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Abstract

Hydroxyapatite (HA) is a biocompatible and bioactive material used as bone-substitute materials in both orthopedics and
dentistry. This work is devoted to studying the synthesis of hydroxyapatite (HA) by sol—gel route using triethyl phosphate
(TEP) and calcium nitrate tetrahydrate as calcium and phosphor precursors. In order to optimize the hydrolysis of TEP,
each prepared solution was aged in a closed Teflon® container. Several factors were tested in order to improve the synthesis
conditions of well-crystallized HA. The effect of aging time (4 h, 16 h, and 24 h), aging temperature (25 °C, 50 °C, 70 °C,
and 90 °C) of the prepared solutions, and the type of solvents (ethanol and/or distilled water) were tested. All dried gels
were calcined at 700 °C for 1 h. The obtained results showed that the crystallinity degree of hydroxyapatite increases with
aging time and temperature, which must not exceed 70 °C. When the prepared solutions were aged at 90 °C, the tri-calcium
phosphate (TCP) was formed as a major phase and HA was present as a very minor phase. It was remarked that the aging of
sols in a closed Teflon container® leads to an important decrease of the aging time and temperature. It was found that 24 h
and 70 °C are the optimal conditions for the synthesis of well-crystallized HA. Also, it was deduced that a sufficient amount
of water was needed to hydrolyze the triethyl phosphate and consequently, to obtain a well-crystallized HA.
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Introduction

Hydroxyapatite (HA: Ca,(PO,),(OH),) is based on calcium
phosphate, which is the basic mineral component of human
bones and teeth (Shi et al. 2009). Because of this similarity,
several studies have focused on hydroxyapatite as one of the
most important alternative biomaterials in orthopedics and
dentistry (Glimsher 1984). HA advantages as a biomaterial
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include a good osteoconductivity, non-toxicity, and the abil-
ity to form a direct bond with bone (Rhee 2002). Also, HA
is used as a sorbent in order to purify the wastewater by
removing the heavy metals such as arsenic and cadmium
(Kongsri et al. 2013).

HA can be prepared from natural materials such as coral
or bones (Joschek et al. 2000; Mezahi et al. 2005, 2009).
Besides, it can be synthesized in several ways such as the
precipitation method (Andrasekhar et al. 2013; Kamalana-
than et al. 2014), hydrothermal (Ji et al. 2015; Wu et al.
2013), and sol-gel route (Masuda et al. 1990; Gross et al.
1998a, b; Song et al. 2002; Fathi and Hanifi 2009; Vijayalak-
shmi and Rajeswari 2012; Mojahedian et al. 2016; Negrila
et al. 2018; Shalini and Kumar 2019). These different meth-
ods affect the HA properties such as particle size, morphol-
ogy and microstructure which determine the applications of
HA into different fields (Ghosh et al. 2011; Padmanabhan
et al. 2009). Accordingly, the medical applications favor
the use of nano-crystalline HA that performs improved
sinterability, mechanical properties such as fracture tough-
ness, densification and bioactivity owing to larger surface
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area (Kalita et al. 2007b). Moreover, the nano-crystalline
HA can be used as a therapeutic agent carrier; it destroys
and restrains the spread of cancer (Yang et al. 2012). It
was reported that sol—gel route is an exceptional method
designed for achieving an ultrafine powder (less than 10 nm
in size). In addition, the sol-gel route has many advantages
in comparison to the traditional ways (Webster et al. 2000),
which are: low energetic cost, better chemical homogene-
ity, high purity, control of the condensation reactions, lower
reaction temperature, and the possibility of producing new
materials with different forms (Johnson et al. 1985). The
sol—gel route allows the mixing of calcium and phosphorus
precursors at the molecular level, which improves the chemi-
cal homogeneity of HA (Ferraz et al. 2004; Ishikawa and
Kareiva 2020b). Also, the improvement of the conditions for
synthesis of pure HA, such as the reaction temperature, pH,
solvents, and concentration of reactants, are the key factors
for getting controllable aspect ratios and bioactivity.
Ishikawa et al. (2020a; b) collected the most research
works about the synthesis by sol—-gel route of the
hydroxyapatite with different shapes such as powders or
thin films. In view of that, organic and inorganic precur-
sors were used. For the first time in 1990, Masuda et al.
(1990) used the alkoxides as starting materials for HA syn-
thesis through the sol—gel technique. Also in 1998, Gross
et al. 1998a, b) used calcium diethoxide and triethyl phos-
phate as starting precursors to prepare HA. But, just a few
researchers continued using the pure alkoxides precursors
for HA preparation by sol—gel route. Many authors recom-
mended, for HA synthesis by sol—gel method, to only use
inorganic precursors. In some works, phosphorous pentoxide
(P,05) and calcium nitrate tetrahydrate (Ca(NO;),.4H,0)
were used as phosphorous and calcium sources (Song et al.
2002; Fathi and Hanifi 2009; Vijayalakshmi and Rajeswari
2012; Mojahedian et al. 2016). However, in various works,
phosphorous pentoxide (P,O5) was replaced by ammonium
hydrogen phosphates ((NH,),HPO,) as source of phospho-
rous (Negrila et al. 2018; Shalini and Kumar 2019). Or,
phosphoric acid (H;PO,) and calcium acetate monohydrate
(Ca(CH;COO0),.H,0) were exploited by other researchers
(Stankevicitité et al. 2013; Malakauskaité -Petruleviciene
et al. 2016; Jonauské et al. 2019). Also, calcium chloride
(CaCl,) and sodium phosphate (Na;PO,) were chosen by
Kheimehsari et al. (2015) for HA synthesis by sol—gel route.
Generally, absolute ethanol was used to dissolve the raw
materials. Sometimes the mixture of different solvents was
used for the preparation of sols such as 2-butanol, ethanol,
acetic acid, and water (Saranya et al. 2011; Mojahedian
et al. 2016). Noted that, triethyl phosphate (PO(OC,Hs)5),
triethyl phosphite (P(OC,Hs);), and other alkyl phosphates
were used as sources of phosphorus (Hsieh et al. 2001;
Ben-Nissan et al. 2001; Liu et al. 2001, 2002; Chandan-
shive et al. 2013; Chen et al. 2011; Foroughi et al. 2015;
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Priyadarshini and Vijayalakshmi 2018); methyl, ethyl, and
propyl-alcohol were used as solvents. Or, instead of calcium
alkoxides, calcium nitrate (Ca(NO;),-4H,0) was the most
popular calcium precursor for the HA preparation (Hsieh
et al. 2001; Ben-Nissan et al. 2001; Liu et al. 2001, 2002;
Chandanshive et al. 2013). Nevertheless, in other works, the
calcium acetate (Cihlar and Castkova 1984; Kordas and Tra-
palis 1997) was used to prepare HA. To hydrolyze triethyl
phosphite, some authors used a mixture of anhydrous etha-
nol and distilled water (Vijayalakshmi and Rajeswari. 2006;
Balamurugan et al. 2006; Eshtiagh-Hosseini et al. 2007). In
other research, only distilled water with a fixed amount was
used to hydrolyze the triethyl phosphite or triethyl phosphate
(Kalita and Bhatt 2007a; Dinu et al. 2013). Calcium chloride
(CaCl,-2H,0) and calcium oxide (CaO) were also used as
calcium sources in the similar sol—gel synthesis routes for
HA (Ioitescu et al. 2009; Hosseini et al. 2017).

