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Abstract

An important inorganic phase for synthetic bone applications, calcium hydroxyapatite (HA, Ca,,(PO,)s(OH),), was prepared as
anano-sized (~ 50 nm), homogeneous and high-purity ceramic powder from calcium nitrate tetrahydrate and diammonium hydrogen
phosphate salts dissolved in modified synthetic body fluid (SBF) solutions at 37°C and pH of 7.4 using a novel chemical precipitation
technique. The synthesized precursors were found to easily reach a phase purity >99% after 6 h of calcination in air atmosphere at
900°C, following oven drying at 80°C. There was observed, surprisingly, no decomposition of HA into the undesired -TCP phase
even after heating at 1600°C in air for 6 h. This observation showed the superior high-temperature stability of such ‘biomimetic’ HA
powders as compared to those reported in previous studies. The former powders were also found to contain trace amounts of Na and
Mg ions, originating from the use of SBF solutions instead of pure water during their synthesis. Characterization and chemical
analaysis of the synthesized powders were performed by X-ray powder diffraction, energy-dispersive X-ray spectroscopy, Fourier-
transform infra-red spectroscopy, scanning electron microscopy, and inductively coupled plasma atomic emission spectro-

scopy. © 2000 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Calcium hydroxyapatite (HA: Ca;,(PO4)(OH),), the
main inorganic component of the hard tissues in bones, is
a member of the ‘apatite’ family, including compounds
with similar structure but not necessarily of identical
composition. Biological apatites, which comprise the
mineral phases of calcified tissues (enamel, dentin, and
bone), differ from pure HA in stoichiometry, composition
and crystallinity, and in other physical and mechanical
properties. They are usually observed [1] to be carbon-
ate-substituted and calcium-deficient.

Synthetic body fluids (SBF), prepared in accord with
the chemical analysis of human body fluid, with ion
concentrations nearly equal to those of the inorganic
constituents of human blood plasma, were first used by
Kokubo et al. [2] to prove the similarity between in vitro
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and in vivo behavior of certain glass-ceramic composi-
tions. In these studies, the glass-ceramic samples were
soaked in SBF solutions and their surfaces were observed
to be coated with a poorly crystallized calcium-deficient
and carbonate-containing apatite, which was similar to
‘bone apatite’ [3]. Therefore, the formation of an apatite
layer on the glass and glass-ceramic surfaces was con-
firmed to be an essential condition for the bonding of
implants made from such materials to the surrounding
living bone in human body. Kokubo et al. [3,4] proposed
that the calcium ions, dissolved from the glass-ceramic
samples immersed in SBF, increase the degree of super-
saturation of the surrounding body fluid with respect to
the apatite, and the hydrated silica that forms on the
surfaces of the glass-ceramics provides the sites favorable
for further apatite nucleation. Once apatite is nucleated,
it can grow spontaneously in the body environment [5].

HA powders have generally been synthesized from
aqueous solutions for use in bioceramic applications. It is
known [6] that calcium hydroxyapatite is the least sol-
uble and the most stable compound of calcium phos-
phate phases in aqueous solutions at pH values higher
than 4.2. However, HA has usually been preferred to be
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synthesized in highly alkaline media [7-12] to insure the
thermal stability and phase purity of the resultant pow-
ders at high-temperature (1100-1300°C) sintering. Chem-
ical synthesis of HA powders in neutral and/or slightly
acidic aqueous media is known to be a more complicated
and difficult task [9,13]. This study [14] focuses on the
determination of the experimental parameters of HA
synthesis at physiological pH (7.4) and temperature
(37°C). The degree of supersaturation, presence of seeds,
temperature, pH, and ionic strength are all known to
affect the course of synthesis of calcium phosphate bio-
ceramics from aqueous solutions [15-20].

