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Abstract

Hydroxyapatite (HAP) is a substance that is most actively used in orthopedia and dentistry as a biocoating of implants in order to
improve its osteointegration with bone tissue. HAP was synthesized by precipitation technique with the use of the biological source — hen’s
eggshell. X-ray diffraction (XRD) investigations, IR-spectroscopy, scanning electron microscopy (SEM) demonstrate that the obtained
powder-like material in the form of globules from 4 to 5 pm in size is single-phase, thermally stable up to 900 °C and morphologically

uniform. The globules consist of nanocrystals with the average size of about 30 nm.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The study of the bone tissue formation and growth on
the implants surface used to recover the functions of a
human and animal bone [1,2], as well as stomatologic
investigations of cementation processes and formation of
filler — dental enamel — dentin bond [3] affirm the
necessity in new materials close to biogenic composites in
their structure, “‘architecture” and chemical composition
which could improve such characteristics as adhesion,
bioactivity and biocompatibility [4]. These biomaterial
properties depend on a number of factors. And they, in
turn, are determined by the choice of reagents and para-
meters of synthesis as well as a need to correspond by all
parameters with human bone tissue. A crystal-chemical
analog of the bone tissue mineral component is hydro-
xyapatite (HAP — Ca;o(PO4)s(OH),) [5]. The presence of
this biomineral in natural structures in nanocrystalline state
(~5-10 nm) is the result of osteogenesis and it facilitates
the natural calcium exchange in an organism, thus affecting
all the interactions involving this compound [6].
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Applicability of biomaterials obtained in laboratory condi-
tions is determined by such characteristics of the samples as
their structure, composition and crystallinity: all these para-
meters depend on specific parameters of synthesis [7,8].
Hydroxyapatite in the nanocrystalline form is usually applied
for implant coatings, dental cements and dental toothpastes
due to a high bioactivity of this compound and a possibility of
creating composite materials based on this compound [9].

Nanocrystalline HAP can be synthesized using different
technologies. Among them are solid-phase synthesis and
the wet-chemistry methods. Solid-phase synthesis techni-
ques include reactions with the participation of solid
precursor, transformed into HAP by different kinds of
actions and the mechanical activation methods.

HAP production involving solid-state reactions that
proceed between (Ca(NOs), - 4H,0) and (Nas;PO,4- 12H,0)
along with grinding, stirring and heating under microwave
irradiation makes it possible to synthesize high-purity
substance, which is morphologically uniform and contains
elongated ellipsoidal particles with almost similar narrow
spread in diameter. The difference in technological modes
(time of exposure to radiation) has a strong effect on
morphology of the samples. Size of the particles reaches
60—400 nm [10].
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The mechanical activation method based on the use of
planetary ball mills does not require microwave radiation.
In this method hydroxides and calcium salts are used as
precursors, as well as alkali metal salts. Mechanic—
chemical synthesis performed in the solid-state phase is
accompanied by water formation caused by redox interac-
tion between precursors. H>O participates in the process of
interaction between the obtained components facilitating
the end products formation under lower mechanical loads.
For example, Caz(H2P04)2H20, CaO and 5102059H20
were used to obtain hydroxyapatite with silicon inclusion
(Ca19(PO4)4.,8(S104)1.72(OH)g »g). The produced materials
satisfy the established requirements concerning purity,
phase composition and physico—chemical properties [11].

The wet-chemistry methods applied for HAP production
use sol-gel technology, spray pyrolysis technique, hydro-
thermal method and precipitation. Sol-gel technology
allows to obtain well-crystallized materials with the parti-
cle size from 10 to 100 nm that are stable up to 1200 °C
[12,13].

Thermal heating of the reaction mixture of calcium- and
phosphorus-containing components in the hydrothermal
synthesis methods provides well-crystallized samples with a
high temperature stability [14]. Thus it is possible to obtain
materials with nanocrystals of ~45-65 nm in size.

Precipitation methods based on titration of solutions
containing the reagents under specified rate allow to
produce crystallites of less size in similar conditions. Due
to this fact the above-mentioned methods are most actively
used for obtaining of nanocrystalline hydroxyapatite sam-
ples [15,16]. Orthophosphoric acid salts and various
calcium sources (CaCO;, Ca(NOs3),, CaCl,) [17] can be
chosen as initial substances in these processes. The techni-
que makes it possible to synthesize materials that are
different in composition, stoichiometry and crystallinity
taking into account technological modes and ambient
conditions.

