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Abstract

The work considers the preparation of hydroxyapatite from calcium sucrate and calcium dextrates solutions by
chemical precipitation. It has been shown that the use of calcium sucrate makes it possible to obtain the pure
hydroxyapatite phase even without further heat treatment of the precipitate. The IR spectroscopic studies confirm
the obtaining of the pure hydroxyapatite phase with carbonate-ions substitution by B-type in HAp samples. The
synthesis with a low temperature dextrin leads to the production of hydroxyapatite with a small admixture of
tricalcium phosphate, a further increase in temperature also leads to the production of pure hydroxyapatite.
According to the X-ray analysis, all the obtained hydroxyapatite powders are characterized by the crystallite size in
the nanoscale. Obtained SEM images of the powders indicate compact hydroxyapatite aggregates with the sizes of 5-
30 microns when using calcium sucrate complexes and loose particles in the range of 1-20 microns when using
dextrin.

Keywords: nanocrystalline hydroxyapatite; calcium sucrate; calcium dextrate; chemical precipitation; low temperature
synthesis.

CUHTE3 I''APOKCHUIIATUTY 3 BUKOPUCTAHHAM PI3BHUX THUIIIB CAXAPATIB

Anna O. Ceprienko, TetsiHa A. JloHuoBa, TeTsiHa €. MiTyeHko, CBiT/1aHa B. HaripHsik,
Osena . luymeBcobka, AuApii B. JlaniHcbkui

HayioHaavbHulli mexHiyHuli yHieepcumem Yxpainu «Kuiscbkuil nosnimexniynuti incmumym imeHi lzopsi Cikopcbko2o», micmo
Kuis 03056, Ykpaina

AHoTariqa

Y po6oTi pO3rjIAHYTO OAep>KaHHA TiJAPOKCHANATUTY 3 PO34YMHIB caxapaTiB KaJjblil0 Ta JeKCTpaTiB KajbLilo
MeTOoAOM XiMiyHOro ocagxkeHHs. [loka3aHo, 10 BUKOPHUCTAHHSA caxapaTy KaJblilo A03BoJiie oTpuMatu ¢asy
YUCTOro TriJpoKCcHANaTHUTy 6Ge3 BUKOPHUCTAaHHA TepMiyHOI 06po6ku ocaay. IY-cneKTpockomiyHi AocaifKeHHA
NiJTBepP/KyI0Th OTPUMAHHS YMCTOI riApoKkcuanaTuToBoi ¢a3u y 3paskax HAp i3 3amileHHAM Kap6oHaT-ioHiB 3a B-
TUnoM. HusbkoTeMmepaTypHHH CHHTe3 3a Y4YacTI0 JAeKCTpaTiB Ka/ibLilo MNpPU3BOJUTL A0 YTBOPEHHA
rigpokcuanaTuTy 3 He3HaAYHOI JOMIIIKOKW TpUKaabLil ¢pocdaTty, a nosaablle NigBUIIEHHS TeMIepPaTypu COpUsIE
YyTBOpeHHI0 a3y 4YHCTOro riApokcuanaTtuTy. 3rifJHO PeHTreHOCTPYKTYPHOIO aHaJji3y, BCi OTpMMaHi NOpPOLIKH
rigpokcuanaTuTy MawTb KpPHUCTaJiTH 3 po3MipoM y HaHojiana3oHi. Orpumani CEM-306pa:keHHS NOPOLIKiB
BKa3ylTbh Ha HAfABHICTh KOMIAKTHHMX arperartiB ripoKkcManaTury i3 posmipamu Big 5 MKM A0 30 MKM 3a yMOBH
BHKOPHUCTAHHA caXapaTy KaJbllil0 Ta HAABHICTbh MyXKOI CTPYKTYpH 3pa3KiB 3 YaCTUHKAMM B Aiana3oHi Big 1 MKM A0
20 MKM 3a yMOBM BUKOPUCTAaHHS K IPEKYypPCOpPy AeKCTpaTiB KajabLilo.