Generally, the time and temperature of gelling of the
prepared solutions varied from study to another. Also, the
time of aging of the prepared solutions varied from 2 to
72 h. But in most of the works, the ambient temperature
was used as the temperature of aging of the prepared solu-
tions. In this work, the precursors calcium nitrate tetrahy-
drate Ca(NO;),.4H,0 and triethyl phosphate (PO(C,Hs0);,
TEP) are selected as sources of Ca and P. TEP is chosen
because it remains relatively stable despite to triethyl phos-
phite (Bilton et al. 2010). Nevertheless, it is reported that
triethyl phosphate has a relatively low reactivity for hydroly-
sis. Also, long aging times (several days) and high solution
temperatures are needed (Liu et al. 2001; Qiu et al. 1993;
Westheimer et al.1988).

In order to optimize the hydrolysis of TEP, the aging of
the prepared solutions will be done in a closed Teflon® con-
tainer at a determined temperature. Accordingly, the aim
of this work is to optimize the hydrolysis of TEP in order
to determine the optimal conditions for HA synthesis by
sol—gel route. So, the effect of aging conditions (time and
temperature) of the prepared solutions on HA synthesis was
evaluated. The distilled water and/or ethanol were also tested
as solvent medium in order to obtain well-crystallized HA.

Experimental section
Materials and method of synthesis

In order to obtain pure hydroxyapatite, two-based precur-
sors were used as sources of calcium and phosphorus ions,
respectively: calcium nitrate tetrahydrate (Ca(NO;),,4H,0,
Biochem, 98%) and triethyl phosphate (TEP: C¢H,;50,P,
Aldrich, 99%). The distilled water and/or anhydrous ethanol
(C,HsOH) were chosen as the medium solvent.
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The two precursors were dissolved separately. 0.03 M
of triethyl phosphate was diluted in 5 mL of medium sol-
vent under vigorous magnetic stirring in order to obtain a
transparent solution. On the other hand, 0.05 M of calcium
nitrate tetrahydrate was dissolved in 25 mL of medium
solvent, the molar ratio of precursors is Ca/P =1.67, which
is the stoichiometric molar ratio in HA. After that, the
calcium nitrate solution was added drop wise to the stirred
phosphorus solution. The vigorous stirring of the mixing
solutions continued for a further 30 min. Renowned for
that, each prepared solution was aged in a closed cylindri-
cal Teflon® container. After that, a slow evaporation was
done in an open container, generally at 70 °C for 1 day in
order to obtain gel. The obtained gels were dried for 1 day
at 70 °C.

In order to obtain well-crystallized hydroxyapatite,
many assays were performed to determine the optimal
conditions for HA synthesis (Fig. 1). Firstly, the effect of
aging time (4, 16, and 24 h) was studied, 70 °C was chosen
as the temperature of aging, gelling and drying. Secondly,
the effect of aging temperature (25, 50, 70, and 90 °C) was
tested. For this assay, the temperature of gelling and dry-
ing is fixed at 70 °C for 1 day. Or, for the 90 °C aging tem-
perature, the temperature of gelling and drying is fixed at
90 °C. Finally, the effect of medium solvent (distiller water
(DW) and/or ethanol (Eth)) was tested. According to the
results of the first and the second assay, the temperature of
aging, gelling and drying was fixed at 70 °C for 1 day. It is
noted that the pH of the mixtures of solutions was meas-
ured at the end of the magnetic stirring and aging process.
The dried gels were calcined at 700 °C for 1 h with 5 °C/
min heating rate. The obtained powders were crushed into
fine powder in order to do the analyses.

Fig. 1 Flow chart of HA synthe-
sis by sol—gel route

Aging time at 4,16 or 24 h

Characterization

X-ray diffraction (XRD) was employed to investigate the
crystalline phases present in the calcined powders by using
X’PERT PRO diffractometer operating at 40 kV and 30 mA.
The data were collected over a range of 10°-60° in 20 with
a step size of 0.016° and a time per step of 0.5 °C/sec. The
degree of HA crystallinity, expressed as the fraction of the
crystalline phase, was estimated from the XRD data using
the following equation (Pang and Bao 2003):

V,
(112/300)
Xc =1- (—/) 1)

L300)
I3yo: intensity of the (300) peak, V,/399: intensity of the
hollow between the (112) and (300) diffraction peaks, where
112 and 300 are the corresponding hkl miller indices of the
peaks.
Also, the Ca/P molar ratio in the prepared powders was
calculated using X-ray Fluorescence (XRF) (Shimadzu,
Japan). However, the average crystallite size (D) of HA was

estimated using Scherrer’s formula (Jenkins and Snyder
1996):

0.91

~ FWHMcos6 )

A is Cu K, wavelength 1.5406 A°, and FWHM is the full
width at half maximum for the diffraction peak (rad) and 6
is the diffraction angle (°). Three diffraction peaks (002),
(211), and (222), situated, respectively at 25.8°, 31.75°, and
46.7°, were chosen for calculation of the crystallite size.

Furthermore, Fourier-transform infrared spectroscopy
(FTIR) was used to analyze the functional group of existent

Distilled water and/or Ethanol

Ca(NO3),.4H,0 TEP:CacH, :0,P

<&a+0)

Misxing (stirring)

Aging temperature
25,50, 70 or 90°C

Gelling at 70°C or 90°C (24 h)

Drying at 70°C or 90°C (24 h)

.¢.¢.¢e¢.

Calcination at 700°C (1 h)
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phases in the synthesized powders. The measurements were
carried out in the transmission mode in the mid-infrared
range (400—-4000 cm_l), with a resolution of 4 cm™!. 2%
of the powder was mixed with 98% dried KBr. The analy-
ses were performed using the JASCO FTIR — 4200 spec-
trometer. In addition, the thermal behavior of the powders
was studied by thermal gravimetric analysis (TGA), using
a SETARAM equipment (LABSYS EVO DTA/DSC-TG)
in the 25-1000 °C temperature range with a heating rate
of 20 °C min~!, Ar environment and Al,O; reference. The
scanning electron microscopy (SEM) TESCAN VEGA3
was used to evaluate the morphology of the prepared HA
powders. In addition, the particle size distribution of the pre-
pared powders was measured using a laser scattering particle
size distribution analyzer (Horiba, LA-960).

