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ABSTRACT: Repair and replacement of damaged or lost tissue
is a problem of utmost importance for contemporary medicine.
Hydroxyapatite, ] (HA), is the bioceramic most similar to the inorganic
phase of bone lissue, besides being bioactive. Hydroxyapatites with
partial ionic substitutions and other bioactive bioceramics are
adopted as synthetic bone grafts. These grafts can be produced in
different forms, such as microspheres, porous scans, or granules. In
this work, HA partially replaced with biogenic silica and sodium-
potassium niobates (KNN) were synthesized and processed in the form
of granules. The materials were calcined, pressed, sintered, ground
and then sieved. The samples were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy dispersion
spectroscopy (EDS). The resulls showed the presence of micrometric
and manometric pores in the HA samples, with higher porosity in the
samples with higher percentage of silica.
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1. Introduction

iomaterials are biocompatible materials,
either natural or synthetic, and can be-
long to any class, including metals, cera-

mics, polymers or composites. They must be capable of

partially or completely replacing organs or functions
of the human body. Metallic biomaterials are used in
structural applications in which tensile, compressi-
ve, flexural and torsional strength are required. For
example, orthopedic and dental implants are designed
so that metals or metal alloys fulfill their function ba-
sed on the application and the host site [1]. Non-struc-
tural metallic biomaterials include stents with a shape
memory effect, which are flexible metallic structures
inserted into the human body after being plastically
deformed. When body temperature is reached, these
stents return to their original shape [2].
Biocompatible ceramics, or bioceramics, are used
in various applications. Inert types, or bioinerts, are
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RESUMO: O reparo e a substituigao de tecido lesado ou perdido ¢ um
problema de extrema importincia para a medicina contemporanea. A
hidroxiapatita, Ca, (PO, (OH), (HA), é a bioceramica mais similar
a fase inorgdnica do tecido dsseo, além de ser bioativa. Hidroxiapatitas
com substituigoes idnicas parciais e outras biocerdmicas bioativas sao
adotadas como enxertos dsseos sintéticos. Estes podem ser produzidos
em diferentes formas, tais como microesferas, arcabougos porosos ou
granulos. Neste trabalho, HA parcialmente substituida com silica
biogénica e niobato de sidio e potdssio (KNN) foram sintetizados e
processados sob a forma de granulos. Os materiais foram calcinados,
prensados e sinterizados, posteriormente sendo moidos e peneirados.
As amostras foram caracterizadas por difragio de raios X (DRX),
microscopia eletronica de varredura (MEV) e espectroscopia por
dispersdo de energia (EDS). Os resultados mostraram a presenga de
poros micrométricos e nanomélricos nas amostras de HA, com maior
porosidade naquelas com maior porcentagem da silica.

PALAVRAS-CHAVE: Hidroxiapatita. Piezeletricidade. Biomateriais.
Granulos.

employed when chemical inertness is a fundamental
requirement. These materials are generally very hard
and resistant to abrasion. Alumina (Al,O,) and zirco-
nia (ZrQO,) are examples of bioinert bioceramics used
in femoral head prostheses, where chemical inertness,
abrasion resistance, and hardness are crucial [3]. On
the other hand, bioactive bioceramics can chemically
bond to bone. These are used as bioactive coatings on
metallic implants, providing a chemical bonding in-
terface between bone tissue and the metallic implant,
which bioceramics alone would not fulfill [4].

Bioglasses, or biocompatible glasses, are often
categorized with bioceramics since they are formed
from both metallic and non-metallic elements. When
subjected to thermal treatments, bioglasses can beco-
me partially ceramic, glass-ceramic, or even fully crys-
tallized, forming bioceramics. Bioactive bioglasses can
also be used as coatings for metal implants.

Among bioactive bioceramics, research on
calcium phosphate-based materials has shown



promising results for bone defect repair. Bioactive
bioceramics are used in trauma treatments for bone
regeneration, healing, and reconstitution. Their
biocompatibility is a direct result of their chemical
composition. Hydroxyapatite (Ca, (PO,),(OH),) is
the most commonly used bioceramic as a synthetic
bone graft because it is bioactive, meaning it can
chemically bind to bone. Additionally, ionic substi-
tutions can alter its rate of bioreabsorption in biolo-
gical media. The synthesis of hydroxyapatites with
ionic substitutions is a well-studied area, as human
bone is a composite material based on collagen and
hydroxyapatite nanoparticles, with substitutions of
ions such as Zn?*, K*, Mg?*, and Na* [5].

