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Abstract:

The aim of the study was to investigate the influence of low heating temperatures with
two different retention times to optimize the process for obtaining nanosized hydroxyapatite
material that can possibly be used in the fields of biology and pharmacy. Nanosized
hydroxyapatite was successfully obtained by wet chemical precipitation. The annealing of the
material performed at 300 °C with two different retention times i.e. 3 and 6 hours in air
atmosphere. Low annealing temperature with extended retention time was selected in terms to
reduce energy consumption. FTIR spectroscopy was used to confirm characteristic
vibrational bands of hydroxyapatite samples, and presence of carbonate bands of
hydroxyapatite annealed for 3h and 6h. X-Ray powder diffraction analysis were used to
examine phase composition, determine the size of unit cells and crystallite sizes, and SEM-
EDS methods were used to obtain particle size and arrangement also grain growth
morphology and confirmed the presence of calcium, phosphorous oxygen and carbonate
peaks. The results show that different retention time has influence on particle growth as well
as unit cell parameters and crystallite sizes changes of hydroxyapatite material.
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1. Introduction

Hydroxyapatite (Cas(PO,4);OH) is the principal inorganic component of natural bone
and teeth. Since it possesses excellent biocompatibility, high-bioactivity, non-toxicity and
non-inflammatory properties, this material can be used as a potential biomaterial for hard
tissue replacement [1-5]. Hydroxyapatite is crystallographically and chemically similar to the
mineralized constituent of hard tissues [6]. Various types of synthesis have been used for
preparation hydroxyapatite ceramics, and some of methods of its developing are sol-gel
processes [7], hydrothermal synthesis [8] and solid state reaction [9]. Comparing to the above
mentioned methods, direct precipitation from aqueous solution method is simpler way for
preparing hydroxyapatite powders and also provides the best yield [10, 11]. Advantages of
this method include simple equipment, low cost and ability to obtain hydroxyapatite material
with large quantity and high purity [1]. Using solution-precipitation technique for processing
hydroxyapatite ceramic materials and low temperatures with optimal retention time is
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possible to design material with specific morphology, stoichiometry and level of crystallinity
[12] comparing to products made by other techniques.

Biological apatite is actually carbonated apatite with partially substitute phosphate
groups by carbonate groups in the apatite structure, also hydroxyapatite structure allows a
quite number of structural arrangement along c-axis [13]. Hydroxyapatite based materials
have also been investigated as carriers for various drugs used in treatment of bone tissue
disorders, as well as porous carriers suitable for poorly water soluble drugs [14]. Pure
hydroxyapatite material is still the most questionable material, but also the most interesting of
the calcium phosphate group, especially in terms of thermal treatment. Thermal treatment of
hydroxyapatite material is very important since it provides the final microstructural design
and chemical composition, and directly governs the mechanical properties as well as the
biological behavior [15]. The most commonly used method of powder consolidation is
conventional sintering method. Densification of hydroxyapatite compacts normally require
sintering at 1000 °C or higher temperatures [16, 17]. However, low temperatures (400-500
°C) are used to preserve the morphology of initial particles and develop microstructures made
by nanosized grains. At temperatures below 700 °C particle bonding occurs without
densification, specific surface area decreases and porosity imitates properties of bone [2, 15,
18]. There is a lot of scientific studies where the effect of synthesis parameters and calcination
temperature on the size, phase composition, and morphology of hydroxyapatite was studied,
and similar results were obtained like in our study [1, 19-25] so we wanted to use a
temperature slightly higher than the drying temperature and to monitor the changes over time
of three and six hours which we considered to be the most optimal in terms of sample
preparation.

