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ARTICLE INTFO ABSTRACT
Article history: An alternative route for preparing silicon-substituted hydroxyapatite powders
Received 21 December 2018 Ca1o(PO4)s-x(Si04)x(OH),—x (Si-HAp); using different content of SiO, (0.588-0.48M) in
Accepted 3 July 2019 the aqueous solution of Si precursor was investigated. Tetramethylammonium silicate
Available online 18 July 2019 (TMAS) was used as a silicon precursor. The experiments were carried out via conventional
hydrothermal treatments at 150°C for 10h. The Si-HAp nanoparticles obtained were
Keywords: characterized by X-ray diffraction (XRD), Fourier transform IR spectroscopy (FTIR), induc-
Hydrothermal treatment tively coupled plasma AES (ICPAES) and scanning electron microscopy (SEM) techniques.
Silicon hydroxyapatite A drastically decrease of the diffraction was not observed by increasing the Si content
Nanopowders in the structure of the hydrothermally Si-Hap particles produced. A detailed structural

analysis conducted by Rietveld refinement indicated that the incorporation of Si occurred
in hydroxyapatite (HAp) lattice by partially replacing phosphate (PO43~) groups with silicate
(Si04*") groups. Raman and X-ray photoelectron spectroscopy (XPS) analysis confirmed the
substitution of PO43~ by SiO4*~ in the Si-HAp structure. The crystallite size decreases by
increasing the Si molar content in the hexagonal HAp structure. TEM observations revealed
that the Si-HAp produced have a high crystallinity. A slight decrease of the particle size
of the Si-HAp compared to pure HAp was observed (from 60-100nm to 40-70nm). The
morphological analysis revealed that all the SiHAp powders prepared have the rod-like
shape. Additionally, a slight decrease in both length and diameter of nanorods was observed
by increasing the silicon content, the minimum size obtained for the powders containing
the largest amount of Si (20Si-HAp) 25 and 70nm. The presence of Si in the structure of
the Si-HAp favored densification of the compacts treated at high temperature 1200°C in
comparison with pure HAp.
Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Palabras clave:
Tratamiento hidrotérmico
Si-hidroxiapatita
Nanoparticulas

Sintesis de hidroxiapatita sustituida con silicio mediante proceso
hidrotérmico

RESUMEN

Una ruta alternativa de sintesis de polvos de hidroxiapatita (HAp) sustituida con silicio
Ca10(PO4)6-x(Si04)x(OH),_, (Si-HAp) utilizando diferentes concentraciones molares de SiO4
(0.588-0.48 M) en la solucién precursora de silicio (Si). Se utilizé solucién de silicato de
tetrametilamonio (TMAS, por sus siglas en inglés). Los experimentos se realizaron medi-
ante tratamiento hidrotérmico convencional a 150°C y 10h. Las nano particulas de Si-HAp
obtenidas se caracterizaron por difraccién de rayos X (XRD), espectroscopia de IR con trans-
formadas de Fourier (FT-IR), anélisis por espectrometria de plasma acoplado inductivamente
(ICP-AES) y microscopia electrénica de barrido (SEM). El incremento del contenido de Si
no cambié drasticamente la intensidad de los picos de difraccién. El analisis estructural
por refinamiento Rietveld indicé que la incorporacién de Si efectivamente ocurrié en la
red de HAp reemplazando parcialmente los grupos fosfato (PO43~) con grupos de silicato
(Si04*"). Analisis por espectroscopia Raman y (XPS) confirman la sustitucién de PO43~ por
Si04%~ en la estructura Si-HAp. El tamario del cristalito disminuye con el aumento del con-
tenido de Si en la estructura hexagonal de HAp. De las observaciones de TEM, confirman
la alta cristalinidad del polvo producido. Se observé una ligera disminucién del tamano
de particula de Si-HAp en comparacién con la HAp pura (de 60-100 a 40-70nm). La mor-
fologia de las muestras Si-HAp reveld la obtencién nanoparticulas de tipo varilla. Se observd
una ligera disminucién en la longitud y didmetro de los nano varillas con el aumento del
contenido de Si, con un didmetro de 25-45nm y una longitud de 70-90 nm para el 20SiHAp.
La presencia de Si en la estructura de la Si-HAp favorecié la densificacién de los compactos,
particularmente para los obtenidos a altas temperatura de 1200°C en comparacién con la

HAp pura.

Publicado por Elsevier Espafia, S.L.U. en nombre de SECV. Este es un articulo Open
Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Many researchers have recently conducted significant efforts
to study the synthesis of silicon-substituted hydroxyapatite
(hereafter referred as Si-HAp) toward for improving the bioac-
tivity [1,2]. In general, with a vast improvement and others
with some disadvantage, a reduced number of research works
focused to synthesize Si-HAp particles are based on the
titration of calcium hydroxide [3] and sol-gel [4]. The precipi-
tation method using calcium nitrate and TEOS as a precursor
of silicon produces a Si-HAp powder with a considerable
content of by-products, namely TCP; or other phosphates
which are formed in the sintering stage. A wet chemical
method approach had also been proposed to produce Si-HAp
particles, but the crystal growth of the particles promoted
during the precipitation stage produces large Si-HAp crys-
tals. From this result, they indicate that Si04%~ ion substituted
PO43~ group site in apatite structure. Also, they found that
appropriated amount of TEOS doping ratio was 10 Mass %,
for highest biocompatibility behavior, because of the for-
mation of SiO, aggregation in primary content than 15%
weight of TEOS [5]. Some others, report that the crystallite
size and fraction of the crystalline phase decrease with the
increase of silicon content [6-8]. The hydrothermal technique
typically promotes the formation of materials with a high
degree of crystallinity and with a stoichiometric Ca/P ratio
of hydroxyapatite. Kim et al. [7] reported that porous silicon