In Ref. [18] using both deposition with applying of the
raw materials Ca(NOs),-4H,O, (NH4),HPO,; and
NH4OH with subsequent drying for 72 h. the samples
were synthesized and then annealed at 800 °C for 1 h. The
obtained HAP corresponded to the stoichiometric ratio of
Ca/P=1.66, while the conducted morphological investiga-
tions demonstrated that the crystallites were of 0.55-1.2 pm
in diameter and 2.3-2.9 pm in length. Materials with similar
substructure are applied in medicine as fillers for bone
defects, as well as for acceleration of bone tissue regeneration,
in dental pastes for enhancing cement adhesion.

The processes assuming low-temperature treatment of
precipitate during semi-continuous synthesis by means of
solutions (CaCl, (3-06 M)) and (K,HPO, (0-38 M)), make
it possible to obtain nanocrystalline materials with crystallite
size of 6090 nm and 60-200 nm. Precipitation technique
provides obtaining of morphologically uniform samples in
the presence of tetrahydrate of calcium nitrate and ammo-
nium phosphate in a mixed solution [19]. The produced
material is identified as HAP with morphologically uniform

structure in the form of needle-like spikes with a length up to
100 nm.

Synthesis of nanocrystalline samples can be performed
with the use of calcium hydroxide (Ca(OH),) and ortho-
phosphoric acid (H3PO,) in specially selected modes and
for certain concentrations of reacting compounds [20].
Moreover, the interaction between different phosphate-
and calcium-containing mixtures at the given rates of
mixing and titration as well as temperature modes and
concentration values allows to obtain materials with
morphological features similar to those ones in biogenic
materials [21]. So, precipitation process with long-term
synthesis gives the possibility to influence on the formation
of hydroxyapatite in different ways: either by changing
precipitate temperature [22], or by exposure of the reaction
area to microwave irradiation [23]. The produced materials
demonstrate submicrocrystalline structure (crystallite size
about ~53-87 nm or ~ 100 nm, respectively).

Nanocrystalline hydroxyapatite samples can be synthe-
sized by precipitation using natural calcium sources thus
simplifying technological process of the material production.
In Refs. [24,25] nanocrystallic HAP was obtained with the
use of bird’s eggshell. The proposed idea is based on the fact
that eggshell mainly consists of calcium carbonate (CaCOs)
that is dissociated at the temperature above 900 °C into
carbon dioxide (CO,) and calcium oxide (CaO). The latter is
used either for producing calcium hydroxide titrated with
orthophosphoric acid solution in order to obtain HAP, or is
mixed with (NH4),HPOy,, resulting in HAP formation as the
end product with definite morphology and nanocrystals of
different size in the range from 10 to 100 nm.

Production of various implants for orthopedic surgery
involves several methods of HAP deposition onto Ti, TiO,
and other substrates, for example, ion-plasma, magnetron,
hydrothermal, electrochemical and some others [8]. Con-
sequently, the temperature behavior of HAP in different
processes is very important. Pure hydroxyapatite is stable
up to 1200 °C [5], and then, according to XRD data, high-
temperature form of tri-calcium phosphate o-Caz(POy),
(a-TCaPh) appears. The influence of impurities and com-
position inhomogeneity depending on the synthesis
method reduces the temperature stability and HAP decom-
position can be observed already at 900 °C [12,22]. At the
same time, the interval of working temperatures in the
coating deposition process (300—400 °C) allows applying
HAP with the lower temperature stability as compared
with pure hydroxyapatite. Besides, the features of phase
transitions into carbonate-substituted hydroxyapatite can
be also observed if HAP is synthesized in the atmosphere
due to the presence of CO,. In different technological
methods (by annealing, choosing synthesis parameters —
for example, pH) it is possible to escape CO3~ inclusion
into crystal lattice or recrystallize carbonate-substituted
HAP into pure HAP [26]. In this case the most convenient
way to control the obtained material is the application of
IR-spectroscopy which can detect vibration modes of
CO3 "~ inclusions at very low concentrations [27].
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It should be noted that for various processes of hydro-
xyapatite synthesis the concentration of initial reagents is
chosen in such a way that Ca/P ratio should be equal to the
stoichiometric one 1.67 since in the mineral component of
bone tissue Ca/P ratio is close to the given value and can
vary from 1.5 to 1.9 [5]. Moreover, according to the results
of a number of works HAP samples with Ca/P ratio=1.67
are more stable relative to thermal exposure and solubility
in weak acids. Ceramics based on these kinds of materials
demonstrated the best characteristics in mechanical proper-
ties, density, hardness and some others [28].