Karwuosi cnoea: HaHOKpPUCTAMIUHUK TiJpOKCHMANATUT; caxapaT KaJjbllilo; AeKCTpaT Kasblilo; XiMiuHe oca/pKeHHS;
HH3bKOTeMIlepaTypHUI CHHTES.
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AHHoTanuga

B pa60Te PacCMOTpPEHO NOJIy4Y€HHEe THAPOKCHAIIATHTA U3 PACTBOPOB CaxapaTa KaJbIHUA U AEKCTPAKTA KaJbLHUA
METOJ0M XMMHUYECKOTI0 OCAXK/AECHHUA. HOKaBaHO, 4YTO HCIO0JIb30BaHHUE CaXxapaTa KaJIbLUA NM03BOJIAET NNOJIYyYUTh (1)asy
YUCTOT0 THAPOKCHAIIATHUTA 6€e3 HCIO0JIb30BaHUA TepMI/l‘IECKOﬁ 06p360TKI/l ocajJKa. I/IK-CHEKTPOCKOHHHECKHE
HCC/IeA0BaHUA NMOATBEPXKAAKT IMOJIyY€eHUue YHCTOH FHApOKCI/laHaTl/ITOBOﬁ (1)8351 B 06pasuax HAp C 3aMeleHueM
KapﬁOHaT-HOHOB mo B-Tl/ll'ly. HHBKOTEMHepaTyprIﬁ CHUHTE3 C y4YaCTHEeM [JAEKCTPAKTa KaJbLUuA NPHUBOAUT K
06pasonal-mlo rHpoKcHuanaTura c He3HaYuTeJIbHOH NnpuMecChblo TpPlKaJIL].lPIﬁ(l)OC(l)aTa, a Aaﬂbﬂeﬁlﬂee noBbIIIIEHHUE
TeMInepaTypbl Cl'l0C06CTBy(-ET o6pa303aﬂmo (l)a3bl YUCTOro THAPOKCHANATHUTA. CorJiacHo AAaHHBIM
PEHTT€eHOCTPYKTYPHOro aHa/iu3a, BC€ MOJIy4Y€HHbI€ NOPOLUIKH TrHAPOKCHANIATUTA UMEKT KPUCTA/IVIMThI C pa3MepoM
B HaHO/JHaAIla30HeE. HOJ'Iy'-leHHbIe C3M-u306pa>lcemm MNOPOLIKOB YKAa3bIBAKT HAa HAa/IMYHE€ KOMIAKTHBIX arperaToB
TUAPOKCHAIIATHUTA C pa3MepaMu OT 5 MKM Ao 30 MKM IPHU UCIOJIb30BAHUHN CaxapaTa Ka/JibLiusd 1 HAJINYHUe pleﬂOﬁ
CTPYKTYpbl 0Gpa3LoB ¢ YacTHLLAMH B Auana3oHe oT 1 MKM g0 20 MKM IpU HCHOJIb30BaHMH KaK NpeKypcopa

ACEKCTPAKTA KaJIbLIUA.

Kawuesvle caosa: HaHOKpl/ICTaJ'lIII/l‘JECKI/Iﬁ TUAPOKCHUAIIATHUT;

OoCaXXeHHe; HH3KOT€MHepaTyprII>ll CHUHTeE3.

caxapaT KaJbLufd; AEKCTPAKT KaJibliUd;, XHWMHYECKOoe

Introduction

Among the phosphate-calcium materials,
hydroxyapatite (HAp) occupies a special place
due to its wide use in medicine as biomaterials.
Hydroxyapatite Ca10(PO4)s(OH)2 is an analogue of
the mineral component of bone and dental tissue
and is characterized by such properties as
bioactivity and biocompatibility. For this reason,
HAp-based structures are promising materials
that can be used to restore damaged bones and
will not be rejected by human body [1].

