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Abstract In this paper, synthesis of hydroxyapatite
(HAp) in the absence or presence of 1.05 wt% magne-
sium oxide, as sintering additive, by heating in a micro-
wave oven was studied. For this purpose, CaSQO,4-2H,0,
Ca(OH),, Mg(OH), and (NH4),HPO, were used as raw
materials. The total chemical reactions for all the studied
compositions were observed after a 3 h microwave
treatment. In case of pure hydroxyapatite, a powder with
needle-like grains results. In the presence of Mg(OH),,
the (Mg, Ca,)-O-(HPO,4),-H,O hydrated phosphate is
formed besides hydroxyapatite. Pure hydroxyapatite,
thermally treated at 1,200 °C, mostly transforms in f-
Ca3P,05. By adding MgO into the precursor mixture,
hydroxyapatite was stabilised, and found in a much
greater proportion at 1,200 °C. After the thermal treat-
ment, the hydroxyapatite, analysed by electronic micros-
copy, shows a prismatic morphology originating in its
initial state.

Introduction

The ability of dielectric materials to absorb microwaves
(MW) and to transform electromagnetic energy into heat
represents a good alternative technology to the conven-
tional heating. This way of conversion technique is based
on intrinsic properties of dielectric materials like dielectric
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permittivity and tangent of the loss angle. The ratio
between these properties defines the ability of the material
to transform, at a given frequency, the electromagnetic
energy into heat [1]. The main advantages of the method
consist in the great heating rate, a homogenous temperature
in the entire reaction volume and in the absence of the
direct contact between the energy source and the reaction
mixture.

Different microwave routes were previously described
in the literature. The general aim of these works was to
obtain a Ca/P ratio close to 1.667, the theoretical value.
Parhi and co-workers [2] synthesized hydroxyapatite using
a stoichiometric ratio of CaCl, and Na3zPO,. The initial
mixture was heated 30 min in the microwave oven. The
final product was subsequently washed to eliminate the
chloride also formed in the reaction. The HAp formation
was proved by X-ray diffraction and further, scanning
electronic microscopy (SEM) revealed the formation of
spherical grains of about 100 nm diameter. Komarneni and
Katsuki [3] showed a rapid kinetics of the HAp synthesis
from an initial mixture of CaSO,4-2H,0 and (NH,4),HPO, at
195 °C. In this case, SEM revealed needle-like crystals of
HAp with lengths of less than 200 nm. D.S.R. Krisna et al.
[4] prepared HAp, by hydrolysis of -Ca;P,Og as a water
suspension. They added fluorhidric acid to the initial
mixture and micro waved it for 5-40 min. This resulted in
a fluorinated HAp, lacking in calcium. Other groups started
from «-Caz;P,0g and used microwaves to heat the initial
reaction mixture to 70-80 °C. They obtained hydroxyap-
atite crystals with lengths of 30-300 nm and width of 5—
50 nm [5], thus being in good agreement with other studies
[6-7] that reported HAp formation by microwave heating
in water suspensions. One should pay close attention to the
HAp characterization since slight changes in the reaction
conditions can greatly influence the Ca/P ratio and subse-
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quently lead to different behaviour during thermal treat-
ment. FTIR [8-16] is one of the most sensitive methods
used to prove the presence or absence of other phosphates
beside HAp. This method can detect traces of such impu-
rities as well as the existence of additional ionic groups to
HAp such as carbonate ion.

There is a very good correlation between HAp stability
and Ca/P ratio and it was found that HAp is stable only
when Ca/P ratio has the theoretical value [16]. Thermal
treatment studies of HAp showed water loss and pore
formation temperatures greater than 800-900 °C. In order
to improve sintering ability of HAp different work condi-
tions and trace additives (such as Na,O, Li,O, MgO etc.)
were used.

