
Introduction

The bioceramics are widely used for the repair and re-

construction of diseased or damaged parts of the skel-

eton. They can be used in a variety of shapes and

forms: single crystals (sapphire), polycrystalline (alumina

or hydroxyapatite (HA)), silicate glass, glass-ceramics

and composites (polyethylene-hydroxyapatite) [1–4].

The implanted materials are selected as inert, bioactive,

or resorbable materials according to their reaction

with living tissue. One of the attractive materials used

in clinical field as orthopaedic and dental implants is

hydroxyapatite which falls into the categories of

bioactive (high density) and resorbable (porous HA)

materials. The bioactive materials form a direct bio-

chemical bonds with living tissues. However, the

resorbable materials are generally dissolved gradually

by the biosystem of the organism and can be replaced

by healthy bone without toxicity and rejection [1, 5].

The HA can be prepared from bone or synthesised

with several methods, it represents 70 mass% of cortical

bone [5]. Nevertheless, synthetic calcium phosphates

do no show similar and biological properties as in

bone [6]. This is attributed to:

• Differences in chemical composition, which bone

contains, in addition to calcium and phosphate,

hydrogenophosphate ions, carbonates ions, magnesium,

sodium, and numerous other trace elements which

play a role in overall performance of human bone.

• The process of resorption of synthetic calcium

phosphates which is quite different from that of natural

bone, essentially because of different textures [7].

So, hydroxyapatite ceramics manufactured from

natural materials such as coral [8] or bone after

removal of the organic matter by heating [9, 10] have

a widely used for biomedical applications. The ‘in

vitro’ and ‘in vivo’ studies showed that the natural

apatite was well tolerated and has good osteo-

conductive properties than synthetic HA [11].

The aim of this work is to study the effect of the

sintering temperature on the kinetic dissolution of

HA. As consequence of the thermal treatment, it will

be studying the stability of HA and calcium to phos-

phorous ratio at any sintering temperature of natural

hydroxyapatite prepared from bovine bones and com-

pared the obtained results to the same in the case of

use of synthetic hydroxyapatite.

Experimental

In this study, the physico-chemical properties of

natural hydroxyapatite granules (N-HA) derived from

cortical bovine bones were compared to synthetic

hydroxyapatite granules (S-HA) (commercial HA, Alfa:

Johnson Matthey Company).
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N-HA was obtained by calcination of bone at

800°C during 1 h to remove the organic matter. After

that, the calcined bones were dry milled during 30 min.

The different steps of preparation procedure of

sintering samples to produce granules are as follows:

• Sieving powders S-HA and N-HA to obtain particles

of 60–100 �m.

• Cold compacting under 75 MPa.

• Sintering of compacted powders at different

temperatures (800, 900, 1000, 1100, 1200°C)

during 2 h.

• Milling and sieving of sintered samples to obtain

granules of (200–400 �m).

Several techniques were used to characterise all

powders before and after thermal treatment. The existent

phases were identified by X-ray diffraction (XRD)

technique using Philips PW3710 diffractometer with

CuK� radiation, the calcium to phosphorous molar

ratio and ionic concentration of trace elements were

determined using inductively coupled plasma-optical

emission (ICP-OES) spectrometer. In addition, Fourier

transformed infrared spectroscopy (FTIR) was

employed to highlight the structural analysis

(BRUKER EQUINOX 55). Then, the morphology of

granules was studied using scanning electron

microscopy (SEM) (JEOL JSM 6301F). However, the

density of sintered samples was calculated by direct

method using the mass/volume ratio in the samples

with 11.5 mm in diameter and 2.3 mm in height.

‘In vitro’ test were realised by soaking 30 mg of

granules into 60 mL of simulated body fluid (SBF)

with mineral composition nearly equal to those in

human blood plasma at 37°C according to Kokubo

protocol [12].

After soaking in SBF at different times (30 min,

3, 6, 9, 12 h, 2, 3.5, 7 days), the granules were filtered,

cleaned with ethanol and dried in air. The

physico-chemical properties of the filtered granules

were studied by FTIR, SEM and ICP-OES in the goal

to evaluate the variation of Ca, P, Mg and Na

concentrations in SBF with soaking time.