Results and discussion
Effect of aging time on HA synthesis

As described for the synthesis steps elsewhere, in this assay,
both TEP and calcium nitrate tetrahydrate were dissolved in
distilled water; a clear solution was obtained at the end of
the magnetic stirring. The prepared solutions were aged at
70 °C for different times: 4, 16 and 24 h in a closed Teflon®
container. After that, the solutions were sealed in a glass
beaker and kept at 70 °C for 1 day in order to obtain a gel.
Further drying of the obtained gel, at 70 °C for 1 day, led to a
white powder. The dried gel was crushed into a fine powder
and calcined at 700 °C for 1 h with 5 °C/min heating rate. It
was remarked that just after approximately 3/4 of the solvent
was removed at 70 °C, the prepared sol transformed into a
clear and viscous liquid. A continued heating of viscous sol
at 70 °C resulted in a white solid gel.

As shown in Table 1, pH values of the prepared solu-
tions decrease with aging time from 5.68 value at end of
stirring to zero value after 24 h aging time. The decay of pH
solutions proofs the hydrolysis of TEP. Renowned for that,
the resulted products of hydrolysis form a complex with the
calcium ions dissolved in the solution during aging. The
hydrolyzed phosphorus sol interacts with the Ca sol, in the

Table 1 pH values of prepared solutions, crystallite size, crystallinity
and molar ratio (Ca/P) for the prepared powders versus the aging time

Aging time (h) pH Crystallite Crystallin-  Molar
size (nm) ity (%) ratio
Ca/P
0 5.68 - - -
4 1.50 48.58 81 3.36
16 0.15 56.20 90 2.73
24 0 58.54 93 1.97

@ Springer

form of Ca®* ions in water, to form oligomeric derivatives
containing Ca-O-P bonds. According to the hydrolysis reac-
tion of triethyl phosphate described by Anjaneyulu et al.
(2016), the aqueous-based process of triethyl phosphate may
proceed as follows:

PO(OEt),  (OH), + Ca’" + NOj

— (NO;) — (OH) — Ca— O - PHO(OEt),
+H' + C,H;0OH + H,0
3)
The release of the protons has led to a decrease in the
pH of the prepared solutions mainly in the first hours of the
aging time. If the heating operation continued, the solvents
would be removed. Consequently, the thermal dehydra-
tion accelerated and the polymerization occurred. Hence,
the condensation between these derivative units results in
the formation of further (-Ca-O-P-) bonds in the dry gels
(Beganskiené et al. 2003).

XRD patterns of synthesized and calcined powders as
a function of aging time (Fig. 2) illustrate the formation of
crystalline hydroxyapatite (pdf # 00-009-0432) for all aging
times. Also, calcium oxide CaO (pdf # 01-077-2376) is pre-
sent as the second phase. The superposition of CaO and HA
peak at 32.1° 20 leads to obtaining a broadening peak with
higher intensity. As justified by other researchers, the pres-
ence of CaQ is the result of decomposition of calcium nitrate
unreacted with TEP in the gel and caused by the phosphorus
volatilization (Fathi et al. 2008). Different studies showed
that sol—gel derived HA is always formed together with a
second phase. Many of these studies showed the formation

V:HA, o:Ca0

Intensity (a.u)

20 25 30 35 40 45 50 55
26(°)

Fig.2 XRD patterns of prepared powders versus the aging time, cal-
cined at 700 °C
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of CaO as a second phase (Chung et al. 2005; Liu et al. 2002;
Pang 2003; Santos et al. 2015). Or, other researchers showed
the formation of B-TCP together with or without CaO as
second phases (Bakan et al. 2013; Chandanshive et al. 2013;
Fathi and Hanifi 2009; Green et al. 1999). Moreover, other
studies established the formation of CaCOj; as second phase
together with HA (Anjaneyulu et al. 2016; Vijayalakshmi
and Rajeswari 2012).

It was remarked that HA peaks are dominant peaks and
their intensities increase in contrast to that of CaO peaks
with aging time. In addition, the width of the peaks becomes
narrower. So, these results are a sign of an increase in the
crystallinity degree and the crystallite size with aging time.
The values of the crystallinity degree and the crystallite size
confirm this suggestion (Table 1). Also, it can be observed
that the value of the Ca/P molar ratio (Table 1); in all pre-
pared powders; was superior to that of the stoichiometric
molar ratio in HA. This can be justified by the presence of
the second phase CaO as shown by XR patterns. Or, the cal-
culated Ca/P molar ratio decreased (from 3.36 to 1.97) with
the aging time and moved toward the stoichiometric molar
ratio in HA for 24 h aging time. As mentioned previously,
the amount of CaO decreased with aging time, which leads,
consequently, to the decrease of the Ca/P molar ratio.

Figure 3 shows infrared (FTIR) results for synthesized
powders at different aging times and treated at 700 °C.
The results confirm the presence of phosphate, hydrox-
ide and carbonate groups for all aging times. The phos-
phate groups (PO,*") are proved by the apparition of P-O
stretching modes at 1093, 1044 (v ;) and 959 cm™! (vy);
and the O—P-O bending modes located at 604, 568 (v,)

00 Vwo A,
A: OH (HA),#: OH'(Ca(OH),), 11 : OH( H,0),

Transmitance (%)

Vv : PO}(HA),¥: HPO,,0; COY
——

v ] vn 1 L) v )
4000 3500 2000 1500 1000 500
Wavenumber (cm'1)

Fig.3 FTIR spectra of prepared powders versus the aging time, cal-
cined at 700 °C

and 468 cm™! (v,). Moreover, the two bands at 3573 and
639 cm ™! attested the presence of the stretching and bend-
ing modes of hydroxyl groups (OH") (Koutsopoulos 2002;
Joris and Amberg 1971). While the two peaks at 1414 and
1464 cm™! indicate the presence of the carbonate group. The
peak located at 879 cm™! can be assigned to the carbonate
group or to the (HPO,) group characteristic of deficient HA.
It is known that there are two sites for the incorporation of
carbonate ions in hydroxyapatite crystals: site A (OH™ site)
and site B (PO43’ site) (Vignoles et al. 1989). The peaks at
1993.8-2094 cm ™! are the overtone and combination bands
of PO43’ ions (Joris and Amberg 1971). An additional nar-
row peak was observed at 3640 cm™!, which is assigned
to the stretching mode of O—H in Ca(OH),. It can justify
the presence of Ca(OH), that calcium oxide is unstable at
ambient conditions and at high temperatures because of its
tendency to react with atmospheric moisture to form more
stable compounds such as calcium hydroxide (Ca(OH),)
(Suchanek and Yoshimura 1998). This phase was not iden-
tified by XRD analysis because their first higher peaks have
the same 26 values as any HA peaks. It is noticeable that
the two bands at 1644 and around 3400 cm™! are due to
the adsorbed molecular water (Koutsopoulos 2002). It can
be observed that the intensity of the characteristic bands
of HA increased and became narrower, or that of Ca(OH),
decreased with the increasing of the aging time. This is in
good accordance with the XRD analysis. So, the crystallinity
of HA increases with aging.