The HAp refers to the group of minerals called
"apatite”. In mineralogy, biomineralogy and
biomaterials science, the name “apatite” means
compounds like Cas(PO4)3Y or Caio(PO4)sY2,
where Y is fluorine, chlorine or hydroxide ions,
which can be easily replaced by carbonate or
sulfate anions. From the point of view of chemical
composition, apatites are calcium
orthophosphates [2]. Nowadays, more than a
hundred chemically different natural and
synthetic apatite-like compounds have been
described [3]. The ability to substitute in the

(a)

Fig. 1 The crystal structure of Ca10(P04)s(OH)2: coordination polyhedron (a) and elementary cell (b) [6].

anionic and cationic layers of apatites and, on this
basis, the variability of structural characteristics
and physicochemical properties is the object of
numerous studies.

Pure HAp is a stoichiometric phase of apatite
with a Ca/P molar ratio of 1.67, which is stable at
normal temperatures and pH from 4 to 12 [4].
However, HAp is characterized by a large variety
of substitutions, therefore, the degree of
symmetry and even the spatial symmetry group
can change. The hexagonal crystal structure of
the HAp, which has the symmetry of the P63/m
space group (see Fig.1) is encountered most
frequently. With the complication of chemical
composition, the symmetry class decreases and
may be P63, P21, P21/m or other [5]. In addition,
diverse combinations of phosphorus and calcium
oxides directly give a huge variety of phosphate-
calcium compounds. Therefore, it is very
important to develop reproducible methods for
obtaining HAp, which would ensure 100%
production of hydroxyapatite.
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The HAp synthesis is carried out by various
methods, such as chemical precipitation, sol-gel
technique, hydrothermal synthesis, biomimetic
approach and others [7].

The chemical precipitation synthesis method
includes 2 «classic» ways to obtain HAp. The first
method uses calcium nitrate as the source of
calcium, the second uses calcium oxide. In the
first case, the obtained amorphous precipitate
requires high-temperature treatment for the HAp
crystallization, in the second approach, the low
solubility of calcium oxide does not contribute to
the widespread use of this method [8; 9].

The sol-gel method is widely used as an
industrial method of HAp production. The source
of calcium in this case is calcium alkoxide. As a
result, an amorphous precipitate is formed, which
crystallizes into a well-crystallized
hydroxyapatite at 500 °C [10; 11].

The hydrothermal synthesis of HAp is carried
out at elevated temperatures and pressures in
aqueous or alcoholic media, at which first the
synthesis of amorphous calcium phosphate
occurs , followed by the crystallization of HAp.
The main feature of the hydrothermal HAp
synthesis is the chelate calcium complexes usage
[12; 13].

The solid-phase synthesis of hydroxyapatite is
based on the use of solid-phase reactions,
diffusion processes resulting from calcination of
mixtures of pre-ground compounds containing
calcium ions and phosphate ions at 1000 - 1300
°C. An atmosphere of water vapor is used as a
source of OH™-groups. In mechanochemical
synthesis, the starting materials are ground in a
planetary  mill ~ while  maintaining the
stoichiometric ratio between the reactants.
Usually, hydroxyapatite is obtained by these
methods from the initial calcium-containing
components - Ca0, Ca(OH)2, CaCO3z - and salts
containing phosphate groups [14-16].

The biomimetic method is based on the
synthesis of materials that model the specific
properties of natural biomineral structures, i.e.
on the use of self-organization and self-assembly
- the basic principles of the living systems
existence. Currently, the most effective way of the
HAp biomimetic synthesis is its synthesis through
the self-organization with polymers [17]. To date,
this promising method for obtaining bioactive
HAp is still at the stage of its early development.

In addition to the methods described above
for obtaining HAp, there are the so-called
combined synthesis methods [18]. In order to
improve the properties of the final product and

the possibility of varying the phase composition
of the synthesis products, two or more separate
methods can be combined into one. The use of
combined techniques of low and high
temperature syntheses is widely used in practice.

Despite the progress made in the direction of
the HAp synthesis, the development of new or
modified methods for the hydroxyapatite
production is still relevant. This is promoted by
the development of new types of ceramics for
medical purposes, which requires the creation of
new methods for producing highly dispersed
nanocrystalline powders based on calcium
phosphate. The synthesis of nanocrystalline
calcium phosphates, which do not contain
aggressive byproducts and are suitable for the
production of ceramic materials, can be carried
out from suspensions of calcium hydroxides and
phosphoric acid. In this case, water will be the
byproduct of the reaction. However, this method
is inconvenient in practice due to the poor
solubility of calcium hydroxides. In our opinion,
the alternative method is the synthesis of calcium
phosphates using soluble calcium sucrates as the
starting material [19; 20]. The aim of the current
work was to study the physicochemical
properties of hydroxyapatite obtained from
various saccharates (sucrate and dextrate)
solutions.