The effect of intentional seeding has played an impor-
tant role in inducing the formation of phases that would
normally not nucleate [16,17]. The process of seeding
to precipitate HA and octacalcium phosphate (OCP:
CagH,(PO,)s - 5SH,0O) was investigated using [-TCP
(Whitlockite), dicalcium phosphate dihydrate (DCPD,;
CaHPO, - 2H,0), calcium fluoride, amorphous calcium
phosphate (ACP), OCP and HA, itself, as seed materials
[15-17,19]. HA and OCP overgrowths in solutions were
also studied owing to the biological interest of these
phases that appear to precipitate during hard tissue min-
eralization. It was shown that it is possible to grow
apatite on OCP, and vice versa, in the vicinity of the
physiological pH value of 7.4 [18].

Electrolytes that were added to alter the ionic strength
of the solutions have also been shown to influence the
course of precipitation [15-17,197]. NaCl, KCI, or KNOj;
were added to a precipitation solutions as a background
electrolyte to maintain the ionic strength constant at
a value near to that of human plasma or saliva.

de Groot et al. studied [ 10] the high-temperature char-
acteristics of synthetic HA and reported that synthetic
HA with a Ca/P ratio near to 1.67 was stable only below
1200°C when sintered in a dry or wet air atmosphere. It
was claimed that beyond 1200°C, HA loses its OH
groups gradually and transforms into oxyapatite
(Cay(PO4)6O). When heated to 1450°C, oxyapatite was
found [10] to dissociate into the phases «-TCP
Ca, P,0, and Ca,P,04. On the other hand, Tas et al.
recently reported [12] that pure HA powders synthesized
in pure water may withstand, without decomposition,
temperatures as high as 1300°C when heated in an air
atmosphere for 6 h.

Synthetic HA is used mainly in hard tissue replace-
ment applications since it is capable of undergoing bond-
ing osteogenesis and is chemically stable in vivo for long
periods of time [21,22]. Studies performed on the sinter-
ing of HA showed [23] that the tensile strength of HA
dropped drastically corresponding to the decomposition
of HA into TCP, and the associated dehydroxylation.

The surface properties and synthesis conditions of cal-
cium hydroxyapatite, prepared by using pure water in
highly alkaline medium, have previously been examined
using different solutions [6,8,24] including SBF. Meta-

stable synthetic body fluids (SBF) were previously proven
[25-31] to incubate and facilitate the spontaneous nu-
cleation and growth of a carbonated and ‘bone-like’
calcium hydroxyapatite on immersed silica or titania
gels, bioglass and titanium samples at physiological pH
and temperature. However, the chemical synthesis of HA
powders by using SBF solutions maintained at physiolo-
gical pH and temperature (i.e., 7.4 and 37°C, respective-
ly), instead of pure water, has never been attempted, to
the authors’ knowledge, by using the starting chemicals
calcium nitrate and di-ammonium hydrogen phosphate.
The study presented here thus becomes the first system-
atic step taken in this specific field of ‘biomimetic’ cal-
cium hydroxyapatite powder synthesis technology.

2. Materials and methods
2.1. Preparation of SBF

SBF is known to be a metastable buffer solutions [3,5],
and even a small, undesired variance in both of the
preparation steps and the storage temperatures, may
drastically affect the phase purity and high-temperature
stability of the produced HA powders, as well as the
kinetics of the precipitation processes.

Merck-grade NaCl (99.5%), NaHCO; (99.5%), KCl
(99.0%), Na,HPO,-2H,O0 (99.5%), MgCl, -6H,0
(99.0%), Na,SO,, (CH,OH)3CNH, (99.5%), CaCl, - H,O
(99.0%) and HCI (37 vol%, Carlo-Erba, Rome, Italy)
were used in the preparation of the SBF of this study.

SBF solutions [25-29] were prepared by dissolving
appropriate quantities of the above chemicals in de-
ionized water. Reagents were added, one by one after
each reagent was completely dissolved in 700 ml of water,
in the order given in Table 1. A total of 40 ml of 1 m HCI
solution was consumed for pH adjustments during the
preparation of 11 of SBF solutions. A 15 ml aliquot of
this acid solution was added just before the addition of
the sixth reagent, viz., CaCl, - 2H, O. Otherwise, the solu-
tion would display slight turbidity. The remaining part of
the HCI solution was used during subsequent titration.
Following the addition of the eigth reagent (zris(hy-
droxymethyl)aminomethane), the solution temperature
was raised from ambient to 37°C. This solution was then
titrated with 1 m HCl to a pH of 7.4 at 37°C. During the
titration process, the solution was also continuously di-
luted with consecutive additions of de-ionized water to
make the final volume equal to 1 1. It was observed in this
study that the prepared SBF solutions can be stored at
5°C for a month without degradation.