Bioglasses added to hydroxyapatite (HA) du-
ring the sintering process result in glass-reinforced
hydroxyapatites. If these bioglasses are silicatic, the
silicon or silicate group can integrate into the hydro-
xyapatite structure [6,7]. Silicon dioxide or silica
(810,), in its amorphous form, has been used in me-
dical and dental applications because the presence
of silica contributes to bioactivity [8]. This is directly
related to the material’s ability to form bridges in
the presence of silica in biological media [8].

Other considerations related to the sintering of
glassreinforced hydroxyapatites involve the presence
of liquid phase, the possibility of ionic substitutions
during the process, and the decomposition of hydro-
Xyapatite into more soluble phases in vitro and in vivo.

Sintering in the presence of a liquid phase is a
key factor in producing hydroxyapatite composites
reinforced with bioglass. The reinforcement results
from the increased densification achieved by adding
bioglass powder. When bioglass melts, it wets the
hydroxyapatite particles, and capillary forces pro-
mote densification. Additionally, the presence of a
liquid phase enhances diffusional mechanisms, as di-
ffusion is much more effective in the liquid state than
in the solid state. Since densification occurs through
diffusional mechanisms that bring ceramic powder
particles closer together, GR-HA (glass-reinforced
hydroxyapatite) samples tend to be denser than HA
(pure hydroxyapatite) samples pressed and sintered

under the same conditions.
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Sintering additives can interact with the primary
ceramic powder in several ways: they may form a
new phase, promote partial ionic substitutions in
the main phase, or remain as a non-soluble second
phase within the primary phase [9]. The hydro-
xyapatite structure allows for substitutions of both
anionic and cationic groups. Thus, using bioglasses
as sintering additives (or reinforcements) to hydro-
xyapatite powder is a strategy for synthesizing par-
tially substituted hydroxyapatites [10]. Depending
on the bioglass composition, cationic and/or anionic
groups can cause partial or total substitutions in the
HA structure [10].

The properties of hydroxyapatite, such as bioac-
tivity, thermal stability, and bioresorption rate in vivo
and n vitro, are directly related to its crystallinity
and the presence of cationic and anionic substitu-
tions in the crystal lattice [10]. Cationic and anionic
substitutions affect hydroxyapatite crystallinity by
creating defects in the lattice. Substitutions with F-
and (CO,)? ions have opposing effects on crystallini-
ty: replacing (OH)™ groups with F~ anions increases
crystallinity, while substitutions of (OH)~ groups with
(CO,)? anions decrease it. This effect is also obser-
ved when (CO,)? groups replace (PO,)3 groups [10].
This explains why fluorapatites are more crystalline
than carbonate apatites.

Among the biologically relevant elements, sili-
con is notable for promoting biomineralization and
playing a crucial role in bone metabolism [8, 11].
Silicon is therefore studied for partial substitution
in the structure of hydroxyapatite and bioglasses.
In hydroxyapatite, silicate groups (SiO,)*" partially
replace phosphate groups (PO,)*". Many authors
set a limit of 5% w/w of Si (approximately 1.7 mol
Si/1 mol HA). Silicon additions introduce defects
in the HA structure, leading to decomposition into
phases such as tricalcium phosphate (Ca,(PO,),) af-
ter sintering [11].

The crystallinity of hydroxyapatite affects its
properties, including bioactivity. More crystalline
materials are less bioactive and have lower bio-
resorption rates in vivo and in vitro. For this rea-
son, fluorapatites are less bioactive and have lower