The purpose of this work is to find the optimal
parameters of nanocrystalline HAP synthesis obtained by
precipitation with the use of bird’s eggshell as the calcium
source, as well as to study of the properties and character-
istics of the synthesized samples.

1.1. Technology of Samples synthesis and methods
of investigations

Precipitation technique is the basis of the elaborated
HAP preparation technology. A special feature of our
method is producing the initial component for a chemical
reaction — calcium oxide (CaO) by treating the bird’s
eggshell. Eggshell is chosen as source since it consists of
95% calcite — CaCOj;. The rest of it comprises an organic
component, i.e. several layers of interlaced protein fibers,
as well as various mineral salts ( < 1%) arranged on the
protein fibers just as calcite. Under heating CaCOj; is
dissociated to yield CaO and COy:

CaCO; — CaO +CO5(T = 900 °C) (1)

During anneal the organic component of eggshell is burnt
out and the residue contains CaO with low (<1%)
content of impurities.

Nanocrystalline HAP synthesis involves step-by-step pre-
cipitate preparation. Preliminarily the eggshell containing
CaCO; was thoroughly washed and then annealed for 2 h.
at 900 °C according to Eq. (1). After that the obtained
calcium oxide was immediately (at ~ 100 °C) mixed with
distilled water and the mixture was left until complete cooling:

CaO-+H,0— Ca(OH), + 0 )

where Q is a heat released in the reaction.

The obtained calcium hydroxide Ca(OH), was titrated
with a solution of orthophosphoric acid H;POy4 (0,6 M) at
the room temperature for producing of hydroxyapatite

10Ca(OH), +6H3PO, — Cayo(PO4)(OH), + 18H,0 3)

The synthesis process was controlled by measuring pH in
the reaction (pH-meter Checker 1 HI 98130, HANNA)
with an increment 0.5 within the range of 9 to 7 as well as
by the rate of acid addition to the precipitate.

To conduct various kinds of analysis HAP samples were
dried at 400 °C for 1 h. It should be noted that all the
process of hydroxyapatite preparation requires different
time which depends on the initial components

concentration, and the process itself does not need any
special conditions. In our experiments the end product
(powder-like HAP) was ready after 36 h.

Investigations of the obtained HAP samples characteristics
were performed using a set of structural and spectral methods
of analysis. For example, the study of impurities in the initial
eggshell involved XRD analysis and X-ray spectral micro-
analysis (MA). According to the XRD and MA data the
concentrations of such metals as Fe, Zn, Cu, Sr, Mn in the
eggshell and obtained samples were no more than 0.0001%.

XRD technique was applied to study the structural
characteristics of the samples synthesized at different pH
values. The final purpose of the study was to determine the
phase composition and the range of temperature stability
for the obtained materials. X-ray diffractograms were
obtained with the diffractometer DRON-4 07 and X-ray
tube with cobalt anode (Co K, , emission, 2=1.7903 A).

The fine structure properties, vibration groups, the type of
atomic bonds in the obtained materials, their changes depend-
ing on the samples treatment were determined and analyzed
by means of IR Fourier spectroscopy (FTIR). IR spectra were
obtained with the FTIR spectrometer VERTEX V-70, BRU-
KER by attenuated total internal reflection (ATR). The
spectral range involved an interval from 550 to 4000 cm ™.

Specific surface which is connected with such character-
istics of materials and nanostructures as catalytic activity,
electrostatic properties, light scattering, ability of agglom-
eration, water retention, duration of storage [29], was
determined with SORBI-MS unit. This unit compares the
volumes of gas adsorbed by the sample under investigation
with that one adsorbed by the reference sample with the
known specific surface. Nitrogen was used as gas adsorbate.
To measure the adsorbed gas volume thermal desorption
technique was applied. The measurements were performed at
four different partial relative values of pressure of the
adsorbed gas. Calculations of the specific surface were based
on the Brunnauer—-Emmet-Teller (BET) theory [29].

