 is assigned to the 

v2 phosphate mode in bending vibration and it does not appear in the spectrum. The v2 band of 

CO3
2- is located at 873 – 880 cm-1 (out-of-plane bend vibration), this absorption 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 – 1600 cm-1, is composed of two 

bands [15] and represents the strongest IR band for carbonate. Band at 700 cm-1 indicates C-O 

absorption, its combination with the v3 signal indicates that no calcite was associated with the 

HA [16]. The v4 phosphate mode will appear in different sites for carbonated apatite (bending 
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vibration); 633, 603 and 565 cm-1 bands [17, 18]. Frequently carbonate ions are associated with 

impurity, i.e., residual organic component after calcination [19]. Absorbed water (1635 cm-1 

region) was almost imperceptible in 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 [20]. As important as the identification 

of the peaks presented is the relevant observation of their maintenance of shapes and intensities 

of the absorption band in FTIR spectra after performing the methods demonstrates, which 

demonstrates the methods preservation capacity. 

The nanoparticulation methods did not present any complications during the 

performance.  The white color, with some parts of light yellow, of the bovine bone powder 

indicates the beginning of organic matrix removal after thermochemical process with hydrogen 

peroxide (H2O2) as a 30 %, 100 volume aqueous solution, heated to 100 °C. Most literature 

report a pre-treatment which involves remove the fat, protein and soft tissues, and cut the bone 

into small pieces before boiling [30, 35, 36]. Caring for this previous process ensures that a 

larger surface area comes into contact with chemical agents and guarantees a good sample. The 

pre-treatment was completed after the calcination with a heating curve up (5 °C / minute) to 

900 ºC, two-hour plateau [33] and long-term cooling temperature, uniformizing the white color, 

demonstrating that any remnants of protein and collagen, e.g., have been removed [21, 22]. The 

use of thermal method increases the crystallinity [4] and the proper temperature for HA from 

bovine bone sintering is around 1000 °C based on two-thirds of the melting point (2/3 x 1227 

+ 273) K [22]. High temperature results in degradation of the calcium phosphate, at 850 ºC �-

tricalcium phosphate (�-TCP) starts to be obtained and at 900 and 1000 ºC the pure crystalline 

HA still can be produced [4]. Choosing 900 ºC ensures that partial dehydration will initiate, the 

production of �-TCP and a creeping reaction of hydroxides or carbonates to the respective 

oxides, avoiding the melting point of bovine bone as demonstrated in studies with differential 

thermal analysis (DTA) [22, 23, 24, 33]. Also, temperatures above 800 ºC are capable of 

eliminating all pathogens, preventing the possibility of diseases transmission [37]. 

XDR is a relevant technique to identify the phases before and after the nanoparticulation 

methods. Figure 3 shows XDR patterns, the resulting diffractogram demonstrates that data were 

in accordance with previously reported descriptions of the XDR structure and characteristic 

pattern of bovine origin HA (XDR JCPDS file no. 9-432, 1996) [25] and with pure HA phase 

[33]. The peaks intensity and the correspondence of (211), (300), and (202) diffraction peaks 

in precursor and after nanoparticulation methods HA powder highlight the production of pure 

HA nanoparticles. The strongest (211) peak at 31.9° corresponds to HA (P63/m) belonging to 
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the hexagonal symmetry (JCPDS 9-432). These results indicate the dihydroxylation of the HA 

and, as the hydroxyl carbonate apatite, is beneficial for biomedical purposes due to its similarity 

with the bone apatite [22]. The peak of all carbonated calcium hydroxyapatite (CHA) at (002) 

reflection was clearly broader. Characteristic peaks for �-TCP which are located at 2� angles 

of 27.75, 31.65, 45.55, and 48.00° that normally do not appear in samples calcined at 

temperature below a 1000°C are evident in both methods samples, although less intensely 

present. The shape of the XDR peaks suggests a well crystallized and the broadened nature 

implies that the grain sizes are on nanometer scale [16]. The estimative average grain size is 

32.08 nm for sonochemical and 51.15 nm for ball mill method using the Debye-Scherrer 

formula, which was consistent with TEM method. 

Bovine HA presents 93% Ca10(PO4)6(OH)2, 7% Ca3(PO4)2 and �-TCP as crystalline 

phase composition. The similarity to natural bone mineral is reported [22] and in this study the 

HA crystallized in the hexagonal space group P63/m. The EDX method allows qualitative and 

quantitative analysis of inorganic elements present in a sample and confirms the presence of 

Ca, P, and O (Figure 4). The properties of hydroxyapatite are strongly dependent on its 

stoichiometry, the reactivity of its surface and its biological behaviour. Thus, the Ca/P molar 

ratio is one of the ways used to characterize the composition of different calcium phosphates. 

A Ca/P ratio of ≅ 1.92 obtained fits with the acceptable range [27, 28] and appears to be a good 

candidate for bone substitute. HA extracted from the mammalian sources contains trace 

elements with optimum potential for enhancing the biological properties of natural HA, and 

they are not founded 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. 

TEM images provide the analyse of nanoparticle size and reveals the morphology of the 

HA samples. Figure 5 shows the TEM images from initial (a), sonochemical (b) and ball mill 

(c) HA samples. There are different forms of HA crystallites: needles, flakes, spheres, rods, and 

plate-like. The particles shape was not affected by the extraction method or source, and even 

the same source of bone could produce different shapes [4]. In our experiments, the aggregation 

resulted in nanoflakes with average size of ≅ 75 µm for initial samples, ≅ 60 nm for sonication, 

and ≅ 40 nm for ball mil technique (Figure 6), similar results were found by Ayatollahi et al 

[33]. Samples of the sonication technique showed difficulty in signalling diffraction. The 

presence of amorphous material around the nanoparticles can be suggested as a justification. 

Although, the sonochemical is a wet-chemistry method and the lattice parameters might have 

suffered with water inclusion and/or atypical surroundings [29]. The deflocculant polymer in 

aqueous medium encompassed the HA nanoparticle which hindered the diffraction and the 
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formation of the crystalline plane (Figure 5b). For the samples of the ball mill group in alcoholic 

medium there was no such event and the diffraction signal did not present any difficulty. There 

is a competition between the amorphous phase and the crystalline phase, however the sample 

has diffracted (Figure 5c). Further studies are necessary to variate and elucidate the interaction 

between deflocculant polymer, HA nanoparticle and the type of medium. 

 

CONCLUSION 

 

The present research has demonstrated the viability of nanoparticulation of bovine 

hydroxyapatite by sonication and ball mill methods, associated with prior calcination. The 

samples showed the maintenance of an appropriate stoichiometry, morphology and purity. Due 

to the increasing demand for nano-HA in biomedical application, its noticeable to elucidate 

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 natural source suitable for obtaining nano-

hydroxyapatite. 

2- Sonication (≅ 60 nm) and ball mill (≅ 40 nm) methods were efficient for obtaining 

particles on a nanometric scale, indicated by TEM images and XDR analysis. 

3- The XDR profile of both methods has a good coincidence with stoichiometric HA 

indicating a high crystallinity and a single phase of HA. 

4- FTIR showed a broad band at 1300-500 cm−1, and similar peaks, without degradation 

of the HA bonds, regardless the two forms of HA nanoparticulation. 

5- The same chemical characteristics were also demonstrated in the samples from the 

EDX. 
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Fig. 1. (A) Pre-treatment with thermochemical action. (B) Bone cubes after calcination. (C) Gyratory 
mill. (D) Vibratory mill. 

