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Abstract. Two routes for obtaining calcium phosphates by sol-gel technique are described. The ceramic
precursors were calcium nitrate [Ca(NO3)2∙4H2O] and acid ammonium phosphate [(NH4)2HPO4]. The
ammonium hydroxide (0.5 molar) was added in the solution in order to stabilize the pH to 9, approximately. The
samples were analyzed by scanning electron microscopy with (SEM), X-ray diffraction (XRD) and Infrared
spectrum (FTIR) to assess the morphology of the sintered powders, as well as present phases and crystallinity.
In all samples it was observed the presence of crystals of hydroxyapatite accompanied by other phases, and one
of the samples presented hydroxyapatite and β- Tricalcium phosphate phases, but it was not possible to identify
the Hap/β-TCP weight ratios. It was found differents morphologies of the particles depending on the route of
synthesis and the particle size was submicrometric.
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1.

INTRODUCTION

Each year, there is a greater the number of people who have improved their quality of
life and have even survival through biomaterials. The Hap Ca10(PO4)6(OH)2 is the main
mineral component of bone (> 95%), therefore it has properties of biocompatibility and
bioactivity that make it one of the most studied biomaterials to date, desirable for biomedical
applications [Aoki, 1994, Ramakrishna et al., 2010, Rigo et al., 1999]. However, there are
reports that sintered crystalline Hap ceramics have minimal resorption in vivo, thus delaying
the formation of new bone [Metsger et al., 1982; Schmitz et al., 1999, Joschek et al., 2000;
Kamakura et al., 2002, Hing et al., 2004]. For this reason, several studies have been
performed based on the biocompatible biphasic calcium phosphate ceramic Hap–β-TCP, due
to the greater solubility of this phase, which disappears after the formation of new bone tissue
[Tang et al., 2003, Kwon et al., 2003].
Several methods of Hap synthesis have been studied such as precipitation that involves
reactions via wet medium in a solution containing Ca2+ and PO43- with temperature and pH
control [Bezzi et al., 2003, Santos et al., 2005]. The hydrothermal method, which has poor
morphology control [Yoshimura et al., 1994]; the surfactant-assisted hydrothermal method is
an improvement of the latter and it has been shown that the use of surfactant and further
hydrothermal treatment favors to obtain nanorods with uniform morphology [Yan et al.,

2001]. Besides, Hap nanofibers have been obtained using suitable surfactant at ambient
conditions [Liu et al., 2002] and Hap was prepared using a microemulsion route
[Koumoulidis et al., 2003, Guo et al., 2005].
As reported by researchers, the sol-gel method presents certain advantages such as,
homogeneous molecular mixing, low processing temperature and the ability to generate
nanosized particles and nanocrystalline powders. In addition, this method is promising for the
simplicity of the technological equipment used, low installation cost, the possibility of
preparing films of low cost and the precise control of the films chemical composition [Rigo et
al., 1999, Hwang et al., 2000, H-W Kim et al., 2004]. Thus, there are reports of several
synthetic routes within the sol-gel method, studying different types of precursors, as well as
the influence of temperature and aging time, agitation speed during the precursors mixing,
different drying and calcination temperatures and the use of organic modifiers of particle size
and phases found with such variants. All these researches present different Hap phase
characteristics, according to the chemical composition and process conditions [Milev et al.,
2003, Bezzi et al., 2003, Kim et al., 2004, Santos et al., 2005, Bogdanoviciene et al., 2006].
In this paper, different routes by sol-gel were studied, capable of achieving apatite
phases for application as biomaterials. The study involved the development of a methodology
which is able to prepare the phases in a large scale and with suitable reproducibly, without the
need of several steps plus stringent precautions and careful manipulations to ensure the
complete dissolution of precursors. A similar approach was proposed by Kim (2004) with
cheap precursors, but with a considerably higher energy cost and processing time.
2.

MATERIALS AND METHODS

The reagents were as P.A., used without further purification. Each proposed
method was named as I and II. For the method I, it was not considered the sequence of
precursor’s dissolution or that the rate of addition of the precursor solution on the other one
can result in precipitation [Kim et al., 2004]. Instead, method II considered these factors. The
prolonged step of refluxing (~ 24 h) was suppressed.
2.1

Materials

Calcium nitrate tetrahydrate [Ca(NO3)2.4H2O; Cicarelli, Title 99.0-103.0%], acid
ammonium phosphate [(NH4)2HPO4;Cicarelli], ammonium hydroxide [NH4(OH); Biopack,
Title 26%-30%] were used in these work.
2.2