The decomposition temperature strongly depends on
the synthesis technique of the HA powder. As presented in
Fig. 4, TG-DSC curves exhibit the same trend for the two
aging times 4 and 24 h. Both of the samples showed four
weight-loss stages such as 30-150 °C, 150-350 °C, 350-
500 °C, and 500-650 °C. No supplementary weight loss was
distinguished from 650 °C. The first week weight loss cor-
responds to the departure of the volatile products resulting
from the hydrolysis of TEP, such as ethanol and adsorbed
water still trapped in the dry gel. In the second stage, the
weight loss is significant. It corresponds to the departure of
structural water resultant from the dehydration of nitrates
and the pyrolysis processes of organic compounds justified
by the apparition of the endothermic peak at~ 185 °C and
exothermic peak at 284 °C. XR pattern of the gel treated at
300 °C for 24 h aging time (not shown in this work) illus-
trated the presence of a mixture of calcium nitrates and
calcium nitrate tetrahydrate. Also, CaCO; and CaO were
present as minor phases. According to Vijayalakshmi and
Rajeswari (2012), the formation of carbonate groups is due
to the presence of ethyl radicals in the dried powder, which
arises from the TEP precursor. They showed that CaCO;
was present as a main second phase together with HA in the
dried gel treated at 300 °C. At the third stage, the weight loss
is very low. The exothermic peak at 385 °C for 4 h aging
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Fig.4 TG-DSC curves of prepared powders, versus the aging time, calcined at 700 °C

time and 352 °C for 24 h aging time correspond to the crys-
tallization temperature of hydroxyapatite in the two samples.
XR pattern of the gel treated at 300 °C for 24 h aging time
(not shown in this work) confirms the HA crystallization.
Also in the fourth stage, the weight loss is significant. Two
endothermic peaks appeared around 572 and 640 °C for 4
and 24 h aging time, respectively. The first peak presents
the melting temperature of calcium nitrate. Or, the second
peak corresponds to the liquid solution decomposition into
calcium oxide, nitrogen dioxide, and oxygen (Vollmer and
Ayers 2012; Yuvaraj et al. 2003). Noted that, the XR patterns
of the gel treated at 700 °C confirmed the disappearance
of peaks characteristic of calcium nitrates, CaO peaks only
were present. Calcium nitrates dehydration and decompo-
sition occur according to the following reactions (Yuvaraj
et al. 2003):

Ca(NO;),.4H,0 — Ca(NO;), +4H,0 )

Ca(NO;), — Ca0 +2NO, + %02 (5)

There are many works that have studied the effect of
aging time on the formation of hydroxyapatite (Gross
et al. 1998a, b; Fathi and Hanifi 2009; Liu et al. 2002;
Beganskiené et al. 2003; Green et al. 1999; Bakan et al.
2013; Tredwin et al. 2009). But, just a few works used
thermal analysis in order to study this effect. According to
the thermal analysis results obtained by Fathi and Hanifi
(2009) and Liu et al. (2002), the insufficient aging leads
to excessive weight loss upon calcinations. Nevertheless,
the obtained results show that the weight loss ratio upon
calcinations decreases with the decrease in aging time.
The TG results illustrate that the total weight loss of the

@ Springer

sample with 4 h aging time (57%) is less by approximately
10% of the sample with 24 h aging time (67%). Fathi and
Hanifi (2009) used phosphoric pentoxide (P,05), calcium
nitrate tetrahydrate, and absolute ethanol to prepare nano-
hydroxyapatite. Liu et al. (2002) used triethyl phosphite,
calcium nitrate tetrahydrate, and distilled water to prepare
nano-hydroxyapatite. The difference in the type of the used
precursors, solvent and synthesis protocol may have led
to the dissimilarity of hydrolysis and poly-condensation
processes and consequently the weight loss ratio. Also in
the current study, the difference in weight loss started at
the first heating stage. So, the gel with a complete hydroly-
sis of TEP and more formation of P-O—Ca bond contains
a greater amount of residual water and consequently the
more weight loss occurs. Also, the weight loss difference
continued during the pyrolysis of organic compounds,
which leads to conclusion that the organic compounds are
more present in the gel aged for 24 h.

Figures 5 and 6 illustrate the size distribution and micro-
graphs of the powders versus the aging time. For all pow-
ders, a mixture between agglomerates and fine particles was
observed with a bimodal distribution. Generally, the size
distribution of the fine particles fluctuates between 0.05
and 0.5 pm. Or, the second distribution varies between
0.6 and 16 pm. However, for 4 h aging time, the powder
comprises minor fine particles and tended to agglomer-
ate strongly in comparison to other times. Also, the maxi-
mum frequency decreases with aging time from 5.12 to
3.41 um (D5y=4.39 um, Dgy=7.15 um (4 h)/Ds;,=2.52 pym,
Dgyy=5 pm (24 h)). The results of the size distribution are
in well accordance with the micrographs. As the aging time
increases, the size of the agglomerates decreases and also
their shape becomes more homogeneous (also spherical
indeed the elongated shape). Certainly, the decrease in grain
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Fig.5 Particle size distribution of prepared powders, versus the aging time, calcined at 700 °C

16 h

Fig.6 SEM micrographs of prepared powders, versus the aging time, calcined at 700 °C

size leads to the further agglomeration of particles and con-
sequently the increase in the agglomerates size.

According to the obtained results, the aging time plays
an important role in the formation of well-crystallized
hydroxyapatite particles. As the aging time increases, the
pH values decrease which improves the hydrolysis of TEP
and, consequently, the condensation of the resulted products
with the calcium ions dissolved in the solution during aging.
Thus, the increase in aging time leads to the formation of
further (-Ca-O-P-) bonds in the dry gels (Beganskien¢ et al.
2003). As a consequence, the cross-linked structure of the
molecules increases and favors the formation of large crys-
tallite of well-crystallized HA (Fathi and Hanifi 2009; Bala-
murugan et al. 2006; Santos et al. 2015).

It can be suggested that the aging time (24 h) is the
needed time required for the hydrolysis of all of TEP and the
combination of phosphorous and calcium precursors, which
leads to more crystallized and stable HA.

Effect of aging temperature on HA synthesis

In this assay, each one of TEP and calcium nitrate was
diluted in distilled water and mixed as demonstrated previ-
ously; a clear solution was obtained at the end of the mag-
netic stirring. The prepared solutions were aged at different
temperatures 25, 50, 70 and 90 °C for 1 day in the closed
Teflon® container. After that, the solutions were kept at
70 °C for 1 day in order to obtain gel. Nevertheless, for
90 °C aging temperature, the temperature of gelling and dry-
ing was also 90 °C. The further drying of gel at 70 °C (or
90 °C) for 1 day leads to get white powder. The dried gel was
crushed to fine powder and calcined at 700 °C for 1 h with
5 °C/min heating rate.

The pH values of the HA solutions versus the aging tem-
peratures (25, 50, 70, and 90 °C) are shown in Table 2. At
the end of the magnetic stirring, the pH value of the prepared
solution was 5.35. After that, the pH decreased after one day
of aging time with aging temperature. For 90 °C aging tem-
perature, pH was not measured because the gelling process
was not observed and the evaporation of the solution was
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Table2 pH values of prepared solutions, crystallite size, crystallin-
ity, and molar ratio (Ca/P) for the prepared powders versus the aging
temperature

Aging tempera- pH Crystallite Crystallinity Molar
ture (°C) size (nm) (%) ratio
Ca/P
25 3.60 50.75 87 4.10
50 1.72 52.77 88 3.06
70 0 58.54 93 1.97
90 - - - 1.78

important. A white powder was obtained within one day of
aging time. The hydrolysis of TEP was remarked entirely
just for 70 °C aging temperature where the pH attends zero
value contrary to the other temperatures.