In the present study lower temperatures with prolonged retention times were used for
grain growth and structural behavior of hydroxyapatite material, than it was found in previous
research [26]. The aim of this study was to investigate the influence of annealing retention
time of nanosized hydroxyapatite. Thermal treatment of previous synthesized material was
carried out at 300 °C in air atmosphere with two different optimal retention times 3 and 6
hours in order to obtain influence of retention time to phase and morphology properties of
nanocrystalline hydroxyapatite. Namely, due to the energy savings, we used a lower
temperature than the ones used so far, as well as for the preservation of the monophasic and
nanometric sizes of hydroxyapatite particles. Also, in order to maintain an optimal time, two
times were used to compare the results of whether carbonate incorporation occurs during the
annealing. Phase, structural and particle morphology properties of untreated-synthesized e.a.-
HAa and thermally treated at: 300 °C for 3 h e.a. -HAb and for 6 h e.a. -HAc materials were
analyzed.

2. Materials and Experimental Procedures

Hydroxyapatite material (HAa) was prepared by wet precipitation method of 0.3 M
NaH,PO,+H,0 (Kemika, p.a.) into 0.5 M Ca(OH), (Centrohem, extra pure > 96 %), 0.5 M
solution which was magnetically stirred. Following that, the pH of mixture was adjusted to
alkalescent medium using NH,OH (Centrohem, p.a. 25 %), at temperature around 80 °C.
Obtained hydroxyapatite powder material (HAa) was annealed at 300 °C with retention time
of 3 h (HADb) and 6 h (HAC) in air atmosphere. Spectroscopic studies of the obtained powders
after synthesis and thermal treatment procedure were carried out in the 4000-500 cm™ regions
using Fourier transforms infrared spectroscopy, in reflectance mode by a Perkin Elmer
Spectrum Two FT-IR spectrometer using drift technique. The phase composition of samples
and crystallite size evolution were carried out by X-ray powder diffraction (XRD) analysis
using Ultima IV Rigakudiffractometer, equipped with CuKa radiation, using a generator
voltage (40.0 kV) and a generator current (40.0 mA). The range of 5-50° 26 was used for all
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powders in a continuous scan mode with a scanning step size of 0.02° and at a scan rate of
5°/min. The PDXL2 program was used to evaluate the phase composition and identification,
crystallite sizes and unit cell parameters of all samples [27]. All obtained powders are
compared using ICDD data base [28]. For peak identification, crystallite sizes and unit cell
parameter refinement PDF card no. 01-073-8418 was used. The morphology of synthesized
and thermally treated powders with EDS analysis were examined using Scanning electron
microscopy (SEM, JEOL-JSM 6390 LV).

3. Results and Discussion

Examination of phase composition, degree of crystallinity and crystallite sizes of
synthesized and thermally treated samples were performed by XRD analyses. The obtained
hydroxyapatite material corresponds to the PDF card with hexagonal structure data. The XRD
patterns of samples HAa, HAb and HAc are shown in Fig. 1.
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Fig. 1. a) synthesized HAa b) HAD treated at 300 °C, 3 h ¢) HAc treated at 300 °C for 6 h.

According to obtained XRD results, HAa sample has single phase composition
Cas(PO,);OH. Diffraction patterns of synthesized sample display broader diffraction peaks of
poorly crystalline hydroxyapatite material. Materials obtained by precipitation method have a
low degree of order, and obtained results are in correlation with literature data [10]. It is also
important to note that the synthesized materials by precipitation method may have a trace of
the second phase, which occurred during the precipitation and it is in consistency with applied
method. According to results shown in Fig. 1 it is evident that we achieved to synthesize pure
HAa material. Fig. 1 also presents hydroxyapatite material (HADb) thermally treated at 300 °C
with 3 h retention time in air atmosphere. It is evident that phase composition is the same as
untreated material. Also, diffraction peaks which are in range between 20° and 40° 26 are
slightly sharper and have higher intensities compared to HAa. Based on these results it is
evident that low temperature treatment of HAb material during 3 h leads slowly to better
structural arrangement. Results of HAc material which is treated with 6 h retention time
indicate that peaks are much narrower, clearly defined and indicated a better structural
arrangement. Based on peak positions and knowledge about crystal structure of
hydroxyapatite [6, 13, 16] it is evident that low temperature heating with 3 and 6 h retention
time leads to the direction of crystal growth with main reflections.