incorporated on hydroxyapatite was prepared by hydrother-
mal treatment and solvothermal treatment of natural coral
repeatedly. Typically, the hydrothermal technique enhances
various advantages such as the formation of single-phase
particles with a homogeneous monomodal particle size distri-
bution, and a high degree of crystallinity [8,9]. The preparation
of hydroxyapatite nanoparticles is important because of the
broad number of applications in various industries, in the
biomedical field and for preparing dental devices; which
includes toothpastes and cements products [10-12]. Moreover,
it is known that the tetramethylammonium ion (C4HioN*)
contributes to the formation of double four membered cage
silicate ions [11,14]. According to the literature review, in the
present work, we aimed to study the feasibility for producing
Si-substituted HAp particles using an alternative silicon pre-
cursor that triggers the incorporation of silicon in the HAp
structure in an aqueous solution system under hydrother-
mal reaction conditions; and we have attempted to control
the particle size coarsening, as well as silicon content. The
usage of the tetramethylammonium silicate (TMAS) precursor
is likely to limit the formation of reaction by-products dur-
ing the synthesis by hydrothermal process. The TMAS is an
adequate silicon precursor due to its chemical composition
that might provoke the control of the hydrothermal media pH
because produces the sufficient content of ammonium ions,
and the presence of these four ions makes it more soluble in
comparison with the other related specie such as tetraethyl
orthosilicate TEOS [12].


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

52 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 59 (2020)50-64

Experimental procedure

Stoichiometric hydroxyapatite (HAp) and the partially Si-
substituted hydroxyapatite (Si-HAp) powders were synthe-
sized by the conventional hydrothermal method. All the
chemicals employed were reagent grade (Sigma Aldrich,
99.99% purity). Any purification of all chemical reagent
precursor was conducted prior the solutions prepara-
tion, a 0.6M solution of tetramethylammonium silicate
((CH3)4N(OH)-2H,0), TMAS; number CA#24867466 and Aldrich
438669) was prepared by diluting with deionized water the
stoichiometric volume of the TMAS solution (TMAS average
content of 20.0 wt.% in water). The solutions of Ca(NOs3),-4H,0
(1M) and (NHg4),HPO4 (0.6 M) were prepared by weighing the
stoichiometric content of both salts, and then were dissolved
separately in distilled water. The volume of each precursor
was added according to the stoichiometric molar ratio estab-
lished for the partially substituted Si-HAp, Ca/P+Si=1.67.
Hence, the volume molar mixture that corresponds to Ca:P:Si
was 10:6:0 (HAp), 10:5.76:0.24 (4Si-HAp), 10:5.4:0.6 (10Si-HAp),
10:5.04:0.96 (16Si-HAp), 10:4.8:1.2 (20 Si-HAp). The solutions of
TMAS and PO43~ were initially mixed under stirring, then was
added the volume molar of the Ca?* precursor to the mother
liquor, the addition of this solution produced the formation
of a colloid. The total volume of the three precursor solutions
mixed was of 50 ml, which corresponds to the 70% filling ratio
of the micro autoclave Teflon vessel. The pH of all the mixed
colloidal suspensions was adjusted to a value of 10.00+ 0.1 by
adding a certain volume of a NH4OH solution dropwise under
agitation [15,16].

The colloidal suspension was transferred to Teflon ves-
sels of the autoclave and heated at 150°C, using a convection
furnace during 10h. After the reaction finish, the powders
were washed several times with deionized water up to neu-
tral pH. The powder was dry by using freeze drier to avoid
aggregations of the particles. Subsequently, 0.25+0.005g
of HAp and Si-HAp powders were compacted using a
load of 60MPa for 5min, the compacts then were sin-
tering at different temperatures. The characterization of
the microstructure of the HAp and Si-HAp particles was
conducted using TEM field emission (FEI TITAN Phillips
80-300kV microscope) operated at the accelerating volt-
age of 300kV. TEM images and electron diffraction patterns
(SAED) were obtained using a Gatan CCD digital camera
with 1024 x 1024 pixels and resolution of 1k. The optical
conditions of the microscope were as follows: spherical aber-
ration Cs=1.25mm, 1A limit, point-point resolution of 1.4 A,
a=84mrad. X-ray spectra were simultaneously obtained
using scanning transmission electron microscopy (STEM)
imaging, producing scan lines, areas (chemical mapping), and
specific chemical analysis. The optical conditions at which the
STEM images were obtained were as follows: STEM-EDS nano
Probe operated at 300kV, extraction voltage 4500V, gun lens
3, spot size 6, and C2=70 pm. And image analysis was carried
out using an Image-Pro® Plus software.