¢ rmer - 25




//doi.org/10.22491/rmct.v40i1.9484.en

bioresorption rates [12]. Thermal stability is also
dependent on crystallinity: the more crystalline
the HA, the more thermally stable it is. Therefo-
re, sintering hydroxyapatites with varying degrees
of crystallinity at the same temperature can yield
different phases. Highly crystalline hydroxyapati-
tes are more thermally stable, resulting in higher
thermal decomposition temperatures. Converse-
ly, substitutions that reduce crystallinity lower the
thermal decomposition temperature. For example,
sintering fluorapatite and carbonate apatite at the
same temperature can produce highly crystalline
fluorapatite as a single phase in the fluorapatite
sample, and a mixture of hydroxyapatite and tri-
calcium phosphate in the carbonate apatite sample
[13]. These effects illustrate that GR-HA composites
can be more or less bioactive than pure HA and can
exhibit different bioresorption rates in vivo and in
vitro. They can consist of various phases such as HA,
partially substituted HA, orthorhombic tricalcium
phosphate (a-TCP), or rhombohedral tricalcium
phosphate (B-TCP), among others [14]. Comparing
hydroxyapatite with tricalcium phosphates, the or-
der of bioresorption in vivo and in vitro is a-TCP >
B-TCP > HA.

Ceramics based on biphasic calcium phosphates,
containing HA + B-TCP, or three-phase ceramics,
containing HA + a-TCP + B-TCP, are strategies
for developing alloplastic (synthetic) bone grafts.
Bone grafts can be autogenous (from the patient),
allogenous (from donors of the same species), xe-
nogenic (from animals of another species), or allo-
plastic/synthetic [15]. Alloplastic grafts have the ad-
vantage over allografts and xenografts of not being
vectors for pathogen transmission. Autogenous
grafts are considered the gold standard for bone
repair because they carry growth factors from the
donor. These grafts are osteoinductive, meaning
they can induce differentiation of undifferentiated
cells into osteoblasts. However, extensive lesions
would require creating a large defect in the donor,
which can result in morbidity [16]. The bioceramics
most commonly used as alloplastic grafts include
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HA, biphasic calcium phosphate (HA + TCP),
and bioglasses.

Fig. 1 - Bone regeneration with the help of
HA-containing graft. Source [17].

(@) (b) (c)

Figure 1 illustrates the use of an alloplastic graft
in repairing a bone defect. It presents, in (a), a
bone defect; in (b), the defect shortly after being fil-
led with HA granules; and, in (c), the radiographic
image of the defect immediately after surgery and
three years later [17]. The latest generation of allo-
plastic grafts includes granules and porous scaffolds
made from bioactive, bioresorbable, and preferably
osteoinductive bioceramics. Recent studies highli-
ght piezoelectric bioceramics as a new alternative to
calcium phosphates and bioglasses [18]. In vivo stu-
dies suggest that applying direct current electrical
stimulation to an implant site enhances early-stage
implant osseointegration and interfacial resistance,
and promotes bone tissue formation. Piezoelectric
materials can mimic the bone’s ability to generate
electrical potentials under mechanical load without
requiring an external energy source [18]. Bioactive
and piezoelectric bioceramics, such as sodium nio-
bates (KNN), (which are potassium) combine bioac-
tivity and piezoelectricity, making KNN a promising

candidate for alloplastic grafting [18].

In this study, pure hydroxyapatite granules (HAO),
hydroxyapatite with biogenic silica (HA5 and HA10),
and KNN were produced and characterized.
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2. MATERIALS AND METHODS

The materials used in this study included: HA po-
wders, silica (SiO,), KNN powders calcined at diffe-
rent temperatures, and polyethylene wax beads (Li-
cowax PE 830 from Clariant). The silica was sourced
from the freshwater sponge Metania reticulata, collec-
ted in the Amazon region. The HA powders were mi-
xed with 5% to 10% by weight of silica.

The hydroxyapatite (HA) was synthesized via precipi-
tation in an aqueous medium from a precursor solution
containing (Ca?*) cations and (PO,*) anions, with pH
control at room temperature. The synthesis method is
described by [19]. It involves aqueous reactions between
phosphate and calcium precursors with controlled pH
and temperature. A suspension of 0.5 M calcium hydro-
xide (Ca(OH),) was prepared under magnetic stirring.
Simultaneously, a 1 M solution of lactic acid (C,H,O,)
was prepared and added to the calcium hydroxide
suspension. Then, a 0.3 M solution of phosphoric acid
(H,PO,) was prepared and slowly added to the mixture
at a rate of 8 mL/min. The resulting solution, known
as the precursor solution, was stirred for 24 hours. So-
dium hydroxide (NaOH) was then added to adjust the
pH to 12, allowing the precipitation of hydroxyapatite.
The precipitate was aged for 24 hours without stirring,
filtered using filter paper and a vacuum system, and re-
suspended in deionized water to remove excess NaOH,
achieving a pH of 7. The precipitate was then dried in
an oven at 60°C for 24 hours.