 

 

 

 

 

 

 

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

after the nanoparticulation methods. 
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Fig. 3. The comparative XDR patterns and the amplification at 2� 30 – 40° of HA precursor 

and after the nanoparticulation methods. 

 

 

 

Fig. 4. Chemical characteristics for the three samples obtained by EDX. 
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Fig. 5a. TEM micrograph of the initial HA. In detail electron diffraction shows that this is a 

polycrystalline sample. 

 

 

 

Fig. 5b. TEM micrograph of the HA sonicated sample. In detail electron diffraction shows that 

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

is a polycrystalline sample. 

 

 

Fig. 6. TEM micrograph of initial (A), sonochemical (B) and ball mill (C) HA samples. 

 

 

Fig. 7. TEM images allowed the construction of the distribution of number of particles 

histograms as a function of particle diameter for the samples sonicated and milled. 
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Synthesis and characterization of an experimental silica-based composite ceramic added 
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ABSTRACT 

 

This study aimed to produce an experimental dense SiO2/HA composite ceramic via 

uniaxial/isostatic compression that was physicochemical and microstructurally characterized 

varying the sintering temperature and the addition of PVB. Ball mill technique was used to 

mixture fumed silica and nano-HA from bovine bone source. Groups are divided into 3, 5 and 

10% of HA addition, 1.2 and 2.4 wt.% of PVB, and 1100, 1200 and 1300 °C for maximum 

temperatures to firing plateau (4h). Characterization was performed by Scanning Electron 

Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), X-ray Diffraction (XDR) 

and Fourier Transform Infrared (FTIR). Considering the microstructural evolution, the 

temperature of 1200 °C presented potentialized chemical bonds without the degradation of HA 

at XDR profile. As the temperature increases the HA is degraded, losing the calcium-phosphate 

bands and consequently the CO2 band becomes more prominent at FTIR spectra. The 

concentration of PVB showed no chemical changes in the experimental composite ceramic. 

SEM images suggests that 2.4 wt.% of PVB result in optimized compaction and a lower 

incidence of cracks and pores, which should be investigated using additional supporting 

methods. It is noteworthy that additional methodologies are necessary for a complete scan of 

composition possibilities. Nevertheless, this study suggests that the SH composite ceramic with 

5% of HA with 2.4 wt.% of PVB, sintered at 1200 °C, exhibit potentially superior properties to 

biomaterial applications.  

 

Key words: Ceramic material; Nanoparticles; Nanostructured materials; Silica; 

Hydroxyapatite; composite particles. 
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1. Introduction 

 

Studies about synthesis of bioceramics have drag attention due to its wide applicability 

in orthopedics and dentistry reconstructing and repairing musculoskeletal system. Termed 

bioceramics may be bioinert (zirconia, alumina), resorbable (tricalcium phosphate), porous for 

tissue ingrowth (hydroxyapatite-coated metals, alumina), or bioactive (hydroxyapatite, glass-

ceramic, bioactive glasses) [1]. Silicon is often present in bioceramics composition because it 

is an important micronutrient for bone and connective tissue health [2,3], participating in the 

early stages of bone mineralization by directly stimulating and upregulating osteoblasts 

proliferation [4-6] and gene expression [7,8]. High concentrations (≥ 30-50 wt.% of SiO2) have 

been investigated that perform surface reactions on initial cellular and ionic process, allowing 

the crystallization of apatite crystals, collagen formation and cell adhesion [9-11].  

Hydroxyapatite [Ca10(PO4)6(OH)2] (HA) is thermodynamically stable in its crystalline 

state in body fluid and has a special chemical composition that is morphologically and 

structurally similar to the mineral portion of human’s bone [12]. HA can be chemically 

synthesized by several methods extensively studied, because of the possible of formation of 

toxic intermediary products during the process or extracted from biological sources or wastes 

such as mammalian bone [12,13]. Bovine bone has the benefit of being easily available and for 

being an inexpensive source associated with Ca/P ratio, particles shapes and crystalline phases 

favorable to use as bioactive material [13]. Bioactivity and osteoconductive properties coexist 

with mechanical properties insufficient for monolithic load-bearing use [14]. 

The association between Si-HA was proposed two decades ago and has been promising 

ever since [14]. Significant bone formation [15,16], enhanced bone attachment [17,18] and 

long-term Si delivery system [19] are promising characteristics of this association in different 

arrangements, e.g., granules [20], microspheres [21], plasma-sprayed coatings [9], scaffolds 

[22], porous [23] and dense bioceramics [24]. Although the association Si-HA has been much 

discussed, there is a gap in the literature regarding the densified conformation with silica matrix 

and HA acting as its additive. Sintering temperature, timing and atmosphere, starting powder 

grain size and shape, pressure, composition and preparation methodologies are some factors 

that influence on dense ceramics preparation [25-27]. Choices such as the use of nanocrystalline 

starting powders and compaction by uniaxial/isostatic pressing were made in order to produce 

an optimized sintering ability and low-cost material production [28,29].  

Considering the obstacles at reaching proper composition, particle size, synthesis 

process, microstructural and physicochemical properties, idealizing an experimental material 
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combining SiO2 and HA (SH composite ceramic) would help the biomaterial science. SH could 

present a high bioactivity through the release of dissolution ions such as Si, Ca and P, which 

may also affect vascularization, gene expression in osteogenic cell, and consequently improve 

bone formation [30-34]. Therefore, since high silicon material associated with HA has been 

produced by different processing methods and achieved interesting results, the aim of this study 

was to produce a new glass ceramic containing SiO2/HA via uniaxial/isostatic powder 

compression and structurally and chemically characterize this material, varying the sintering 

temperatures and concentration of binder. 

 

2. Experimental procedures 

 

2.1. Nano-sized hydroxyapatite 

 

HA was obtained from bovine femurs. The femoral body portion was cut into pieces of 

approximately 1 cm3 and were embedded in hydrogen peroxide (H2O2) as a 30 %, 100 volume 

aqueous solution, and heated to 100 °C [35]. After removing the apparent organic matter, the 

samples were calcined with a heating curve up to 900 ºC (5 °C / minute) and a two-hour plateau 

[36,37] to finalize the pre-treatment step. After gradual cooling, they were ground manually, 

and the powder sieved (# 200 mesh ≤ 75 µm). 

The nanoparticulation process was performed with the aid of a ball mill. A 300 cm3 

capacity polyethylene jug was filled with 40 vol% (500 g / 100 ml) of griding elements (spheres 

of 3Y zirconia ∅ 10 mm), 30 vol% of HA, 70 vol% of isopropyl alcohol (C3H8O) and 0.05 wt.% 

of para-aminobenzoic acid (H2NC6H4CO2H, PABA), and placed for 96 hours in a vibrating ball 

mill. After this period, 1.2% by weight of polyvinyl butyral ((C8H14O2)n, PVB) was added over 

the weight of HA, which was mixed and homogenized in a rotary ball mill for 2 hours. The 

content was dried with a hot air blower at approximately 80 ° C and granulated in stainless steel 

sieves (# 200 mesh ≤ 75 µm). 

 

2.2. Synthesis of experimental material  

 

For the matrix of the experimental material, fumed silica (SiO2, Sigma-Aldrich) was 

used, with particle size of 0.007 µm, surface area of 395 ± 25 m2/gram and density of 2.3 lb./cu. 

ft. The study variables were (1) the percentage of HA addition, (2) the temperature of the 

sintering plateau, and (3) the concentration of PVB (Table 1). 