The ion concentrations of the SBF solutions used in
this study were matched more closely with those of ‘hu-
man plasma’ than the ones given by Kokubo et al.
[2-4,25-297. The most significant differences of this
study, as compared to the previous workers, in terms of
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Table 1
Chemical composition of SBF solutions

a

Table 2
Ton concentrations of SBF solutions and human plasma

Order Reagent Amount (gpl)
1 NaCl 6.547
2 NaHCO; 2.268
3 KCl 0.373
4 Na,HPO, -2H,0O 0.178
5 MgCl, -6H, O 0.305
6 CaCl, - 2H,0 0.368
7 Na, SO, 0.071
8 (CH,OH);CNH, 6.057

* Patent pending. Turkish Patent Institute, Turkey, Appl. No. 99-0037,
11 January 1999.

the ‘SBF ion concentrations’ may be summarized as
follows:

(a) the nominal, initial HCO3 ion concentration of SBF
was increased from 4.2 mm [2-4,25-29] to 27.0 mMm
which is exactly the same concentration as that of
human plasma,

(b) The CI™ ion concentration was decreased from
147.8 mMm [2-4,25-297] 125.0 mMm whereas the C1~ ion
concentration of human plasma is 103.0 mwm.

These significant improvements in CI~ and HCO;3 con-
centrations of SBF are shown to be achievable just by
changing the starting chemical K,HPO, 3H,0
[2-4,25-29] to Na, HPO, - 2H, O during solution prep-
aration, while keeping all remaining chemicals the same.
The differences between the ion concentrations of SBF
solutions and those of human plasma are compared in
Table 2.

2.2. Synthesis of HA powders in SBF

Ca(NO3),-4H, 0O (99%) and (NH,),HPO, (99%)
solutions were used in the precipitation runs as the cal-
cium and phosphate ion sources, respectively. NH,OH
solutions were used to adjust the pH values of the solu-
tions when necessary.

The required amounts of the starting chemicals
Ca(NOs3), 4H,0 and (NH,), HPO, were first dissolved
in SBF solutions contained in separate beakers at the
start of precipitation experiments. As soon as both re-
agents were dissolved in SBF, a slight turbidity was
observed in the beakers due to the immediate formation
of fine precipitates, i.e., ‘seeds’.

For the study of formation characteristics and phase
evaluation of these fine precipitates, 23.615g of
Ca(NOs), -4H, 0 and 5.154 g of (NH,), HPO, reagents
were dissolved and diluted to a total volume of 250 ml in
SBF. The solutions were then left still for a day at room
temperature without stirring. Thus formed and aged
‘seeds’ were removed from the mother liquors by filtra-

Ton Kokubo et al. Present work Human plasma
(mM) (mM) (mM)

Na 142.0 142.0 142.0

Cl™ 147.8 125.0 103.0

HCO3 42 27.0 27.0

K* 5.0 5.0 5.0

Mg?* 1.5 1.5 1.5

Ca?* 2.5 2.5 2.5

HPO;~ 1.0 1.0 1.0

SO;~ 0.5 0.5 0.5

tion, washed two times with 100 ml of deionized water,
dried in an oven at 80°C for a day, and heated (3°C/min)
to higher (900-1170°C) temperatures to improve the
levels of crystallization attained.

Following the characterization of these seeds by X-ray
powder diffraction (XRD), HA powders were synthesized
at different pH ranges varying from highly alkaline to
physiological media (i.e., SBF).