The crystalline phases and the changes on lattice param-
eters associated with Si incorporation into the hexagonal

structure of HAp phase and Si-HAp were determined by X-
ray diffraction analysis. Diffraction patterns were collected
in a range 20 from 15 to 130° at a scanning speed of 1°/min
and a step size 0.002° in a 26/6 scanning mode using an X-
ray diffractometer (Rigaku Ultima IV, Japan) equipped with Cu
K, radiation («=1.54056 A) at 40kV and 20 mA. Furthermore,
Rietveld refinement of samples containing single-phase HAp
and Si-HAp reaction product were carried out to determine the
crystallite size and lattice parameters using the TOPAS soft-
ware (TOPAS, version 4.2; Bruker AXS: Karlsruhe, Germany,
2009). The background was modeled by a shifted Chebyshev
6-coefficients polynomial function while the pseudo-Voigt
function was selected to fit the profile peak shape. FT-IR anal-
yses were conducted in an FT-IR JASCO 4000 spectrometer
to determine aspects related the variations in the vibrational
modes of OH~ and PO43- functional groups. The FT-IR anal-
yses were carried out using palletized samples consisting of
a mixture of 5mg of HAp or Si-HAp and 200 mg of KBr. The
samples were dried in an oven for 12h at 100°C in air before
the pellet preparation. FT-IR spectra were run at a wave-
length range of 400-4000 cm~? in the transmittance mode. The
contents of Ca, Si and P in the reaction products were quan-
tified by the inductively coupled spectrometer (Shimadzu,
ICP Spectrometer ICP-9000). Additionally, the morphology and
particle size distribution were examined by scanning elec-
tron microscopy (FE-SEM JEOL 6500F, Japan), previously of the
observations, all the samples were sputter-count with Pt, to
avoid charging effects. In addition, the apparent densities of
the compact specimens of HAp and Si-HAp were determined
based on Archimedes’ principle using a helium pycnometer
(Multipycnometer Quantachrome). Prior to the density mea-
surements, the pycnometer was calibrated using a standard
stainless-steel sphere with a volume of 56.5592 cm?3, which
was located inside the measuring cell (volume 135cm3). The
foamed specimens were previously weighted, and the volume
was measured three times at a helium pressure of 0.117 MPa.
The chemical composition of the SiHAp powder as prepared
samples was determined by X-ray photoelectron spectroscopy
(XPS). XPS spectra were recorded on a Kratos spectrometer
(Japan) operated using Al Ka (1486.6 eV) monochromatic X-ray
source. The XPS study was carried out in the VersaProbe II
equipment of the company PHI, with a vacuum in the analy-
sis chamber of 2 x 10~8 mTorr, a monochromatic X-ray source
with aluminum anode and a radiation energy of 1486.6eV
was used. The general spectra (survey) were obtained with a
step energy of 117.4eV, the analysis region was 1400-0 (eV)
in link energy. High resolution spectra of the C 1s, Ca 2p,
P 2p and O 1s signals were obtained for each of the sam-
ples. The high resolution spectra were acquired with a step
energy of 11.75eV. The deconvolution of these spectra was
performed by adjusting Gaussian curves, leaving their posi-
tion and area without restriction, however the FWHM value
remained fixed in each of the adjusted curves. In addition,
Raman characterization was carried out in a Horiba Jobin team
in regions of 200-4000 cm~1, using a grid of 600 T. The excita-
tion source was formed by a laser of 532 nm with a 25% filter,
goal of 100; the time of obtaining data for this analysis was
120s.
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Results and discussion

Synthesis of Si-HAp powders and its structural
characterization

The chemical composition of the HAp and Si-HAp powders
prepared under conventional hydrothermal treatment deter-
mined by ICP-AES. Table 1 shows the results including the
calculate (Ca/P) and (Ca/P+Si) ratios and lattice parame-
ter. It is noteworthy that in all runs experiment under the
hydrothermal conditions, the increase of Si04%~ solution con-
centrations promoted the optimization of the incorporation
of Si in the structure of the HAp during the hydrothermal
treatment. The progressive saturation of the hydrothermal
medium with Si ions provoked a sufficient control of the
chemical composition in the Si-HAp crystallized, the degree
of Si incorporation was near to 61mol% in the powders
regardless the nominal content added in the reactor. This
behavior was remarkable for the particles prepared with a
large amount of silicon, 20 mol% Si (20Si-HAp). The deficiency
on the Si incorporation in the hexagonal HAp structure is it
might be enhanced due to the formation of a large amount
of the intermedium species by the addition of TMAS, such
as SiO447 [Si(OSi)3(Of)], N(CH3)4OH-5H20 and C4H13NO-3H,0.
These species a chemically stable in aqueous solution [11],
which avoids the incorporation of the total nominal Si content
added to the reaction system during the crystallization step,
the concentration of the compound in the medium increased
until the selected stoichiometric value is obtained. To pro-
vide evidence for these results, wet chemical analyses of the
remaining mother liquor were conducted, aiming to elucidate
the above inference, the analyses were conducted on those
remaining mother liquor corresponding to those experiments
aimed to prepare the solid-solutions supersaturated with Si**
ions. The ICP confirmed the presence of small amount of unre-
acted Siand no traces of Ca and PO43~ in the remaining mother
solution after hydrothermal treatment. The ICP analysis of Si
ions conducted for the remained mother liquor after the reac-
tion indicated that the average content of this element was
0.024+0.001 mol/ml. It is worth mentioning that the real con-
tent of the Si determined by chemical analysis for the prepared
powder corresponds only near to the 61% regardless to the
nominal the content selected for the Si precursor (TMAS).