Articles  45 

 

Table 1 

Groups distribution according to the study variables 

HA % Sintering temp. PVB wt% 

3 % 1100 °C 1.2 wt% 

5 % 1200 °C 2.4 wt% 

10 % 1300 °C  

 

The mixing of the experimental material was mechanically carried out in a ball mill. 

Since the molecular weight of amorphous SiO2 is 2.2 g/cm3 and of HA is 3.156 g/cm3, the jug 

was filled with 40 vol% (500 g / 100 ml) of griding elements (spheres of 3Y zirconia ∅ 10 mm), 

30 vol.% of SiO2 + HA, 70 vol.% of isopropyl alcohol and 0.05 wt.% of PABA, and was placed 

for 2 hours in a rotatory ball mill. After this period, 1.2% or 2.4 wt.% of PVB, previously diluted 

in isopropyl alcohol, was added to the jug and mixed and homogenized in a rotary ball mill for 

10 minutes (Table 2). 

 

Table 2 

Solid content used in proportion to the synthesis of the experimental material 

 SiO2 HA C3H8O PABA PVB 

SiO2 + 3% HA 53.35 g 2.36 g 56.50 g 0.28 g 2.52 g / 5.04 g 

SiO2 + 5% HA 52.25 g 3.94 g 56.50 g 0.28 g 2.52 g / 5.04 g 

SiO2 + 10% HA 49.50 g 7.89 g 56.50 g 0.28 g 2.52 g / 5.04 g 

 

The content was oven dried at approximately 80 °C and granulated in stainless steel 

sieves (# 200 mesh ≤ 75 µm). The powder was proportioned and pressed in a uniaxial press 

(100 MPa / 30 sec), with the aid of matrix that was lubricated with a thin layer of oleic acid 

(C18H34O2). Once compacted, the specimens were vacuum packed and received the second 

compactation in an isostatic press (200 MPa / 1 min). 

The silica-hydroxyapatite composite ceramic samples were sintered in atmosphere air 

by a chamber-type oven (Lindberg Blue / M). Sintering scheme is describe in Figure 1. 

 



46  Articles 

 

 

Fig. 1. Sintering scheme in atmosphere air by a chamber-type oven (Lindberg Blue / M). Plateau 

temperatures varied according to the groups studied (1100, 1200 or 1300 °C). 

 

2.3. Characterization methods 

 

Four different investigative techniques were used to analyze morphologically, 

chemically and structurally the samples: scanning electron microscopy (SEM), energy 

dispersive x-ray spectroscopy (EDX), x-ray diffraction (XDR) and Fourier transform infrared 

(FTIR). They were performed on the starting powders, the blend of powders before sintering 

(initial characterization) and the pellets after sintering (final characterization), aiming to 

compare them and observe the changes caused by sintering and variations in the concentration 

of HA and PVB. 

 

2.3.1. SEM/EDX 

The samples were coated with gold at ≌ 10 nm thickness and were investigated using 

an XL30 FEG, an ultra-vacuum system with the base pressure of 1 × 10-5 Pa and an acceleration 

voltage of 20 kV. Images were taken using a JEOL-JSM 56000LV microscope (Tokyo-Japan), 

equipped with an X-ray detector (Voyager, Noran Instruments) which allowed the chemical 

elements analysis under vacuum in backscattered electron mode. 

 

2.3.2. .XDR 

Samples were characterized by X-ray diffraction on a Rigaku Miniflex600 X-ray 

diffractometer using CuK� radiation source (� = 1.54056 Å) with rotatory anode operation at 

40 KV and 150 mA.  
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The amorphous characteristic of the fumed silica powder and the crystalline phases of 

HA were identified and validated by XDR. In order to propose standards and evaluate the 

profiles, the Joint Committee on Powder Diffraction and Standards (JCPDS) was used. Some 

of the cards selected was: # 29-0085 for amorphous SiO2, # 024-0033 for HA, # 009-0080 for 

CaHPO4, # 001-1160 for CaO, and # 001-0941 for Ca3(PO4)2.  

 

2.3.3. FTIR 

Spectra were recorded using KBr pellets (FTIR-Vertex 70, Bruker), in the transmittance 

mode with the range of 500-2500 cm-1, in order to investigate the functional groups of resultant 

powders. 

 

3. Results and discussion 

 

3.1. Silica and HA powder characterization 

The use of fumed silica for the experimental ceramics was motivated by the submicron-

size of its spheres. The smaller the particles, the larger the estimated surface area. This 

correlation results in a larger area available for interaction with nano-HA and the unique particle 

flocs promote a dispersion to mechanical stress [38]. The alcoholic medium was attempted to 

not exceed the threshold concentration (Pg) because the viscous liquid characteristic is 

beneficial for ball-mill method making the dilute dispersion flowable when perturbed by 

mechanical action [39]. Associating fumed silica and polar organic solvents tends to form low 

viscosities medium and networks of overlapping agglomerates and clusters [38,40]. Hydrogen 

bonding between silanol groups on different particle surfaces are caused by the attractive 

interactions between particle aggregation and network formation [40,41]. 

Bovine bone is a well-studied natural source of HA with predictable and reliable 

characteristics [13]. Due to the structural and morphological similarity with the human bone, 

the cortical portion of the femur was chosen for the study [42]. The pre-treatment step 

completely removed the collagen, lipids and non-collagenous organic proteins from the bone 

matrices [43], remaining only the mineral phase (HA).  

XDR analysis of the silica fumed and HA as shown in Figure 2 exhibited peaks within 

the 2� range from 10° to 80° that corresponds to stoichiometric of the amorphous structure of 

SiO2 (JCPDS no. 29-0085) and HA (JCPDS no. 9-432). No phase decomposition (CaO, TTCP, 

a-TCP and b-TCP) was found and it can be observed the high crystallinity and single phase on 
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HA spectra of starting powder. This finding highlight that the sintering treatment produced pure 

HA. 

 

 

Fig. 2. XDR pattern of SiO2, HA and SiO2 + 3% HA (1200 °C) group. Correspond to the 

characteristic peak of SiO2 (JCPDS no. 29-0085) and of HA (JCPDS no. 9-432). 

 

The IR spectrum of starting powders coincide with those described in the literature. 

Silica fumed presents the vibration of Si-O-Si [44] and Si-OH bonds [45] while the inorganic 

phase of HA is composed mainly of Ca and P with some minor components (Na, Mg, O, and 

C) [46]. Spectrum of HA shows the presence of major inorganic species, phosphate (from the 

mineral HA), carbonate (from carbonate substitution for hydroxyl and phosphate groups in 

HA), and organic components such as amide functional groups I–III from the protein 

constituents of bone (mainly type I collagen) [47]. 

 

3.2. SH (silica-hydroxyapatite) composite ceramic conception 

3, 5 and 10 % of nano-HA were selected (Table 1) based on previous studies with silica-

based ceramics that receive addition of crystalline material, such as ZrO2 [29,48], and studies 

that associate SiO2 and HA [49,50]. The homogeneously distribution of HA nanoparticles 

enhance the mechanical and tribological properties acting as load carries [36]. Increasing the 

proportion of HA results in greater challenge for homogeneous distribution within the bulk, 

which may result in aggregated particles and formation of mechanical deficiency regions. 

However, a higher concentration can provide greater bioactivity to the material [51]. 