Two precipitation procedures were studied during the
synthesis of HA powders via SBF solutions. The first
procedure involved the addition of pre-determined vol-
umes of diluted NH,OH solutions into the reaction
beakers, for pH adjustment purposes, at the beginning of
the precipitation runs. These were called the ‘initial-
addition’ experiments. On the other hand, in the second
procedure utilized, the ammonium hydroxide additions
were made by ‘continuous-addition’ during the precipita-
tion process.

A series of experiments of the ‘initial-addition’-type
were performed over the pH range of 11.0-4.5 (at 37°C),
ignoring the presence of the seeds in the reactant solu-
tions. Ca(NOs), - 4H, O solutions having seven different
concentrations were first prepared in the SBF medium.
Different volumes of each Ca(NO;), 4H,O solution
were placed in 25 ml beakers, placed in a 37°C thermo-
stated water bath, and stirred for 2 h. Experimental para-
meters pertaining to the reaction mixtures, labeled I1
through 17, are given in Table 3. In a set of experiments,
labeled as I8, the ammonia additions were intentionally
not made. A typical process flowchart prepared for the
powders labeled 17 is given in Fig. 1(a). On the other
hand, a typical process flowchart prepared for the syn-
thesis of HA powders (labeled as Cl) by the ‘continuous-
addition’ of NH,OH is given in Fig. 1(b).

The powders recovered from their mother liquors (fol-
lowing overnight drying in an oven at 90°C) were lightly
ground by hand for 20 min using an agate mortar
and pestle, and calcinated at 1200°C (3°C/min) for 6 h
in alumina crucibles. Powders 17 and CI were also cal-
cined in the temperature range 1300-1600°C for 6 h, in
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Experimental parameters of HA synthesis in SBF solutions

Exp. Ca(NO;), -4H, 0 Ca(NO;), -4H,0 NH,OH Initial pH Final pH at
concentration (M) volume (ml) volume (ml) at 37°C 37°C
11 0.400 54 75 10.7 9.6
12 0.338 64 65 104 9.3
13 0.230 94 35 10.1 9.0
14 0.208 104 25 9.8 8.7
15 0.190 114 15 9.5 8.4
16 0.182 119 10 9.2 8.0
17 0.174 124 5 8.7 74
18 0.167 129 — 6.7 5.6
18A 0.167 129 — 5.6 4.9

124 mL, 0.174 M
Ca(NO3)2.4H,0 -

SBF Solution

\ 4

37°C Water Bath

v

Mix

Formation of pptS
(37°C, pH=7.4)

Centrifugal Filtration
(10 min, 2500 rpm)

Peristaltic Pump
(4 mL min-1)

5 mL, 1:2 (by vol)
Ammonia : SBF
Mixture

76.8 mL, 0.1561 M
(NH4)»,HPO4 -
SBF Solution

Calcination
(Air Atmosphere,
700°-800°C, 6 h)

(a)

"Biomimetic"

HA Powders

794 mL, 0.40 M
Ca(NO3)2.4H,0 -

SBF Solution

A 4

22 mL, 1:2 (by vol)
Ammonia : SBF
Mixture

37°C Water Bath

v

Mix

380 mL, 0.1561 M
(NH4),HPO4 -
SBF Solution

Peristaltic Pump
(12 mL min-1)

Formation of pptS

55 mL, 1:2 vol
(37°C, pH=7.4) by vob

Ammonia : SBF
Mixture

7

749 mL, 0.1561 M
(NH4)2HPO4 -
SBF Solution

Peristaltic Pump
(18 mL min-1)

Calcination
(Air Atmosphere,
700-800°C, 6 h)

Centrifugal Filtration
(10 min, 2500 rpm)

"Biomimetic"
HA Powders

(b)

Fig. 1. (a) Process flowchart for HA synthesis by the ‘initial addition’ technique and (b) process flowchart for HA synthesis by the ‘continuous addition’

technique.

platinum crucibles in a vertical MoSi, tube furnace using

a stagnant air atmosphere.