The average crystallite sizes and unit cell parameters of samples were done in order to
see what happens to the structural parameters due to retention time and it is shown in Table I.
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Tab. | Results of crystallite size and unit cell parameters of investigated HA materials.

Sample | Crystallite size Unit cell parameters
(R) a(A) c (A) Vv (&)
HAa 94 (3) 9.392(8) 6.907(9) 527.7(6)
HADb 98 (8) 9.378(11) 6.912(12) 526.3(6)
HAC 126 (9) 9.406(8)0 6.920(10) 528.93(7)

As Table | show average crystallite sizes and unit cell parameters of HAa, HAb and
HAc. Obviously, it is evident that crystallite size of HAb increase with retention heating time
and it has nearly twice the value of crystallite size compared to the initial one. The crystallite
size of thermally treated HAC with 6 h retention time is three times higher than the initial
crystallite size value, The crystallite size of HAc is significantly larger than that of untreated
HAa sample.

It is clear that retention time has significant contribution of crystallite size growth. On
the other hand, unit cell parameters indicate growth of unit cell parameters depending on the
retention length. The difference between the parameters c for the sample HAa and HAD is not
significant. However, the parameter ¢ in the HAc sample shows a slightly higher value, and it
could be related with retention time of material. Namely it is possible that during the 6 h of
annealing, carbon from air is incorporated into the structure of hydroxyapatite. The most
common case is that it is in the position where the OH group is, i.e. in the channel along the
axis c.

According to some literature data, the exposure to heating of hydroxyapatite in the air
atmosphere in a certain period of time due to its structural arrangement of hydroxyapatite can
incorporate a carbonate anion along the c-axis in structure [13, 29]. FTIR spectroscopy was
used also to see if there was the presence of carbonate ions in the structure of hydroxyapatite
heated for 3 and 6 h. The FTIR spectroscopy method is a very efficient and useful method for
obtaining reliable data on ionic substitutions in the structure. Also, this method is widely used
for phosphate minerals testing [30]. FTIR spectroscopy of synthesized HAa, HAb and HAc
materials was accomplished in order to support the observations made using XRD. The
assumption is that if carbonate is incorporated from the air, these are probably small amounts
that can be distinguished by FTIR spectroscopy rather than XRD. In Fig. 2 is shown FTIR
spectra of synthesized HAa, HAb and HAc materials and it was compared with the literature
data based on which the presence of characteristic vibrations corresponding to apatite was
confirmed. For all samples, the doublet at about 601 and 563 cm™ corresponds to a triple
degenerate bending apatite vibration of the PO, molecule, or v4 PO,* vibration [31]. A band
at about 960 cm™ corresponds to v, PO.%, which is a non-characteristic apatite vibration. Such
"non-apatite” environments indicate the presence of a hydrated layer on the surface of the
nanocrystals, and these hydrated layers play a key role in relation to the biological activity of
apatite materials [32]. The vibration band at 1028 cm™ corresponds to the asymmetric
extending PO, vibration (vs PO4) [31]. FTIR spectra for HAb and HAc samples the band
appearing at 870 cm™ indicates the v, vibration mode of the HPO, or CO; group. The strips at
about 3400 cm™ and 1629 cm™correspond to H,O molecules. The bands occurring at about
1461 and 1408 cm™ correspond to the vibration of the CO; group and indicate a B-type
structural arrangement when a portion of the PO, group is replaced by a carbonate group [33].
The increased intensity of these band at 867, 1448 and 1413 cm™ indicates a clear presence of
COs5%ions in the structure [34, 35].
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Fig. 2.FTIR spectra of HAa, HAb and HAc.