In order to favor the compacting and pressing of specimens, PVB was used as a binder 

in this study. An amorphous thermoplastic that presents an excellent flexibility, fil-forming and 

adhesion, PVB could functioned as a cross-linked according to the number of residuals OH 

groups in the material [52]. The flakes conformation of fumed silica has a great oxygen coating 
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in ambient conditions and, although the use of binders can provide the formation of porosities 

in the material [53,54], its absence could make the manipulation of the specimens unfeasible 

after pressing [54,29]. 

 

Sintered SH composite ceramic results 

The association between the uniaxial and isostatic compaction technique [53] with the 

mechanical method of the ball mill [29] has been successfully used in the synthesis of ceramics 

with high density and mechanical resistance. These steps favored the bulk homogenization and 

the specimen conformation, preparing them for sintering.  

In this study, the plateau temperature was varied aiming to observe the reflects on 

physicochemical characteristics of SH composite ceramic and predict the optimal sintering 

scheme. Although the fusion temperature of silica is 1710 °C, further collisions result in some 

irreversible mechanical entanglement or agglomeration from 800 °C [55] and around 1250 – 

1300 °C the compaction can occur [56]. Once the decomposition of HA initiate at 1250 – 1300 

°C and reflects in grain boundaries and deterioration of mechanical properties of ceramics [57-

59], the elected temperatures were 1100, 1200 and 1300 °C to sinter the green-body specimens.  

A low sintering scheme was used in order to stablish a graduation of temperature 

favoring, i.e., the effective burn out of binder at 600 – 700 °C [49], reducing the imprisonment 

of CO2 on composite ceramic body. Band at 2300 cm-1 could indicate these CO2 imprisonment 

[60] inside the bulk of the material on FTIR analysis (Figure 3). 

 

 

Fig. 3. FTIR pattern of SH composite ceramic in different concentration of nano-HA, 3 (a) 5 

(b) and 10 % (c), sintered at 1100, 1200 and 1300 °C. 

 

For concentrations of 3 and 10% HA, according to the sintering temperature, the bands 

of CO2 became more prominent, while for the concentration of 5% this relationship was 

reversed. Figure 4 presents the three concentration groups sintered at 1200 °C and demonstrates 
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controlled peaks of CO2. Spectra exhibits vibrational modes that can be attributed to bound 

(3700 – 2600 cm-1) and free (3571 cm-1) hydroxyl stretch modes, the carbonate asymmetric 

stretch (1638 cm-1) and out of bending mode (875 cm-1), and the phosphate asymmetric stretch 

(1088/1047 cm-1), and v4 O-P-O in plane bending modes at 637 cm-1 [61-64]. Vibrational modes 

from silanol (Si-OH) stretch region stretch region (3700–2500 cm-1), Si–O stretch (1100 and 

962 cm-1), Si-OH deformation vibration (1020 cm-1) and bonded silanol groups 3400-3200 cm-

1, and the characteristic Si–O–Si stretch near 480 cm-1 did not appear in spectra, only in 1130-

1000 cm-1 [65].  

It is interesting to note that HA and SiO2 share a number of similarly spaced vibrational 

modes near 3700– 2500 cm-1 (hydroxyl stretch), 1635–1640 cm-1 (carbonate), 1089–1095 cm-

1 (Si–O/P–O stretch), 958–962 cm-1 (Si–O/P–O symmetric stretch), and 477–483 cm-1 (Si–O–

Si stretch/P–O out of plane bending) that are not represented on Figures 3 and 4. This may be 

attributed to similarities in vibrational characteristics between the SiO4 
4- and PO4

3- tetrahedral 

molecular units that are incorporated into the structures of SiO2 and HA [64].  

The intensities of the weak surface P-OH vibrational mode at 3682 cm-1 [61], the free 

hydroxyl stretch at 3571 cm-1, the n3 phosphate peaks at 2100, 1088, and 1047 cm-1. In addition, 

the carbonate n2 mode at 875 cm-1 and the n3 carbonate modes at 1638, 1455, and 1421 cm-1 

decrease in intensity with increasing silica-coating amount. 

 

 

Fig. 4. FTIR pattern of SH composite ceramic sintered at 1200 °C. 

 

The specimens after sintering were analyzed via XDR (Figure 5), an interesting method 

to identify the phases in every group of sintering process. The intensity of the major peak of the 

sintered SH at 1200 °C has a vivid increase in comparison with XDR analysis of sample 1100 

and 1300 °C, which indicates the increase of powder’s crystallinity. The temperature of 1100 

°C presented an attempt of binding with substantial increase in FWHM. At 1200°C the peaks 
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were evidenced and at 1300 °C the degradation already prevented its increase, the HA peaks 

start to disappear and the formation of Ca(OH)2 peaks are promoted. The intensity of the 

characteristic peaks for b-tricalcium phosphate (�-TCP), located at 2� angles of  27.75, 31.65, 

45.55, and 48.00° are more prominent at 1200 °C group, temperature that would cause the HA 

decomposition into �-TCP {Ca3(PO4)2}, �-TCP {Ca3(P2O8)} and calcium oxide (CaO) [46]. 

 

Fig. 5. XDR pattern for SH composite ceramic with 3% of HA sintered at 1100, 1200 and 1300 

°C. 

 

The chemical characterization of starting powders (SiO2, HA and SH composite ceramic 

blends) and after sintering was conducted using SEM/EDX. The EDX analysis detected silicon 

(Si) and oxygen (O), in 46.08 wt.% and 53.92 wt.%, respectively. To HA sample, EDX detected 

calcium (Ca) 27.38 wt.%, phosphate (P) 12.92 wt.%, carbon (C) 8.69 wt.%, sodium (Na) 0.72 

wt.%, magnesium (Mg) 0.48 wt.%, and oxygen (O) 38.94 wt.%.  

Aiming to characterize the effects of the sintering temperature variation, SEM was 

conducted on bulk area. Figure 6 illustrate the SH composite ceramic with 10% of HA sintered 

at 1100 (a, b, c), 1200 (d, e, f) and 1300 °C (g, h, i). Insufficient densification of the sample can 

be observed with pores and cracks in the material, functioning as potential areas to catastrophic 

failure during eventual mechanical challenge. Some pores can also originate from the 

evaporation of the PVB. At 1100 °C the flaking aspect of the agglomerated fumed silica, 

although compacted, continues to be observed at higher magnifications (Figure 1b, c), in 

agreement with the findings of physical-chemical analysis. At temperatures of 1200 °C and 

1300 °C the matrix is more homogeneous, with union of particles. However, the pores of the 

highest temperature appear to be of higher volume. 
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Fig. 6. SEM images of SH composite ceramic with 10% of HA sintered at 1100 (a, b, c), 1200 

(d, e, f) and 1300 °C (g, h, i).  

 

The starting powders of starting powder of SiO2 and HA can be seen in Figure a and b, 

respectively. Bends before and after sintering at 1200 °C are presented at Figure 7 and help to 

compare the structural change that has occurred. The greater the addition of HA, the more 

evident the filaments within the ceramic bulk. They are most noticeably maintained at 1200 °C 

(Figure 6 e, f and Figure 7 h) and according to EDX their composition is mostly magnesium. It 

was observed on the concentrations studied, but other concentrations could be investigated and 

a range of sintering temperature between 1200 and 1300 °C is valid to be exploited.  
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Fig. 7. SEM images of starting powder of SiO2 (a), HA (b), SH composite ceramic with 3% of 

HA (c), 5% of HA (d) and 10% of HA (e). After sintering at 1200 °C the SH composite ceramic 

with 3% of HA (f), 5% of HA (g) and 10% of HA (h). 