Results and discussion

Physico-chemical characterisation of S-HA and

N-HA before thermal treatment

Mineral composition

The ICP-OES technique was used to determine the

amount of Ca, P and trace elements like Na, Mg, Sr,

Si, K and Zn in S-HA and N-HA powders before

thermal treatment (Table 1). These elements present

high physiological properties. The molar (Ca/P) ratio

was then calculated.

Ca, P concentrations and molar (Ca/P) ratio of

N-HA are similar to that of stoichiometric HA

(Ca/P=1.67). It contains 40.3% Ca and 18.4% P of

mass [13]. However, S-HA have molar (Ca/P) ratio of

1.57. This phosphocalcic ratio is lower than 1.67. It

shows that S-HA is deficient hydroxyapatite.

Bone-apatite is characterized by calcium, phosphate

and hydroxyl deficiency (molar Ca/P ratio varying

from1.37 to 1.87), internal crystal disorder and ionic

substitution within the apatite lattice resulting in the

presence of significant levels of additional trace

elements within bone mineral [14, 15] which play a

role in overall performance of human bone [6].

Concerning the trace elements, the two powders

have the similar mass% of Na. However, the amount

of Mg, Sr, K and Zn in S-HA is lower than that in

N-HA. In contrary, S-HA contains Si greater than

N-HA. The bone composition differs depending on site,

age, dietary history and the presence of disease [16].

Our results of chemical composition of N-HA are in

good agreements with that cited in [14, 17–19].

Morphological and structural studies (SEM, XRD

and FTIR)

The SEM micrographics of S-HA and N-HA powders

before thermal treatment show that S-HA is fine

powder; it is formed of agglomerated particles of a

needle-like morphology and a size of about

100–500 nm long. However, the N-HA powder is

formed with spherical grains of 0.1–1 �m and any

longed grains of about 5 �m.

The XRD diagrams of the S-HA and N-HA pow-

ders show that all powders are composed of identical

phase of hydroxyapatite (Ca5(PO4)3OH) (JCDD: file

no. 09-0432). The peaks of S-HA are very large in com-

parison to calcined N-HA. This can be attributed to:

• S-HA is less crystallised than N-HA which was

calcined at 800°C to eliminate the organic matter.

• Or, it can contribute the broadening of peaks to the

finite size of S-HA crystallite. According to

Scherrer equation, the peak width increases when

grain size decreases [20].

The FTIR spectra of S-HA and N-HA are

presented in Fig. 1. They show that the two powders

have much same bands. The absorption bands are

summarised in Table 2.

FTIR spectra show the incorporation of CO
3

2–

ions into hydroxyapatite. There are two sites for

inclusion of CO
3

2–
ions in hydroxyapatite crystals; one

in an OH
–

site (A-site) and other in a PO
4

3–
site

(B-site) [28, 29].

Besides, bone contains an important quantity of

carbonates which can replace the phosphate groups

[16]. Bone is not a direct analogue of HA as is
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commonly believed, but more closely related to an

A–B type carbonate-substituted apatite [19, 29] as the

same for N-HA in this study.

However, S-HA is characterised by molar ratio

(Ca/P) lower than stoichiometric HA which leads to

attribute the band at 874.7 cm
–1

to HPO4 characteristic

of calcium deficient HA [26] and not to presence of

CO
3

2–
in OH

–
site.

The analyses of the Infrared bands of S-HA and

N-HA confirm that the FTIR spectra of two powders

belong to HA. Moreover, in FTIR spectra of N-HA,

two weak bands are observed at 3493 and 3540 cm
–1

.

It is possible that these absorptions are due to perturb

OH groups that are hydrogen bonded to the halogen

anions Cl
–

and F
–

[30, 31]. The bone can contain

small amounts of fluoride (F) and chloride (Cl) which

can replace the hydroxyl groups.