In so far found literature data, this type of carbonate hydroxyapatite is formed when organic
compounds are used in the synthesis in which, whereby carbon is not completely pyrolysed
during sintering but is dissolved in the hydroxyapatite structure [10]. Since the vibrational
bands corresponding to the carbonate vibration mode are not clearly defined in the sample
HAC the existence of these vibrations on the FTIR spectrum can be explained by absorbing a
certain amount of carbonates from the air during retention time for 6h in air atmosphere.

The results of SEM-EDS analysis of the investigated materials are shown in Figs 3-5.
Microphotography of sample HAa, presented in Fig. 3a, is characterized by being mutually
adherent and extremely tiny particles, it can be said needle like nano particles. Also, the
particles forming irregular shapes of grains, and this agrees with the literature data and the
synthesis method used [36]. On Fig. 3b are shown approximate sizes of measured particles
and their agglomerates. The particles have needle like shapes less than 20 nm and tend to
form grain agglomerates where larger grains approximately have sizes from 200 nm to 1um,
while smaller grains are between 35 nm and 70 nm. SEM results of nano sized material after
thermal treatment at 300 °C with 3 h retention time (HAD) are presented in Fig. 4. Fig. 4a
shows SEM microphotograph of HAb material, the particles are needle like elongated and
they are glued together into agglomerated grains which give each other the appearance of a
network. There is an increase in the size and bonding of the grains in sample HAb in
comparison to sample HAa. At Fig. 4b are presented approximatively values of HAb
particles. Particles are about 80 nm while larger grains are up to 2 um and smaller are
between 130 nm to 500 nm. Fig. 5 shows microphotographs of HAc powder at 300 °C after 6
h retention time. On Fig. 5a, it can be observed that HAc grains are homogeneously glued into
agglomerates up to several microns in size. Based on appearance it can be said that the larger
grains are formed from layers of interconnected nanoparticles. Larger grains resemble a
partially regular hexahedral shaped and oriented as plate like morphology. There is evident
that it is clear that the interspace between the grains is smaller than in the previous two
samples and that there is single grain growth on homogenous and nearly uniform surface.
This can be explained by the fact that grain growth does not take place at once at the same
time throughout the sample, and that retention time has influence on grain growth and
homogeneity. At the same temperature during annealing time of 3h the interconnection of
initial nanoparticles into larger grains are happening and after 6h tend into agglomerates to
form some kind of matrix surface. To observe the size of the aggregated particles in the
agglomerate grains taken on a larger magnification, shown of Fig. 5b. According to Fig. 5b it
can be said that 6h of annealing leads to rearrangement to larger agglomerates, composed of
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grains sizes 90 nm to 250 nm. EDS analysis were done for all tree samples: HAa, HAb and
HACc the results are confirmed Ca/P ratio approximately 1.67. Prior to EDS analysis some
content of carbon was found in HAb and HAc which confirms XRD and FTIR results that it is
possible that carbon incorporation occurred during retention especially for HAc, where carbon
content is higher. The results of XRD are in correlation with SEM results, there is better
structural arrangement and grain growth due to annealing of hydroxyapatite.
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Fig. 4. a) SEM-EDS microphotographs of HAb material b) approximate particle sizes of
HAD.
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Fig. 5. a) SEM-EDS microphotographs of HAc material b) approximate particles sizes of
HAcC.
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The similar grain growth and morphologies of hydroxyapatite grains are achieved by using
other methods: changing pH during synthesis, using some additives as polyethylene glycol as
template to obtain lamellar and rod shaped hydroxyapatite materials [37, 38]. Due to energy
savings and environmental protection low energy annealing method has been more used lately
[39, 40]. Artificial hydroxyapatite material to be used as an implant for example bone implant
has to have a hollow and reticulate structure and yet the powder needs to remain
nanocrystalline and monophase which we achieved just using prolonged retention time on low
temperature treatment. For design of this type of hydroxyapatite material various methods
with different additives during synthesis are used. Nevertheless, low temperature heating with
a given interval ea. the retention of 3 and 6 hours at the same temperature achieved similar
targets in comparison to the previously used synthesis [10]. It is a simpler and shorter
procedure to obtain specific grain size and specific morphology of powders using low thermal
treatment, without altering the chemical composition and phase composition of the desired
material.