2.3. Powder characterization

The phase purity and the levels of crystallinity of the

calcined HA powders were

studied by X-ray powder

diffraction (XRD) at the typical step size of 0.05° 20 and
a count time of 1 s. A Cu K, tube operated at 40 kV and
20 mA was used for the generation of X-rays. All of the
collected X-ray spectra were corrected by using pure
silicon (99.95%) as an external standard. A least-squared
unit cell refinement algorithm [32] was used for the
precise determination of crystallographic parameters of
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the synthesized powders. Further details of XRD analysis
were described elsewhere [33].

Fourier-transform infrared spectroscopy (FT-IR) was
used in the wave number range of 4000-400 cm ™! to
support and/or verify the XRD findings, to differentiate
between varying levels of relative crystallinity, and to
provide evidence of ionic substitution. Experimental
spectra of solid samples were obtained by preparing KBr
pellets with a 3: 100 ‘sample-to-KBr’ ratio.

Morphological and microstructural features of the
samples (either in the powder or pellet form were investi-
gated by scanning electron microscopy (SEM). A typical
accelerating voltage of 20 kV was used for secondary
electron imaging (SEI) of 1500 nm thickness Au-Pd
alloy-coated samples. Energy-dispersive X-ray spectro-
scopy (EDS) was used for obtaining semi-quantitative
elemental information of the samples. The EDS informa-
tion was believed to be accurate to +3 at%.

2.4. Chemical analysis

Inductively coupled plasma atomic emission spectro-
scopy (ICP-AES) was used for the accurate chemical
analysis of Na and Mg ions in the SBF-synthesized HA
powders (after being dissolved in acid solutions). These
ions were believed to originate from the use of ‘synthetic
body fluids’ during the synthesis experiments.

3. Results and discussion
3.1. Formation of seeds in SBF solutions

When appropriate (Fig. 1(a) and (b)) amounts of
Ca(NOs3), -4H, O were dissolved in SBF, a slight turbid-
ity was observed in the beakers due to the immediate
formation of fine precipitates, viz., ‘seeds’. The seeds were
found to be amorphous (by XRD) in their as-recovered
forms. Heating of the precursor seeds in air atmosphere
at the temperature range of 900-1170°C caused them to
crystallize (Fig. 2a). The observed phases in the heated
‘seed’ powders were determined by powder XRD to be
primarily a mixture of HA (International Centre of Dif-
fraction Data (ICDD), Powder Diffraction File (PDF)
No: 9-432), and CaO (PDF No: 4-777, 37-1497). How-
ever, only a few peaks in these XRD patterns were found
to coincide with those of Ca(OH), (PDF No: 4-733) and
CaCO; (PDF No: 29-305).

The FT-IR spectra of these ‘Ca-nitrate + SBF’ seeds
showed the CO3~ ion absorption peaks (Fig. 2b) at
around 1470-1420 and 875 cm ! indicating the presence
of CaCOj, together with the strong and sharp O-H
stretching peak of Ca(OH), observed at 3640 cm ™~ '. The
symmetric and anti-symmetric stretching of the PO,
group (at 1096, 1046, 963, 604 and 576 cm™ ') and the
stretching and vibrational modes of the O-H group at

3571 and 639 cm ™! showed the presence of HA phase in
support of the XRD data.

When appropriate amounts of (NH, ), HPO, were dis-
solved in SBF, the observed ‘seeds’ were found to display
a phase mixture of (Ca,Mg);(PO,), (ICDD PDF No:
13-404), Ca, P,0, (PDF No: 20-24), f-TCP (PDF No:
9-169), Mg;(PO,), (PDF No: 25-1373) and
Ca,Mg,(PO,)s (PDF No: 20-348), following air calcina-
tion at 900°C (Fig. 2c). Slow heating and cooling rates
(1°C/min) were used in the calcination of these seed
powders in order to prevent the formation of an amorph-
ous phase. The orthophosphate and pyrophosphate
structures of the seeds were also evident from their FT-IR
spectra of Fig. 2d. The FT-IR spectrum of the ‘as-dried
(80°C) seeds’ showed the presence of a broad band of
adsorbed water in the range of 3400-3200 cm~!. The
water band diminished upon heating the samples at
900°C. The ‘dried seeds’ also displayed broad NH, peaks
at ~1500-1420 cm ™', which again disappeared upon
heating. The CO3 ™~ peaks seen in the FT-IR spectrum of
‘dried’ seeds (1470-1420 and 875 cm ™ !) also disappeared
in the samples heated at 900°C. A similar situation was
observed in the FT-IR spectra of the seeds formed upon
the dissolution of calcium nitrate powders in SBF. The
typical P-O-P vibrational mode of pyrophosphates was
found at 740 cm ™!, together with the multiple bands of
the orthophosphate group at 1180-970, 570 and
562 cm™t.