Physico-chemical characterisation of S-HA and

N-HA vs. thermal treatment

The density of samples before and after thermal treat-

ment was calculated by the direct method and illus-

trated in Fig. 2. The densification starts at 800°C of

all compacted powders; then, the rate densification

increases when the sintering temperature exceeds

950°C. Besides, we note that the rate of densification

for S-HA is very great than that of N-HA. This can be

justified by the fact that S-HA has a lower a grain size

than N-HA. The use of a fine powder produced a con-

siderable reduction both in the porosity and pore

size [32], consequently, the density increases when

the grain size decreases.
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Table 2 Infrared absorption spectroscopy data for S-HA and N-HA powders

Frequencies/cm
–1

S-HA N-HA Assignment

PO
4

3– 471.7 472.8 doubly degenerated bending mode (�2) of the phosphate group [21]

565.4

603.2

571.2

603.2

triply degenerated bending mode (�4) of the O–P–O bond [21]

962.5 962.2 non-degenerated symmetric stretching mode (�1) of the P–O bond of the phosphate group [21]

1039

1093.2

1057.7

1090.6

triply degenerated asymmetric stretching mode vibration (�3) of the P–O bond [22, 23]

2002.7

2077.1

overtone and combination bands of PO
4

3–
ions [24]

OH
– 630.6 632.6 liberational mode (�L) of the hydroxyl group, OH [23, 24]

3568.5 3570.4 stretching mode (�S) of the hydroxyl group, OH [21, 22]

CO
3

2–

874.7 873.7 due to the presence of CO
3

2–
in OH

–
site (A-site) [25] or to HPO4 characteristic of calcium

deficient HA [26]

1417.6

1456.8

1415.6

1456.9

due to the presence of CO
3

2–
in site PO

4

3–
[27]

H2O 1630

3432

1630

3429.3

adsorbed water [21]

Soluble CO2 2361.9 2364.2 [21]

Fig. 1 FTIR spectra of S-HA and N-HA powders before

thermal treatment

Table 1 Concentrations (mass%) of the principle elements present in S-HA and N-HA powders and the Ca/P molar ratios

[Ca] [P] [Na] [Mg] [Sr] [Zn] [Si] [K] Molar (Ca/P)

S-HA 37.2�0.6 18.3�0.3 0.79 0.29 0.01 0 0.03 0.02 1.57�0.05

N-HA 38.9�0.6 17.9�0.3 0.78 0.59 0.04 0.005 0.01 0.05 1.68�0.05



Mineral composition modifications

The effect of increasing sintering temperature in the

stability of initial phases and consequently the change

of molar (Ca/P) ratio with thermal treatment was

evaluated. For S-HA, the sintering temperature

affects the molar ratio which changes from 1.57

before thermal treatment to 1.61–1.63 after thermal

treatment. This change is related to the formation of

new phases caused by decomposition of HA to

tricalcium phosphate or tetracalcium phosphate as is

demonstrated by XRD results (Fig. 4). However, the

(Ca/P) remains constant in N-HA when the sintering

temperature increases. This confirms that no new

phase was formed in sintered granules of N-HA.

Morphological and structural studies: (SEM, XRD

and FTIR)

The SEM micrographics of sintered granules (Fig. 3)

are in a good agreement with obtained results of density.

The porosity decreases and grain size increases when

the sintering temperature increases of all compounds.

Effectively, at 1200°C, it is difficult to distinguish the

grain boundaries especially in S-HA compounds.

Consequently, the pores size observed in S-HA

compounds are lower than that in N-HA compounds.

The calcination leads to more rounded particles and to

formation of necks between these particles. The

coalescence of particles is more important when (Ca/P)

decreases [26] and compacted powders are very fine [32].

In this part, we present only the physico-

chemical properties of granules sintered at 800, 1100

and 1200°C. For samples sintered at 900 and 1000°C;

their physico-chemical properties have the same

variation as samples sintered at 800°C.

Heat treatment of S-HA produced several

modifications in the XRD patterns (Fig. 4, S-HA):

• From 800 to 1000°C, a minor new phase was formed

which it is result of partial decomposition of HA to

�-tricalcium phosphate (Ca3P2O8) (�-TCP).

• At 1100°C, more �-TCP was formed in addition to

apparition of �-TCP as minor phase.