4. Conclusion

The nanometric hydroxyapatite is successfully synthesized using precipitation
method. The results of FTIR spectroscopy confirmed the persistence of vibrations that are
specific to hydroxyapatite material, vibrations of carbonate are confirmed for 6h annealed
sample-HAc. The results of XRD and EDS analysis confirmed the uniformity of the
composition of all examined samples. It can be concluded that low — temperature annealing
with different retention times lead to changes in surface morphologies of hydroxyapatite
material. Crystallite size grows according to the length of the thermal treatment, also the
agglomeration and grain formation of needle like initial particles. SEM analysis confirmed
that during the heating process grain growth occurred, but also gave insight into the plate like
grain morphology and surface homogeneity with random pore layout. It was found that by
changing the retention time of annealing at lower temperatures than previously used it is
possible to achieve different grain sizes and shapes, and adjust powder morphology to obtain
desired density and pore distribution. It is also obvious that during 6 h of the annealing at 300
°C the hydroxyapatite tends to the carbonate hydroxyapatite composition and structural
arrangement. This is cost effective and simple method that does not require any additives, and
can be applied in order to obtain Hydroxyapatite material with targeted grain morphology
shape, suitable for specific application due consumers’ needs.
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Caxcemax: Lluwv cmyouje 6uo je ucmpasdcumu ymuyaj mepmuyKoe mpemmana Ha HUCKUM
memnepamypama ca 08a pa3iuyuma 6pemMeHd 3d0piicasara KAako Ou ce OnmumMu3osdo
npoyec 0006ujarba XuopoKCUanamumcKoe Mamepujaia HaHO4eCmudHUxX OuMen3uja Koju ou ce
Moeao kopucmumu y obracmuma ouonocuje u papmayuje. Hanowecmuunu xuopoxcuanamum
je ycnewno 000ujeH MOKpUM NOCMYRKOM Xemujcke mumpayuje. Xapere mamepujana
spuero je Ha 300 °C ca 0sa pasmuuuma epemeHa 3aopicasarva, mj. 3 u 6 camu y
ammocghepu  6azoyxa. Hucka memnepamypa oicaperba ca npoOysCEeHUM  8DEMEHOM
3a0poicasarba  uzabpawa je y CMUCTY cMarerba nompoultve enepeuje. Dypujeosa
mpancopmayuja ca ungpaypseHom cnekmpockonujom xopuuthiena je 3a nomephusarve
KapaKkmepucmu4Hux eUubpayuoHux onceza y30paKd XUOPOKCUANAMUMA KAO U NPUCYCME0
Kapborama K00 XuopoKCuanamuma mepmuyxky mpemupanux moxom 3 u 6 camu. Penoeencka
Jughpakyuona aunanuza kKopuwihena je 3a ucnumuearbe @azHoz cacmasa, oopehusarbe
senuyune jeounuunux heauja u eeauuuna kpucmanuma, a CEM-EJ[C memooe xopuuthene cy
3a Odobujarwe eeruuune u mopghonozuje uzeneda uwecmuya, makohe EJ[C memodom
nomephenoje npucycmeo xamyujyma, @ocgopa xuceonuxa u kKapbonama. Pesynimamu
HOKA3Yjy 0a pasiudumo épeme 3a0picasarbd umda Ymuyaja Ha pacm decmuyd, HPOMeHy
napamemapa jeounuune fienuje u eenudune KpUCMAIUma HaHo XuopoKcuanamumad.

Kawyune peuu: xuopoxcuanamum, mumpayuona Memooa, icapere, peHo2eHcKa ougpakyuja,
CEM-EJIC.
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