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Abstract: p-tricalcium phosphate (B-TCP) is a bioceramic with unique osteoinductive and
osteoconductive properties. It can be obtained by calcining calcium-deficient apatites (CDHA) at 750°C
and above. The reduction of calcining temperature or the stabilization of the B phase, by doping, is
therefore of particular interest. This paper investigates the preparation of CDHA with a theoretical 0.05
Mg/(Ca + Mg) ratio and (Ca+Mg)/P = 1.55 via precipitation method, and the resultant powder is
calcined at a different temperature ranging from 80 to 715°C. The as-synthesized undoped powder was
used as the reference in this study. The effect of calcination temperature and composition were
investigated by the aid of X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
inductively coupled plasma optical emission spectroscopy (ICP-OES) and scanning electron
microscopy (SEM). The study indicated that the powder was pure Mg-doped beta-tricalcium phosphate.
The incorporation of Mg within the calcium phosphate lattice promoted the formation and stabilization
of the B -TCP phase at a lower temperature.
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1. Introduction

B -TCP (B-Cas(POa4)2) has been proved to have good biocompatibility. Its composition
is similar to natural bone mineral components [1-3], it has found applications as bone cement
and bone implant material. Besides, the biodegradation of 3 -TCP (solubility product, Ksp =
1.25x102%) is much better than other popular bioceramics, such as hydroxyapatite (Ksp =
2.35x10%°), which is more advantageous in fitting the bone reconstruction cycle [4].
Substantial studies adopted the addition of functional ions to enhance the osteoinduction of
calcium phosphate. It is well known that doping at even deficient levels can drastically affect
the physical and morphological properties of different materials, including TCP [5, 6]. The
rhombohedral structure of B-TCP, space group R3c, it can host several ionic replacements,
especially the replacement of calcium ions with divalent cations [7-13].

Magnesium (Mg) is one of the most abundant ions in hard biological tissue, with a
concentration of around 0.6 (Wt%) [14]. It has been reported that magnesium ions (Mg?*) have
an effect on bone metabolism, promoting new bone formation, and inducing a significant
increase in osteogenic activity [15, 16]. They also play a direct and essential role in maintaining
vascular function [17, 18]. Recently, this element, as a dopant in B-TCP, has been the subject
of specific interest, due to its essential role in biological processes upon implantation [19, 20].
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In wet-chemical processes, B-TCP cannot be directly precipitated but can be
transformed from a non-stoichiometric apatite, which has a molar ratio of Ca/P ranging from
1.33 to 1.65 [21] during heat treatment. Non-stoichiometric apatite with the formula,
Cai10x(HPO4)x(PO4)6-x(OH)2— (0 < x < 1), has a crystal structure similar to the stoichiometric
Hydroxyapatite (HA). Heat treatment is required for non-stoichiometric apatite to be
transformed into HA and B-TCP according to Equation (1):

Cai10-x(HPO4)x(PO1)s—x(OH)2—x — Cai0(PO4)s(OH)2 + B-Cas(POa4)2 + xH20 D

when the Ca/P molar ratio is 1.5 (x = 1 in Equation (1)), Chemical transformation of
CDHA to B-TCP via heat treatment can be described by Equation (2):

Cag(HPO4)(PO4)s(OH) — 3Cas3(POa4)2 + H20 @)

This methodology was adapted to form Mg stabilized B-TCP by introducing a precursor
of Mg into the reaction system. The purpose of this study is to clarify the effect of Mg doping
on the TCP structure through XRD and FTIR.

2. Materials and Methods

Calcium hydroxide [Ca(OH)2] (Scharlau, Spain), magnesium chloride [MgCl2.6H20]
(Riedel-de Haén, Germany) and orthophosphoric acid [H3POs] (Riedel-de Haén, 85%) were
used as starting materials for the synthesis of undoped B-TCP (0Mg) and 5 mol% magnesium—
doped tricalcium phosphate (5Mg) with Mg/(Ca+Mg) ratio equal to 0.05 according to the
method described by A. Elouahliet et al. [22] with some modifications. Magnesium substituted
calcium-deficient apatite (Mg-CDHA) with Mg/(Ca + Mg) ratio equal to 0.05 was synthesized
by precipitation method from an aqueous solution of 1.25M [Ca(OH)z], 2.85M [H3POs] and
magnesium chloride [MgCl2.6H20] at 40°C, pH = 9. MgCl2.6H20 was added slowly to the
continuously stirred solution of Ca(OH)z.