Scanning electron microscopy (SEM) was applied to deter-
mine of morphological features of the obtained samples with
the scanning electron microscope JSM-6380LV (JEOL). Thin
gold layer was deposited on the samples before conducting
SEM investigations in order to reduce charging effects due to
dielectric nature of HAP. Besides, we have made microanalysis
of the samples with the use of the energy-dispersion attach-
ment Inca-250 to the electron microscope. This allowed us to
find that with the help of this synthesis method it is possible to
obtain HAP with different Ca/P ratio.

2. Results of investigations
2.1. XRD analysis of synthesized HAP

The phase composition for the investigated HAP samples
was determined by comparison of the XRD analysis results
for the investigated samples with the JCPDS-ICDD data
[30]. Table 1 represents the interplanar spacing values and
relative intensities for the diffraction lines in synthesized
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Interplanar spaces and relative intensity of synthesized material, polycrystalline HAP and ICDD data.

HAP ICDD 2007 No. 01-074-0565 Poly. HAP HAP 400 °C HAP 700 °C HAP 900 °C Whitlockite ICDD No. 00-055-0898
d, (A) 1 hkl d, (/&) 1 d, (A) 1 d, (A) 1 d, (A) 1 d, (A) 1 hkl
8.17 12 100 8.12 0.9 8.22 3.84 8.10 1032 8.13 9 012
6.48 16 104
5.26 6 101 5.28 0.7 5.31 575 5.18 1433  5.18 22 110
4.07 10 200 4.11 8.1 4.1 36 4.09 4.66 4.06 10.03  4.06 11 024
3.89 10 111 3.88 1.8 3.88 63 388 5.16
3.51 2 201 3.74 0.6 3.46 26 1010
3.44 40 002 343 34 341 46.1 345 32.05 344 4441 3.36 9 122
3.17 12 102 3.18 5.8 3.15 10.9 3.19 7.67 3.19 30.37 3.21 53 214
3.08 18 210 3.08 14 3.07 109  3.09 15.62  3.08 11.75 3.01 12 300
2.88 100 0210
2.81 100 211 2.81 100 2.83 100 2.81 100 2.81 100
2.78 60 112 2.77 60 2.77 97.5 2.77 60 2.78 49.28 2.76 22 128
2.72 60 300 2.71 62 2.72 56 2.72 6329 2.72 57.31 272 7 036
2.63 25 202 2.62 23 2.64 22.6 2.64 21.92 2.63 21.78 2.61 65 220
2.53 6 301 2.52 33 252 431 2.53 6.03 254 372 252 13 2110
2.30 8 212 2.29 6.6 2.30 6.59 241 8 226
2.26 20 130 2.26 22 2.26 169  2.26 2438 2.26 235 237 6 315
2.23 2 221 2.23 372 2.26 6 1016
2.15 10 131 2.15 6.7 2.15 7.4 2.15 9.74 2.19 13 404
2.13 4 302 2.16 11 3012
2.06 8 113 2.06 4 2.05 4.5  2.06 6.03 2.06 8.88 2.03 10 048
2.00 6 203 2.00 4.1 2.00 6.59 2.00 8 2212
1.94 30 222 1.94 30 1.94 20.9 1.95 274 194 32.09 1.93 30 327
1.89 16 132 1.89 13 1.88 12.7 1.89 1342 1.89 21.78 1.89 18 238
1.87 6 230 1.87 12.61 1.87 15 416
1.84 40 213 1.84 34 1.83 29.4 1.84 3096 1.84 36.68
1.80 20 321 1.80 17 1.80 12.5 1.80 16.16 1.81 18.05
1.78 12 140 1.78 12 1.78 12.9 1.78 13.47
1.75 16 402 1.75 12 1.76 11.7 1.76 10.96 1.75 10.6
1.72 20 004 1.72 17 1.72 13.3 1.72 12.05 1.72 32.09 1.72 34 2020
1.68 4 104 1.68 8 508
1.64 10 322 1.64 5.8 1.64 7.12 1.64 6.59
1.61 8 313 1.61 3.3
1.59 4 501 1.60 6 339
1.54 6 240 1.54 3.6 1.54 11.17 1.55 9 1410
1.53 6 331 1.53 2.7 1.54 7 3216
1.50 10 124 1.50 6.4 1.50 7.16
1.47 12 502 1.47 8.06 1.47 9.46
1.46 4 510
1.452 13 304 1.45 10.3 1.45 12.32

samples annealed at 400 °C, 700 °C and 900 °C, along with
the data of International Center of Diffraction Data
(ICDD).