Moreover, the slight deficiency in calcium can be due
to instrumental and weigh error during the preparation of
calcium nitrate tetrahydrate solution. The substitution mech-
anism of silicon to HAp would describe the substitution of a
phosphate group for a silicate group, with an appropriate rear-
range for charge balance, is given in Eq. (1): to compensate for
the extra negative charge of the silicate groups, some of the
OH~ groups would be lost to retain charge balance.

10C3(N03)2~6H20 + 6(NH4)2HPO4 + (CH3)4N(OH)'25102
+8NH40H — Cayo(P043 )6_x(Si04%47)x(OH)2_x

+ 20NH4NO3 + (CH3)4N(OH)28102 +H,0 (1)
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sizeP
(nm)

Cell volume (A3)

Co (A)

dag (A)

composition?

3.1511 (5)

529.400
529.271

6.8825(6)
6.8823(6)
6.8839(3)
6.8875(4)
6.8883(6)

9.4243(4)
9.4229(8)
9.4253(4)
9.4316(5(
9.4345(3)

2.848
2.988

5.113
4.14

1.667
1.613

Ca10(PO4)5(OH)2

Hap

Cag 68(P0O4)5.94(S104)0.06(OH)1.94
Cag.49(PO4)s.84(Si04)0.16(OH)1.84
Cag.98(PO4)s5.73(Si04)0.27(OH)1.73

4SiHAp
10SiHA

3.1160 (4)

529.580

3.087

3.751

1.582
1.663
1.581

10
16
20

530.601
530.987

2.755

4.871

16SiHAp
20SiHAp

2.828

5.121

Cag.48(P0O4)s.64(Si04)0.36(OH)1 64

@ The chemical formula of the sample powders was calculated from the contents of Ca, P and Si determined using ICP-AES and OH~ was calculated by charge balance.

b Value obtained from the refinement was performed using the Rietveld method.
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Fig. 1 - Typical XRD pattern and Rietveld refinement plots of the Si-HAp fine particles containing different amounts of Si
(0-20 mol%), which were prepared under hydrothermal conditions at 150 °C for 10 h.

Typical XRD patterns and Rietveld refinement plots of
the HAp and Si-HAp species prepared under hydrothermal
conditions at 150°C, 10h with different content of mol%
Si, using [(CH3)4N(OH)-2SiO;] (TMAS) as Si precursor as it
is an exhibit in Fig. 1. All diffraction patterns of samples of
silicon-substituted hydroxyapatite can be indexed based on
the card, JCPDS No. 09-0432, with the hexagonal structure

of the HAp, without the presence of any other phase related
to the formation of silicon oxides or sub-species of calcium
phosphate. On the diffraction patterns, the increase of Si
content (Fig. 1) did not seem to affect the diffraction pattern
of hydroxyapatite drastically. However, it promotes a slightly
decreased on the peak intensity, which it is consistent with
the results elsewhere reported when the TEOS was used as
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precursor [14]|. Furthermore, a clear displacement to lower
20 angles, and a diffraction peak broadening resulted from
increasing the Si content incorporated into the HAp structure
(Fig. 1) in our specimens, in particular for those prepared
with Si content over 10 mol%. This result was disagreeing to
the previously reported for other authors when they used
TEOS as Si precursor [7,15]. Nevertheless, using the current
tetramethylammonium silicate (TMAS) as a precursor of Si
in aqueous solution, it was evident that an increased of
Si content did not change drastically the crystallinity, but the
size of the crystallite was decreasing significantly as it can be
seen in Fig. 1, as well as is indicated in Table 1.

The Rietveld patterns support these results as itis shown in
Fig. 1(b) which were calculated considering that the total con-
tent of Siincorporated in the HAp structure was at PO43" sites,
as suggested elsewhere [6,12,17]. The selected refinement
approach provided the lowest values of the goodness-of-fit
factor (GOF or x?), which were below 2.8 (Table 1), indicat-
ing the excellent accuracy of the refinement conducted in this
case.

Also, the partial substitution of the PO43~ group with SiO4%*
provoked a slightly decrease in Si-HAp lattice parameters up
to a Si content higher than 4 mol%. However, an increase in
“ap” and “co” occurred for the silicon hydroxyapatite samples
prepared with 10 mol% of Si. This phenomenon might be asso-
ciated with variations in the bond length of OH~ within the
Si-HAp structure. The Rietveld analyses indicated that the
incorporation of Si up to 20mol% promote a slight and pro-
gressive decrease of the crystallite size and steadily increase
the cell volume as is shown in Table 1.

The present results are in agreement with those previously
reported by Gibson et al. [3], whom had found that the sili-
con substitution in the HAp lattice resulted in an abnormal
behavior of the hexagonal structure lattice parameters; which
correspond to decrease of the “a” axis, while an increase in
the “c” axis usually occurs. The partial Si substitution in the
PO,43" sites of the hexagonal structure, also caused a decrease
in the number of hydroxyl (OH™) groups in the unit cell, which
was expected from the proposed substitution mechanism and
is required for the total balance charge. Additionally, the Si
incorporation in the HAp lattice resulted provoked a grad-
ual distortion of the PO, tetrahedra, which is indicated by
the increase in the distortion index. These inferences are in
a good agreement with our results obtained by the structural
FT-IR and Raman analyses and the chemical compositional
XPS analysis as well, which are discussed in detail in the next
section.