Gibson et al. [17] studied the effect of the pressure on
HADp sintering and they established that this begins at 800—
900 °C or at 1000-1050 °C for low or well-crystallised
HAp. Measured temperature for 96% from theoretical
density was with 150-200 °C lower for hydroxyapatite
with a low crystalline degree in comparison with a HAp
good crystallized. Fanovici and Porto Lopez [18] used
lithium and magnesium oxide as sintering additives. They
found that Li,O leads to the apparition of a liquid phase in
the sintering process, which represents a lithium—calcium—
phosphate glass. A small lithium oxide proportion the in-
crease of the relative density determined, but at a higher
content this is dramatically reduced with the formation of
great size pores. If MgO was used as additive, important
changes were not noticed on the sintering degree, but it was
shown that this oxide partially was solubilized in Caz;P,Og
lattice and a decreasing of the size grain was observed.
Another sintering additive was Na,O [19] and was reported
that this oxide could penetrate into HAp lattice and it’s
stabilised. At the same time with Na* penetration into the
lattice, a partial substitution of PO43* with C032* ion was
noticed to compensate the electric charge. In the papers
[20, 21] starting from commercial-grade HAp as raw
material, studied MgO as sintering additive, in correlation
with thermal equilibrium diagram.

Although, many papers reported on the Hap synthesis
the results are not in good agreement and do not totally
explain HAp stability as a function of temperature. In this
research HAp with or without MgO as additive was syn-
thesised by microwave heating and the behaviour of
powders at thermal treatment was investigated.

Experimental

Stoichiometric and partially substituted magnesium HAp,
with 1.05% wt% MgO, were prepared from CaSO,4-2H,0,
Ca(OH),, Mg(OH), and a 0.5 M (NH,4),HPO, solution.
Calcium sulphate and the hydroxides were used in solid
state. The ammonium phosphate solution was dropwise
added into the reaction mixture and the suspension was
stirred vigorously. The initial pH was raised to 10 by using
25% ammonium hydroxide (solution). A microwave oven
with 2.45 GHz frequency and 150 W power was used. The
samples were thermally treated for 1-3 h. The resulted
precipitates were subsequently at 300 °C in order to re-
move the water and the ammonium sulphate formed in the
reaction. The pellets were uniaxially pressed at 1000 daN/
cm?, and then thermally treated in an electrical furnace, at
1,200 °C, for maximum 1 h. The nature of crystalline
phases was determined, before and after thermal treatment
by X-ray patterns diffraction in reflexion mode, with CuK,
radiation (Shimadzu XRD Difractometer). The FT-IR
spectra were taken between 460 cm™! and 4,600 cm™! in
KBr (spectral resolution of 4 cm™) on a Shimadzu FTIR
8400 Spectrophotometer. Scanning electron microscopy
(Hitachi S 2600 N) was used to investigate the morphology
and particle size of the synthesized powders.

Results and discussions
The synthesis of powders

The composition of synthesized powders is presented in
Table 1, where the first column presents HAp with stoi-
chiometric composition. The second column presents a
mixture constituted to 95% HAp and 5% of a ternary
Ca3Mg3P,0,6 compound with 1.05 wt% MgO content. The
ternary compound was chosen according to the phase
diagram of the CazMg3P,0,s-HAp pseudosystem and be-
cause it fuses below 1200 °C (thermal treatment tempera-
ture) thus being compatible with HAp. We used
commercial-grade HAp as starting material since it was
demonstrated that the sintering degree remains practically
unchanged above 1,200 °C [21]. Since magnesium oxide is
also contained in bones, it cannot negatively influence the
biological properties of HAp if used as additive.

Table 1 The mineralogical

. . Sample Mineralogical composition, % Oxide composition, %
and oxide composition of
synthesised samples Ca;((PO,4)s(OH), 3Ca0-3MgO0-2P,05 CaO P,0s H,O MgO
100 - 55.77 42.44 1.79 -
2 95 5 54.46 42.79 1.70 1.05
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For the synthesis following two types of reactions were
used in order to synthesize our materials:

10CaSO; -2H,0 + 6(NH,),HPO,
= Calo(PO4)6(OH)2 + 6(NH4)ZSO4 +4H,S0,4 + 18H,0

(1)

6CaSOy - 2H,0 + 4Ca(OH), + 6(NH,),HPO,

2
= Calo(PO4)6(OH)2 + 6(NH4)2504 + 18H,O ( )
For the sample with 1.05% MgO only the reaction (2)
was used.

Characterization of the reaction products
Mineralogical composition of synthesized powders

X-ray diffraction was used to investigate the mineralogical
composition of the synthesized powders. Figure 1 presents
the X-ray spectrum for sample 1, prepared by reaction (1).

