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Influence of heating conditions on the formation of sol-
gel derived calcium hydroxyapatite
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in polycrystalline samples were studied by thermal analysis (TG / DTA), infrared spec-
troscopy (IR), X-ray powder diffraction analysis (XRD) and scanning electron micro-
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INTRODUCTION

Calcium hydroxyapatite,Ca, (PO,) (OH),,commonly referred
to as HA, is one of the calcium phosphate based bioceramic
materials, which makes up the majority of inorganic compo-
nents in human bones and teeth. Synthetic HA is known to
be one of the most important implantable materials due to
its biocompatibility, bioactivity and osteoconductivity com-
ing from the analogy to the mineral components of natu-
ral bones. The bioactive properties of this compound have
shown to provide a faster fixation of implants used in ortho-

* Corresponding author. E-mail: aivaras.kareiva@chf.vu.lt

pedics (joint replacement implants) and dentistry (endoos-
seous dental implants). For the use in medical practice, HA
ceramics has been conventionally strengthened and tough-
ened in the form of granules and dense or porous ceramic
composites, coatings, whiskers, nanorods and different pieces
of a complex shape. Although these materials can closely rep-
licate the structure of human bone, improvement of the prop-
erties of these materials is still greatly desirable [1-15]. The
specific chemical structural and morphological properties of
HA bioceramics are highly sensitive, however, to changes in
chemical composition and processing conditions [16-19].

A number of papers have been published on different
methodologies of the preparation and processing of HA bioce-
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ramics during the last decade [20]. The solid-state synthesis
of HA from oxide or inorganic salt powders usually requires
extensive mechanical mixing and lengthy heat treatments
at high temperatures [21, 22]. These processing conditions,
however, do not allow facile control over micro-structure,
grain size and grain size distribution in the resulting powders
or shapes. Several wet-chemical and / or soft chemistry tech-
niques, such as polymerized complex routes [23-25], hydro-
thermal syntheses [26-28], precipitation methods [29-34] or
spray-, gel-pyrolysis methods [35, 36] have been used to pro-
duce HA phases. Most of these methods suffer from the com-
plex procedures and / or mismatch in the solution behaviour
of the constituents. As a consequence, inhomogeneity may be
present in the obtained ceramics; e. g.,a significant amount of
impurity phases are forming. It has been well demonstrated
that the sol-gel process offers considerable advantages of a
good mixing of the starting materials and an excellent chem-
ical homogeneity and stoichiometry of the product [37-45].
Several sol-gel approaches, starting from nonaqueous solu-
tions of different calcium and phosphorus precursors, have
been used for the preparation of HA powders [46-58]. The
major limitation for its applications was found to be a very
low solubility of calcium alkoxides in organic solvents and
their low reactivity which caused deviations from the stoichi-
ometry of the final materials.

The aqueous route of sol-gel preparation offers an ef-
fective and relatively simple way to produce HA. Recently,
aqueous sol-gel chemistry routes have been developed to
prepare calcium hydroxyapatite samples with different mor-
phological properties [59], using ethylenediaminetetraace-
tic acid (EDTA) or tartaric acid (TA) as complexing agents.
Ca,(PO,),(OH), was obtained by calcination of precursor
gels for 5 h at 1 000 °C. Moreover, it has been clearly demon-
strated that the phase purity of calcium hydroxyapatite ce-
ramics depends on the gelation temperature used in the sol-
gel processing [60]. These results have initiated the present
work, motivating us to continue our earlier investigations. In
this study, the influence of heating conditions on the forma-
tion of HA ceramics was investigated. The Ca—P-O precursor
gels were heated up to 1 000 °C in air, O, and N, atmospheres.
Secondly, the calcined gels were also annealed at 1 000 °C for
different time in air or water vapour atmospheres. The results
are presented herein.