These present results agreed with those reported else-
where [12,3] when the precursor of silicon was TEOS, because
with that precursor usually the crystallite size decrease with
the incorporation of Si. Although, the small differences were
found in this investigation con respect to use TEOS, a sys-
tematic decrease of OH~ with the increase Si content during
the reaction because the formation of intermedium species
of Si as it was mention above, among the solubility of the Si
species in water under hydrothermal conditions could con-
tribute to the rapid consume the OH™, and this inference still
not elucidated yet. Despite of this lack of information, we
surmise that this phenomenon might be attributed to vari-
ations in the bond length of OH~ within the HA structure.

The results of the FT-IR analyses support this inference, Fig. 2,
which revealed a systematic reduction in the vibrational OH™
band at 3571 cm~?! with increasing the Si content in the HAp
structure.

In Fig. 2 the typical bands at wavelengths of 3571 and
631cm~! revealed in the Si-HAp powders hydrothermally
produced, which corresponds to the stretching and vibration
modes of the hydroxyl (OH™) groups; these bands are observed
in the both HAp and Si-HAp powders. The large bands at 1084,
1037 and 954 cm~! that belong to P—O group stretching vibra-
tion modes, while the doublet at 593-572 cm~? corresponds to
the bending mode of the O—P—0 bond, bending to match the
data reported in the literature and are associated with HAp
[8]. Noteworthy, the signals of the v and v3 bending mode of
P—O—P steadily decrease as the increase the Si content, and
simultaneously the symmetry of the P—O boned progressively
change, which it is attributed to the incorporation of the
Si04%~ ions, as well as a very small, displace to the lower wave
number of the bands. The FT-IR spectra showed a significant
difference with the addition of different content of silicon
precursor (Fig. 2). In comparison with the FT-IR spectra of the
pure HAp sample, the intensity of the peak at 1084cm™! of
the Si-HAp samples decrease as the silicon content uptake
increases, this process caused the crystal structure change
of the HAp lattice induced by Si doping [16,17]. The presence
of the SiO4*~ bands was revealed at wavelength of 970cm™1,
and this band is visible on those samples prepared with high
molar contents over 10 mol% Si.

According to the present results, the FT-IR analyses of the
Si-HAp, these indicated that the amount of silicon incorpo-
rated into the HA lattice was smaller than that selected in
each case. However, the silicon substitution appeared to affect
the FT-IR spectra of the HAp, in particular the vibrational
bands associated to the P—O group. The significant effect
of the silicon addition in the particles produced hydrother-
mally, is depicted by the marked the decrease in the hydroxyl
stretching bands at 3571cm™! and 631cm~! and phosphate
stretching bands at 965cm~?. According with this result, we
surmise that these structural variation might be related with
the uptake of SiO4* tetrahedrons that substitute the PO43~
units in the hydroxyapatite structure. Under hydrothermal
conditions the incorporation of silicon ion in the hydroxya-
patite phase induces a reduction of the amount of hydroxyl
groups to compensate for the extra negative electric charge
produced by the incorporation of the silicate groups, and
the OH™ group vacancies formation is likely to proceeded to
maintain the charge balance, as is depicted by the following
equation PO43~ + OH™ — Si04*~ +V(on)- Indeed, this behavior
is related to the substitution of PO43~ by SiO4*~ tetrahedrons
revealed by the FT-IR analyses which is consistent with the
previous report by Gibson et al. [3]. Furthermore, the results
were confirming by Raman spectroscopy analysis of the syn-
thesized samples of SiHAp.

Fig. 3 revealed that the four vibration modes of phos-
phate tetrahedra are observed in the spectra range of
200-1300 cm~1. The intense v1 mode is indicated by the band
at 960 cm~! corresponding to the symmetric stretching of P—O
bonds, the v, modes around 425 cm~! corresponds to doubly
degenerate O—P—O bending modes, the vs modes around
1042cm~! and vy around 600cm~!. Furthermore, on the
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Fig. 2 - FT-IR analysis of the Si-HAp powders obtained by conventional hydrothermal treatment at 150 °C, 10 h with different

Si content using [(CH3)4N(OH)-2Si0,] (TMAS) as a Si precursor.

central part of the spectra, Fig. 3 shows the detail for the v,
mode, where the PO4 symmetric stretching mode. The mainly
signal around 955cm~! corresponds to HAp structure, main
phase of the samples. A new band appeared for the Si-HAp
samples, which is more visible for the sample with Sicontents
over 4mol%, at 888 cm~?. This signal was gradually increasing
as the incorporated silicon content increased. In contrast, the
OH~ signal was gradually decreasing with a broadening of the
band as was mentioned elsewhere [20]. In addition, the almost
absence of the OH~ vibration band for the sample synthesized
with content of 16 and 20 mol% of Siindicates the modification
of the hydroxyl when the silicate was substituted. This result
might the reason that the crystallite increases the size more
in axis “a”. This result is in agreement with the XPS analysis,
which was conducted to confirm the presence of Si in those
Si-HAp particles hydrothermally prepared.