Figure 7 shows XRD patterns of the prepared powders
versus the aging temperature. The patterns reveal the forma-
tion of crystalline hydroxyapatite (pdf # 00-009-0432) as the
major phase, together with CaO (pdf # 01-077-2376) as the
second phase for temperatures 25, 50, and 70 °C. The peaks
intensities of HA increase in contrast to that of CaO with
aging temperature. Also, the width of HA peaks becomes
narrower, which indicates an increase in the crystallinity
degree. So, it can be concluded that temperature optimizes
the hydrolysis and polymerization process and consequently,
the HA crystallization until 70 °C.

Nevertheless, for 90 °C aging temperature, the intensity
of HA peaks became very weak and another dominant phase
appeared, which was identified as B-tricalcium phosphate

V:HA o0:CaO .:Ca(OH)2 *:B-TCP
« *ud 90°C
% k] oF [V * ko %

Intensity (a.u)

Sttt
20 25 30 35 40 45 50 55
26(°)

Fig.7 XRD patterns of prepared powders versus the aging tempera-
ture, calcined at 700 °C
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phase (B-TCP, ICDD N° 9-0169). Moreover, Ca(OH), (pdf
#01-084-1271) was present.

Kim et al. (2004) showed that 3-TCP forms as conse-
quence of the fast reaction of the calcium nitrate with TEP.
Furthermore, as demonstrated by Tredwin et al. (2009), the
excess of the temperature more than 40 °C may cause the
loss and evaporation of any reactants such as ethanol, which
harmfully obstruct the chemical reactions taking place. In
addition, Fathi and Hanifi (2009) proved that the increase of
the aging time greater than 36 h leads to the extra removal
of the structural water which leads to the decomposition of
the HA to TCP and CaO. So, according to these works (Fathi
and Hanifi 2009; Tredwin et al. 2009), the increase of the
temperature or time leads to removal of the structural water,
and as consequence, B-TCP is formed.

As demonstrated in Table 2, either the crystallinity degree
or the crystallite size of HA increases slightly with aging
temperature until 70 °C, which confirms the XR results. As
presented in Table 2, the values of the Ca/P molar ratio; in
all prepared powders; were generally superior to that of the
stoichiometric molar ratio in HA or TCP (for 90 °C). This
can be justified by the presence of the second phase CaO as
shown by XR patterns. Or; the calculated Ca/P molar ratio
decreased (from 4.10 to 1.78) with the aging temperature
and moved toward the stoichiometric molar ratio in HA for
70 °C (1.97) and mainly for 90 °C (1.78) aging tempera-
ture. As mentioned previously, the amount of CaO decreased
with aging temperature, which leads, consequently, to the
decrease of the Ca/P molar ratio.

Figure 8 shows FTIR of the prepared powders versus the
aging temperature. Infrared absorption spectra of 25, 50, and

A: OH (HA), ¢: c)'f-'r (Ca(OH),), :OH (H,0), *
V: PO} (HA), *: PO} (B-TCP), ¥: HPO,, O: CO% *

Transmitance (%)

44 ]
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) v 1
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Fig.8 FTIR spectra of prepared powder versus the aging tempera-
ture, calcined at 700 °C
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70 °C prove the presence of HA justified by the presence
of phosphate groups (PO437) at 568, 604, 959, 1044, and
1093 cm ™! and the OH™ groups at 639 and 3573 cm™! (Kout-
sopoulos 2002; Joris and Amberg 1971). Also, the adsorbed
water was revealed by the presence of the two bands at
1634 and around 3400 cm™! (Koutsopoulos 2002). While,
the peaks situated at 879, 1414, and 1464 cm !, indicate
the presence of the carbonate groups. As demonstrated, the
peak at 879 cm™! can be also assigned to the (HPO,) group
characteristic of deficient HA (Vignoles et al. 1989). It can
be observed that the intensity of the characteristic bands of
HA increased and became narrower with aging temperature.
The observed peak at 3640 cm™! is assigned to the stretch-
ing mode of O-H in Ca(OH),. However, for 90 °C aging
time, the intensity of peaks assigned to HA becomes very
weak. But the new peaks that appeared at 498, 726, 943,
and 985 cm ™! are assigned to the B-tricalcium phosphate
(B-TCP) phase. Also, the peak at 604 cm-! can be assigned
to B-TCP (Jillavenkatesa and Condrate 1998). The bands
situated at 546,756, 879, and 1211 cm™! are characteristic
of HPO, (Gentile et al. 2015). It is clear that the intensity
of characteristic bands of HA decreases and also the band
centered at 1080 cm ™! becomes shoulder, which denotes that
a minor deficient HA is formed. FTIR results are in well
accordance with XRD analysis.

As presented in Fig. 9, TG-DSC curves exhibit differ-
ent variations with temperature. For 25 °C, TG curve pre-
sents three major changes. Two successive weight losses
(24% and 48%) are observed at the intervals 30-200 °C
and 200-723 °C. The first weight loss corresponds to the
departure of the volatile products resulting from the hydroly-
sis of TEP, such as ethanol, adsorbed water and structural
water resultant from the dehydration of nitrates. This result
is confirmed by the apparition of the endothermic peaks at

01— —TG 25°C
—- TG 70°C
o\ - - TG90°C

-10_-
.20_.
-30_-
-40-.

-50 -

Weight Loss (%)
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Temperature (°C)