To incorporate silica into hydroxyapatite, a com-
posite was produced using hydroxyapatite obtained
by the precipitation method and silica from calcined
freshwater sponge. Five different percentages of silica
were used to create a ceramic slip composed of hydro-
xyapatite, biogenic silica, water, and polyethylene glycol
(PEG). The resulting paste was applied to polymeric
sponges, which served as a porous framework for the
ceramic paste. The sponges were immersed in the pas-
te for 12 hours, then heat-treated with a heating rate
of 0.5°C/min up to 550°C, where they were held for 2
hours to remove PEG and other organic additives.

KNN was synthesized using the sol-gel method, cho-

sen for its simplicity and the homogeneity of the final

material, as described by Jigong et al. [8]. The raw ma-
terials included potassium carbonate (K,CO,), sodium
carbonate (Na,CO,), niobium(V) oxide (NbO,), and ci-
tric acid (C;H,O,"H,0). The carbonates were dissolved
in deionized water and stirred for 20 minutes. Citric acid
was then added to the carbonate solution. An ammonia
solution was added to adjust the pH and form the sol.
Niobium(V) oxide was introduced into the sol, and the
mixture was ground with alumina spheres for 8 hours.
The resulting paste (Figure 3) was dried at 120°C to
form xerogel, which was then calcined at 650°C, 700°C,
and 750°C for 2 hours to obtain the powders.

The powders were mixed with polyethylene (PE)
wax beads in a volumetric ratio of 65% (v/v) powder
to 35% (v/v) wax beads. The mixture was pressed at
50 MPa for 1 minute. The green bodies of the samples
were sintered with a heating ramp up to 550°C to elimi-
nate the PE beads, with a heating rate of 0.5°C/min and
a 2-hour hold at 550°C. Sintering continued at a rate of
3°C/min up to 1100°C, with a 1-hour hold at 1100°C.
The sintered pellets were ground and sieved to granule
sizes between 0.18 mm and 0.71 mm. Finally, the struc-
ture of the granules was characterized by X-ray diffrac-
tion (XRD) using an X’PERT PRO MRD diffractometer
(PANalytical) with a cobalt-CoKa source (A=1.789 A), a
current of 30 mA, and a voltage of 40 kV, scanning from
10° to 80° 26 with a step size of 0.02 seconds. Qualitati-
ve phase analysis was performed using HighScore Plus
software. The morphology and chemical composition
of the granules were assessed using a Field Emission
Gun Scanning Electron Microscope (FEG-SEM), model
QUANTA 250 FEG from FEI, coupled with an energy
dispersive spectrometer (EDS), model Bruker 6-60.

3. RESULTS AND DISCUSSION

3.1 XRD analysis

Figure 2.4 presents the results of the X-ray diffrac-
tion (XRD) analyses for hydroxyapatite (HA) samples,
both pure and partially substituted with SiO,, after sin-
tering at 1100°C. The analysis revealed that the sam-
ples without biogenic silica addition exhibited a single
phase of hydroxyapatite (HA). In contrast, the samples
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containing 5% w/w and 10% w/w SiO, displayed addi-
tional phases of whitlockite (Ca,(PO,),) and silica (SiO,).
These findings demonstrate the effect of biogenic silica
on the thermal stability of HA. Specifically, the addition
of silica led to phase transformations upon sintering at
1100°C, whereas the pure HA samples retained a sin-
gle phase of hydroxyapatite at the same temperature.
This observation supports previous studies indicating
that silica influences the phase stability of HA.

It was also observed that the HA phase showed less
intense and wider peaks in the samples that received
biogenic silica. This result corroborates the effect of io-
nic substitutions with (SiO,)* groups in the crystallinity
of HA [11]. These authors report the creation of defects
in the structure of HA, due to the substitutions of (PO,)*
groups by (Si0,)* groups. In fact, [21] reported the cre-
ation of (OH) group vacancies due to the need for load
rebalancing, since there is a difference between the loads
of the (PO,)* groups and (SiO,)* groups. The variation
in ionic radii between these groups also induces stress in
the HA lattice, contributing to the observed reduction in
crystallinity in the samples with ionic substitutions.