As one can see from the comparison of the interplanar
spacings and intensities (Table 1), the synthesized material
proved to be hydroxyapatite. XRD data analysis for the
samples exposed to anneal at different temperatures
demonstrated that the powder samples obtained from
precipitate with the value of pH=28.5 remain single-phase
HAP up to the temperature of anneal below 900°C. In the
samples annealed at 900 °C, diffraction lines appear that
are related to calcium diphosphate — whitlockite, and it
means HAP decomposition (see Table 1).

In order to determine the size of the synthesized HAP
crystallites we used the reference stoichiometric sample of

microcrystalline hydroxyapatite obtained by standard
technology [31] not using eggshell.

It is important that XRD patterns of the synthesized
HAP samples annealed at 400 C do not contain extra
reflections and are characterized by low intensive and
mostly broad lines as compared with the microcrystalline
HAP (curves 2, 3 in Fig. 1). The crystallite size in the
obtained material was estimated by the broadening of
X-ray diffraction lines as compared with the microcrystal-
line sample. This analysis was made for reflection (002) in
accordance with Scherer formula:

L=1k2/fBcosl “4)

where L is a mean value of the crystallites size, k is
a constant close to 1, 4 is the X-ray emission wavelength
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Fig. 1. Polycrystalline HAP (1) and samples of synthesized HAP (2 and 3).
(Cu Kua radiation).

(Co Ky 1.7903 A), p is X-ray reflection broadening,
p=(B*-b*)"?, where B — half-width of the diffraction
line (002); b — half-width of the diffraction line (002) for
the reference polycrystalline sample, § — Bragg’s angle of
the diffraction line (002).

The estimated mean value for the crystallite size in the
synthesized HAP according to Eq. (4) was 35 nm that
agrees well with the results for HAP synthesized in a
similar way in [20] ~30 nm, and also for the HAP in bone
tissue: ~ 15 nm [24,25].

2.2. Influence of pH solution on the phase composition
of hap annealed at different temperatures

XRD data for the samples obtained at different pH
values in the range from 9 to 7 and annecaled after the
synthesis at 400 °C are presented in Fig. 2. Comparison of
diffractograms does not show any differences for the
samples synthesized at different values of pH in a solution
that means the same phase composition of the nanocrystal-
line HAP samples.

The differences in characteristics of the material synthe-
sized at different values of pH in solution — 9, 8.5, 8, 7.5, 7
become observable after anneal at 700 °C. Diffractograms
presented in Fig. 3 show the following regularity: for the
powder samples obtained from precipitates with less pH
value of solutions — 7.5 and 7, i.e. for the higher concentra-
tion of acid (H;POy), during the HAP synthesis one can see
the beginning of hydroxyapatite decomposition with forma-
tion of whitlockite. The samples synthesized at pH values of
the end solution equal to 9; 8.5; 8 at the temperature of
700 °C comprise a single phase — hydroxyapatite.

Comparison of the materials obtained at different pH
values and annealed at 900 °C confirmed the idea: hydro-
xyapatite samples synthesized at the less values of pH for
the end product precipitate (7.5 and 7) are completely
transformed to whitlockite at the temperature of anneal
while those ones with a greater pH value (9, 8.5, 8) keep

3000

ssi L & 400°C
o %, gﬁ s 8% g oy
2200 |
2000 |- 2
1800 F pH=8,5
S 1600 |3
f 1400 | pH=8
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1000 [ 4
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Fig. 2. Diffraction pattern of synthesized HAP with pH=9, 8.5, 8, 7.5, 7
annealed at 400 °C.
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Fig. 3. Diffraction pattern of synthesized HAP with pH=9, 8.5, 8, 7.5, 7
annealed at 700 °C.

the phase of HAP simultaneously with the whitlockite
phase that is observed in more or less amount in the
samples annealed at 900 °C (Fig. 4).