159 and 190 °C. The second weight loss is remarkable. It
corresponds to the pyrolysis process of organic compounds
and the decomposition of the calcium nitrate. A large exo-
thermic peak (290-400 °C) with very low intensity was
observed. Also, two endothermic peaks appeared around
561 and 721 °C. The first peak presents the melting tem-
perature of calcium nitrate, whereas the second peak cor-
responds to the liquid solution decomposition into calcium
oxide, nitrogen dioxide, and oxygen (Vollmer and Ayers
2012; Yuvaraj et al. 2003). After 723 °C, the weight loss is
constant. The exothermic peak at 663 °C corresponds prob-
ably to the crystallization temperature of hydroxyapatite. For
70 °C, the TG curve is detailed elsewhere. Otherwise, for
90 °C, the TG curve showed three successive weights losses.
A similar weight loss (20%) was observed at the intervals
30-150 °C and 150-256 °C. The first weight loss corre-
sponds to the departure of the volatile products resulting
from the hydrolysis of TEP, such as ethanol and adsorbed
water. The second weight-loss corresponds to the departure
of structural water resultant from the dehydration of nitrates
justified by the apparition of the large endothermic peak
around 150 °C. However, in the interval 256272 °C, a fast
decrease in weight loss (31%) was noticed. It corresponds to
the pyrolysis process of organic compounds justified by the
apparition of the narrow exothermic peak at 266 °C. After
272 °C, the mass loss decreases slightly until 600 °C, where
it becomes constant. According to XR results, the exother-
mic peak at 682 °C corresponds probably to the crystalliza-
tion temperature of B-tricalcium phosphate (B-TCP). It can
be observed that the temperature of the pyrolysis process of
organic compound decreased with aging temperature and the
corresponding peak became narrower and higher. According
to Vijayalakshmi and Rajeswari (2012), the decomposition
of calcium nitrate gives oxidizing gaseous products and is
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. —. DSC70°C
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o
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Fig.9 TG-DSC curves of prepared powders, versus the aging temperature, calcined at 700 °C
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very helpful in removing the organic residues at a relatively
low temperature. During the reaction of calcium nitrate with
TEP, calcium carbonate was formed in addition to HA as
a major phase. As previously mentioned, the formation of
carbonate groups is due to the presence of ethyl radicals in
the dried powder, which arises from the TEP precursor. They
have also suggested the departure of NO, and CO, at 300 °C
(Vijayalakshmi and Rajeswari 2012). The comparison of our
results with those of Vijayalakshmi and Rajeswari (2012)
leads to conclude that the departure of NO, occurred dur-
ing the pyrolysis of organic compounds at around 266 °C.
Moreover, the formed CaCO; continued to decompose until
700 °C.

After 261 °C, the TG curves illustrate that the weight loss
of gel aged at 25 °C is less by about 5—10% than that of gel
aged at 70 and 90 °C. This difference is the result of more
pyrolysis of organic compounds in gels aged at 70 and 90 °C
as confirmed by the DSC results.

Figures 10 and 11 present the size distribution and micro-
graphs of powders versus the aging temperature. Gener-
ally, all dried gels exhibit a similar morphology and show
a mixture between agglomerates and fine particles were
observed with a bimodal distribution. For 25 °C, the size
distribution of the fine particles fluctuates between 0.17

-
=)

Distribution Density

1 . 1 100
Particle size (um)

and 0.7 pum. However, for the other temperatures, it fluctu-
ates between 0.07 and 0.5 pm. Or, the second distribution
varies between 0.6 and 30 pm. It can be observed that for
25 °C aging temperature, the powder comprises minor fine
particles and tended to agglomerate strongly in compari-
son to other temperatures. Also, the maximum frequency
decreases with aging temperature from 7.7 to 3.4 um
(D59=5.94 ym, Dyy=11.39 um (25 °C) / D5;=2.62 um,
Dyy=5.53 pum (90 °C)). The results of the size distribu-
tion are in well accordance with the micrographs. As the
aging time increases, the size of the agglomerates decreases
and also their shape becomes more homogeneous (spheri-
cal shape). Certainly the decrease in grain size leads to the
further agglomeration of particles and consequently, the
increase in agglomerates size. As a result, for 90 °C aging
temperatures, the particles mainly attributed to B-TCP are
very fine in comparison to other aging temperatures.

As the temperature increases, the hydrolysis of TEP is
improved and consequently, the condensation of the resulted
products with the calcium ions dissolved in the solution
during aging. So, either the increase in temperature or time
leads to formation of further (-Ca-O-P-) bonds in the dry
gels (Beganskiené et al. 2003). As a consequence, the cross-
linked structure of the molecules increases and favors the
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Fig. 10 Particle size distribution of prepared powders, versus the aging temperature, calcined at 700 °C
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Fig. 11 SEM micrographs of prepared powders, versus the aging temperature, calcined at 700 °C
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formation of large crystallite of well-crystallized HA (Fathi
and Hanifi 2009; Balamurugan et al. 2006; Santos et al.
2015). But, the aging temperature must not exceed 70 °C
in order to preserve the structural water and to avoid the
B-TCP formation.

Effect of solvents on HA synthesis

Two types of solvent were tested: distilled water and ethanol;
the assays were realized as follows:

e Triethyl phosphate was dissolved in distilled water and
calcium nitrate was dissolved in ethanol.

e Triethyl phosphate was dissolved in ethanol and distilled
water and calcium nitrate was dissolved in ethanol.

e Triethyl phosphate was dissolved in ethanol and distilled
water and calcium nitrate was dissolved in distilled water.

e Triethyl phosphate and calcium nitrate were dissolved in
distilled water.

For all the assays, the obtained solutions were aged at
70 °C for 1 day. The same conditions were chosen for gel-
ling and drying.

pH was identified around 5 as the initial pH for all the
obtained solutions at the end of stirring. The pH values were
declined to around the zero value after 1 day of aging time
at 70 °C. For all assays, TEP was hydrolyzed in the pres-
ence of an amount of distilled water in order to increase its
reactivity and so that it can react easily with the calcium
nitrate. When ethanol is used as a medium solvent, some of
the nitrate groups will be replaced and alkyl groups such as
Ca(OR)y(NO), will be formed ( Balamurugan et al. 20006).
Through the aging time, the hydrolyzed phosphorus sol, gen-
erally in the form of PO(OEt), ,(OH)x, interacts with Ca sol,
probably in the form of Ca(OEt); ,(NO;),., in anhydrous
ethanol and Ca®* in water, to form oligomeric derivatives
containing Ca-O-P bonds. According to the hydrolysis reac-
tion of triethyl phosphite described by Liu et al. (2001), the
ethanol-based process of triethyl phosphate may proceed as
follows:

PO(OEt);_ (OH), + Ca(NO3)2_y(OEt)y
— (OEt)y (NO;), , — Ca—O —HPO(OEt);_y
+ H,0 + C,H;O0H (6)

For the distilled water-based process, the reaction was
described earlier (Eq. 3).

Figure 12 shows X-ray patterns for prepared samples ver-
sus the used solvents. Generally, XRD patterns reveal the
same existent phases (HA and CaO) for all cases. However,
just for the two cases (Ca+DW/TEP+DW and Ca+DW/
TEP + DW + Eth), the intensity of peaks characteristic of

\VJ V: HA, o: CaO

Ca+DW/TEP+DW

’\ﬂ A n Ca+DW/TEP+DW+Eth
’ Ca+Eth/TEP+DW+Eth

Ca+Eth/TEP+DW

Intensity (a.u)

) M ) M ) v ) M ) v L} v L} v
20 25 30 35 40 45 50 55
26(°)

Fig. 12 XRD patterns of prepared powders and versus the medium
solvent, calcined at 700 °C

Table 3 Crystallite size, crystallinity, and molar ratio (Ca/P) for the
prepared powders versus the medium solvent

Sample Crystallite Crystallin- Molar
size (nm) ity (%) ratio
Ca/P
Ca+Eth/TEP+DW 20.45 69 3.03
Ca+Eth/TEP+Eth+DW 21.97 79 2.99
Ca+DW/TEP +Eth+DW 55.32 91 2.67
Ca+DW/TEP +DW 58.54 93 1.97

HA is higher than that of CaO. In addition, in the case of
(Ca+DW/TEP +DW), the HA peaks are more narrow and
better in comparison to all cases. It can be observed that the
decrease of the amount of water leads to a decrease in the
intensity of peaks characteristic of HA and also the peaks are
sharp in comparison when 30 mL of distilled water is used
to prepare HA. Kim et al. (2004) showed that the use of the
reduced amount of water than 30 mL did not lead to the sol-
gel production. As a consequence, TEP was not sufficiently
reactive when mixed with calcium nitrate and HA sol—gel
was not produced. In the process of hydrolysis, the electrons
from the water attack the phosphate in the TEP and cause
the terminal group with organically bound oxygen to be dis-
placed and replaced by an —OH group. So, an inadequate
amount of water leads to insufficient electrons to attack the
phosphate groups in the TEP. So, the distilled water with an
adequate amount is necessary for TEP hydrolysis.