The spectrum presented in Fig. 1 reveals the presence of
two hydrated phosphates, CaHPO, and CaHPO,-3H,O0.
The specific peaks of HAp (at this value) are missing be-
cause the resulted H,SO, (reaction 1) changed the initial
pH (from basic to acid) thus inhibiting the formation of
HAp. Reaction (2) was used in order to avoid this problem.
In this case, CaSO,4 was partially substituted with Ca(OH),,
thus obtaining only ammonium sulphate which does not
decrease the pH. Reaction (2) was carried out between 1 h
and 3 h. The X-ray diffraction spectrum for the sample 1,
after 1 h reaction, shows two crystalline phases: CaHPO,
and Ca(OH), (Fig. 2).

By increasing the reaction time to 2 h we obtained
mostly HAp and traces of calcite, proved by X-ray

- 0 CaHPO,: 3H,0
& CaHPO,
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Fig. 1 XRD patterns for the sample 1, synthesised by reaction (1),
with heating in microwave oven and 1 h plateau

O Ca(OH), @ CaHPO,4
m Calcite o Caqq(PO4)g(OH),

3 hours

Fig. 2 XRD patterns of sample 1, synthesised by the reaction (2)
versus the time of microwave heating

diffraction. After 3 h reaction time, the sample practically
contains only HAp (see Fig. 2). Thus CaHPOy, is just an
intermediate phase, which afterwards reacts with the excess
of Ca(OH),, to form HAp. Figure 3 presents the X-ray
spectrum for the sample 2. One can observe the presence of
two crystalline phases, the major compound HAp and tra-
ces of (Mg, Ca,)-O-(HPOy,),-H,O.

The reaction products were also analysed by FTIR
spectrometry (Fig. 4), and the results were compared with
recent literature data [8—16].

The 569 and 604 cm™' bands were observed and they
were assigned to [PO4]°>~ from hydroxyapatite. The
667 cm™' band represent a characteristic line of HO™ ion
from same compound. The presence of three sharp peaks in
the same region demonstrates a high degree of crystallinity
for HAp. We also identified IR resonances at 1,038, 1,103,
1,149 cm™ which are specific for the [PO4]3’ ion. The

(Mg,Ca,)-O (HPOy), HoO
L ] Ca1o(PO4)6(OH)2

20

Fig. 3 XRD patterns of the sample 2, synthesised by reaction (2) and
maintained a plateau of 3 h in microwave field
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Fig. 4 FTIR spectra of synthesised powders sample 1—after 3 h of
heating in microwave oven; sample 2—with MgO as additive, after
3 h of heating in microwave oven

resonance centred at 3,545 cm™! corresponds to [HO]™ ion
from HAp lattice. The large peak between 2,500 cm™" and
3,700 cm™! represents the vibration modes of the water
molecule retained on the HAp surface by hydrogen bonds.
The 1,404 cm™ band and the large resonance between
1,425 cm™! and 1,500 cm™! can be assigned to CO32_ ion,
which partially substitutes the PO, ion in HAp lattice.
When magnesium hydroxide was used in the reaction, the
presence of a new peak at 872 cm™' was noticed. This is
characteristic for the HPO,*~ group from double phosphate
of calcium and magnesium, also identified by X-ray dif-
fraction.

The morphology of the synthesised powders

The two types of powders obtained after 3 h of thermal
treatment in the microwave oven were examined by scan-
ning electron microscopy. The micrographs for sample 1,
obtained by the route 2, are shown in the Fig. 5a, b.

One can notice the presence of agglomerates with nee-
dle-like shape, with a length of about 10-20 pm, which
indicates the fact that, they must be milled before sintering,
to destroy the porous microstructure. This agglomeration
appears as a result of weak hydrogen bonds, due to the
existence of HO™ groups in the lattice of Hap. This matches
the results obtained by other authors [5, 6]. In the case of
the powder that contains MgO, agglomerates of needle-like
grains result but with smaller sizes (Fig. 6a, b).

Behaviour at sintering thermal treatment. Description of
the sintered samples

The pellets from synthesised powders were thermally
treated at 1,200 °C, temperature at which the sintering
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Fig. 5 (a, b) SEM micrographs of the sample 1 after 3 h of heating in
microwave oven and a thermal treatment at 300 °C

grade of HAp is good enough, and at the same time a high
enough proportion of HAp is maintained. The mineralog-
ical composition of the thermally treated samples can be
seen in Fig. 7.