The aqueous solution of H3PO4 was added rapidly to the above solution containing
calcium and Magnesium ions using a vigorous stirring. The nominal composition, (Ca + Mg)/P
ratio, was maintained at 1.55. For comparison, a 0Mg sample was obtained when MgCl2.6H20
was absent. Precipitates were aged in mother liquors at room temperature for 24 h, washed
with distilled water, vacuum filtered, and finally dried 24h in the oven at 80°C and coded as
OMg80 and 5Mg80. The as dried 5Mg80 sample was subsequently subjected to different
calcination temperatures 500, 650, and 715°C and coded as 5Mg500, 5Mg650, and 5Mg715,
respectively.

The 0Mg80 sample was calcined at 850°C and coded as 0Mg850. Content of Ca, Mg,
and P in the reaction product was quantified by the inductively coupled spectrometer
(Shimadzu, ICP Spectrometer ICP-9000).

The crystalline phase composition was determined by X-ray powder diffraction (XRD)
using a XPERT-PRO diffractometer working with Cu Ka radiation at 40 kV and 30 mA; the
measurement was carried out in the 20 range of 10-70°, with the step of 0.017 and Scan Step
Time 34(s). The data for XRD Rietveld refinement were collected under the same conditions.
The characteristic functional groups of Mg-TCP were identified by Fourier transform infrared
(FTIR) spectroscopy, VERTEX 70, Genesis Series (400—4000 cm, resolution 4, scans 20).
For this,1% of the powder was mixed and ground with 99% KBr, and the spectrum was taken
in the range of 400 to 4000 cm™.

The surface changes of samples ultrastructure and morphology were examined with a
scanning electron microscope (ESEM, Quanta 200 FEI) at an operating voltage of 15kV.
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Table 1. Magnesium content and (Ca+Mg)/P ratio of the synthesized powders, determined by ICP-OES and
proposed chemical formula.

Sample Nominal Mg Mg/(Cat+Mg) | (Cat+Mg)/P Chemical formula

mol% mol%
0Mg80 0 0 1.54 Ca9.24(HPO4)0.76(PO4)5.24(0H)1.24
5Mg80 5.0 5.63 1.52 Cas.95Mgo.17(HPO4)0.88(PO4)s.12(OH) 112

3. Results and Discussion
3.1. As-dried powders.

OMg80 and 5Mg80 powders were chemically analyzed by ICP-OES method. The
results of the detailed analyzes are given in Table 1. This gives a Mg / (Ca + Mg) ratio of
0.0563, which is slightly higher than the nominal ratio (based upon the amount of Mg in the
precursor solution) of (Mg/(Ca+Mg) = 0.05) used for synthesizing the 5Mg. Positive and
negative deviations from the (Ca+Mg)/P = 1.55 ratio are observed for 0OMg80 and 5Mg80
samples, respectively. The Ca-deficient apatites used in this study had a Ca/P ratio > 1.52.
According to Destainville et al. [23], heating, these CDHA could lead to the formation of a
biphasic mixture of § -TCP and HA. Therefore, the expected products of the chosen reaction
synthesis are expressed by the generic formula:

C&lO-Sx-zMg3x(H PO4)2(PO4)6-Z(O H)Z-z (3)

Where 0 < z< 1 corresponds to the amount of HPO4% groups. Therefore, Mg content
expressed in mol% is equal to 300x/(10-z), and (Ca+Mg)/P ratio is given by (10-z)/6.

Crystallite sizes determined from XRD data of samples, using the Scherrer formula for
the peaks at 25.90° and crystallinity degrees (Xc), are listed in Table 2, a decrease in both the
crystallite size and Xc was observed when Mg was incorporated within apatite lattice. The
presence of Mg?* ions seems to make the crystallization more difficult. The XRD patterns for
the as-dried powders are presented in fig. 1. The obtained XRD patterns of both undoped and
doped-samples resemble that of CDHA (without a second phase) as from the perfect match
with HA (#09-0432 card) characteristic reflections. However, the Ca/P molar ratio was not
fixed at 1.67.
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Figure 1. XRD patterns of 0Mg80, 5Mg80, and 5Mg500 samples.