• However, at 1200°C, the XRD pattern shows

apparition of tetra-calcium phosphate (TetCP):

(Ca4P2O9), it has been reported that TetCP and HA

have similarities in their X-ray diffraction patterns

and the two salts are structurally related [33, 34].

This makes difficulties to detect TetCP in the

presence of HA. This difficulty is compounded by

the fact that the indexes of refraction of TetCP and

HA are close to each other and the IR spectrum has

no strong peaks that distinguish it in the presence

of HA [23]. Consequently, the peaks of two phases

are very near.
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Fig. 2 Density variation of S-HA and N-HA samples with

sintering temperature

N-HA S-HA

1 m�

Fig. 3 SEM micrographs of N-HA and S-HA samples,

sintered at different temperatures



HA was decomposed to major phases TCP and

TetCP and a minor phase CaO (2�=37.37°).

However, no difference among the all XRD

patterns of N-HA (Fig. 4, N-HA) was observed, and

no additional phase was identified. This indicates that

the sintering process has not modified the composition

of N-HA. At ambient temperature, the presence of the

fluoride in the initial HA induces a shift of the XRD

pattern [35].

The thermal treatment has led to an alteration

structural of sintered S-HA as shown in Fig. 5. The

FTIR of sintered granules of S-HA (Fig. 5, S-HA)

shows the elimination of carbonate groups after

sintering since 800°C and for all temperatures. Be-

sides, the bands intensities of OH
–

groups decrease

with temperature. In addition, new phases were

formed after thermal treatment as demonstrated by

apparition of new bands:

• New bands appeared in FTIR spectra of granules

S-HA sintered at temperature varying from 800 to

1100°C; a band at 1121 cm
–1

corresponding to one

of the characteristic stretching of tetrahedral of

PO
4

3–
band groups of �-TCP [36] and a band at

981 cm
–1

correspond to �-TCP [37]. It can be noted

that it is difficult to distinguish between both

crystalline phases of TCP, since both �-TCP and

�-TCP exhibit several bands at similar wave

numbers [36]. �-TCP was not observed in XR

diagrams of S-HA/800, 900 and 1000°C although

the apparition of their band in FTIR spectra. This is

probably that a minor phase �-TCP was formed.

• Moreover, in FTIR spectrum of S-HA/1200°C, the

OH
–

band at 631 cm
–1

is eliminated and the band at

3571 cm
–1

is very weak as consequence of the

formation of new phases as shown in DRX spectra

(Fig. 7, S-HA/1200°C). So, new bands appeared at

1012 and 1117 cm
–1

characteristic of PO
4

3–
band

groups of TetCP [23, 38] which has led to

broadening of band centred at 1046 cm
–1

. The weak

band at 3571 cm
–1

affirms the presence of HA in

sintered granules S-HA at 1200°C.

FTIR spectra of sintered granules of N-HA is

similar (Fig. 5, N-HA) of the same powder before

sintering. The observed differences are:

• Decrease of the intensities bands of carbonate and

OH
–1

groups when sintering temperature increases.

• Elimination of carbonate and hydrogen bonded to

the halogen anions from the apatite’s structure at

1100 and 1200°C. The results of FTIR confirm that

no new phase occurred during the thermal treatment

of N-HA.
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Fig. 4 XRD diagrams of S-HA and N-HA granules, sintered at

different temperatures

Fig. 5 FTIR spectra of S-HA and N-HA granules, sintered at

different temperatures



‘In vitro’ experiments

Variation of Ca, P, Mg and Na concentration in SBF

with soaking time

The variations of calcium and phosphorous ions

concentrations in SBF as a function of soaking time,

evaluated with ICP-OES method, are shown in Fig. 6.

For all sintering temperatures of S-HA, a decrease

of Ca and P concentration after 30 min soaking in

SBF was occurred. After 30 min soaking time, the

variation of Ca and P concentration is as follows:

• For S-HA/800°C, Ca and P concentration in SBF de-

creases with increase of soaking time until 7 days.

• However for S-HA/1100°C, after 30 min, Ca and P

concentration remains constant until 9 h, then it in-

creases to reach maximum after 2 days soaking in

SBF. Afterwards, it decreases and remains constant.