EXPERIMENTAL

In the sol-gel process, calcium acetate monohydrate,
Ca(CH,C0O0), - H,0, and ammonium-hydrogen phosphate,
(NH,),HPO,, were selected as Ca and P sources, respectively,
in the Ca / P mole ratio of 1.67. In the first step, calcium ace-
tate monohydrate (5.285 g; 0.03 mol) was dissolved in dis-
tilled water under continuous stirring at 65 °C. In order to
obtain water-soluble calcium complexes and thereby avoid
undesirable crystallization of calcium phosphates, trans-1,2-
diaminecyclohexanetetraacetic acid monohydrate (DCTA,

C,H,,N.0,H,0) (11.2 g; 0.03 mol) was dissolved in distilled
water and afterwards added to the initial solution. The re-
sulting mixture was stirred for 1 h at the same temperature.
Then, (NH,),HPO, (2.376 g; 0.018 mol), dissolved in distilled
water, was added to the above-mentioned solution. Finally,
after a slow evaporation under continuous stirring at 65 °C,
the Ca—-P-0 sols turned into transparent gels. The oven-dried
(100 °C) gel powders were ground in an agate mortar and
heated up to 1000 °C in a tube furnace at the heating rate
10 °C min™" in air, 0, and N, atmospheres and calcined at this
temperature for 1-5 h in air and water vapour atmospheres.

The dry gels were characterized by thermal analysis
(TG / DTA). The calcination products were investigated by
infrared spectroscopy (IR), X-ray powder diffraction (XRD)
analysis and scanning electron microscopy (SEM). The ther-
mal analysis was performed using a Setaram TG-DSC12 ap-
paratus in air, O, or N, flow of 50 ml/min at a heating rate of
10 °C min™". The IR spectra were recorded as KBr pellets on a
Perkin-Elmer FTIR Spectrum BX II spectrometer. The XRD
studies were performed on a D8 (Bruker AXS) diffractometer
operating with Cu K | radiation (step size: 0.04; time per step:
5 s). In order to study the morphology and microstructure
of the ceramic samples, a JEOL JSM 8404 scanning electron
microscope was used.

RESULTS AND DISCUSSION

It is well known that temperature control during the synthesis
strongly influences the reaction progress and the properties
of the resulting HA material [60]. The thermal decomposi-
tion of the oven-dried Ca-P-O gels in air, O, and N, atmos-
pheres was studied by TG / DTA measurements. The TG and
DTA curves for the gels are shown in Fig. 1. As one can see,
the behaviour of all recorded TG curves differs significantly.
The weight measurements carried out in air flow (Fig. 1a)
show four main steps in the temperature ranges of 20-196 °C
(~6.7%), 196-430 °C (~58.0%), 430-633 °C (~14.5%) and
633-754 °C (~5.5%). The weight loss below 200 °C is due to
the evaporation of absorbed and/or structurally incorporated
water [16]. The next three significant decomposition steps
can be attributed to the pyrolysis of organic constituents, to
the removal of acetate and ammonia from the gels, and to
the degradation of intermediate species formed during the
gelation process [16]. The overall weight loss during the heat-
ing of the gel sample up to 770 °C was approximately 84%.
The TG curve in the oxygen flow is shown in Fig. 1b. One
can see that here are also four main weight losses, but their
intensity and temperature range are different from the pre-
vious results. The temperature ranges and the weight losses
are 20-196 °C (~7.7%), 196-250 °C (~46.3%), 250-516 °C
(~24.1%) and 516-758 °C (~8.0%). The overall weight loss
determined at 800 °C was approximately 86%. However, quite
a different thermogravimetric behaviour was observed when
the Ca—P-0O gel was heated in the nitrogen atmosphere. The
TG curve of these measurements is presented in Fig. 1c. In
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Fig. 1.TG and DTA curves for Ca—P—0 precursor gels heated in different atmospheres: a — air, b — oxygen, ¢ — nitrogen