Fig. 4 shows the typical XPS spectra which were conducted
to investigate the substitution of PO43~ ions with SiO4*" ions
in the hexagonal HAp structure. Generally, the spectra of the
synthesized HAP and Si-HAp powders with different contents

of Si are shown in Fig. 4(a), XPS observation indicates that the
chemical elements Ca, P, O and C were present in the samples,
and the Si signals were detected on the prepared Si-HAp sam-
ples, the variation on the intensity of the Si peak is due to the
increase of the silicon content. Fig. 4(b)—(g) shows the XPS spec-
traof the C 1s, 0 1s, Ca 2p, P 2p and Si 2p signals for the samples
of HAp and Si-HAp respectively. In Fig. 4(b) all the peaks for
the C 1s are asymmetric with the faint shoulder at high bind-
ing energy, which is consistent with the reported by Shing
et al. [21]. In addition, the intensity of the signals decreases
as que silicon content increases. The C 1s was deconvoluted
to three peaks which corresponded to aliphatic carbon atoms
(284.5+0.2eV). The detection of carbon should be due to the
absorption of CO, gas from air during the preparation deter-
mination.

On the other hand, Ca 2p XPS signals can be observed in
the spectrum portrayed in Fig. 4(c), which correspond to the
doublet that correspond to Ca—O bonds. The Ca 2p spectrum
showed a doublet with Ca 2p3/2 at 347.0 £0.3eV and Ca 2p1/3
at 350.55+0.2eV. The samples prepared with 4 and 10mol%
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Fig. 3 - Raman spectra of various synthesized HAp and SiHAp powders under hydrothermal conditions at 150 °C, during

10h using TMAS as Si precursor.

of Si content shows a small change, mainly a decrease of the
intensity and slight decreased of the bending energy of Ca
2p3/2 at 346.83 £ 0.3 and 346.87 eV. This decrease can explain
the deficiency on calcium of the powder synthesized with
high content of Si and is consistent with ICP analysis and
reported by Rietveld analysis of Table 1. In contrast, the pow-
ders with Si contents of 16 and 20 mol% observed a slightly
increase on the binding energies 347.66 and 347.5 eV, respec-
tively. Furthermore, the P 2p peak was symmetric asis revealed
in Fig. 4(d) indicating that its binding energy was quite sta-
ble in apatite. It was referenced at 133.15; 133.0; 132.7; 132.50
and 133.4eV for the samples prepared with 0, 4, 10, 16 and
20 mol% Si, respectively. However, a small decrease the inten-
sity was evident and for samples with 16 and 20 mol% of Si
and a small displacement to the high bending energy. The

O 1s peak showed an asymmetry and was fitted using the
peak deconvolution approach. It was decomposed into three
components (Fig. 4(e)). The main component at 531.2+0.2eV
corresponded to the O linked only to a phosphorous atom as
in PO43~ ions. The second at higher energy (532.58eV) could
be attributed to Si—O peak, and the binding energy slightly
decrease for the samples synthesized with 4, 10 and 16 mol%
of Si. Fig. 4(f) and (g) shows that the Si 2p spectrum has
decomposed into 103.6+0.3 and 102.4+0.3eV, with an area
intensity ratio of about 2:1 for 20 Si-HAp powder. In contrast,
for the 10Si-HAp samples the Si 2p spectrum ratio was 1:2 this
inference is attributed to the gradual formation of Si—0—Si
bond substitution of Si in the HAp. As it was reported else-
where [18], we found that the binding energy of SiO4*~ in
silicate was centered at 102.4+0.2eV for powders 4Si-HAp
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in Fig 4a.

and 10Si-HAp respectively. According to the peak of SiO; was
centered at 103.9eV [22], the first component for the samples
with 10Si-HAp and 20Si-HAp was assigned to Si-O; that can
be attributed to silicon atoms becoming to isolated SiO4*~.
Furthermore, from this XPS analysis was possible to con-
firm the influence of adding different %mol of Si in the
HAP structure during the hydrothermal treatment. The small
changes on the atomic composition of the O, P, Ca and Si
on the HAp and Si-HAp structure can be seen in Table 2.
It was found that the increase of %mol of Si in the HAp
produces a slightly decrease of the % atomic of Ca and P,
but promote an increase of atomic content of O and Si,

that confirm clearly the substitution of the SiO4*~ by PO43~.
From Raman and XPS analysis we conclusively can demon-
strate that a large amount (near 61% nominal) of the added
Si04*~ was possible to introduce into the HAp structure the
SiHAp.

Morphological evaluation of the hydrothermally prepared
HAp and Si-HAp powders

FE-SEM micrographs of the hydroxyapatite powders substi-
tuted with different molar % of Si are shown in Fig. 5(a)—(d).
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Table 2 - Atomic composition of samples of HAp and Si-HAp powders from XPS analysis.