This phenomenon corresponds to precipitation pro-

cess of bone like apatite on the surface of S-HA

granules sintered at T�1100°C.

• In contrary, for S-HA/1200°, after 30 min of

exposition to SBF, the Ca and P concentration

increases with soaking time which indicates the

dissolution of tetra-calcium phosphate. The

decomposition products of HA dissolve more

rapidly in the body fluid than crystalline HA, in the

following order: CaO>>TTCP>TCP>>HA [39].

This continuous dissolution will be inhibiting the

precipitation process of bone-like apatite as

demonstrate by SEM and FTIR analysis.

For short soaking time (30 min) of N-HA

granules in SBF, the Ca and P concentration increases

when sintering temperature increases, this is result of

intense calcium dissolution which predominates over

the precipitation of the new phosphate phases. The

kinetic process of dissolution-precipitation of the

N-HA for all temperatures is as follows:

• After 30 min, slowly increase of Ca and P in SBF

was occurred; the calcium phosphate precipitation

equilibrates the calcium phosphate dissolution.

Than, a higher increase of Ca and P concentration

in SBF as consequence of predomination of dissolution

than precipitation of the new calcium phosphate.

Afterwards, the precipitation of new phosphate

phase dominates the dissolution-precipitation kinetic.

Ca and P dissolution was higher after 3.5 days of

soaking time in SBF of sintered granules.

• The increase of Ca and P ion concentrations is due

to the ionic exchange between H
+

within the SBF

solution and Ca
2+

in HA. After maximum point

reaching, a decrease of Ca and P ions concentration

is occurred which suggesting a continuous precipitation

of the bone-like apatite layer [40].
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Fig. 6 Variations of Ca and P concentrations in the SBF solu-

tion vs. soaking time



According to Kim-theory, the negative surface

of HA attracts the Ca ions in SBF solution to form the

Ca-rich amorphous calcium-phosphate (ACP). After

immersion in SBF, HA is characterised by a negative

surface as consequence of exposing their hydroxyl

and phosphate units. The second step, the phosphate

ions in the SBF interact with Ca-rich ACP to form

Ca-poor ACP. Finally the Ca-poor ACP crystallises

gradually into bone-like apatite and HA stabilises

their surface in SBF [41].

It was observed that the concentrations of Mg

and Na ions have the same variation in SBF solution

as Ca and P for the N-HA and S-HA. After reaching

maximum dissolution, Mg and Na ions will be

incorporated into bone-like apatite [38]. We conclude

that Mg and Na play a complementary role to that of

Ca [42]. Ca is major element and presents a high

interest in the bony calcification when Mg advantages

the biological hydroxyapatite formation and inhibits

action on the calcification mechanism, particularly in

presence of Na and Sr.

SEM and FTIR analysis of immerged granules

The SEM images of immerged granules at 7 days are

shown in Fig. 7. For S-HA, sintering temperatures

varying from 800 to 1100°C show the uniform layer

of calcium phosphate.

• The bone-like apatite was formed in S-HA/800°C

especially inside the pore cavities, it was not very

dense. In this case, the supersaturation was

achieved inside the pores and consequently the

precipitation process occurred between grains.

• However, in S-HA/1100°C, all the grains were

covered by the bone-like apatite. The presence of

soluble phase such as TCP promotes the formation

of bone-like apatite [43].

• But, in S-HA/1200°C granules, no the bone-like

apatite was formed. This result can be explained by

the fact that the formation of TetCP has led to a

continuous dissolution of sintered granules at

1200°C. It is in good agreement with variation of

Ca concentration in SBF of S-HA/1200°C granules,

if the rate of dissolution is accelerated, the precipitation

process is delayed. The same result was obtained in

Monteiro’s works [43]. The sintered �-tricalcium

phosphate exhibited a poor ability of inducing Ca-P

formation both ‘in vitro’ and ‘in vivo’. So, it is like

better to use the biphasic ceramics composed of

HA and TCP or HA and TetCP than use pure HA or

pure resorbable phases (TCP, TetCP).

However, in N-HA, the calcium phosphate was

formed at surface of granules sintered at any

temperatures, above all the grains sintered at 1200°C;

the grains were totally covered by thick layer of bone

like apatite as shown in Fig. 7.