this case, the weight decreased monotonically in the whole
temperature interval (20-1000 °C). However, six hardly
distinguishable temperature ranges could be also differenti-
ated: 20-160 °C (~3.7%), 160-250 °C (~20.8%), 250-360 °C
(~28.5%), 360-520 °C (~21.1%), 520650 °C (~4.0%), and
650-1000 °C (~7.7%). The overall weight loss determined at
1000 °C was approximately 85%. Thus, at heating Ca—P-O
gels in air or oxygen atmosphere, the weight becomes appar-
ently stable at 760 °C. On the other hand, the weight was not
steady in the whole temperature range when the experiment
was performed in the nitrogen atmosphere.

The DTA curves recorded for Ca-P-O gels in air or
oxygen atmospheres were also similar (see Figs. 2a, b). The
first decomposition step is indicated by broad endothermic
peaks at 174-212 °C on the DTA curves. It is assignable to
removal of absorbed and chemisorbed water. Exothermic
peaks in air at ~246, ~340, ~500 °C and in oxygen at ~240,
~312, ~479 °C, respectively, originate from the decomposi-
tion and oxidation processes. Weak and broad endothermic
effects in both DTA curves at ~720 °C, corresponding to the
mass loss at about ~4% and ~2%, might be associated with
the solid state reactions of the Ca, (PO,) ,(OH), phase for-
mation [61]. Only the endothermic effects could be seen in
the DTA curve at heating the gel in the nitrogen atmosphere
(Fig. 1c). The explanation of such thermal behaviour, how-
ever, is problematic.

The impact of the calcination atmosphere on apatite for-
mation was also followed in the IR spectra of the products
heated up to 1 000 °C (Fig. 2). The FTIR spectra for the Ca—
P-0 gel samples annealed in air or oxygen flow were similar,
indicating phosphate formation. On the contrary, the FTIR
spectrum for the sample annealed in nitrogen flow did not

contain characteristic P-O peaks, or the intensity of some
of these peaks was exceptionally low. Consequently, we can
easily conclude that the formation of HA phase in nitrogen
atmosphere does not proceed.

Previously [62], it has been mentioned that calcium hy-
droxyapatite formation using a solid state synthesis approach
is promoted by H,O molecules present in the precursor.
Therefore, we decided to continue our experimental investi-
gations by heating the Ca-P-0 precursor gel in water vapour
flow at 1000 °C. The obtained results were compared with
those obtained by heating gels in the air.

The IR spectra of Ca—P-0 gel samples heated at 1000 °C
in an air flow and in a flow of water vapour are shown in
Figs. 3 and 4, respectively. The IR spectra of heating products
in air or water vapour atmosphere during 1 h were similar,
but after 2 h the differences became visible, and after 5 h they
were remarkable. In the spectra of heating products of the gel
during 1 h at 1000 °C an intensive peak at 3 645 cm™, charac-
teristic of OH stretching vibration in the Ca(OH), structure,
is visible. The intensive absorption in the interval from 1 218
to 1169 cm™, the peaks at 730-733 cm™ and 528 cm™ could
be assigned to calcium polyphosphates (-Ca,P,0.) [63]. The
less intensive absorption bands in the intervals 1430-1510,
2360-3000, and 3500-3 600 cm™ could be assigned to non-
decomposed organic complexes, and peaks at 970, 610-613,
and 555-575 cm™" to Ca,(PO,), [63]. During long-range heat-
ing, the intensity of peaks at 3 645,1430-1510, 730-733 and
528 cm™' decreased. This is more remarkable in the spectra
of products heated in the water vapour atmosphere. In the
spectra of samples heated in the water vapour atmosphere,
the peak at 3574-3 578 cm™, assigned to OH vibration in HA
structure, increased in prolonged time, and peaks at 630-632
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Fig. 2. FTIR spectra for Ca—P—0 precursor gels heated up to 1000 °Cin different atmospheres:

a—air, b — oxygen, ¢ — nitrogen
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Fig. 3. FTIR spectra of HA samples synthesized at 1000 °Cin flowing air atmosphere
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Fig. 4. FTIR spectra of HA samples synthesized at 1000 °Cin water vapour flow
at different duration of annealing

and 476 cm™, characteristic of the crys-
talline HA spectrum, appeared [64]. In
a dry air flow, these changes are almost
invisible. Therefore, water vapour con-
tributes to and accelerates the formation
of HA from Ca-P-O gels under calcina-
tion.