Element HAp 4SiHAp 10SiHAp 16SiHAp 20SiHAp
Atomic %

C 14.4 13.1 115 13.0 11.6

(¢} 50.0 56.1 56.8 57.0 59.0

Ca 21.4 19.9 19.0 18.3 17.6

P 14.2 11.6 11.3 11.1 10.7

Si 0 0.2 0.5 0.6 1.1

Fig. 5 - FE-SEM micrographs of the HAp and Si-HAp particles prepared under hydrothermal conditions at 150 °C, 10 h with

() 0, (b) 4, (c) 10% and (d) 20 mol% of Si**,

Those results show a small decrease in particle size, as well
as, small changes on morphology were note with the increase
of Siin the samples of Si-HAp compared to pure HAp powder.
This behavior is consistent with the results of X-ray diffraction
patterns and the lattices parameter after Rietveld analyses
(Fig. 1b and Table 1). It deserves emphasizing that the addi-
tion of Si ion promotes a small but significant crystalline and
size reduction for the powder of the prepared samples with the
large amount of SiO4*~ incorporated into the HAp structure,
confirming the results reported elsewhere [7]. Also, a system-
atic increase of Si content has a notable influence on the
morphology of the particles. Samples prepared with low con-
tent of Si shows a spherical and regular morphology homoge-
neous. With the increases in the molar concentration of Si, the
obtained particles appear as elongated grains (needles type).
The observed small crystal size of Si-HAp can be explained
regarding higher nucleation density during hydrothermal pre-
cipitation process as was mention previously [16-18]. TEM
images of the prepared Si-HAp powders under hydrother-
mal conditions at 150°C, 10h are shown in Fig. 6(a) HAP,

6(b) 10Si-HAp and 6(c) 20Si-HAp respectively. The primary
size of the nanorods observed corresponded to be between
50-100 +2.5nm for the powder prepared with 4 mol%.

Although the powders prepared with 10 mol% of Si Fig. 6(b)
consist of nanorods with an elongated grain size in the
range between 40 and 90nm and the thickness between
25-45 + 2.8 nm respectively, and the nanorods for the as indi-
cated from the size distributions, Fig. 6(d)—(f). The mean
particle size determined from TEM images was similar
to that the value calculated by the Rietveld refinement
(Table 1).

The grain size of the Si-HAp samples was smaller than that
of pure HAp, and this behavior it was not evident for the pow-
ders of Si-HAp prepared with content Si 4 or 16 mol%. Until
now, as was mentioned by Gibson there are many reports rel-
ative to the synthesis of Si-HAp emphasizing the decreased of
the grain size with the increase of Si, and some authors refer
to have a limit of 0.5% of Si, over this content, the decreas-
ing of grain is very slow [17]. In this case, the decrease of the
grain size was also slightly, and it can be associating to the



60

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 59 (2020)50-64

HAp e

Counts (a. u.)

Counts (a. u.)

e

10Si-HAp f 4Si-HAp

Counts (a. u.)

—rm—

10 30 50 70 90 110 130

10 30 50
Particle size (nm)

70

Particle size (nm)

N L L L L L L L L L
90 110 130 20 30 40 50 60 70 80 90 100

Particle size (nm)

Fig. 6 - TEM micrographs of silicon hydroxyapatite (Si-HAp) particles prepared under hydrothermal conditions at 150 °C, 10
h with (a) 4 (b) 10 and (c) 20% molar of Si** using [CH3)sN(OH)e2SiO,] (TMAS). and particle size distribution of (d) HAp, (e)

Si-HAp 4 and (f) 16 mol % of Si.

hydrothermal conditions and chemical precursor used for this
synthesis as well as the % mol of Si content, it will still need
more detail investigation using the TMAS precursor.

Microstructural and structural aspects of the sintering
HAp and SiHAp compacts

Sintering experiments were carried out to verify the changes
on the microstructural and structural behavior of the pre-
pared HAp, and Si-HAp. The experiments were run using the
prepared powder under hydrothermal conditions at 150°C
and 10h, consequently, the powders were compacted using
a load of 60MPa for 5min and subsequently heat treat-
ment at various temperatures. In general, pure HAp and
Si-HAp showed smaller particle size at this temperature
and the relative density of the sintered HAp corresponds
to be 3.17540.04 g/cm3, with increase of the Si % mol the
apparent density slightly decreased to 3.037, 3.150, 2.926 and
3.15040.04 g/cm3, for samples with 4, 10, 16 and 20mol%
of Si, respectively. Micrographs of the surface of pellets sin-
tered at 1200°C are shown in Fig. 7(a)—(d) for the prepared
samples with (a) 0, 4, 10, 16 and 20mol% of Si respectively.
The morphology of the sintering compacts is mainly con-
sisting of nano-sized spheroidal shaped crystallite. As the
heating temperature increased to 1200°C the size of the
grain was largest in comparison with the SiHAp samples
(Fig. 7(a) and (b)). Besides, 4Si-HAp and 16Si-HAp samples
show a nanostructure similar to that of the HAp sample, how-
ever residual nanoporosity remains on these samples and

as it was observed on the micrograph (Fig. 7(b)-(d)) for the
compacts prepared with 4, 10 and 16% of Si content of Si-
HAp, that corroborate the slightly decrease of the density
(Table 2).