The infrared spectra (Fig. 8) have confirmed the

ICP-OES and SEM results. For S-HA, they show that

only for sintering temperatures varying from 800 to

1100°C, an increase of band intensity of phosphate

and hydroxyl bands was increased and a weak band of

carbonate was observed. However, they show that

N-HA exhibit highest efficiency in phosphate layers

formation, an increase of band intensity of OH
–1

at

630 and 3570 cm
–1

after 7 days of soaking into SBF.

This confirms the apatite formation, associated with

carbonates for all temperatures (at 1200°C, the intensity

of carbonate band is very weak) after immersion in SBF.

By comparison of all result after immersion of

S-HA and N-HA granules, it can be observed that a

formation of bone like apatite is much related to the

existent phases at any sintering temperature. The

formation of TCP during sintering favourites the

formation of bone-like apatite, however the TetCP is

undesirable because of their high solubility in SBF.

These results are in good agreement with the

Monteiro studies [43], they have shown that a minor

phase such as TCP contribute to the dissolution of the

granules and to the precipitation of the bone-like

apatite. Than, the exposition of biphasic (HA/TCP) to

medium culture leads to precipitation of a bone-like

apatite more than pure TCP or pure HA [44, 45].

In the case of immerged granules of N-HA, the

following phenomena were observed:

• The dissolution kinetic increases with the sintering

temperature.
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S-HA N-HA

Fig. 7 SEM images of S-HA and N-HA granules soaked in

SBF for 7 days



• The new phosphate phase was formed with higher

thick on the surface of granules sintered at higher

temperatures.

• The new phase precipitate was associated with

carbonated (bone-like) apatite.

The bone is recognised by its internal crystal dis-

order and ionic substitution within the apatite lattice

resulting in the presence of significant levels of chlo-

ride and fluoride and it is more closely related to an

A–B type carbonate-substituted apatite [19, 32].

These factors all contribute to an apatite that is insolu-

ble enough for stability [46]. The substitution of fluo-

ride in bone decreases its dissolution such as in teeth

[47, 48]. Besides, the low [OH
–
] in the bone apatite

would enable its dissolution. It is recognised that if

the dissolution rate of calcium phosphate ceramics is

increased, the precipitation of biologically equivalent

apatite in SBF is enhanced [43]. The FTIR spectra of

the sintered granules show that fluoride and chloride

intensity bands decrease with sintering temperature in

N-HA. Consequently, the dissolution and precipita-

tion process increases with temperature [49, 50].

The comparison of kinetic dissolution of Ca and P

shows that maximum value of dissolution in S-HA is

less than in N-HA. Consequently the precipitation of

new phosphate phase is more in N-HA despite that

S-HA have molar ratio (Ca/P) lower than N-HA. This is

due to the presence of Mg, Sr and Zn in N-HA with con-

centration higher to that in S-HA. The inclusion of these

ions such as carbonate, sodium and trace levels of sili-

con and zinc within the apatite lattice has thus been pos-

tulated to improve the bioactivity of the material [7, 46].

Conclusions

The purpose of this work is studying the kinetic

dissolution vs. thermal treatment of natural hydroxyapatite

and comparison with synthetic hydroxyapatite. The

experimental results have shown that dissolution

kinetic of N-HA increases with the sintering temperature.

Consequently, the new phosphate phase was formed

with higher thick as observed in Fig. 7 on the surface

of granules sintered at higher temperatures.

However, in S-HA, the formation of bone like apa-

tite is very sensitive to phase’s existent at any sintering

temperature. The formation of TCP favours the forma-

tion of new phase. Conversely, the continuous dissolu-

tion of tetracalcium phosphate (TetCP) is unfavourable

to precipitation of the calcium phosphate.

The dissolution was occurred more in N-HA that

in S-HA and consequently the precipitation of new

phosphate phase is more in N-HA.

Different factors such as Ca/P molar ratio, trace

elements, and sintering temperature affect the density,

the chemical composition and then the dissolution

and the precipitation processes of HA. Origin of HA;

trace elements and sintering temperature have an

important effect on the formation of bone-like apatite.
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