Thus, the XRD analysis of the HAP samples synthesized
at different pH values allows to make a conclusion that the
nanocrystalline HAP samples obtained from precipitate
with final pH=28.5 show the best temperature stability.

2.3. Infrared spectroscopy

Infrared vibration spectroscopy was applied to deter-
mine the qualitative composition of the synthesized mate-
rial and to study the crystal lattice properties of
hydroxyapatite.

Scientific works review provided information on the
main vibration modes ¢ of HAP. Therefore, with the help
of IR spectroscopy it is possible to determine the presence
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Fig. 4. Diffraction pattern of synthesized HAP with pH=9, 8.5, 8, 7.5, 7
annealed at 900 °C.

of characteristic bonds and groups of bonds in the
synthesized material. The frequencies of vibration modes
for certain bonds in the obtained HAP including those
ones after anneal at different temperatures are given in
Table 2 along with the data from the other references.

The analysis of the experimental data and those pre-
sented in literature demonstrated that the main vibration
modes inherent to the crystalline HAP are also observed in
the synthesized material. Moreover, in IR spectra of the
synthesized HAP the peaks at 879 cm ™' and 1415cm ™!
with rather low intensity are observed which can be related
with the group of CO; (Fig. 5). Their appearance can be
caused by a high activity of the initial component CaO and
the presence of CO» in the atmosphere during the synthesis
process.

Figs. 6-8 represent IR spectra of the HAP samples
synthesized at different pH values varying from 7 to 9. The
HAP spectra obtained at different pH values with the
subsequent anneal at 400 °C are presented in Fig. 6. All of
them are related to a single phase — hydroxyapatite,
according to the XRD data. As it is shown in Fig. 6, IR
spectra of these samples do not involve any additional
vibration modes as well, and it means the presence of only
single phase — HAP in these samples.

Some features observed in IR spectra of the materials
annealed at 700 °C involve the fine structure appearing in
the vibration modes characteristic of phosphorus—oxygen
group PO, for the HAP samples obtained from the
solutions with pH values of 7 and 7,5. According to
Fig. 7 additional peaks appear in IR spectra of these
samples at 1114cm ™", 977 cm ™" and 948 cm ~'. It means
that the second phase appears — whitlockite in accordance
with the XRD data.

Appearance of whitlockite in the synthesized materials
annealed at 700 °C means less temperature stability of
these HAP samples as compared with the materials
obtained at pH=8; 8.5; 9. As for the samples annealed
at 900 °C (Fig. 8) the results of IR spectroscopy show that

Table 2
IR vibration modes of synthesized HAP and References [1-3].

Vibration line of Vibration modes v (cm™")

characteristic groups

Experimental data References

400 °C 700 °C 900 °C HAP[32] HAP HAP

33]  [24]
PO, v* 573 573 573 564 574 571
PO, v* 602 601 598 610 601 607
OH 627 630 630 650 631 635
CO; (V¥ 879 878  — - 875 875
PO, (whitlockite) - - 949 - - -
PO, V! 963 963 962 962 92 961
PO, (whitlockite) - - 977 - - -
PO, Vv 1022 1021 1017 1029 1040 1050
PO, V* 1090 1089 1087 1092 1090 1090
PO, (whitlockite) - - 1122 - - -
CO5 (V) 1415 1460 - - 1410 1429
PO, (whitlockite) 1451 1456 - - 1450 1460
OH 3570 3571 3573 3567 3572 3572

- 2’
e sasnes
1
of
e
- 2
3600 ) 1400 1200 1000 800 600

w, e’

Fig. 5. Comparison of nanocrystalline (1) and polycrystalline (2) HAP.

N1 pH=9 400°C
2
B 3
) 4
5
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o, cm™

Fig. 6. IR spectra of HAP samples annealed at 400 °C.
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the fine structure of vibration line characteristic of the
phosphorus—oxygen group observed as additional peaks at
1114 cm ™', 977 cm ™" and 948 cm ~' means the presence of
the whitlockite phase that can be seen for all of the
samples. This is in agreement with the XRD data. It
should be also noted that in IR transmission spectra of a

F DE pH=g 700G
b 2
o 3
ol
= L 4
L 5
i (I n 1 "
3600 34001600 1400 1200 1000 800 600
o,cm ™

Fig. 7. IR spectra of HAP samples annealed at 700 °C.