It is worth mentioning that the compacts prepared with
higher content of silicon at 1200°C show some small bright
particles that were formed during the sintering process which
can be attributed to a dissolution of the excess of silicon at
high temperatures. Also, the smaller grains and more homo-
geneous microstructure for HAp and low content of Si-HAp
specimens, led to denser sintered bodies at the selected
sintering temperature. Microanalysis (EDX) and high resolu-
tion mapping on the samples prepared with high content
of Si (16 and 20mol%) are confirming the presence of the
Si in the grains, and the formation of small particles of the
SiO, as a segregates, which are consistent with the EDX
(Fig. 7(e) and (f)) and Rietveld analysis (Table 1) as above-
mentioned.

In addition, Fig. 8(a) and (b) shows the XRD patterns
of the sintered compacts at different temperatures, ther-
mal decomposition was detected for both powders of the
prepared HAp and Si-HAp. At a temperature lower than
1000°C, a small displacement of the peak to smaller angles
20 (210) which was assigned to the formation of a new
phase of B-TCP (JCPDS-09-0169), at higher temperature over
1100°C, the B-TCP phase disappears altogether. Also, for the
HAp powders at a temperature of 600°C, the formation of
a small peak of a-TCP (JCPDS-09-0348) phases appears as
it can see on XRD diffraction patterns in Fig. 8(a). On the
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Fig. 7 - FE-SEM micrographs of the powders sintered at temperature 1200 °C for 1 h, corresponding to (a) HAp and Si-HAp
samples containing (b) 4, (c) 10 (d) 16 and (e) 20 mol %. The elemental mapping conducted by EDX of the samples produced

with (f) 16 and (g) 20 mol % Si are also included.

other hand, the transformation of the HAp phases to a-TCP
phases on the Si-HAp was more evident; this behavior can be
attributed to the presence of Si on the HAp structure. Also, the
steady increase in the intensity of the peaks increases as Si
content increase also depends on the temperature of heat-
ing as was mentioned elsewhere [17-19]. Those results

are consistent with XRD patterns and SEM observations.
Figure 9 shows the FT-IR spectroscopy analysis of the Si-HAp
sintered compacts at 1200°C, small signal of the hydroxyl
stretching band appears at 3573.28cm™!, for the Si-HAp
sintered compacts, the presence of the SiO4*~ bands can be
detected at wavelengths 802.11cm~! and 802.96cm~! and
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at wavenumber 725.56 and 731.86cm~!. Those results are

those bands were evident for the powder of 16Si-HAp and 20Si-
HAp respectively. Also, small new bands relate also related

agreeing with the SEM observation for the samples with 16

and 20mol% of Si that form small segregates of SiO; in

with the presence of SiO4*~ bands with the Si—O—Si were
detected for the samples 10Si-HAp 16Si-HAp and 20 Si-HAp

the grain limit and explain why the silicon content on the
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Fig. 9 — FT-IR analysis of the sintered Si-HAp powders
at 1200 °C with different Si content (0-20 mol%) using
[(CH3)4N(OH)-2Si0,] TMAS as a Si precursor.

samples prepared with 16 and 20 mol% was low in comparison
with the initial concentration of added on the Si precursor.

Conclusions

Si-HAp powders were successfully obtained under conven-
tional hydrothermal synthesis conditions at low temperature
150°C for 10h using TMAS as Si precursor. The hydrother-
mally prepared Si-HAp fine particles have high crystallinity.
However, the chemical compositional evaluation of the Si-
HAp powders conducted by XPS analysis confirmed that the
produced particles were Si-deficient according to the nomi-
nal Si pursued incorporating in the PO43~ sites of the HAp
lattice cell, and it the presence of silicon in the remaining
solutions was confirmed by wet chemical analyses conducted
by ICP. The lack on the Si incorporation in the hexagonal
HAp structure is provoked by the formation of highly solu-
ble intermedium species caused by the TMAS precursor, such
as SiO44_ [Si(OSi)3(O_)], N(CH3)4OH-5H20 and C4H,3NO-3H,0.
These species reduce the concentration of the solute
(Si04*~ ions) at the supersaturation stage reached under
hydrothermal conditions, which avoids the incorporation of

the nominal Si content added to the reaction system during
the crystallization stage. Nevertheless, the structural analyses
conducted on all the Si-HAp particles prepared revealed that
reduced Si content produced the release of OH-ions simulta-
neously.

The gradual incorporation Si did not affect the diffrac-
tion pattern of Si-HAp prepared with TMAS, only a slightly
decreased intensity was revealed due to the decrease of
crystallite size. However, the diffraction peaks show a small
displacement to low 26 angles coupled with a peak broaden-
ing resulted gradually increase of the Si content incorporated
into the HAp structure. Moreover, TEM observations revealed
that the Si-HAp particles have a morphology that resembles
rod-like shape with average particle size dimensional (length)
80 and 35 nm. In particular, a significant content of Si (10 mol%)
incorporated in the reaction system limited the particle coars-
ening during the crystallization stage, it might be due to the
formation of soluble silicate species that increase the molar
volume of the embryos at the solute supersaturation stage,
this phenomena preferentially occurred at when huge con-
tents of Si over 10mol% were added. Additionally, the XPS
and Raman analysis confirmed the uptake of Si in the HAp
structure, which is remarkable for the samples 16Si-HAp and
20Si-HAp. Finally, SEM observation of the compacts sintered at
1200°C showed the formation of small glassy areas containing
SiO; between the HAp grains for the sample prepared with the
highest content of 20mol% Si.
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