Experimental

Materials. For the synthesis by saccharate
method, the following reagents were used:
calcium oxide (Ca0), sucrose (Ci2H22011), dextrin
(nCeH100s) and ammonium hydro-phosphate
((NH4)2HPO4). All reagents were of analytical
grade.

Obtaining of hydroxyapatite samples. Before
starting the synthesis, calcium oxide was calcined
at 900 °C. Then 100 cm3 of the sucrose (dextrin)
solution with a concentration of 0.1 mol per dm3
was prepared, 0.5 g of calcium oxide was added,
and the resulting solution was left for the
formation of calcium sucrate (dextrate). After
that, HAp was directly synthesized: ammonium
hydrogen phosphate was added to the calcium
sucrate (dextrate) solution and the ammonia
solution with a concentration of 20 % by weight
was added dropwise with stirring up to pH 10.
The obtained precipitates were filtered, dried at
802C during 4 hours and calcined under the
conditions indicated in Table 1.

Reactions (using sucrose as an example), which
took place during the synthesis process, are
presented below (see Eq. 1 and Eq. 2).
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CaO + C12H22011 = CaC12H20011 + H20, (1)
10CaC12H20011+6(NHy)zHPO4+14H;0 — Caro(PO4)s(OH)2+12NH;0H+10C12Hz:011. )
Table 1

Conditions for the synthesis of hydroxyapatite samples

Sample Saccharide  Calcination duration Calcination
temperature, 2C

HApOSU Sucrose 1 hour

HAp500SU Sucrose 1 hour 500

HAp700SU Sucrose 1 hour 700

HAp900SU Sucrose 1 hour 900

HApODE Dextrin 1 hour

HAp500DE Dextrin 1 hour 500

HAp700DE Dextrin 1 hour 700

HAp900DE Dextrin 1 hour 900

HAp samples characterization. The thermal
analysis of the HAp samples was carried out in
the air atmosphere using the Derivatigraf Q-1500
analyzer (IOM, Hungary) at a heating rate of 102C
per min. XRD (X-ray diffraction) measurements of
HAp samples were conducted using X-ray
diffractometer Ultima IV Rigaku with CuKa
radiation. The Samples were automatically
analyzed by the PDXL software package using
ICDD / PDF-2 and COD databases (standard cards
ICDD 01-076-0694 (HAP) and 00-029-0359
(tricalcium  phosphate)) [21]. The IR
spectroscopic studies of the HAp samples were
performed using the Thermo Nicolet Nexus FTIR
spectrometer. The morphology of the synthesized
HAp samples was studied using the scanning
electron microscope SEM 106M.

Results and discussion
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Thermal analysis. The resulting thermograms
of HApOSU and HApODE samples are shown in
Figure 2. According to the obtained TG curves, it
can be seen that the mass loss in the HApOSU
sample is not more than 21 % when heated to
10009C, a larger loss is observed in the HApODE
sample and it reaches 58 % by mass. This is due
to the different amounts of adsorbed sucrose and
dextrin, which, as evidenced by the exothermic
effects on the DTA curves, are removed with
heating. Thus, on the HAp surface sucrose is
sorbed almost 3 times less than dextrin.

In the case of sucrose, the observed peaks on
DTG at about 110 °C and 210 °C are associated
with the removal of water, and at 360 °C - with
the beginning of the sucrose removal. For DTG of
the dextrin, the similar pattern is observed with
the only difference that there is no peak at 210 °C.