 

3.4. PVB concentration results 

 

The use of a binder is essential because of the hard and limited plastic deformation 

capability of a ceramic powder at room temperature [66]. Lubricant, in this case the oleic acid, 

is used in small quantity and should not infer on adhesive forces between particles. To 

plastically deform in between particles and transmit sufficient strength to the green compact, 

PVB helped to maintaining the integrity during pre-sintering handling [54]. Although, the use 

of organic binders requests the effective remotion in a long heating time, releasing gases that 

may lead the deformation of the green compact or the initiation of cracks.  

PVB is usually used in necessity of a strong binding, with the ability of adhesion in 

different surfaces and characteristics such as toughness, flexibility and optical clarity [67]. The 

heat-resistance of PVB is deficient due to their low glass-transition temperature (Tg) [68]; 

therefore, the binder performs its stabilization function and as the ceramic is sintered it will be 
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eliminated at 600 – 700 °C [49]. Containing a hydroxyl group via polyvinyl alcohol (PVA) that 

dominates the adsorption on SiO2 by hydrogen bonding, interaction already described between 

PVB and yttria-stabilized zirconia (YSZ) [69].  The high number of hydroxyl groups possibility 

a more effective adsorption of PVB on the ceramic particles.  

Figure 8 shows SEM images of SH composite ceramic with different concentration of 

HA, sintered at 1200 °C, produced with 1.2% or 2.4 wt.% of PVB. EDX maintained the 

dispersion previously described and the groups with the highest concentration of PVB showed 

a slight increase in carbon levels. In lower magnifying cracks can be seen in SH composite 

ceramic with 3% and 10% of HA, being more frequent in groups with less HA addition (Figure 

8a, c). The group of 10 % of HA and 2.4 wt.% of PVB did not present them anymore. All groups 

have apparent pores, which indicates inefficiency in the compaction of green body samples. 

Qualitatively, it can be observed that groups with 2.4 wt.% of PVB have fewer pores, which 

suggests a more effective compaction. 

 

 

Fig. 8. SEM images of SH composite ceramic with 3% of HA 1.2% (a, b) and 2.4 wt.% of PVB 

(c, d), 5% of HA 1.2% (e, f) and 2.4 wt.% of PVB (g, h), and 10% of HA 1.2% (i, j) and 2.4 

wt.% of PVB (k, l), sintered at 1200 °C. 

 

XDR patterns for all samples studied are grouped at Figure 9. SiO2 is the predominant 

peak at 22° in addition to low and mean intensity peaks corresponding to Ca5(PO4)3(OH) and 

	-TCP (30 – 35°) [58], revealing that these phases tend to be maintained independent of PVB 
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wt.% variation once de sintering temperature is the same (1200 °C). There was a maintenance 

of the general intensity of the spectrum, not varying significantly according to the change in 

concentration of the PVB, which suggests complete burn out. The volume of pores within the 

sample, with eventual Ca(OH)2 imprisonment.  

 

Fig. 9. XDR pattern of SH composite ceramic with different concentration of HA, varying in 

1.2% and 2.4 wt.% of PVB, sintered at 1200 °C.  

 

Analysis of FTIR spectra for PVB variation shows that all samples have typical 

absorption bands of SiO4
4- at 1100, 1277, and 825 cm-1. Indicating the crystalline HA, PO4

3- 

presented bands at 1050, 961, 604, and 572 cm-1, OH- at 3574, 3440, 1630, and 634 cm-1, CO32- 

carbonate groups at 1550, 1457, 1415, 880, and 800 cm-1 (Figure 10). It was not possible to 

observe changes in the spectrum in relation to the variation of the binder, between blends of 

starting powders and after sintering. 

 

 

Fig. 10. FTIR pattern of SH composite ceramic. Comparison between starting powder (s.p.) and 

after sintering (1200 °C) varying in 1.2% and 2.4 wt.% of PVB. 
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According to the XDR and FTIR analysis, it can be observed that the use of presence of 

1.2% or 2.4 wt.% of PVB did not influence the physicochemical characteristics of the 

experimental material. However, a higher concentration seems to have contributed to a more 

effective compaction of the green-body specimens, providing a lower incidence of cracks and 

apparent pores. 

 

3.5. SH (silica-hydroxyapatite) composite ceramic results 

 

In the present work, the nano-HA derived from bovine femurs was incorporated into a 

commercial fumed silica as an application of biomaterial. The study of synthesis details and 

characterization helped to understand the experimental material and outline future strategies to 

optimize it. The association between silica and HA are implement as filled cement [36] and 

bone substitute material [70], due to their cell proliferation ability [71], early bone ingrowth 

and repair [22,72,73], induction an osteogenic signal to human mesenchymal stem cells [78], 

and biomimetic properties [70]. 

As described, not only the composition but also the processing technique can be 

responsible to physicochemical and mechanical properties of composite ceramic. It is worth 

noting that a porosity between 60 – 80% stimulate the osteoconductivity and biodegradability 

for bone substitute [79]. The variation in sintering temperature is directly linked to the process 

of devitrification of the amorphous silica used. Considering that temperatures between 1200 – 

1350 ºC the sintered silica powder maintained the porosity and surface area during 

crystallization anneal [80,81], the maximum temperature selected to the present study was 1300 

ºC. The addition of HA can alter the nucleation and crystal growth temperatures of 

devitrification process, reflecting on mechanical properties [82]. The characterization step is 

essential to guide the research line and direct the best composition and microstructural pattern 

for the development of subsequent tests. Critical planning and analysis will save laboratory time 

and financial resources. Previous studies have reported that the homogeneity of bulk, which 

depend on powder mixer, medium and mixing procedure, has a significant influence on the 

properties of ceramic [37,29,83].  

Therefore, more investigations are needed with SH composite ceramic in order to 

elucidate the physicochemical, mechanical and tribological properties deepening variations and 

analysis of the manufacturing routes, the matrix chemical composition, different conformation 

of the silica particle, and the uniformization of the HA dispersion. In this way, the positive 

characteristics from the SH ceramic composition such as bioactivity, biocompatibility and 



Articles  57 

 

osteoconductivity, which are widely studied, will provide the applicability of the experimental 

material by medical and dental community. 

 

4. Conclusion 

 

In the present work, a silica-hydroxyapatite composite ceramic was successfully 

produced and investigated according to physicochemical analysis. It was found that: 

1- The nano-hydroxyapatite produced from bovine femurs was feasible for the 

composition of an experimental composite ceramic. 

2- Considering the microstructural evolution, the temperature of 1200 °C presented 

potentialized chemical bonds without the degradation of hydroxyapatite at XDR profile. 

3- The concentration of PVB showed no chemical changes in the experimental 

composite ceramic. SEM images suggests that 2.4 wt.% of PVB result in optimized compaction 

and a lower incidence of cracks and pores, which should be investigated using additional 

supporting methods. 

4- The results suggested that the SH composite ceramic with 5% of HA with 2.4 wt.% 

of PVB, sintered at 1200 °C, presents potential superior properties to biomaterial.   
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3 FUNDAMENTED DISCUSSION 

 

The great demand for HA, especially in nanometric proportions, motivates scientific 

investigations and justifies the search for sustainable and low-cost appeal. Natural HA, usually 

extracted from biological sources or waste, meets this demand and even has superior structural 

characteristics compared to synthetic HA [MOHD PU'AD et al., 2019]. In the present studies, 

cortical part of femoral bovine bone was used because of morphologically and structurally 

similarity to human bone [HERLIANSYAH et al., 2007]. Based on literature demand for further 

investigations and considering processing aspects and characteristics of the powder [SADAT-

SHOJAI et al., 2013], two nanoparticulation methods were elected to appraisal.  