Description of the different routes of preparation of the powder

Method I: Calcium nitrate tetrahydrate and acid ammonium phosphate were dissolved
in 210 mL of ammonia solution 0,569 N at room temperature, according to Bezzi (2003), but
without the use of EDTA and urea, being the final solution pH > 9. The mixed solution was
continuously stirred and maintained in the temperature range of 80 to 100ºC for two hours.
Then, heat treatment was performed with the sample in an oven from ambient temperature
until 340ºC, the heating rate being in the range of 4 – 5 ºC/min until 250ºC and then
remaining at 250ºC for one hour to continue with heating rate in the range of 4 – 5 ºC/min
until 340ºC. The gum white paste obtained after drying was calcined at 800ºC for two hours,
being one hour the ramp time to reach 800ºC. Finally the white powder obtained was stored
for characterization without further treatment.
Method II: Stoichiometric amounts of calcium nitrate tetrahydrate and acid ammonium
phosphate were dissolved in two separate aqueous solutions at room temperature. The pH was

adjusted to 9 in 0.5 N ammonia solution. The mixture was conducted by precursors dropwise,
phosphate on nitrate, under constant agitation at room temperature. The white gel obtained
was aged at a room temperature for four days. Then, the sample heat treatment was performed
in an oven at 200 ºC for one hundred minutes and then it was calcined at 800 ºC for two
hours, being one hour the ramp time to reach 800 ºC.
2.3

Powder characterization

X-ray diffraction (XRD). To assess the present phases and crystallinity, the samples
were analyzed by X-ray diffraction (X” Pert Pro-Panalytical Diffractometer) using a CuKα
radiation generated at 40 kV and 40 mA, in the range of 10º < 2θ < 90º at a scan speed of 2
seg/pass, being 0,05º the pass size.
Scanning electron microscopy (SEM). The morphology of the synthesized Hap was
studied and evaluated by scanning electron microscopy (SEM, FEI Inspect S) from
CENANO/INT, operating at 20 kV on samples of Hap powder coated with gold through a
metallizer EMITECH K550X operating at 25 mA for three minutes.
Fourier transform infrared spectroscopy. The infrared spectrum analysis by Fourier
transform (FTIR) was performed by the "Magma - IR 560 Spectrometer ESP - Nicolet "to
identify the functional groups in the sample. The FTIR spectra were recorded in the 500–4000
cm-1 range, and compared with the spectra found in the literature. The sample was prepared
with a proportion of 1% in KBr, i.e. 1mg of sample in 99mg of KBr.
3

RESULTS AND DISCUSSION

Figure 1, shows the XRD patterns of samples calcined at 800ºC. In general, different
phases were observed for each method. In the method II, a phase composed by Hap and βTCP was observed.
For method I, the sample has the hydroxyapatite (Hap, ICDD N° 24-0033) phase and
small peaks of calcium oxide (CaO) and calcium hydroxide (Ca(OH)2) phases. The CaO
phase corresponds to the product of decomposition of the unreacted calcium nitrate. However,
Ca(OH)2 decomposes in CaO at temperatures above 510°C. Thus, as the sample was calcined
a 800°C, and theoretically the heat transfer is homogeneous within the muffle for all points of
the system, the phase Ca(OH)2 could be due to an insufficient time for the decomposition
reaction was complete. The phases obtained are similar to those reported by Bezzi (2003),
probably due to the similarity of both methods.
The XRD pattern for method II, identified Hap and β-tricalcium phosphate (β-TCP,
ICDD N° 9-0169) phases. The corresponding diffraction peaks were very sharp, indicating the
high crystallization of the two phases and suggesting that the crystal size obtained were
relatively large. Is well known that this biphasic calcium orthophosphates, is used as
biomaterials due to the higher biodegradability of β-TCP [S. Dorozhkin, 2012, A. Soueidan et
al., 1995, M. Benahmed et al., 1996].
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Figure 1. XRD diffractograms for the four methods tested.
Figure 2 presents FTIR patterns for as calcined calcium phosphates powders. The
spectra for the method I and II are very similar.
The main absorption peaks of IR, can be attributed to the following functional groups
[Santos et al., 1995, Posset et al., 1998, Arias et al., 1998, Mayor et al., 1998].
The phosphate group (PO43-), exhibit a strong, complex band in the 1000-1065 cm-1
range corresponding to the asymmetrical stretching vibration with a shoulder at 1085 cm-1,
and a medium intensity band at about 960 cm-1 with a shoulder (945 cm-1) due to symmetric
stretching vibration. The asymmetrical bending vibration is characterized by bands located at
560-610 cm-1.
The hydroxyl group (OH-), has a vibrational mode that appears at around 634 cm-1 for
the bending vibration and 3570 y 3580 cm-1 for stretching vibration [Choi et al., 2004; Weng
et al., 1998; Khelendra et al., 2011]. The OH- stretching vibration is unique for crystalline
hydroxyapatite and its intensity is considerably weaker compared to the strong P-O stretching
vibration because of the hydroxyapatite stoichiometry [Nriagu et al., 1984]. The presence of
an additional weak band at 3645 cm-1 is attributed to the OH- vibration from a Ca(OH)2 phase
[León et al., 2009]. However, others authors assign the sharp peaks 3570 of 3670 cm-1
correspond to the stretching vibration of the lattice OH- ions [Pramanik et al., 2005].
The broad absorption band of adsorbed water (H2O) can be observed in the range
3700 to 2500 cm-1 and another peak at around 1620 cm-1. It would correspond to water
stretching vibration, due to the hygroscopic character of the crystalline carbonated Hap
[Koutsopoulos S., 2002; Suresh et al., 2012].
Additional peaks, appears in the 1415-1462 cm-1 range, are associated with the
asymmetrical stretching modes and weak band appearing at 875 cm-1 related to the
asymmetrical bending vibration. The positions of these peaks indicate the formation of B-type
carbonated Hap [Koutsopoulos, 2002]. But the band of CO3-2 group extends to 1550 cm-1,
which could also indicate the presence of A-type carbonated Hap [Krajewski et al., 2005].
The carbonate ions substituted some phosphate ions in the apatite structure, for the Hap B-