All the as-dried powders had a low degree of crystallinity, as evidenced by XRD
patterns with relatively broad and low-intensity XRD peaks, which were attributed to small
crystallite size characteristics of the apatite phase. Moreover, due to the existence of Mg, the
diffraction peaks shifted to larger angles in the pattern, compared with undoped sample
(0Mg80), resulting from the crystalline cell contraction [24] due to the replacement of Ca2"*
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ions by smaller Mg?* ions (The Mg and Ca ionic radii are 0.72 and 0.99 A, respectively). The
shift to a high degree meant the insertion of Mg into CDHA structure.

Fig. 2 shows the infrared spectrometers of samples (0Mg80, 5Mg80, and 5Mg500). The
FTIR spectra of all dried samples showed the characteristic peaks corresponding to CDHA.
The bands at 564 and 603 cm™ were assigned to the O—P—-O bending mode of PO4+*. A weak
band near 875 cm™ was due to P-O(H) stretching in the HPO4> group typical of non-
stoichiometric HA, and it was weaker for the 5Mg80 sample. When this sample is calcined at
500°C, the band near 875 cm™ has practically disappeared. The band at 958 cm™* corresponded
to the symmetric stretching vibration of P-O. The bands at 1043 and 1122 cm™ were because
of asymmetric P-O stretching mode of PO4*. The broad bands at 1637 and 3438 cm™ were
assigned to absorbed water. The bands at 1421 and 1465cm™ were stretching mode of COs?,
which may incorporate during the reaction in air. CO2 has a very affinity to apatite crystal
during the synthesis process. A minor number of hydroxyl groups are present in the undoped
and doped structure, according to the proposed chemical formulas.

Table 2. Cell parameters, crystallite sizes, and crystalline degrees (Xc) obtained by XRD.

Sample a(A) c (A Crystallite size(A) | Xc (%)
0Mg80 8.767 6.892 257 29
5Mg80 8.625 6.878 243 19
5Mg500 8.624 6.878 217 12

3.2. Calcined powders.

The XRD patterns for the calcined powders are illustrated in Fig 3. Calcination of the
powders, as shown in fig. 3 indicated the improvement in crystallinity by the resolution of
peaks when compared to the as-dried powders in fig. 1. Calcination of the un-doped powder at
850°C has indicated, as expected, the formation of HA phase together with the  -TCP phase.

By the XRD analysis, it was possible to obtain the phase proportion of each group with
the Relative Intensity Ratio (RIR) of TCP and HA extracted from Eq 4 and expressed in %.

I B-TCP (4)

IHA + Iﬂ—TCP

Where Igrce and Ina represent the strongest peaks of each crystalline phase, in which
HA was described as 20 = 31.45° (peak (211)), and B-TCP was described as 20 = 30.76° (peak
(2 0 10)). RIRpTcr = 20% suggesting, after calcination at 850°C, a partial CDHA — B-TCP
phase transformation.
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Figure 2. FTIR absorption spectra of 0Mg80, 5Mg80 and 5Mg500 samples.
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Figure 3. XRD patterns of 0Mg850, 5MG650 and 5Mg715 samples.

The change from Mg-doped Ca-deficient apatite to Mg- -TCP after heating is observed
in fig. 3. All peaks were identified as § -TCP (JCPDS No. 09-0169). No crystalline HA signals
are detected in significant intensity. The sharp and narrow diffraction peaks meant the high
crystallinity, and the slight shift to a large degree indicated the incorporation of Mg into 3 —
TCP [25]. No peaks of other phases were observed. Moreover, the refined grain sizes are 39 +
1 nm (OMg850) and 44 + 2 nm (5Mg715): once B-TCP is formed, magnesium promotes grain
growth. The main phase in the sample changed from HA to Mg-substituted -TCP when the
Mg?* was added. B-TCP is stabilized by the incorporation of Mg?*.
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Figure 4. XRD Rietveld refinement patterns of Mg-5 mol%-doped B —TCP calcined at 715°C (5Mg715
sample).