SBF is known [3,5,27] to be a metastable buffer solu-
tion like human plasma. It is saturated with respect to the
formation and precipitation of an amorphous calcium
phosphate (ACP) phase owing to its relatively high Ca/P
ratio of 2.5. The small variations in the temperature of
SBF solutions were also known to cause the spontaneous
and in situ precipitation of different calcium phosphates
as a function of solution pH. Therefore, the external
addition of chemical reagents like Ca(NO3)-4H,O and
(NH,4), HPO, into the SBF would also be expected to
cause precipitaiton. The added chemicals resulted in
a variation of the solution’s Ca/P ratio and thus the
formation of calcium phosphate ‘seeds’ of different com-
positions.

The Ca/P ratio of SBF solutions, which was increased
by ~40 times during the preparation of
Ca(NO;)-4H, O-SBF mixtures (Table 2), would then
easily allow the precipitation of an ACP by rendering the
solution to be extremely rich in calcium. Seeds so formed
were found to crystallize out primarily the HA phase
upon calcination in air atmosphere at 900-1200°C. The
second phase CaO, which appeared in the calcined seed
powders (of calcium nitrate—SBF mixtures), was believed
to form by the combination of excess Ca®* with the
CO?%" ions present (ie., coming from one of the SBF
constituents, NaHCO3) in the SBF-CaCO; formed in
this way would then decompose into CaO [34] during
the calcination of these seed powders.
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Fig. 2. (a) XRD spectra of seeds obtained from the mixtures of Ca nitrate and SBF solutions, (b) FT-IR spectra of seeds obtained from the mixtures of

Ca nitrate and SBF solutions, (¢) XRD spectra of seeds obtained from the mixtures of diammonium hydrogen phosphate and SBF solutions, and (d)
FT-IR spectra of seeds obtained from the mixtures of di-ammonium hydrogen phosphate and SBF solutions.

The ‘seed’ precipitates formed upon dissolving the previously claimed [15-17] effect of intentionally
(NH,),HPO, powders in SBF were expected to be added ‘seeds’ (HA, OCP, TCP, DCPD, or ACP) in
TCP-like phases (i.e., pure TCP and/or its Mg-doped ‘pure’ aqueous precipitation solutions used for HA

relatives), without any HA. This fact was also con- synthesis was also observed in this study, but here the
firmed. The excess amount of PO}~ supplied by the initial seeds were spontaneously formed in the reaction
added (NH,),HPO, would reduce the theoretical vessel.

Ca/P ratio of SBF by ~40 times and this is very HA powders of this study prepared in SBF solutions,
much below the required ratio necessary for HA forma- under ‘biomimetic’ conditions (viz., pH of 7.4 and 37°C)
tion. It was considered that the Mg>* ions present are believed to resemble the ‘natural bone structure and
in SBF would precipitate in the solid seed particles mineralogy’, more than powders synthesized in ‘pure’
within the TCP structure (following the consumption aqueous media owing to the incorporation of Mg**
of almost all of the Ca**) since the Mg?* ion has chem- and CO3™ ions by the above-described seed formation

ical characteristics similar to those of Ca?*. Therefore, mechanisms.
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3.2. Formation of HA powders

HA powders were synthesized over a wide pH range
extending from 11.0 to the physiological pH of 7.4 in SBF
solutions at 37°C. The ‘initial-addition’ type HA synthesis
experiments (labeled as I1 through I7 in Table 2) all
produced pure HA powders. These experiments can be
considered as a stepwise process to reduce the pH of 11 to
the final physiological pH value of 7.4 in order to obtain
and simulate ‘biomimetic’ conditions. The main purpose
of this procedure was to decrease the ammonia content of
the medium while increasing the SBF content, simulating
in vitro conditions as closely as possible.