type formed and replace the OH- ions in the A-type carbonated Hap [LeGeros et al., 1967,
Bonel, 1972, Elliott, 1980]. The source of carbonate would have originated from CO2 in the
atmosphere [Wang et. al., 2006].
The type-B carbonated Hap is similar to natural bone mineral because bone mineral
differs in composition from the stoichiometric Hap and carbonate ions are the most abundant
additional ions. In vitro and in vivo test, have shown that the presence of B-type carbonate in
the apatite structure, cause an increased in solubility of the same
[Krajewski et al., 2005].
Physicochemical studies of Hap commercial applications as bone graft implant
medical-dental, produced by four different manufacturers, have reported the presence of
carbonate group in the samples [Conz et al., 2005].
Hap powders and biphasic calcium phosphate (BCP), containing phases Hap and βTCP, obtained by sol-gel and calcined at temperatures ≥ 600 ° C, have been analyzed by
FTIR, throwing the presence of carbonate in the same group [Salimi et al., 2012, Khelendra et
al., 2011, Chen et al., 2011].
Results obtained by thermogravimetric analysis (TG), indicate temperatures of
decomposition of the carbonate group for carbonated Hap, from 400 to 1200°C range
[Krajewski et al., 2005]. Thus up to the maximum heat treatment temperature reached 800°C
in this work, decomposition is not complete.
A small peak to 730 cm-1 was observed in both methods. The same was not identified
with literature data. However, it was mentioned that bands at 732.8 cm-1 corresponding to the
OH group, appear for samples of calcium phosphates containing phases of calcium
pyrophosphate and TCP in the sample [Oliveira et al., 2009].

Figure 2. FTIR spectra of samples calcined at 800ºC, (a) method I and (b) method II.
The SEM micrograph of the calcined powder for method I is displayed in two
magnifications. In Fig. 3 (a) the powders exhibited the platelet like morphology of the
sintered powders. In Fig. 3 (b) these particles appear spherical and highly agglomerated, as
clusters of very small particles. Similar morphology was obtained by the sol gel method in
other researches [Milev et al., 2003, Kim et al., 2004].

Figure 3. SEM micrograph of method I (a) 500X (b) 30000X.
The Fig. 4, show the morphology of the calcined powder for method II. The particles
exhibited two different morphologies. We analyze two cross sections of the found in
two different increases. Already Santos (2005) has found clusters of various shapes and sizes
from a Hap synthesized by sol-gel.
Figure 4 shows in (a) and (b), very fine elongated particles in the form of plates and
rods (microrods), which are consistent with those obtained by sol-gel method in several
articles [Yan et al., 2001, Bogdanoviciene et al., 2006, Murakami et al., 2012]. Other authors
suggested the formation of whiskers for similar particle morphologies [Yoshimura et al.,
1994, Roeder et al., 2006, Aizawa et al., 2005]. The whiskers are single crystals elongated,

generally has a cross-sectional diameter of 0.1-10 micrometers and lengths of 10-1000
micrometers. Synthesized apatite fibers appear to coincide with crystals that grow with
preferred orientation to the axis c, parallel to the fibers longitudinal axis. But, in order to
confirm this result we must perform TEM analysis of the individual fibers.
Nevertheless, Fig. 4 (c) and (d) show that platelets shaped particles were also obtained
the same manner as in method I.

Figure 4. Method II SEM micrographs: particles in the form of rods, (a) 4000 X and (b)
30000 X; particles in the form of platelets, (c) 4000 X and (d) 30000X.
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CONCLUSIONS

The influence of the sol-gel synthesis route on the particle morphology and the phases
obtained for calcium phosphate materials is evident. Moreover, it has been shown in this
study that the sequence of the precursor’s dissolution or that the different rates of solution
addition of a precursor on the other, can give different results.
The techniques practiced in method I have developed the CaO and Ca(OH)2 phases,
which are not suitable for use as biomaterials, together with Hap phase. Those techniques
practiced in the method II are very simple, inexpensive and produced calcium phosphate

particles, based in β-TCP and Hap, which are appropriate for use as biomaterial. However,
these methods do not produced particles with uniform morphology, as occurred in method I.
In addition, FTIR indicated a calcium phosphate ceramics composed by carbonated
hydroxyapatite in both methods. SEM images of the samples revealed the formation of
particles with size micrometers, which is an important factor for the bone-implant attachment.
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