)1 pH=9 900°C
b 2
L 3
Sr 4 pH=7,5
= F
3600 340071600 1400 1200 1000 800 600
o, cm -1

Fig. 8. IR spectra of HAP samples annealed at 900 °C.

a

1550 1500 1450 1400

®, cm 4

1350 1300

4545

number of the HAP samples (Fig. 9) vibration modes
localized at 1450 cm ' and 1429 cm ' can be observed.
We relate these modes to CO3~ group. This substitution in
the crystal lattice of HAP is characteristic for the material
obtained by precipitation in the air.

A high activity of the initial component CaO and the
presence of CO, in the process of synthesis can explain the
presence of weak peaks at 879 cm~', 1429cm™' and
1450 cm ~ ', characteristic of CO3~ group. These vibration
modes characterize formation of carbonate-substituted
hydroxyapatite of B-type that is in agreement with the
data of [34]. It is also known that during phase transfor-
mations under high temperatures in HAP COj3 2 is elimi-
nated from the structure of hydroxyapatite. This fact is
confirmed by IR spectra of the annealed samples (Fig. 9b).
Besides this, the presence of carbonate ions depends on
pH value during the HAP synthesis [35] and its content is
reduced with a decrease of pH value that is illustrated in
Fig. 9a.

It should be noted that inclusion of carbonate ion in the
HAP structure does not change the hydroxyapatite phase
composition and is not observed in X-ray diffraction. At
the same time IR-spectroscopy is one of the most efficient
method for detecting similar impurities in hydroxyapatites
obtained in different technological conditions.

2.4. Thermal desorption of nitrogen

Specific area surfaces for HAP powders were calculated
and the size of the powder particles was determined by
measuring the volume of the gas adsorbed on the sample at
four different partial pressure values (Fig. 10) with the use
of UniSorbi software for the unit SORBI-MS according to
the Brunauer—Emmet—Teller (BET) theory. The estima-
tions were made in the approximation that all the particles
have the same spherical shape, the same size and they do
not have pores (Table 3). Samples 2, 3, 4 were obtained
from the solution with the final pH value of 8.5; while for
the sample 1 pH value in a solution was equal to 9. Fig. 10

1 900°C
W
2 700°C
i?_ M’\/_\/VM
. 400°C
1550 1500 1450 1400 1350 1300

®, cm!

Fig. 9. IR spectra in the region 1300-1550 cm™': (a) HAP samples with different pH values, annealed at 400 °C; and (b) HAP samples with pH=8.5

annealed at different temperatures.
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provides the thermal desorption curves for nitrogen
obtained from the materials synthesized under the follow-
ing conditions: 1 — pH=9, 400 °C, 2 — pH=28.5 400 °C,
3 — pH=8.5 900°C and 4 — pH=8.5 800°C. The
obtained data on thermal nitrogen desorption and the

40 p/p,= 0.09

0 20 40 60 80 100 120 140
t, sec.

Fig. 10. Thermal desorption curves of nanocrystalline HAP powder
under nitrogen partial pressure=0.09.

Table 3
Calculations connected with thermal desorption.

corresponding calculation results according to BET theory
are presented in Table 3.

Specific surface calculations for HAP powders according
to the thermal desorption data demonstrated that the
samples 1 and 2 obtained from the solutions with different
values of pH for precipitate have the same specific surface
and the same size of the particles. Specific surface of the
samples 3 and 4 obtained at considerably higher (900 °C)
and lower (80 °C) temperatures of anneal is reduced as
compared with the samples 1 and 2 that means an increase
of the sizes for the particles in the powder.

Investigations of HAP powders stability to heating with
the use of the SorbiPrep station for sample preparation
showed that thermal exposure of the samples heated at
150 °C for 20 min does not have any effect on the specific
surface of these materials.