Sonochemical and mechanochemical ball mill methods are classified as inexpensive and 

do not require many chemical reagents for processing [SADAT-SHOJAI et al., 2013]. However, 

the morphology and crystallinity of the obtained powder is variable, further studies and a 

precise methodology description are necessary toward providing greater predictability. Both 

methodologies have proved to be effective in decreasing nanometer-sized the particles of 

bovine HA, since the sonochemical and milling methods reached an average of 60 nm and 40 

nm, respectively. In order to evaluate the physical-chemical characteristics of the products 

obtained, a series of tests were executed.  

XDR provide the phases identification and comparison before and after the methods. 

The resulting diffractograms demonstrates an accordance with reported descriptions for bovine 

origin HA (XDR JCPDS file no. 9-432, 1996) [JCPDS, 1996] and with pure HA phase (211, 

300, 202 diffraction peaks) [AYATOLLAHI et al., 2015], which demonstrates the great 

performance of the methods, without degradation of the particles and with similarity to the 

described patterns. Dihydroxylation of HA had occurred and is evidenced at diffractogram (211 

peak) [KUSRINI; SONTANG, 2012], which make the materials good candidates for bone 

substitutes. EDX is an elemental analysis technique and allowed to confirm the presence of Ca, 

P, O, and minor elements (Mg2+ and Na+), also relevant to optimize the bone substitute function 

[HERLIANSYAH et al., 2007]. Generally, most literature have reported Ca/P ratio 1.67 as the 

most effective in promoting bone regeneration [AKRAM et al., 2013], but the range of ≅ 1.92 

was obtained with the methodologies performed and still belongs to an acceptable range 

[JOSCHEK; NIES; KROTZ; OPFERICH, 2000; OOI; HAMDI; RAMESH, 2007]. 
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The FTIR spectrum provides a characteristic "molecular fingerprint" that can be used to 

display, scan and identify organic and inorganic samples. The representativeness of the bands 

was described in the respective image. Phosphate ions appeared in the spectrum on v1 (965 cm-

1), v3 (1100 – 1035 cm-1), and v4 mode (633, 603 and 565 cm-1 bands). Carbonate ions arises 

with v2 (873 – 880 cm-1 - out-of-plane bend vibration) and v3 (1400 – 1600 cm-1) mode and 

could be associated with impurity as residual organic component after calcination 

[DOROZHKIN, 2010]. TEM images provided the measurement and the identification of the 

nanoflakes particles conformation [AYATOLLAHI et al., 2015], agreeing with the expected 

result for HA of biogenic source and obtained by association of procedures [SADAT-SHOJAI et 

al., 2013; MOHD PU'AD et al., 2020; MOSTAFA, 2005]. The association of calcination and 

sonochemical/ball mill provides promising results of reaction kinetics, reduction of particle size 

and high purity.  

Although the two nanoparticulation methods were effective and produced particles with 

structural and chemical characteristics suitable for biomedical use, the study of synthetization 

an experimental SiO2/nano-hydroxyapatite composite ceramic opted for particles produced by 

the ball mill mechanochemical method. Associate nano-HA and fumed silica has intention of 

having a larger area available for interaction and, since the alcoholic medium was used for 

mixture on gyratory ball mill, this conjunction with a polar organic solvents tends to promote a 

dispersion to mechanical stress [SRINIVASA; SAAD, 1997] and form a viscous liquid 

favorable for the method elected [SRINIVASA; SAAD, 1997; SCHWARZ; MILNE, 1972]. 

Three essential factors were considered in the study of structural and chemical 

evaluation of an experimental ceramic: percentage of material and binder added to the matrix 

and firing temperature. Following a characterization protocol similar to the analysis of 

nanoparticulation methods, differing only in the type of microscopy (TEM / SEM), it was 

possible to thoroughly analyze the results obtained. As the concentration of HA increased, the 

SEM images made it possible to identify an increase in the incidence and volume of the pores. 

Compression failures and a non-uniform distribution of HA may explain these findings 

[PRAKASAM et al., 2015]. At 1200 °C the SH composite ceramic with 5% and 10% of HA 

presents filaments within the ceramic bulk, more evident at 10% group. According to EDX their 

composition is mostly magnesium. As already discussed, magnesium is a favorable trace 

element for biomaterial, however further investigations should be performed to elucidate the 

reason of this formation [HERLIANSYAH et al., 2007]. FTIR pattern demonstrate that for 
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concentrations of 3 and 10% HA, according to the sintering temperature, the bands of CO2 

became more prominent, while for the concentration of 5% this relationship was reversed. 

Evaluating two proportions of PVB provided not only easiness during the conformation 

stages of the specimens, but also an important structural observation of the material. Although 

the mechanical characteristic is relevant in dense ceramics and, in this respect, less pore 

incrustation is unfavorable [MICHELSEN et al., 2008; SRINIVASA; SAAD, 1997], other 

clinical applications may arise requiring greater porosity to favor cell adhesion or even the 

penetration of widely distributed drugs. The complete elimination of binder is 600 – 700 °C 

[AYATOLLAHI et al., 2015]. For this reason, EDX only demonstrates a slight increase in carbon 

levels on 2.4 wt.% of PVB group. SEM images shows fewer pores at groups with higher 

concentration of PVB, while cracks could be visualized at SH composite ceramic with 3% of 

HA with both concentrations of binder, and 10% with 2.4 wt.% of PVB. According to the XDR 

and FTIR analysis, it can be observed that the use of 1.2% or 2.4 wt.% of PVB did not influence 

the physicochemical characteristics of the experimental material, which suggests complete burn 

out. However, a higher concentration seems to have contributed to a more effective compaction 

of the green-body specimens, providing a lower incidence of cracks and apparent pores.  

The sintering temperature varied among 1100, 1200 and 1300 °C, following the same 

slow scheme. For concentrations of 3 and 10% HA, according to the sintering temperature, the 

FTIR bands of CO2 became more prominent, while for the concentration of 5% this relationship 

was reversed. XDR patter of 1100 °C samples presented an attempt of binding with substantial 

increase in FWHM. At 1200°C the peaks were evidenced and at 1300 °C the degradation 

already prevented its increase, the HA peaks start to disappear and the formation of Ca(OH)2 

peaks are promoted. This evolution that occurs with the increase in temperature can be 

confirmed by the SEM images. At 1100 °C sample, although compacted, the flaking aspects of 

the agglomerated fumed silica continues to be observed at higher magnifications. At samples 

of 1200 °C and 1300 °C the matrix is more homogeneous, with union of particles. However, 

the pores of the highest temperature appear to be of greater volume and filaments, already 

described, are present at 1200 °C sample. From the results obtained and the temperatures tested, 

the 1200 °C plateau proved to be the most suitable for SH composite ceramic with HA. 

However, it is suggested that the thermogravimetric analysis (TGA) of the material be carried 

out so that through the monitoring of sample loss and / or mass gain as a function of time or 

temperature, it is possible to establish both a specific sintering scheme and the definition of the 

temperature of the plateau [CHARSLEY; WARRINGTON, 1991]. 
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Within the limitations of the study, it can be concluded that the uniaxial/isostatic powder 

compression is an efficient method to obtain SH composite ceramic. The temperature of 1200 

°C presented potentialized chemical bonds without the degradation of HA at XDR profile, SEM 

images suggests that 2.4 wt.% of PVB result in optimized compaction and a lower incidence of 

cracks and pores, which should be investigated using additional supporting methods, and the 

SH composite ceramic with 5% of HA presents potential superior properties to biomaterial.   