0.8 T T T T T T T T T ('
0.6- 10
< 9
£ 0.4 OTA. 135S
3 2
=02 r30 <
0.0 DTG F40 ;
£50
-0.2- TG
L 60

2000 400 | 600 800 | 1000

Temperature, °C

(b)

Fig. 2 Thermograms of the HApOSU (a) and HApODE (b) samples

X-ray analysis. The XRD patterns and
structural parameters of the hydroxyapatite

samples obtained by X-ray analysis are presented
in Figure 3 and Table 2.



14

Journal of Chemistry and Technologies, 2021, 29(1), 10-18

4 1

—

0 20 40 60 80 100

20

T T T T T

0 0 40 60 80 100

20

Fig. 3 The XRD patterns of the HAp samples: 1 - HAp500SU; 2 - HAp700SU; 3 - HAp900SU; 4 - HAp500DE; 5 -
HAp700DE; 6 - HAp900DE (4 - hydroxyapatite,® - tricalcium phosphate)

As can be seen from Figure 3, hydroxyapatite
in all cases is formed at 500-900 °C, and only in
the case of using dextrin at 500 °C the small
amount of tricalcium phosphate (Caz(P04)2) is
present.

According to the data presented in Table 2, it
can be argued that all obtained hydroxyapatite
powders are nanocrystalline. As expected, the
size of the crystallites in all cases increases with
increasing temperature . However, in the case of
dextrin, size stabilization is observed after
700 °C. It should also be noted that at lower
processing temperatures (500-700 °C), the sizes
of HAp crystallites, obtained with the

participation of sucrose, are smaller than in the
case of dextrin. This phenomenon can be
explained by the smaller size of sucrose
compared to dextrin, which leads to the
formation of smaller crystallites. In our opinion,
the larger crystallite size at higher temperature
(900 °C) is connected with complete removal of
sucrose from the surface of particles, resulting
intensive aggregation of crystallites. The
stabilization of the HAp crystallite sizes obtained
with the participation of dextrin, is explained by
the larger amount of the adsorbed saccharides on
its surface.

Table 2

Composition and structural parameters of the obtained HAp samples

Sample Composition Crystallite size, nm
HAp500SU 100 % Ca10(P04)s(OH)2 4.8

HAp700SU 100 % Ca10(P04)s(OH)2 18.8

HAp900SU 100 % Ca10(P0O4)s(OH)2 45.3

HAp500DE 92 % Ca10(P04)6(0OH)2, 8 % Caz(P04)2 115

HAp700DE 100 % Ca10(P0O4)s(OH)2 26.7

HAp900DE 100 % Ca10(P0O4)s(OH)2 4.8

Microscopy. The SEM images of all the heat-
treated HAp samples are shown in Fig. 4. As can
be seen from the presented Figure, the HAp
samples obtained with the participation of
sucrose are characterized by  greater
compactness and have aggregates with the size of
5-30 microns. The HAp samples obtained with
dextrin have a loose structure, the particle size
ranges from 1 to 20 microns.

IR-spectroscopy. The HAp samples synthesized
from calcium sucrate were selected for the study
by [R-spectroscopy method. Infrared
transmission spectra were recorded in the 4000-
400 cm! region at the resolution of 8 cm-l. The
HAp samples were mixed with pre-annealed KBr
(for spectroscopy, "Aldrich") in the ratio KBr /
Sample = 1 / 30 (10 mg / 300 mg).
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Fig. 4. SEM image of obtained HAp samples: (1) - HAp500SU; (2) - HAp700SU; (3) - HAp900SU; (4) - HAp500DE; (5) -
HAp700DE; (6) - HAp900DE

The obtained IR spectra for samples
HAp500SU, HAp700SU and HAp900SU are shown
in Fig. 5. According to the spectra, all the samples
have characteristic absorption bands for P04z,
CO3?%, and also for the OH- groups (Table 3). It
also can be seen that when increasing the
temperature of the dried phosphate-calcium
precipitate, the characteristic bands both for
physically adsorbed and chemically bound OH-
groups and water (2700-3800 cm-) decrease.
For the HAp precipitate treated at 900 °C, they
disappear altogether.

