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ABSTRACT: Spherical-like hydroxyapatite (HA, Caio(POs)s(OH).) particles were prepared
by the co-precipitation method in a simulated physiological environment. The effect of calcining
temperature, calcining time and the Ca/P ratio of the initial feeding on the morphology and crystallinity
of HA were investigated in detail. Interestingly, while the Ca/P ratio of the initial feeding is 1.80,
the obtained HA powders calcined at 800 °C for 2 h contain trace amounts of Na and Mg ions, and
the (Ca+Na+Mg)/P ratio is equal to 1.66, which is close to the stoichiometric ratio 1.67 of HA.
And a better route with shorter reaction time for the synthesis of HA containing trace amounts of Na

and Mg elements was acquired.
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INTRODUCTION

Synthetic hydroxyapatite (HA, general formula
Caio(PO4)s(OH),) is one of the most popular bioceramic
materials that has excellent biological properties such as
nontoxicity, biochemical tolerance, bioactivity, and
biocompatibility. Therefore, HA bioceramics
have been widely used in biomaterial engineering, orthopedic
application and regenerative medicine for bones [1].
In addition, HA-based composites and coatings have been
extensively developed and used for biomedical
applications due to the difficult solubility of HA under
the physiological temperature and pH conditions [2-5].

Many methods have been applied to prepare HA,
such as co-precipitation [6,7], sol-gel process [8,9], solid-
state reactions [10], spray pyrolysis [11], combustion
synthesis [12], hydrothermal synthesis [13], microemulsion [14]
and microwave-assisted method [15]. However, in the
conditions of higher pH, temperature, ultra sonication

and microwave irradiation, the properties of the
as-prepared HA may deviate from biological apatite [16-18].
Due to the lack of trace elements, the degradability and
bioactivity of synthetic HA is still to be improved
in comparison with biological apatite.

HA provides bioactivity, biocompatibility and
an ability to initiate osteogenesis. However, biological
apatite is not pure HA, containing a small amount of CO3%,
Cl, Na*, K*, Mg?* [19]. Additionally, the apatite-forming
ability in Simulated Body Fluids (SBF) is a measure of
in vivo bioactivity [20]. Therefore, in order to maintain
the properties of HA, it could be a better method to prepare
HA in the SBF. Synthetic Body Fluids (SBF) or Simulated
Body Fluids (SBF), with ion concentrations nearly
consistent with those of the inorganic constituents
of human blood plasma, was prepared in compliance
with the chemical analysis of human body fluid. In the existing
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literature about SBF, the SBF is given by Kokubo et al [21]
and by Cuneyt Tas [22] were widely used by other
researchers. Compared to the SBF given by Cineyt Tas;
by Kokubo et al., the ion concentrations of the SBF
solutions given by Clneyt Tas were more closely with
those of ‘human blood plasma’. Some researchers
reported that SBF could be used as a tool to synthesize
apatite-like powders in vitro [23]. Li [24] reported
that platelet-shaped and needle-like nanocrystalline
HA powders could be successfully synthesized in SBF solutions
using calcium chlorine and diapotassium hydrogen
phosphate as starting materials. But longer reaction time
(up to 8 days) is necessary to obtain a stoichiometric
apatite structure. Therefore, it is meaningful to explore
a better route with shorter reaction time for the synthesis
of HA containing trace amounts of Na and Mg elements.
In the present work, spherical-like HA particles
containing trace amounts of Na and Mg elements were
prepared by co-precipitation method in a simulated physiological
environment (in SBF solution with 37°C and pH 7.40).
In addition, the effect of calcining temperature, calcining
time and the Ca/P ratio of the initial feeding on the
morphology and crystallinity of HA were investigated.

EXPERIMENTAL SECTION
Materials

Sodium chloride (NaCl, >99.5%), Sodium bicarbonate
(NaHCO3, >98.9%), Disodium hydrogen phosphate
dodecahydrate (Na;HPO4:12H,0, >99%), Calcium nitrate
tetrahydrate  (Ca(NO3)24H,0, >99%), Diammonium
hydrogen phosphate ((NH.):HPO., >99%), Absolute
ethyl alcohol (CHsCH,OH, >99.7%) and Ammonia
hydroxide (NH3z-H.0, 25%~28%) were purchased from
Tianjin Kermel Chemical Reagents Development Center
(China). Potassium chloride (KCl, >99.5%), Magnesium
chlordie (MgCl, >98%) and Sodium sulfate anhydrous
(NazS0s, >99%) were supplied by Yantai Shuangshuang
Chem Co. (China). Calcium chloride anhydrous (CaCls,
>96%) and Tris(hydroxymethyl)methyl aminomethane
(NH.C(CH20H)3, >99%) were provided by Shanghai
Shanpu Chem Co. (China). All the above reagents used
were of analytical reagent grade without further purification.