As demonstrated in Table 3, either the crystallinity
degree or the crystallite size increases considerably with the
amount of distilled water, which confirms the XR results.
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Furthermore, the value of the Ca/P molar ratio (Table 3);
in all prepared powders; was superior to that of the stoi-
chiometric molar ratio in HA. This can be justified by the
presence of the second phase CaO as shown by XR patterns.
Or; the calculated Ca/P molar ratio decreased (from 3.03 to
1.97) with the increase of the amount of the distilled water
and moved toward the stoichiometric molar ratio in HA
when using only the distilled water as solvent. As mentioned
previously, the amount of CaO decreased with the increase
of the amount of distilled water, which led consequently to
the decrease of the Ca/P molar ratio.

Figure 13 compares the FTIR spectra of the HA pre-
pared and calcined powders at 700 °C versus the solvent:
distilled water and ethanol. In Fourier-transform infrared
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Fig. 13 FTIR spectra of prepared powders versus the medium sol-
vent, calcined at 700 °C

] — - TG Ca+DW /TEP+DW
04 — TG Ca+DW /TEP+DW+ETH
- - TG Ca+ETH/ TEP+DW

Weight Loss (%)

) M ) M ) 1 M ) M )
150 300 450 600 750 900
Temperature (°C)

spectroscopy, the domain from 500 to 700 cm ™! is used to
describe the apatite structure. The obtained results confirm
the presence of the phosphate (PO437) (Koutsopoulos 2002;
Joris and Amberg 1971) and the hydroxyl (Hosseini et al.
2017) groups in all spectra, as previously described. But
there is a difference in their intensity and the broadness
of these peaks. They become narrower and their intensi-
ties increase with the amount of used water. Also, the two
peaks at 1414 and 1464 cm™! indicate the presence of the
carbonate group (Vignoles et al. 1989). It should be noted
that the absorption peak at 879 cm™' can be due to the car-
bonate group or to the (HPO,) group characteristic of defi-
cient HA. The observed peak at 3640 cm™!, characteristic
of OH™ mode, confirms the presence of Ca (OH), in all the
prepared powders. FTIR results confirm the XRD analysis.

All the TG-DSC curves as a function of solvent exhibit
generally the same trend (Fig. 14). The curves showed
approximately four identical weight loss stages such as:
30-150 °C, 150-350 °C, 50-500 °C, and 500-650 °C. No
further weight loss was renowned from 650 °C. The first
weak weight-loss corresponds to the departure of the vola-
tile products resulting from the hydrolysis of TEP, such as
ethanol and adsorbed water. In the second broad loss, the
weight loss is remarkable. It corresponds to the departure
of structural water resulting from the dehydration of nitrates
and the pyrolysis process of organic compounds. The pres-
ence of two exothermic peaks for the solvent 25% Eth + 5%
DW can be observed. Perhaps there are different organic
compounds resulting from the difference of the used solvent.
At the third stage, the weight loss is very low. Also in the
fourth stage, the weight loss is significant where different
endothermic peaks appeared. The first peak is around 572 °C
for all different solvents; it presents the melting temperature
of calcium nitrate. Or, the other endothermic peaks were

1,04—- DSC Ca+DW / TEP+DW
—_ ]——DSC Ca+DW / TEP+DW+ETH
- - -DSC Ca+ETH / TEP+DW

1 M 1 M 1 M ) M 1 M 1
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Fig. 14 TG-DSC curves of prepared powders, versus the medium solvent, calcined at 700 °C
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appeared around 600 or/and 640 °C, they correspond to the
liquid solution decomposition of calcium nitrate (Vollmer
and Ayers 2012; Yuvaraj et al. 2003). It can be observed that
the decomposition temperature of calcium nitrates is differ-
ent from the type of solvent. According to Liu et al. (2001),
in anhydrous ethanol, the nitrate groups can be replaced by
the alkyl groups which leads to the formation of the alkoxyn-
itrate species in the dry gel Ca(OR)y(NO3)2-y. In addition,
the decomposition temperature of calcium nitrates men-
tioned in literature is different from a work to another, for
example: 285 °C (Liu et al. 2002), 340 °C (Anjaneyulu et al.
2016), 364 °C (Vijayalakshmi and Rajeswari 2012), 400 °C
(Fathi and Hanifi 2009), 300-520 °C (Liu et al. 2001) and
602 °C (Yuvaraj et al. 2003). So, the mixture of ethanol
and distilled water, with different ratios, led to the forma-
tion of different alkoxynitrate species in Ca(OR)y(NO3)2-
y and consequently, different decomposition temperatures.
Moreover, the obtained results show that the weight loss
ratio decreases from 66 to 60% when the amount of ethanol
present in the solvent decreases from 25 to 5 mL (or also
without ethanol). The difference in weight loss started at the
first stage. Perhaps the HA prepared in distilled water con-
tains a greater amount of residual water resultant from com-
plete hydrolysis of TEP and subsequently more formation of
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P—O—Ca than in other solvents. Noted that Liu et al. (2001)
have demonstrated that weight loss in the HA prepared in
ethanol as solvent is less 2 wt.% than prepared in distilled
water. Certainly, the difference in the used phosphorus pre-
cursors (triethyl phosphite and the drying temperature of gel
at 60 °C (Liu et al. 2001) led to the difference in the results
of the two works.

It can be remarked that in our entire work, the sample
characterized by more crystallized HA is the sample with
the high weight loss ratio. So, this confirms our suggestion
that the greater amount of residual water is present in gel in
which the complete hydrolysis of TEP and subsequently the
more formation of P-O—Ca were occurred.

Figures 15 and 16 present the size distribution and micro-
graphs of powders as a function of amount of the distilled
water. Generally, all dried gels exhibit a similar morphology
and show a mixture between agglomerates and fine parti-
cles were observed with a bimodal distribution. Generally,
the size distribution of the fine particles fluctuates between
0.07 and 0.5 pm. Or, the second distribution varies between
0.6 and 25 pm. It can be observed that just for the distilled
water, the powder comprises remarkable fine particles and
tended to agglomerate softly in comparison to other solvent
mediums. Also, the maximum frequency decreases with
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Fig. 15 Particle size distribution of prepared powders, versus the medium solvent, calcined at 700 °C
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Fig. 16 SEM micrographs of prepared powders, versus the medium solvent, calcined at 700 °C
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increase of the amount of the distilled water from 5.9 to
3.4 pm (Dsy=4.74 um, Dgy=8.63 pm (V(DW) =5 mL)/
D5y=2.52 pm, Dyy=5 um (V(DW) =30 mL)). The results of
the size distribution are in well accordance with the micro-
graphs. As the amount of the distilled water increases, the
size of the agglomerates decreases and also they become
more distinguishable. As mentioned previously, the decrease
of grain size leads to the further agglomeration of particles
and consequently the increase of agglomerates size.