The path of making an experimental biomaterial is long and goes through countless 

variations and evaluations until it presents the ideal characteristics for clinical use. However, 

while in the past trial and error were the principal alternatives for the design of new 

biomaterials, current studies of the structure and chemical characteristics can give greater 

support to innovations [OLADEJI; UMORU; ARIBO, 2012]. Biomaterials research represents 

one of the most important fields of modern medicine and dentistry and it is responsibility of the 

scientific community to bring together the various expertise for the benefit of potential users. 
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4 CONCLUSIONS 

 

 

Within the limitations of the studies, it can be concluded that sonication (≅ 60 nm) and 

ball mill (≅ 40 nm)  methods, associated with prior calcination, were capable of producing 

nanosized bovine HA particles, manteining an appropriate stoichiometry, morphology and 

purity. According to SH composite ceramic, the uniaxial/isostatic powder compression is an 

efficient method. The temperature of 1200 °C presented potentialized chemical bonds without 

the degradation of HA at XDR profile, SEM images suggests that 2.4 wt.% of PVB result in 

optimized compaction and a lower incidence of cracks and pores, and the SH composite ceramic 

with 5% of HA presents potential superior properties to biomaterial. Further studies with 

different sintering temperatures, thermogravimetric analysis, and different HA concentrations 

are needed to reach the maximum potential of the experimental material. 

  



 

 

 

 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 
  



 

 

 

 

 



References  77 

 

REFERENCES 

 

AKRAM, M. et al. Extracting hydroxyapatite and its precursors from natural resources. 
Journal of Materials Science, v. 49, p. 1461–1475, nov. 2013. 

AYATOLLAHI, M.R. et al. Mechanical and tribological properties of hydroxyapatite 
nanoparticles extracted from natural bovine bone and the bone cement developed by nano-sized 
bovine hydroxyapatite filler. Ceramics International, v. 41, issue 9, part A, p. 10818–10827, 
nov. 2015. 

BEST, S.M. et al. Silicon-substituted apatites and process for the preparation thereof. 
Depositante: U.S. Patent No. 6,312,468. Depósito: 6 Nov. 2001. 

BORDEA, I.R. et al. Nano-hydroxyapatite use in dentistry: a systematic review. Drug 
Metabolism Reviews, v. 52, issue 2, may 2020.  

BOSE, S. et al. Synthesis, Processing, Mechanical, and Biological Property Characterization 
of Hydroxyapatite Whisker-Reinforced Hydroxyapatite Composites. Journal of the American 
Ceramic Society, v. 92, issue 2, feb. 2009. 

BOSKEY, A.L. Natural and Synthetic Hydroxyapatites. In: Ratner, B. et al. (org.). 
Biomaterials Science: An introduction to materials in medicine. Third Edit, Elsevier, 2013. 

BOWEN, P.; CARRY, C. From powders to sintered pieces, forming, transformations and 
sintering of nanostructured ceramic oxides. Powder Technology, v. 128, issues 2-3, p. 248-
255, dec. 2002. 

BRANDON, D.; KAPLAN, W.D. Microstructural characterization of materials. John Wiley 
& Sons, feb. 2013. 

CAI, Y. et al. Role of hydroxyapatite nanoparticle size in bone cell proliferation. Journal of 
Materials Chemistry, v. 17, n. 36, p. 3780-3787, june 2007. 

CAO, L.; ZHANG, C.; HUANG, J. Synthesis of hydroxyapatite nanoparticles in ultrasonic 
precipitation. Ceramics International, v. 31, issue 8, p. 1041-1044, 2005. 

CARLISLE, E.M. Silicon: an essential element for the chick. Science, v. 178, issue 4061, p. 
619-621, nov. 1972. 

CHARSLEY, E. L.; WARRINGTON, S. B. Thermal Analysis: Techniques & Applications. 
Leeds: Royal Society of Chemistry, 1991, 296p. 



78  References 

 

DE JONG, W.F. La substance minérale dans les os, Recueil des Travaux Chimiques des 
Pays-Bas, v. 45, n. 6, pp. 445–448, apr. 1926. 

DENISSEN, H. W. et al. Eleven-year study of hydroxyapatite implants. Journal of Prosthetic 
Dentistry v. 61, issue 6, p. 706–712, june 1989. 

DOREMUS, R.H. Review – Bioceramics. Journal of Materials Science, vol. 27, no. 2, pp. 
285–297, 1992.  

DOROZHKIN, S.V. Nanosized and nanocrystalline calcium orthophosphates. Acta 
Biomaterialia, v. 6, issue 3, p. 715-734, mar. 2010. 

DSM, A Brief History of Biomedical Materials, Corporate Communications, 2009. 
Disponível em: http://www.dsm.com/en US/cworld/public/medical downloads/. Acesso em: 5 
Nov. 2020. 

FU, L.-H. et al. Microwave assisted hydrothermal synthesis of cellulose/hydroxyapatite 
nanocomposites. Polymers, vol. 8 (9), p. 316., sept. 2016. 

FULLER, C.C. et al. Mechanisms of uranium interactions with hydroxyapatite: implications 
for groundwater remediation. Environmental Science & Technology, v. 36, n. 2, p. 158–165, 
jan. 2002. 

GIARDINA, M.A.; FANOVICH, M.A. Synthesis of nanocrystalline hydroxyapatite from 
Ca(OH)2 and H3PO4 assisted by ultrasonic irradiation. Ceramics International, v. 36, issue 
6, p. 1961-1969, aug. 2010. 

GIBSON, I.R.; BEST, S.M.; BONFIELD, W. Chemical characterization of silicon-substituted 
hydroxyapatite. Journal of Biomedical Materials Research, v. 44, issue 4, jan. 1999. 

HENCH, L.; POLAK, J. Third generation biomedical materials. Science, v. 8, n. 295(5557), p. 
1014-7, feb. 2002. 

HENCH, L.L.; CLARKE, A.E. Biocompatibility of Orthopaedic Implants. In: WILLIAMS, 
D.F. (org.). CRC Press, Inc., 1982. cap. 6. 

HERLIANSYAH, M.K. et al. Preparation and characterization of natural hydroxyapatite: a 
comparative study of bovine bone hydroxyapatite and hydroxyapatite from calcite, Materials 
Science Forum, V. 561-565, p. 1441-1444, oct. 2007. 



References  79 

 

HONARMANDI, P. et al. Milling media effects on synthesis, morphology and structural 
characteristics of single crystal hydroxyapatite nanoparticles. Advances in Applied Ceramics, 
v. 109, issue 2, p. 117-122, feb. 2010. 

IBRAHIM, M. et al. Hydroxyapatite, a multifunctional material for air, water and soil pollution 
control: A review. Journal of Hazardous Materials, v. 383, n. 5, feb. 2020. 

JCPDS Card File No. 9-432 (Hydroxyapatite), 1996. Joint Committee on Powder Diffraction 
Standards. Swathmore, PA. 

JEVTIC, M. et al. Crystal structure of hydroxyapatite nanorods synthesized by sonochemical 
homogeneous precipitation. Crystal Growth & Design, v. 8, n. 7, p. 2217-2222, june 2008. 

JIANG, L.; LIAO, Y.; WAN, Q.; LI, W. Effects of sintering temperature and particle size on 
the translucency of zirconium dioxide dental ceramic. Journal of Materials Science: 
Materials in Medicine, v. 22, p. 2429–2435, sept. 2011. 