2.5. Electron microscopy

Scanning electron microscopy was applied to study the
synthesized materials morphology and to estimate the
particle sizes of the samples before and after anneal. SEM
images for unannealed and annealed samples of polycrystal-
line and synthesized hydroxyapatite are presented in Fig. 11.

pH=9 (1) 400 °C

pH=8.5 (2) 400 °C

pH=8.5 (3) 900 °C pH=8.5 (4) 80 °C

S sp., m%/g (BET) 55.4+0,9

55.7+1.1
Particle size, nm (p ~ 2.6 g/cm®) 50 50

16.8 £1,2 402+ 1,0
138 60

Fig. 11. SEM image of polycrystalline and synthesized HAP (a and b) — annealed at 400 °C, (c and d) — annealed at 900 °C.
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Fig. 12. SEM 150.000 of two synthesized samples annealed at 400 °C — (a and b), 700 °C — (c and d) and 900 °C — (f and g).

SEM data demonstrate that the average size of HAP
particles conglomerates in the synthesized samples that were
not subjected to anneal is about 5um (Fig. 11b) while
for polycrystalline sample the average size of the particles is
20-30 um (Fig. 1la). The images of annealed materials
(Fig. 11c and d) show that in polycrystalline sample large
particles which are 400 um in size have valuable faceting
(Fig. 11c).

Nanocrystals in the synthesized HAP (Fig. 11d) agglom-
erate after anneal forming more large particles of an
arbitrary shape. The study of the synthesized materials
morphology at 150000x magnification showed that the
samples have a homogeneous structure (Fig. 12a and b).

Results of SEM for the samples annealed at 400 °C
(a and b), 700 °C (c and d) u 900 °C (f and g) presented in
Fig. 12 show that an observable agglomeration of the HAP
particles proceeds at 700 °C — (Fig. 12 ¢ and d) with
formation of globules about 100 nm in size. Under further

Table 4
Elemental composition (atom%) of HAP samples synthesized with
different pH, annealed at 400°C.

pH 9 8.5 8 7.5 7.05

Ca 37.64 29.74 27.57 26.74 33.03
P 15.28 16.34 14.84 15.11 17.26
O 35.67 47.37 50.17 49.72 41.96
C 10.81 6.22 7.01 8.13 7.48
Mg 0.2 0.32 0.42 0.31 0.27
Ca/P 2.16 1.82 1.85 1.77 1.71

increase of temperature up to 900 °C (Fig. 12f and g) the
particles reach the size of more than 150 nm.

By means of the energy-dispersion attachment Inca-250 to
the electron microscope we conducted the elemental analysis
of the HAP samples. The MA results allowed to determine
that the elaborated technique of HAP synthesis provides
hydroxyapatite samples with the different predetermined ratio
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of calcium and phosphorus (Ca/P) in the material (Table 4).
pH values measured in the reaction demonstrated that if pH
value in HAP solution was reduced then Ca/P ratio decreased
as well and it approached to the stoichiometric value of 1.67.

3. Conclusion

Investigation results obtained by means of X-ray dif-
fraction and IR-spectroscopy show that the synthesized
materials are single-phase and prove to be hydroxyapatite.
Comparison of HAP synthesized with the use of eggshell
and microcrystalline sample of hydroxyapatite obtained by
the standard technology revealed considerable broadening
of the diffraction lines of the former samples. Scherer
formula based calculations demonstrate that the synthe-
sized HAP powder granules consist of nanocrystals with
the average size of ~30 nm.

Temperature anneal of the samples obtained at different
pH values of the solution with precipitate demonstrated
that HAP powders synthesized from the solutions with the
final pH value pH=7, 7.5 are characterized by less
temperature stability since in these samples at 700 °C there
appear diffraction peaks of the second phase — whitlock-
ite. In the samples of HAP obtained for pH=38, 8.5 and 9
the second phase appears only at 900 °C.

IR spectroscopy gave an opportunity to detect carbo-
nate ions impurity in nanocrystalline hydroxyapatite
obtained with the use of eggshell as a source of calcium.

Comparison of all methods of analysis confirmed that
with an increase of the temperature of anneal not only was
a change of the phase composition observed but also an
increase of the crystal sizes in HAP powder.

Thermal nitrogen desorption and scanning electron micro-
scopy show that under annealing temperature increase a
considerable agglomeration of the particles occurs as well as
an increase of their sizes from ~30 to ~ 150 nm.

The results of microanalysis and measurements of pH
during precipitation processes point out that with a
decrease of pH in the solution containing HAP Ca/P ratio
is also reduced from 2.1 to 1.7 thus approaching to the
stoichiometric one; however, it does not promote an
increase of temperature stability for these samples.
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