HA synthesis was also attempted in the total absence
of any added ammonia. However, in these cases, calcium
hydroxyapatite was not obtained with precipitation from
solution at pH < 7.4. The resultant powders, labeled I8,
were found to consist of f-TCP (Whitlockite) (ICDD
PDF No: 9-169). Following the commencement of pre-
cipitation, the TCP-like precursors were aged for 4 h at
higher temperatures (70-80°C) to test the possibility of
the conversion of these precursors to HA by hydoxyla-
tion [9,10]. These aged powders, labeled I8A, were also
found (by XRD) to consist of pure TCP. The FT-IR
spectra of these powder samples had the characteristic
anti-symmetric P-O stretching modes of the p-TCP
phase at 948 and 975cm ™' together with the other
multi-bands of the PO~ group. The symmetric stretch-
ing modes of this phase were present at 610 and
550 cm ™.

Biomimetic conditions were most effectively simulated
during the preparation of sample Cl (continuous-addi-

1435

tion-type). During the precipitation of Cl powders
(Fig. 1(b)), the contents of the reaction beaker were titra-
ted closely to the pH value of 7.4. A typical XRD pattern
of the pure HA powders obtained from CI samples is
reproduced in Fig. 3. The XRD spectra of all the HA
powders synthesized in SBF closely matched with the
ICDD PDF No: 9-432 of calcium hydroxyapatite.

Cl powders dried at 80°C were heated over the temper-
ature range of 700-1600°C for 6 h, in a stagnant air
atmosphere, in order to investigate the phase evolution
characteristics of the precursor powders. The initially
obtained amorphous calcium phosphate (ACP) precur-
sor phase completed its crystallization at ~900°C. Crys-
tallization behavior of the HA precursors as a function of
temperature (80-1600°C) is given in Fig. 4. There was,
surprisingly, no decomposition of HA to -TCP even
after heating at 1600°C for 6 h. This observation confirms
the superior high-temperature stability of these bi-
omimetic HA powders compared to those reported in
previous studies [7,12,13]. These powders also contained
trace amounts of other inorganic ions originating in the
SBF. A typical ICP analysis performed on the 1200°C
calcined Cl powders indicated that these HA powders
had 0.157% Mg and 0.082% Na. These ions, originated
from the use of SBF solutions during precipitation, were
believed to incorporate themselves in the crystal struc-
ture of calcium hydroxyapatite.

The lattice parameters of these powders were mea-
sured as a = 9.4125 and ¢ = 6.8765 A by powder XRD.
The hexagonal unit cell (of the space group P63/m)
volume was equal to 527.60 A3. The lattice parameters of
pure, stoichiometric hydroxyapatite are known [35] to

1600
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81000 3
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Fig. 3. XRD spectrum of SBF-synthesized HA powders from CI (1200°C, 6 h, air).
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Fig. 4. Crystallization behavior of HA powders from Cl (80-1600°C,
air).

be a = 9.438 and ¢ = 6.882 A, whereas the lattice para-
meters of human bones were reported with a = 9.419 and
¢ = 6.880 A. LeGeros et al. [35] tabulated that the pres-
ence of Mg?* ions in HA would decrease both of the
lattice parameters. The presence of CO3~ ions was also
reported, in the same study, to cause a decrease in the a
parameter. These indicate that the lattice parameters of
our calcined Cl powders (with a measured Ca/P ratio of
1.658) exhibit a close resemblance to those of human
bones, rather than those of pure, stoichiometric HA [36].

The CO3~ ions are known [1] to substitute, in part,
the OH ™ sites, and again, in part the PO}~ groups of the
HA structure. On the other hand, Na* and Mg?* ions
were claimed by the previous researchers [1] to replace
the Ca”* sites of the HA structure. We also believe that
the Na™ ions might have placed themselves nearby the
OH" sites (close to the P-bonded oxygens), and hence,
caused a reduction in the extent of ‘de-hydroxylation’ at
the significantly high calcination temperatures of this
study.