The XRD patterns of HA ceramic
samples after calcination of Ca-P-O
precursor gels in different atmospheres
(air or water vapour) for 1-5 h are
shown in Figs. 5 and 6. One can see that
during calcination of the precursor gel
at 1000 °C for 1 h in the air, the product
consisted of crystalline and amorphous
phases. The most intensive diffraction
lines located at 20 =~ 28°, 29°, 34° could
be attributed to the p-Ca,(PO,), phase
(PDF [9-0169]). With increasing the
heating time from 2 to 4 h, low intensity
peaks appeared in the range 20 ~ 31-
33°, which are attributable to calcium
hydroxyapatite. However, the most in-
tensive peaks remained to be charac-
teristic reflections of $-Ca,(PO,), phase.
Finally, with the further annealing up to
5 h in the air flow, the $-Ca,(PO,), was
the main phase in the ceramic product.
The XRD analysis has showed that Ca-
P-0 gels calcined at 1 000 °C in water
vapour flow for different annealing time
are also multiphasic materials. Their dif-
fraction patterns are displayed in Fig. 6.
However, depending on the heating
time, there was an obvious tendency of
change in the composition of materials.
According to the XRD results, the sam-
ple heated for 1 h already had three in-
tensive peaks belonging to the desirable
Ca, (PO,).,(OH), phase. Moreover, there
was a large number of peaks corre-
sponding to the $-Ca,(PO,), phase (PDF
[9-0169]). The number and intensity of
the calcium phosphate peaks decreased
with increasing the heating time. Fi-
nally, polycrystalline Ca, (PO,) (OH),
with a small amount of B-Ca,(PO,),
was obtained after heating for 5 h. The
three most intensive lines in the sam-
ple were located between 20 ~31-33°
((2 1 1) - 100%, (3 0 0) — 63.4%, and
(112)-52.7%) as noted also by other
authors [33, 65-67]. These results are
also in good agreement with the refer-
ence data for Ca (PO, (OH), (PDF
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[9-0432]). All accepted Ca  (PO,) (OH), reflections from our
XRD measurements were indexed. The lattice parameters of
the synthesized Ca, (PO,) (OH), sample were obtained from
the diffraction pattern by fitting the peaks of identified re-
flections. The hexagonal lattice parameters and cell volume
of the gel heated for 5h at 1 000 °C in a water vapour flow was
found to be a = 9.42(3) and ¢ = 6.89(2). The refined lattice
parameters of the HA samples were in good agreement with
those reported in [34, 68] with only a small deviation. So, it is
obvious that annealing in flow of water vapour promotes the
formation of calcium hydroxyapatite considerably.

Calcined Ca-P-O gel precursor powders were investi-
gated by scanning electron microscopy, from which the grain
size and typical morphologies of HA could be observed. The
morphological features of the ceramic samples heated in air
and water vapour flows are presented in the SEM pictures (see
Figs. 7-9). Figure 7 shows the SEM micrograph of Ca-P-0
gel powders heated in the air atmosphere for 5 h. One can
see that the product is composed of different size and shape
agglomerated particles. The predominant plate-like crystal-
lites 1-3 um in size could be assigned to the Ca,(PO,), phase.
During heating in a water vapour flow (see Figs. 8, 9), more
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Fig. 9. SEM micrographs of HA samples synthesized at 1000 for 5 h in water vapour flow. Magnification: (a) 200x, (b) 2 000x