Synthesis of HA powder

According to Ref. [22], SBF solution was prepared
by dissolving NaCl, NaHCOs;, KCI, Na;HPO412H,0,
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MgC|2-6Hzo, CaC|2, N82$O4, and (NHzC(CHzOH)g
in deionized water. During the preparation of 1 L of SBF
solutions, 40 mL of 1 M HCI solution was added to adjust
the pH of SBF solutions to 7.40.

Calcium nitrate tetrahydrate (Ca(NOs)2-4H,0) and
diammonium  hydrogen  phosphate  ((NH4)2HPQOy,)
were used in the co-precipitation runs as calcium and
phosphorus ion sources, respectively. SBF solution
was used as solvent and ammonia hydroxide (NH3-H,0)
was used to adjust the pH of the reaction system to 7.40
(the pH of human plasma is 7.35~7.45).

According to the stoichiometric ratio of HA (Ca/P =1.67),
Ca(NOs3)2-4H,0 and (NH4)HPO4 were dissolved in SBF
solutions, respectively. Ca(NOs3)-4H,0-SBF solutions
were placed in a beaker and kept in a 37°C thermostated
water bath, and the NHs;-H.O was added to adjust
the pH of solution to 7.40. Then (NH4).HPO.-SBF solutions
were slowly dropped into the Ca(NOs)24H,O-SBF
solutions while stirring, resulting in white precipitates.
During the precipitation process, the pH of the mixture
was kept in 7.40 by continuous adding the ammonium
hydroxide solution. This precipitated solution was
rigorously stirred for 1 h and aged at 37°C for one night
without stirring. Finally, the precipitate was separated
from the solution by vacuum filter and washed three times
using double distilled water and anhydrous ethanol,
respectively, followed by drying in a vacuum drying oven
at 80°C for 6 h. The dried sample was termed
as HA-80. In the range of 600 to 1250°C, HA-80
was calcined for 2 h at various temperatures in a muffle
furnace under normal air atmosphere. Based on the
different calcination temperature, the HA batches
were denoted as HA-600, HA-700, HA-800, HA-900,
HA-1000, HA-1100 and HA-1250.

Characterization

The thermal behavior of the HA powders
was investigated by thermogravimetry/differential thermal
analysis (TG-DTA, Model: PE-7, USA) with heating
temperature ranging from 20°C to 1200 °C in air
at a heating rate of 10°C min‘L.

The phase purity and crystallinity structures of
the HA samples were studied by X-ray power diffraction
(XRD, Model: D/max-2400, Rigaku, Japan) at the step
size of 0.02 s? in the 20 range from 10° to 80°. A Cu K,
tube operated at 40 kV and 150 mA was used
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Fig. 1: TG and DTA curves of HA-80 powders.

for the generation of X-rays (A=1.54178 A). The crystalline
phases were identified with reference to the Joint
Committee on Powder Diffraction Standards (JCPDS) files.

The structural characteristics of the HA powders were
investigated by Fourier-transform infrared (FTIR, Model:
Nicolet 20 DXB spectrophotometer, USA) spectroscopy,
and the wave numbers of FTIR were in the range of
4000-400 cm'L.

The morphology of the HA nanoparticles was
observed by scanning electron microscope (SEM, Model:
ULTRA Plus, Germany), and elemental composition of
the HA samples was examined by Energy-dispersive
X-ray spectroscopy (EDX).

RESULTS AND DISCUSSION
TG-DTA analysis

The TG-DTA curves of HA-80 particles are shown
in Fig. 1. Obviously, there are two weight loss regions before
730 °C from TG curve. The total weight loss of the HA-80
powders is found to be 19.5%. The first weight loss
at the range of 45.9-500 °C could be ascribed to desorption
of adsorbed water molecules on the crystallite surface and
the release of crystalline water. And the second loss at the range
of 500-730 °C can be associated with the dehydroxylation
and early slow decomposition of HA [25]. Above 730°C,
HA decomposition occurs. Interestingly, weight gain is also
observed. This shows that when heat-treatment is above
730°C, some new substance may be produced by
the reaction of the sample with carbon dioxide from the air.
Accordingly, the DTA curve display that there are endothermic
and exothermic phenomenon in the heating process.
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Fig. 2: XRD patterns of 80 C dried sample and HA samples
calcined at different temperature for 2 h.

XRD analysis

The XRD patterns of HA powders calcined at different
temperature are shown in Fig. 2. According to Fig. 2,
the calcining temperature plays a major role in the formation
of HA. It can be seen that HA-80 is an amorphous solid
with extremely low crystallinity. When HA-80 powders
are calcined at 600 or 700°C, the obtained particles show
wider and dispersed peaks owing to the incomplete
reaction of diammonium phosphate and calcium nitrate
tetrahydrate. The diffraction peaks of HA-800 powders
are in good agreement with the standard data of HA
(JCPDS No. 09-0432) and no other crystalline phase is
present. Furthermore, some key characteristic diffraction
peaks of HA can also be observed and corresponding
to the (002), (211), (112), (300) and (310) lattice plane,
which reveals that the pure phase and homogeneous HA
powder is obtained when calcining temperature is 800°C.