The FT-IR spectra of calcinated Cl powders are given
in Fig. 5. The CO3~ content of these powders can be
followed from these spectra. The CO%~ ion peaks at
1470-1420 and 875 cm™ ' are notable, especially for the
powders calcined at 700 and 900°C. As the calcination
temperature increased, the sharp peaks of the CO3~ ion
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Fig. 5. FT-IR spectra of HA powders from CI (700-1600°C, air).

disappeared. The OH™ stretching vibration was ob-
served at 3571 cm ™! and the OH ™ bending vibration was
at 636 cm ™~ . The PO, bands were recorded at 470 (v,),
570 and 603 (v4), 962 (v;), 1045 and 1096 (v3) cm ™~ ™.

The microstructural characteristics of the synthesized
HA samples were investigated by scanning electron
microscopy. The HA powders obtained by the continu-
ous-addition-type precipitation process (CI) had spherical
particles with an average diameter in the range of
35-50 nm. To the authors’ knowledge, such a small par-
ticle size has never been reported or achieved before for
synthetic HA manufactured using the calcium nitrate/di-
ammonium hydrogen phosphate route. A typical SEM
micrograph of 80°C-dried Cl powders is given in
Fig. 6(a). These powders displayed a significant level of
agglomeration.

The sintering behavior of these powders was studied
for the flat surfaces of the circular pellets (approximately
0.8 cm diameter) heated in the temperature range
900-1200°C for 6 h in air atmosphere. A typical SEM
micrograph given in Fig. 6(b) shows the unpolished,
surface microstructure of a pellet heated at 1200°C for
6 h. The pellets prepared from these powders (Cl) reached
~96% bulk density (measured by the Archimedes’
method). The average grain sizes in the samples heated at
900, 1000, 1100, and 1200°C were determined (by lineal
analysis on the micrographs) to be 0.3, 0.4. 0.9 and
1.3 pum, respectively.

It is known that the synthesis of HA in aqueous (i.e.,
pure water) solutions using the starting chemicals
Ca(NO3), -4H,0 and (NH,),HPO, requires high pH
values in excess of 10, without a need for solution aging
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Fig. 6. (a) SEM micrograph of HA powders at 80°C (bar = 1 um) and
(b) SEM micrograph of HA pellet heated at 1200°C (bar = 1 pum).

[7-12]. On the other hand, in the case of using SBF, the
pH value needed for HA synthesis decreases consider-
ably. In conjunction with the initial presence of spontan-
eously formed seeds, the high ionic strength of the
precipitation medium provided by SBF plays an impor-
tant role in inducing the formation of pure calcium hy-
droxyapatite phase that would otherwise not nucleate
[16,17].

4. Conclusions

Nano-sized and chemically homogeneous calcium hy-
droxyapatite (HA) powders have been synthesized suc-
cessfully from a modified and novel synthetic body fluid
solution, at the physiological and biomimetic conditions
of pH 7.4 and 37°C, containing dissolved calcium nitrate
and di-ammonium hydrogen phosphate salts in appro-
priate amounts by a chemical precipitation technique.
The produced HA powders were observed to have un-
precedented phase stability even when heated at 1600°C
for 6 h in an air atmosphere.

The HA powders also contained trace amounts of
other inorganic ions, provided and incorporated into the
HA structure by the SBF solution used. A typical ICP
analysis performed on the 1200°C-calcined powders in-
dicated that the biomimetic HA powders of this study
included 0.16% Mg and 0.08% Na.

The sintering behavior of biomimetic, SBF-grown HA
powders was studied by observations on the flat surfaces
of the circular pellets heated in the temperature range of
900-1200°C, for 6 h, in a dry air atmosphere. The average
grain sizes of the sintered samples remained mostly in the
sub-micron range. SBF-synthesized HA powders were
found to reach about 96% densification when heated at
1200°C for 6 h.
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