JOSCHEK, S.; NIES, B.; KROTZ, R.G.; OPFERICH, A. Chemical and physicochemical 
characterization of porous hydroxyapatite ceramics made of natural bone. Biomaterials, v. 21, 
p. 1645–1658, aug. 2000. 

KRAJEWSKI, A. et al. Spectrometric study of the thermal evolution of mechanochemically 
prepared hydroxyapatite-based powders. Crystal Research and Technology, v. 31, issue 5, p. 
637–46, 1996. 

KRUSE, A. et al. Bone regeneration in the presence of a synthetic hydroxyapatite/silica oxide-
based and a xenogenic hydroxyapatite-based bone substitute material. Clinical Oral Implants 
Research, v. 22(5), p. 506-511, may 2011. 

KUSRINI, E.; SONTANG, M. Characterization of x-ray diffraction and electron spin 
resonance: Effects of sintering time and temperature on bovine hydroxyapatite. Radiation 
Physics and Chemistry, v. 81, issue 2, p. 118-125, feb. 2012. 

LIU, D.-M.; LIN, J.-T. Influence of ceramic powders of different characteristics on particle 
packing structure and sintering behavior. Journal of Materials Science, v. 34, p. 1959–1972, 
apr. 1999. 

MICHELSEN, V.B. et al. Quantitative analysis of TEGDMA and HEMA eluted into saliva 
from two dental composites by use of GC/MS and tailor-made internal standards. Dental 
Materials, v. 24, issue 6, p. 724-731, june 2008. 



80  References 

 

MOHD PU'AD, N.A.S. et al. Syntheses of hydroxyapatite from natural sources. Heliyon. 
v.8;5(5), e01588, may 2019. DOI 10.1016/j.heliyon.2019.e01588. Disponível em: 
https://doi.org/10.1016/j.heliyon.2019.e01588. Acesso em: 5 Nov. 2020. 

MONDAL, S.; DOROZHKIN, S.V.; PAL, U. Recent progress on fabrication and drug delivery 
applications of nanostructured hydroxyapatite. Wiley Interdisciplinary Reviews - 
Nanomedicine Nanobiotechnology, v. 10, n. 4, e1504, jul. 2018. DOI 10.1002/wnan.1504. 
Disponível em: https://doi.org/10.1002/wnan.1504. Acesso em: 5 nov. 2020. 

MOSTAFA, N.Y. Characterization, thermal stability and sintering of hydroxyapatite powders 
prepared by different routes. Materials Chemistry and Physics, v. 94, issues 2-3, p. 333–41, 
dec. 2005. 

NASIRI-TABRIZI, B.; HONARMANDI, P.; EBRAHIMI-KAHRIZSANGI, R., Synthesis of 
nanosize single-crystal hydroxyapatite via mechanochemical method. Materials Letters, v. 63, 
issue 5, p. 543-546, feb. 2009. 

OLADEJI, O.I.; UMORU, L.E.; ARIBO, S. Natural Products: A Minefield of Biomaterials. 
International Scholarly Research Notices, vol. 2012, Article ID 983062, 20 pages, 2012. DOI 
10.5402/2012/983062. Disponível em: https://doi.org/10.5402/2012/983062. Acesso em: 5 
nov. 2020. 

OOI, C.Y.; HAMDI, M.; RAMESH, S. Properties of hydroxyapatite produced by annealing of 
bovine bone. Ceramics International, v. 33, issue 7, p. 1171–1177, sept. 2007.  

PATEL, N. et al. A comparative study on the in vivo behavior of hydroxyapatite and silicon 
substituted hydroxyapatite granules. Journal of Materials Science: Materials in Medicine, v. 
13(12), p. 1199–1206, dec. 2002.  

PIZETTE, P. et al. Green strength of binder-free ceramics. Journal of the European Ceramic 
Society, v. 33, p. 975–984, may 2013. 

PRAKASAM, M. et al. Fabrication, Properties and Applications of Dense Hydroxyapatite: A 
Review. Journal of Functional Biomaterials, v. 6, n. 4 p. 1099-140, dec. 2015. 

REGHAVAN, S.R.; KHAN, S.A. Shear-induced microstructural changes in flocculated 
suspensions of fumed silica, Journal of Rheology, v. 39, issue 6, p. 1311-1325, nov. 1995. 

ROUHANI, P.; TAGHAVINIA, N.; ROUHANI, S. Rapid growth of hydroxyapatite 
nanoparticles using ultrasonic irradiation. Ultrasonics Sonochemistry, v. 17, issue 5, p. 853-
856, june 2010. 



References  81 

 

RUKSUDJARIT, A. et al. Synthesis and characterization of nanocrystalline hydroxyapatite 
from natural bovine bone. Current Applied Physics, v. 8, issues 3-4, p. 270–272, may 2008. 

SADAT-SHOJAI, M. et al. Synthesis methods for nanosized hydroxyapatite with diverse 
structures. Acta Biomaterialia, v. 9, p. 7591–7621, aug. 2013. 

SCHWARZ, K.; MILNE, D.B. Growth-promoting effects of silicon in rats. Nature, v. 239, n. 
5371, p. 333-334, oct. 1972.  

SRINIVASA, R.R.; SAAD, A.K. Shear-Thickening Response of Fumed Silica Suspensions 
under Steady and Oscillatory Shear. Journal of Colloid Interface Science, v. 185, issue 1, p. 
57–67, jan. 1997. 

SZCZE, A.; HO, L.; CHIBOWSKI, E. Synthesis of hydroxyapatite for biomedical applications. 
Advances in Colloid and Interface Science, v. 249, p. 1-10, 2017. 

TURNER, I.G. Ceramics and Glasses. In Biomedical Materials; Narayanan, R., Ed.; Springer: 
New York, NY, USA, 2009; pp. 3–39. 

VALLET-REGÍ, M.; GONZÁLEZ-CALBET, J.M. Calcium phosphates as substitution of bone 
tissues. Progress in Solid State Chemistry, v. 32, issues 1-2, p. 1-31, 2004. 

VON RECUM, A.F.; LABERGE, M. Educational goals for biomaterials science and 
engineering: prospective view. Journal of Applied Biomaterials, vol. 6, no. 2, pp. 137–144, 
1995.  

WANG, Y.; CHOU, S.; ZHANG, Z. Nanomaterials Innovation. Small, v. 15, n. 32, p. 1902246, 
aug. 2019. 

WANG, Y.; LIU, L.; GUO, S. Characterization of biodegradable and cytocompatible nano-
hydroxyapatite/polycaprolactone porous scaffolds in degradation in vitro. Polymer 
Degradation and Stability, v. 95, issue 2, p. 207-213, feb. 2010. 

YEONG, K.; WANG, J.; NG, S.C. Mechanochemical synthesis of nanocrystalline 
hydroxyapatite from CaO and CaHPO4. Biomaterials, v. 22, issue 20, p. 2705-2712, oct. 2001. 

ZHOU, H. ; LEE, J. Nanoscale hydroxyapatite particles for bone tissue engineering. Acta 
Biomateralia, v. 7, n. 7, pp. 2769-2781, july 2011. 

 


	CAPA
	DEDICATÓRIA
	AGRADECIMENTOS
	RESUMO
	ABSTRACT
	TABLE OF CONTENTS
	1 INTRODUCTION
	2 ARTICLES
	3 FUNDAMENTED DISCUSSION
	4 CONCLUSIONS
	REFERENCES