In the case of sample 1, it two crystalline phase results
by thermal treatment: Ca3;P,0g with intense lines and HAp
in a much smaller proportion. Relating to the sample with
MgO as additive, a solid solution of Ca;P,Og with MgO
was formed, which confirms the data obtained in the paper
[22]. At the same time, it may be noticed that in the sample
with MgO, HAp exists in a greater quantity being stabilised
by partial substitution of Mg** ion in its lattice, in accor-
dance with the data from paper [18].

The two samples were analysed by FTIR spectroscopy
and the curves were showed in Fig. 8.

One can notice bands specific for the [PO4>"] group and
respectively [HO™] from HAp structure in case of the
sample without MgO. At the same time, bands specific at
1,087 and 1,032 cm™' which are specific for f-CazP,0g
appeared. Bands characteristic for HO™ ion in HAp lattice
and for adsorbed water can be also seen. The presence of a
large band centred at 3,460 cm‘l, with a much weaker
intensity shows, after the thermal treatment at 1,200 °C, a
smaller quantity of HAp, fact which confirms the results
obtained by X-ray diffraction. For the sample with MgO,
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Fig. 6 (a, b) SEM micrographs of the sample 2 after 3 h of heating in
microwave oven and thermally treated at 300 °C

Vv ss (Mg,Ca)z" P70g
[ Ca10(PO4)6(OH)2
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sample 2

sample 1

20

Fig. 7 XRD patterns for the samples 1 and 2, thermally treated at
1,200 °C

one can notice that the line specific for HO™ from HAp
(677 cm™) is more intense compared to the previous
sample, in accordance with the results obtained by X-ray
diffraction. This fact shows that in this sample HAp exists
in a proportion much greater than in sample 1.

The texture of the samples thermally treated at 1,200 °C
was examined by the electronic microscope SEM. For
sample 1 (Fig. 9a), regular grains with variable dimensions
(2-6 pum), corresponding to -3Ca0O-P,0s, can be seen.

sample 1

1 T T
1000 2000 3000 4000

A (cm'1)

Fig. 8 FTIR spectra of samples 1 and 2 thermally treated at 1,200 °C

Needle-like or prismatic grains (Fig. 9b) show HAp
presence respectively nucleation and growth of -CazP,0g
on their surface. The presence of pores at the limit between
grains was noticed.

In the sample with MgO, as sintering additive, the
presence of two types of grains was seen; some of these are
stoichiometric

similar with those from the sample

Fig. 9 SEM micrographs of the sample 1 thermally treated at
1,200 °C; (a) sectional view; (b) sample surfaces
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Fig. 10 SEM micrographs for
sample 2 thermally treated at
1,200 °C. (a) sample surfaces;
(b) sample surfaces; (c)
sectional view

(Fig. 10). In Fig. 10a, b can see prismatic HAp grains. On
their surface it is observed the nucleation and development
of tricalcium phosphate.

Other long grains (Fig. 10c), show the morphology of
the initial powder, and this fact confirms the results from
papers [22, 23]. This finding is confirmed by X-ray dif-
fraction studies, which show the presence of two phases, -
Ca3P,0g4 and HAp in this sample. In this case, the presence
of inters and intra-grain pores can be observed.

Conclusions

From the undertaken studies it was concluded that HAp
could be obtained after 3 h of microwave heating starting
from CaSO,4-2H,0, Ca(OH), and (NH4),HPO,. There are
two stages of the reactions which lead to its forming. After
1 h the presence of CaHPO,, an intermediate phase was
noticed, which then reacted with Ca(OH), found in excess
and lead to the HAp formation. X-ray diffraction and FTIR
specific bands evidenced hydroxyapatite. The scanning
electron microscopy showed that for the processed powders
a special morphology was obtained that is needle-like
shape. After a thermal treatment at 1,200 °C with 1-h
plateau, HAp passes in a high proportion in f-CazP,0Osg,
result obtained by X-ray diffraction and confirmed also by
the electron microscopic investigations. By use of
1.05 wt% MgO in composition of samples hydroxyapatite
is stabilised. At 1,200 °C this can be found in a greater
proportion as needle-like grains in comparison with stoi-
chiometric sample.
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