From Fig. 2, XRD diffraction patterns of HA-900,
HA-1000, HA-1100, and HA-1250 powders contain
the main peaks of HA. And these diffraction peaks
are intensified gradually, the width of the peaks becomes
narrow gradually, which indicated that the crystallinity
degree of HA powders was increased with the increase
of the calcining temperature.

According to Ref. [26], the crystallinity degree of
the samples was calculated as follows:

Boo2 3y X =K 1)

Where K is a constant found equal to 0.24, Bgoz is
the full width at half maximum of the (002) reflection and X,
is the crystallinity degree.
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The calculated values of the crystallinity degree of
HA-80, HA-600, HA-700, and HA-800 powders are
0.03, 0.16, 0.39 and 0.80, respectively. Obviously,
the crystallinity degree of the samples increased with
increasing calcining temperature.

However, as shown in Fig. 2, some miscellaneous
peaks were observed at 26 values of 31.2° and 34.4°, and
these peaks were proved to be the major diffraction peaks
of B-TCP by XRD analysis software. It could be
concluded that HA was decomposed into B-TCP as the
calcining temperature increased to 900°C or above.
In addition, the color of HA samples showed a slight purple
when the calcining temperature was above 1100 °C.
According to the reported literature [27], we speculated
that some samples may react with carbon dioxide
in the air under higher temperature conditions and form a
small amount of calcium carbide.

The average crystalite size (D) in nm was estimated
following the Debye-Scherrer equation [28]:

KL

b= BcosH @)

Where K is the shape factor equal to 0.9, 4 is the X-ray
wave length (1.541A), g is the Full Width at Half Maximum
(FWHM) in radian and 6 is the diffraction angle in degree.
The crystallite sizes were calculated for the perpendicular
crystal planes (002) and (310), and the calculated values of
Doz and Daio were listed in Table 1. It can be seen that
the as-synthesized HA samples have small crystal size.
Simultaneously, these data in Table 1 also confirmed that
the crystal size of the as-synthesized HA powders
increased as the increase of the calcining temperature.
The above results indicate that the calcining temperature
affected the phase and crystal size of the prepared samples.

What’s more, XRD patterns of HA-800 powders
at a different calcining time are also displayed in Fig. 3.
Obviously, the number of miscellaneous peaks increased
with the increase of the calcining time.

According to the above results obtained from XRD
analyses, in order to acquire the pure phase and
homogeneous HA powders, the optimal calcining
temperature is 800°C and the optimal calcining time is 2 h.

FT-IR analysis

The FT-IR spectra of HA powders synthesized under
various calcining temperatures were shown in Fig. 4.
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Three absorption bands were clearly distinguished at
1092, 1041, and 962 cm* in the v and v; phosphate mode
region. The band at 473 cm™ corresponds to v, bending
of the phosphate group. The v4 vibrational band of the
phosphate groups (PO.)* appeared at 570 and 602 cm™ of
the FT-IR spectrum. The band at 3571 cm™ corresponds to
O-H stretching of the absorbed water and hydroxyl group
(OHY) of HA [29]. The low intensity band at 877 cm™
indicates the acidic phosphate group HPO4? due to the P-
(OH) stretching vibration. The characteristic band
at 632 cm can be attributed to structural OH- groups in
the HA lattice. The absorbance bands in the range of
1470-1410 cm correspond to v asymmetrical stretching
vibrations of the CO3s* ions [30]. With the increase of
calcining temperature, the absorbed peaks of the COs*
ions disappeared gradually as a result of COs* ions
converted to CO; gas under higher temperature. Although
the characteristic bands of HA were observed in all
the samples, the intensities of the bands varied among
different samples.

SEM observation

The morphology of the HA powders observed by
SEM was shown in Fig. 5. On the whole, the size of the
samples increased gradually with the increase of
calcining temperature. HA-80 powders presented
irregular shape and appeared obvious agglomeration.
It may be caused primarily by the various processes
occurring during the drying of the precursor.
Furthermore, it is also possible that the small particles
have been embedded in each agglomerated cluster
correspond to the calcium nitrate particles, which could
be obtained from the recrystallization of the dissolved
calcium nitrate during the grind and the subsequent
drying process [31]. With the increase of calcination
temperature, the morphology of HA samples calcining
at different temperature happened a big change. When
calcining temperature is equal or greater than 600°C,
the obtained powders display nearly uniform structures.
Very obviously, a small change in particle size of resulting
products has taken place with the increasing of calcining
temperature. Especially, the obtained powder calcining
at 800°C was spherical-like with clear outline, perfect
crystal growth, good dispersion, and uniform particle size.
The results agree with the above XRD analysis results. With
further increasing of the calcination temperature,
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Table 1: Crystal size of the prepared HA samples.