The presence of characteristic absorption CO32-
bands at 873-876 cm ! and 1418-1461 cm! in all

obtained spectra for the studied samples
indicates the replacement of phosphate ions with
COs32- ions in the apatite, which leads to the
formation of carbonate-containing B-type
hydroxyapatite. In addition to the carbonate ion
embedded in the apatite structure, there are also
characteristic absorption bands of the adsorbed
carbonate ion on the precipitate surface (bands in
the range of 1992-2002 cm1). The presence of all
the above-mentioned possible oscillations (v1-
v4) should also be noted. This indicates the
formation of the  classical  hexagonal
hydroxyapatite structure without any changes.

2000

3000 4000

Wavenumber, cm™!

Fig. 5. IR spectra of the HAp samples: (1) - HAp500SU; (2) - HAp700SU; (3) - HAp900SU.
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Table 3

Absorption bands of chemical bonds of the HAp spectrum [22-25]

Chemical groups

Absorption bands, (cm-1)

Description

PO42- 460 v2
PO42- 560-600 v4, bending mode
PO42- 960 vl
COs2- 870-880, The presence of these
* 1450-1460 bands indicates the B-
OH- 630, 1650, 3500 OH-ions in the HAp
structure
_ Physically 2600-3600 -

The presence of the characteristic peaks of OH-
ion at 630 cm1, 1650 cm! and 3570 cm-!
confirms the formation of hydroxyapatite. The
intensity of these peaks varies ambiguously with
increasing temperature: it goes up with
increasing calcination temperature to 630 cm-!
and 3570 cm!; and at the same time goes down
to 1650 cm-1.

Phase analysis of HAp treated at low
temperatures. Obtaining the pure phase in almost
all the cases when using sucrose urged the study
of the phases in the HAp samples synthesized at
lower temperatures, namely at 802C (sample
HApOSU), 150 °C (sample HAp150SU) and 300 °C
(sample HAp300SU). Received XRD patterns of
the above listed samples are presented in Figure

6. As can be seen from XRD data, the pure
hydroxyapatite phase (without other
phosphates) is formed in all cases, and the sizes
of crystallites practically do not change in this
temperature region and range from 3 nm to 4 nm.

Thus, based on the X-ray diffraction patterns, it
can be argued that using the calcium sucrate
complex as the initial reagent allows to obtain the
hydroxyapatite phase without additional heat
treatment, which greatly simplifies the process of
HAp synthesis, as well as reducing its cost. It also
should be noted that this method (using sucrose)
is a reproducible method for obtaining HAp,
which, as shown by our numerous studies,
ensures 100 % production of hydroxyapatite.

A
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AA A 3
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A 1
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Fig. 6 XRD patterns of the HAp samples: (1) - HApOSU; (2) - HAp150SU;(3) - HAp300SU ( & - hydroxyapatite).

Conclusions

The article describes the simple method of
HAp synthesis by chemical precipitation using
sucrose and dextrin, the role of which is reduced
to the transfer of calcium to the water-soluble
state. The thermal analysis of the obtained HAp
precipitates showed that the dextrin content in
them was about 3 times higher than in sucrose. It
was established that the subsequent heat
treatment of HAp precipitates led to the increase

in the crystallites size, which had the size in the
nano-region (3-45 nm). Scanning electron
microscopy established the size of the aggregates:
for HAp, obtained with sucrose, at the level of 5-
30 microns; for, HAp, synthesized with the
participation of dextrin, about 1-20 microns.
Obtaining the pure HAp phase was additionally
proved by IR spectroscopy, and the presence of
carbonate ions replacing phosphate ions in the
apatite structure was discovered, that indicated
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the formation of carbonate-containing B-type
hydroxyapatite. Obtaining the pure HAp-phase
was further proved by infrared spectroscopy, and
the presence of carbonate ions replacing
phosphate ions in the apatite structure was
detected, indicating the formation of a carbonate-
containing B-type hydroxyapatite. It was shown
the use of sucrose solution allows to obtain
hydroxyapatite phase without additional heat
treatment (low temperature synthesis) of the
obtained precipitate. The method of obtaining
HAp studied in the article is a reproducible
technique that ensures 100% production of pure
hydroxyapatite (without other phosphates).
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