According to the obtained results, as the amount of dis-
tilled water increases, the hydrolysis of TEP is improved,
and consequently, the condensation of the resulted products
with the calcium ions dissolved in the solution during aging.
So, further (-Ca-O-P-) bonds in the dry gels are formed
(Beganskiené et al. 2003). Hence, the cross-linked structure
of the molecules increases and favors the formation of large
crystallite of well-crystallized HA (Fathi and Hanifi 2009;
Balamurugan et al. 2006; Santos et al. 2015).

The comparison of our findings to that of other research-
ers (Hsieh et al. 2001; Chandanshive et al. 2013; Vijayalak-
shmi and Rajeswari 2006) reveals that aging of mixed pre-
cursors in closed Teflon® container has a positive effect.
The reactivity and the hydrolysis of TEP were optimized.
Accordingly, the hydrolyzed phosphorus sol interacted with
the Ca sol, in the form of Ca®* ions in water, to form oli-
gomeric derivatives containing Ca-O-P bonds during the
aging process in a closed Teflon® container. So, the opti-
mization of the hydrolysis and the polymerization of TEP
at the same time led to reducing the phosphorus volatili-
zation (Fathi et al. 2008) during the gelling process which
was done in an opened container. The values of Ca/P molar
ratio and the amount of CaO present in prepared powders
confirmed this suggestion. The values of Ca/P molar ratio
decreased and approached stoichiometric value in HA when
the hydrolysis and polymerization of TEP were optimized.
Also, the amount of CaO decreased. Consequently, the
aging time and temperature were strongly decreased. Hsieh
et al. synthesized HA by sol—gel route using the calcium
nitrate tetrahydrate and triethyl phosphate. The prepared
sols were put in, tightly capped and dried in an oil bath at
80 and 90 °C for 48 h. After that, the dried gels were cal-
cined up to 600 °C. XRD patterns revealed major peaks of
hydroxyapatite and a weak CaO peak (Hsieh et al. 2001).
Also, Chandanshive et al. (2013) used the triethyl phosphate
and calcium nitrate tetrahydrate for HA synthesis by sol—gel
route. The sols were aged at 80 °C for 48 h. XRD of calcined
gel at 900 °C revealed the formation of the crystalline HA
phase as major phase and a minor phases: CaO and B-TCP.
Furthermore, Vijayalakshmi and Rajeswari (2006) explored
triethyl phosphate for HA synthesis. But, they used the cal-
cium acetate as calcium precursor. The sols were prepared in
a nitrogen atmosphere glove box. The solution was aged for
24 h. Then, the formed gels were dried at 120 °C for 16 h.

@ Springer

They used two different medium solvents: distilled water
and ethanol. XRD patterns of the sample heated at 900 °C
showed the presence of a major apatite phase and a second
phase of calcium carbonate (Vijayalakshmi and Rajeswari
2006). In all these works, they used either longer aging time
and temperature higher than 70 °C or a specific atmosphere.
However, in the present work, a well-crystallized HA was
obtained by using simple conditions of synthesis (closed
Teflon container®) and in short time and lower tempera-
ture than in other research. Moveover HA crystallization
occurred at low temperature (¥ 350 °C) as reported in the
work of Liu et al. (2001). This value is very low in com-
parison to other works (Gross et al. 1998a; b; Balamurugan
et al. 2006; Beganskien¢ et al. 2003). In view of Gross et al.
(1998b), an important amount of hydroxyl species (primarily
from initial water addition) present within the gel may pos-
sibly be responsible for the low-temperature crystallization.

Many works studied the thermal stability of HA. Tas
(2000) reported that HA remained stable until 1300 °C.
Also, Vijayalakshmi and Rajeswari (2012) found that HA
was stable until 1200 °C. Other researchers established that
the stoichiometric HA remained stable below 1200 °C (Fathi
and Hanifi 2009; Anjaneyulu et al. 2016; De Groot et al.
1990). For example, Fathi and Hanifi (2009) demonstrated
that HA decomposed into tri-calcium phosphate at 700 °C.
Elsewhere, Anjaneyulu et al. (2016) recognized that HA
decomposed into B-TCP at 900 °C. So, in order to evaluate
the thermal stability of HA aged and dried at 70 °C for 24 h,
the prepared powder was heated at 1100, 1200, and 1300 °C.
XRD results confirmed the HA stability (Fig. 17). The HA
decomposition into tri-calcium phosphate or other secondary
phase did not occur. Moreover, the XRD patterns illustrated
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Fig. 17 XRD patterns of HA powder, aged at 70 °C for 1 day, versus
the heat treatment temperature
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that the amount of CaO decreased with temperature of heat
treatment. This result allows suggesting that Ca continued
to diffuse into HA structure in order to form wellOcrystal-
lized HA. So, the hydrolysis of TEP into a closed Teflon
container®, prevented its evaporation, performed its reac-
tivity and consequently, optimized the P-O-Ca linkage. As
a consequence, the well-crystallized HA was obtained by
sol—gel route without decomposition at high temperatures.

Conclusion

In this study, several experiments were undertaken to deter-
mine the optimal conditions for the preparation of well-crys-
tallized hydroxyapatite by using the sol—gel route. Triethyl
phosphate and calcium nitrate were used as phosphorus and
calcium precursors, respectively. In order to optimize the
hydrolysis of TEP, the aging of sols was carried in a closed
Teflon container®. So, this study detailed the effect of aging
time (4, 16 and 24 h), aging temperature (25, 50, 70, and
90 °C), and solvents (distilled water and/or ethanol) on the
synthesis of hydroxyapatite. All prepared powders were cal-
cined at 700 °C. The results, obtained by X-ray diffraction
and infrared spectrometry, confirmed the formation of the
crystalline hydroxyapatite in all cases. The intensity of HA
peaks increased with aging time and temperature, which
must not exceed 70 °C. When the temperature exceeded
70 °C, the tri-calcium phosphate as a major phase and
hydroxyapatite as a minor phase was formed. However, for
the type of solvent, this study demonstrated that the pres-
ence of the appropriate amount of water is important for the
hydrolysis of TEP and also for the well-crystallization of
HA. The optimal conditions of HA preparation by sol-gel
route are 24 h as aging time and 70 °C as aging temperature.
In addition, the degree of HA crystallization was the best
under these conditions. It can be remarked that the aging
of sols in a closed Teflon container® leads to an important
decrease of the aging time and temperature in comparison to
other studies. In addition, a well-crystallized hydroxyapatite
was formed without any decomposition at high temperatures.
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