-

Samples NO. (002) FWHM D02y (NM) (310)FWHM Dis10) (NM) \
HA-80 0.776 10.51 0.400 21.13
HA-600 0.447 18.25 0.447 18.91
HA-700 0.329 24.80 0.4242 19.95
HA-800 0.259 31.49 0.306 27.62
HA-900 0.235 34.70 0.235 35.97
HA-1000 0212 38.47 0.235 35.97
HA-1100 0.235 34.70 0.235 35.96
K HA-1250 0.235 34.70 0.235 35.97 j
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Fig. 3: XRD patterns of HA powders calcined at 800°C with
different time.

the interparticles forces increase gradually, resulting
in the densification of samples gradually as shown
in Fig. 5(F), (G) and (H).

EDX analysis

Fig. 6 shows EDX spectra of HA-800 powders.
Elemental analysis by EDX confirms that HA-800
powders are primarily composed of Ca, P, and O.
Interestingly, 0.24% Na and 0.30% Mg elements
were detected in HA-800 powders by EDX. Na and Mg
elements originated from the SBF solutions were believed
to incorporate themselves in the crystal structure
of HA. Some researchers reported that Na* and Mg?* ions
would replace the Ca?* sites of the HA structure [32].
The calculated (Ca+Na+Mg)/P ratio of HA-800 is 1.60,
and this value is less than the stoichiometric ratio of HA
(Ca/P =1.67). We speculated that loss of material during
the reaction operation process could lead to the above
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Fig. 4: FT-IR spectra of HA powders calcined at different
temperature.

results. In order to clarify the question, the Ca/P ratio of
the initial feeding was increased to 1.80 and the other
conditions were kept constant, HA-n  powders
were synthesized following the same method.

Characterization and analysis of HA-n powders

XRD patterns of HA-800 and HA-n powders
are compared in Fig. 7. Both spectra showed only reflections
associated with HA according to JCPDS No. 09-0432.
From the full width at half maximum of the (002) reflection,
the crystallinity degree of HA-n powders is higher than HA-800.

The FT-IR spectrum of HA-n powders showed
the presence of the characteristic bands of HA (Fig. 8).
The bands at 3572 and 632 cm™ were due to the vibrations
of OH". The bands at 962, 1043 and 1092 cm'! corresponded
to P-O stretching vibration, and the bands at 470, 570 and
601 cm™ were the bending vibrations of P-O. The bands
at 873, 1418 and 1489 cm™ were assigned to COs*
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Fig. 5: SEM images of 80 °Cdried sample and HA samples calcined at different temperature for 2 h (A: 80 °C, B: 600 °C,
C: 700 °C, D: 800 °C, E: 900 °C, F: 1000 °C, G: 1100 °C, H: 1250 °C).
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Fig. 6: EDX analysis result of HA-800 powders. Fig. 7: XRD patterns of HA-n powders and HA-800 powders.
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in HA-n, which indicated that there might be a possible
replacement of PO,% or OH- by CO3?% in the HA structure.

The morphology of HA-n powders was also
investigated by SEM (shown in Fig. 9). A comparison
with HA-800 powders (Fig. 7(D)) indicated that HA-n
showed a similar spherical-like structure and had clear
outline, perfect crystal growth, good dispersion, and
uniform particle size.

The results of EDX analysis of HA-n powders
were shown in Fig. 10, which revealed that 0.14% Na and
0.31% Mg had been incorporated successfully into
the structure of HA. In addition, the calculated
(Ca+Na+Mg)/P ratio of HA-800 is 1.66, which is further
close to the stoichiometric value of HA (Ca/P =1.67).

CONCLUSIONS

Using calcium nitrate tetrahydrate and diammonium
hydrogen phosphate as starting calcium and phosphorous
sources, spherical-like HA particles were successfully
prepared by the co-precipitation method in SBF solutions.
The calcining temperature, calcining time and Ca/P ratio
of the initial feeding had an obvious effect on the
morphology and crystallinity of the resulting HA
samples. While the Ca/P ratio of the initial feeding is
1.80, after calcining at 800°C for 2 h, the obtained HA
powders contain trace amounts of Na and Mg ions,
and the (Ca+Na+Mg)/P ratio is equal to 1.66, which is
close to the stoichiometric ratio 1.67 of HA. In this study,
a better route with shorter reaction time for HA containing
trace amounts of Na and Mg elements synthesis
was proposed. This HA can be used as a biomaterial
for various biomedical applications.
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