agglomerated solids were formed. The HA particles obtained
after heating for 1 h were composed of agglomerates of inter-
connected elongated crystallites 0.5 um wide and 1-1.5 pm
long. A small amount of spherical particles (0.2-0.4 um)
were also present on the surface. With increasing the heat-

ing time to 5 h, a SEM micrograph (Fig. 9) showed only large
(0.5-2.5 um) planar crystallites of Ca  (PO,) (OH), necked to
each other. It could be concluded that the annealing condi-
tions have an essential impact on the shape and size of parti-
cles in the fusion process of HA bioceramics.
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CONCLUSIONS

An aqueous sol-gel chemistry route based on ammonium-
hydrogen phosphate and calcium acetate monohydrate as
a source of phosphorus and calcium ions, respectively, has
been developed to prepare calcium hydroxyapatite (HA). In
the sol-gel process, trans-1,2-diaminecyclohexanetetraace-
tic acid monohydrate (DCTA) was used as a complexing
agent. It has been demonstrated that a proper selection of
annealing conditions in the high-temperature processing
allows to control the phase purity and grain size of the re-
sulting Ca  (PO,) (OH), powders. It has been concluded, for
the first time to our knowledge, that HA formation is con-
siderably promoted by calcinating the precursor gels in a
water vapour flow. Also, the purity of HA phase increases
with increasing the heating duration. Besides, the morpho-
logical properties can be also controlled by changing the
annealing atmosphere. Moreover, due to heating the gel in a
dry atmosphere, a significant amount of Ca,(PO,), impuri-
ties has formed. We have found that HA formation in the
nitrogen atmosphere does not take place. In conclusion, the
heating of Ca-P-O precursor gels in a water vapour flow
allows synthesizing HA ceramic material of a unique crys-
talline shape.
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KAITINIMO SALYGU JTAKA KALCIO HIDROKSIA-
PATITO, SINTETINTO ZOLIU-GELIU METODU,
SUSIDARYMUI

Santrauka

Vandeniniu zoliy-geliy metodu susintetintas Ca~P-O gelis. Siai
sintezei amonio-vandenilio fosfatas ir kalcio acetato monohidratas
pasirinkti kalcio ir fosforo $altiniais, o 1,2-diamincikloheksantet-
raacto ragsties monohidratas (DCTA) naudotas kaip kompleksus
sudarantis reagentas. Gelio pavyzdziai buvo kaitinti skirtingg lai-
ka oro, deguonies, azoto ir vandens gary aplinkose, 1000 °C tem-
peratiroje. Kaitinimo metu vykstantys procesai ir gauty junginiy
sudeétis bei morfologija tirti termines analizés (TG / DTA), infrarau-
donyjy spinduliy spektroskopijos (IR), Rentgeno spinduliy difrak-
cinés analizés (XRD) bei skenuojancios elektroninés mikroskopijos
(SEM) metodais. Nustatyta, kad vandens gary aplinka gelio kaitini-
mo metu sudaro palankiausias salygas kalcio hidroksiapatitui (HA)
susidaryti, o gautos keramikos fazinis grynumas ir morfologinés
savybés tiesiogiai priklauso nuo kaitinimo laiko. Be to, masy zinio-
mis, HA sintezé vandens gary aplinkoje buvo atlikta pirma kartg. Po
kaitinimo oro aplinkoje gautoje keramikoje susidaré HA ir didele
dalis -Ca,(PO,), priemaisinés fazés, o azoto aplinkoje HA visai ne-
susidaro. Sie rezultatai parodé, kad teisingai pasirinkus kaitinimo
salygas, galima kontroliuoti gaunamy junginiy fazinj grynuma ir
kitas savybes. Kaitinant Ca-P-O gelj vandens gary aplinkoje, su-
sintetintas HA keramikos pavyzdys, pasizymintis savitomis morfo-
loginémis savybémis.