Fig. 2 - X-ray diffractogram of HA samples with
and without addition of biogenic silica.
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The XRD analysis of KNN samples, shown in Fi-
gures 3 to 5, identified three phases: K ,Na  NbO,,
K,Nb, O, (KNN) and ALO,, with KNN being the pre-
dominant phase. Some peaks corresponding to alumina
(AL,O,) were also observed, likely due to the grinding
process during synthesis.
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Fig. 3 - X-ray diffractograms of KNN samples.
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3.2 SEM analysis

Figures 4 to 9 present the scanning electron mi-
croscopy with field emission gun (SEM-FEG) analy-
sis of the HA samples. These images confirm that the
granule sizes fall within the predicted range. Notably,
an increase in porosity is observed with higher per-
centages of silica, as illustrated in Figures 7 to 9.

Fig. 4 - SEM micrograph of the HAO sample at
100X magnification.




Fig. 5 - SEM micrograph of the HA5 sample at Fig. 7 - SEM micrograph of the HAO sample at

100X magnification.

Fig. 6 - SEM micrograph of the HA10 sample at Fig. 8 - SEM micrograph of the
100X magnification. 5000 X magnification.




Fig. 9 - SEM micrograph of the HA10 sample at in the morphologies of the granules, with an increase
5000 X magnification. in the calcination temperature.

Fig. 11 - SEM micrograph of the KNN700 sample
at 100X magnification.

Fig. 10 - SEM micrograph of the KNN650 sample
at 100X magnification.

L

Fig. 12 - SEM micrograph of the KNN750 sample
at 100X magnification.

The results of SEM analysis of KNN samples are
presented in Figures 10 to 15. Figures 10 to 12 also
confirmed the particle size range, in accordance with
the sieving process. Figures 12 to 15 revealed changes
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Fig. 13 - SEM micrograph of the KNN650 sample
at 5000 X magnification.

Fig. 14 - SEM micrograph of the KNN700 sample
at 5000 X magnification.
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Fig. 15 - SEM micrograph of the KNN750 sample
at 5000 X magnification.

3.2 EDS analysis

The energy-dispersive X-ray spectroscopy (EDS) analy-
sis of the HA samples confirmed the presence of calcium
(Ca), phosphorus (P), and oxygen (O), as shown in the
spectrum in Figure 16. The table included in this figure
provides atomic and weight fractions. It is important to
note that EDS is a semiquantitative technique, which me-
ans the results should be considered with this limitation
in mind. Nonetheless, the EDS results are consistent with
those obtained from the XRD analysis of the HA samples.

For HA samples with added biogenic silica, the
EDS analysis revealed the presence of calcium (Ca),
phosphorus (P), oxygen (O), and silicon (Si), as illus-
trated in Figures 17 and 18. These findings support
the XRD results, which indicated the presence of the
SiO, phase in these samples.

In the KNN samples, EDS analysis detected the presen-
ce of potassium (K), sodium (Na), niobium (Nb), oxygen
(O), and aluminum (Al), as shown in Figure 19. This
corroborates the XRD results, which identified the ALO,
phase in the samples. The presence of aluminum (Al) and
oxygen (O) in the EDS spectra further confirms this phase.
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Fig. 16 - EDS spectrum of the HAO sample.
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Fig. 17 - EDS spectrum of the HA5 sample.
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Fig. 18 - EDS spectrum of the HA10 sample.
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Fig. 19 - EDS spectrum of the KNN650 sample.
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4. Conclusions

When comparing the HA granules, an increase
in porosity was observed with higher silica content.
This increased porosity enhances the specific surface
area, which is beneficial for graft applications, as it
boosts the bioactivity of the material and facilitates
the permeation of body fluids. For the KNN granu-
les, analysis revealed that no phase transformations
occurred at the various calcination temperatures.
After sintering at 11002C, the samples consistently
exhibited three phases: K  Na  NbO,, K,Nb .O,
(KNN), and ALO,. The presence of alumina is

attributed to the milling process. The observed low
density and alumina contamination could poten-
tially impact the piezoelectric properties of the KNN
granules, suggesting that the processing route may
need further optimization.
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