The crystalline information of HA and B -TCP was further analyzed to study the effects
of Mg?* ion substitution on crystal stability. The Ca—O coordination numbers for HA crystals
(space group P63/m, z = 2) are 9 for Ca(1) and 7 for Ca(2), respectively. In the presence of Mg,
HA favors thermal conversion into  -TCP. This may because these high coordination numbers
made Mg-O bonds in the Mg—HA lattice extremely unstable [26] as well as the average of Ca—
O bond distance is around 2.513 A in HA, which is longer than that in p -TCP (2.268-2.287
A). When Mg replaces with Ca, Mg—O distance (2.070-2.084 A) is closer to that of B -TCP
[12, 27]. The transformation from HA to Mg-B-TCP can also be explained by that Mg?* inhibit
the crystal growth of HA [28]. Transformation of Ca-deficient apatite to  -TCP occurs in the
temperature region 700-800°C [29]. In the presence of Mg, this transformation can be observed
when the powder was calcined at a temperature below 650°C.
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Table 3. Lattice parameters of 5Mg715 sample.

Samples a(A) c(A) Cell volume (A%)
JCPDS No. 09-0169 10.429 37.380 3520.90
5Mg715 10.355 37.165 3451.16

Figure 4 shows XRD Rietveld refinement patterns of sample 5Mg715. Yobs represent
the experimental data. Ycal represents the calculation strength. Ydif represents the strength
difference between experimental data and calculation data, whereas the blue vertical line below
the spectrum represents the position of diffraction peak. In the refinement, X2 = 1.45, Rup=
14.5%. The calculated results are in good agreement with the experimental data, which
indicates that the Rietveld refinement is accurate. According to the Rietveld refinement, cell
parameters of Mg-5 mol%-doped p -TCP are a = b = 10.355 A and ¢ = 37.165 A. Cell
parameters of sample 5Mg715 are shown in Table 3. Compared with standard parameters in
JCPDS N0.09-0169, it was found that a and ¢ decreased as Mg is incorporated within the TCP
structure, as well as cell volume. It may be the result of a smaller ion radius of Mg?* and proved
that Mg?* was incorporated into B -TCP crystal.
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Figure 5. FTIR spectra of 0Mg80, 5Mg80, and 5Mg500 samples.

Figure 5 shows the FTIR absorption spectra of samples 0Mg850, 5Mg650, and
5Mg715. The FTIR spectrum obtained from the undoped sample calcined at 850°C (0Mg850)
showed the presence of phosphate bands observed at 1086 and 1024 cm™, 961 cm™, 600, and
560 cm™, and 473 cmt; hydroxy! bands can be identified at 3560 cm™, and 632 cm™. Moreover,
the spectrum revealed the presence of the hydrogen phosphate group (HPO42) band at 877 cmv”
! This confirms the formation of biphasic calcium phosphate (biphasic mixtures of HA and
-TCP) in the dried powder when calcined at high temperatures. The IR spectra of both 5 mol%
Mg-DCHA powders calcined at 650 and 715°C showed the characteristic peaks corresponding
to B-TCP [30]. No sharp band of -OH was observed at 3570 cm™*, which demonstrated that no
HA generated in the samples.

eft) and 5Mg715 sample (right).
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The results of the SEM analysis are shown in Figure 6. It can be found that both samples
are composed of irregular particles with lacking uniformity in both distribution and shape.
Regarding the size of the granules, smaller particle size was verified on Mg 3 -TCP (between
280 and 450 nm) when compared to dicalcium phosphate granules (between 500 and 850 nm)
on SEM images.

4. Conclusions

Undoped biphasic calcium phosphate nanopowders and 5 mol% Magnesium-doped
TCP nanopowders were successfully produced by precipitation method using Ca(OH)2 and
H3POs as the precursors and MgCl2.6H20 as the source of the dopant. Nanostructured CDHA
and Mg-doped CDHA (~24 nm) with (Ca + Mg)/P ratio equal to 1.54 and 1.52, respectively,
were obtained as the first reaction product. Structural changes were observed upon calcining
the materials at high temperatures: 80% of CDHA phase has been converted into HA, and the
rest into B -TCP denotes the formation of biphasic mixtures. Whereas with Mg?* incorporation
in CDHA structure causes lattice contraction and after calcination, the transformation of CDHA
into pure B-TCP occurred at a temperature below 650°C by inhibiting the formation of HA
crystals.
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