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An ion-exchange reaction for the synthesis of hydroxyapatite (HAP) in a constant alkaline medium
using preliminary dry homogenization is proposed in this work. Sodium hydrogen phosphate NasHPOs,
calcium chloride CaCl: and calcium hydroxide Ca(OH): were chosen as precursors. When Na:HPO4
interacts with calcium salts in an alkaline medium, Na* ions are replaced by Ca?* ions. The CaCl; salt was
chosen as the source of Ca2* ions, since in this case one of the reaction products is sodium chloride, which is
subsequently easily washed out. The required pH of the medium was achieved by adding calcium
hydroxide to the starting materials, which was also a source of Ca2* ions. Heating in a water bath provided
a constant influx of water molecules, which is necessary for the dissociation of the molecules of the
substances involved in the reaction. In dry synthesis, it is rather difficult to obtain stoichiometric HAP due
to the uneven distribution of ions in the reacting mixture. The chemical reaction in a humid environment
can reduce the influence of this factor. It was assumed that since, in addition to HAP, the reaction products
are water-soluble compounds, a slight change in the ratio of the starting components can be used to control
the stoichiometry of HAP, as well as the ratio of the final reaction products. Additional products formed
during the reaction were removed by washing the resulting powder with distilled water. The washed and
dried HAP powder was annealed in an oven at 7= 700 °C. Studies carried out by methods of X-ray phase
analysis, scanning electron and transmission microscopy showed that the material obtained is a single-
phase hydroxyapatite powder with a Ca/P ratio close to 1.67. It was found that the particles of HAP powder
obtained as a result of synthesis with subsequent washing have the shape of needles with a thickness of 10
to 40 nm and a length of 30 to 200 nm. Annealing of the powder at a temperature of 700 °C leads to
agglomeration of particles, as well as to rounding of their shape.
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1. INTRODUCTION

Currently, one of the priority areas of modern
materials science is the creation of high-quality
biocompatible materials for their further use in medicine.
Hydroxyapatite Caio(PO4)s(OH)2 (HAP) is one of such
materials. HAP is widely used in modern dentistry,
traumatology and orthopedics, displacing metals and
other materials traditionally used here due to its
elemental composition, close to the composition of the
bone tissue of a living organism, and high biological
compatibility. HAP can be obtained by various methods
[1], among which there are methods of "wet" chemistry
carried out by precipitation of HAP from solutions or
suspensions containing HAP-forming ions at pH>7.
These methods include sol-gel method [2-5], as well as the
method of hydro- (solvo-) thermal synthesis [6-8]. There
are also solid-phase synthesis methods in which reactions
occur between dry precursors converted to HAP as a
result of high-temperature annealing (1050-1250 °C)
[9,10] or mechanochemical method [11-12], which
consists of prolonged mixing and grinding of components,
containing the necessary ions, in ball mills. Most of these
methods are energy-consuming, or they use components
that are harmful to humans. Our task was to carry out
the synthesis of HAP using a non-expensive method and
non-toxic precursors.
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2. EXPERIMENTAL TECHNIQUE

We used a combined method in which the starting
components were initially mixed in dry to obtain HAP.
Then, distilled water was added to the resulting mixture
of dry precursors in the amount of 50 wt.% of dry
components. The result was a moist, porridge-like mass.
The resulting mixture was heated in a water bath for
2 hours stirring occasionally. The water tank was covered
with a flask-cap (Fig. 1). The following substances were
selected as precursors: sodium hydrogen phosphate
(NazHPO412H20), calcium chloride (CaClz) and calcium
hydroxide (Ca(OH)z).

Na* ions are replaced by Ca?" ions during the
interaction of NasHPO412H20 with calcium salts in an
alkaline medium. The CaClz salt was chosen as the source
of Ca2* ions, since in this case one of the reaction products
is sodium chloride, which is subsequently easily washed
out. The required pH of the medium was achieved by
adding calcium hydroxide to the starting materials, which
was also a source of Ca2" ions. Heating in a water bath in
a closed container provided a constant additional influx of
water molecules, which is necessary for the dissociation of
the molecules of substances involved in the reaction. In
dry synthesis, it is rather difficult to obtain stoichiometric
HAP due to the uneven distribution of ions in the reacting
mixture. The chemical reaction in a humid environment
can reduce the influence of this factor.
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The ratio of precursors was selected from the
calculation of the stoichiometry of the reaction. The
synthesis was carried out according to the scheme:

6NazHPO4 12H20 + 6CaClz + 4Ca(OH)2 —
Ca10(PO4)s(OH)2 + 12NaCl + 18H:20.

The resulting reaction product was thoroughly
washed with distilled water at room temperature.
Washing was repeated many times. This is necessary
to remove sodium chloride from the resulting product,
which is formed during the synthesis. The washed
product was dried in air at 7= 150 °C for 3 hours. After
drying, the resulting powder was ground and annealed
in ceramic dishes in a muffle furnace according to the
scheme: heating — 4 hours to a temperature of 700 °C;
isothermal exposure — 1hour; cooling — to room
temperature (during 6-7 hours).

The elemental and phase composition was monitored
at each stage of the technological process to understand
the process of the reaction, as well as to control the
composition and purity of the products obtained.
Samples were taken: immediately after synthesis; after
washing and drying; after annealing in a muffle furnace.

At the second and third stages, the structure of the
obtained powders was studied.
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Fig. 1 - Scheme for the synthesis of HAP in a water bath

3. RESEARCH METHODS

The phase-structural analysis was carried out by
Cu-K X-ray diffractometry using a RIGAKU ULTIMA-
IV X-ray diffractometer. The survey was performed
using Bragg-Brentano focusing in the range of angles 20
from 20 to 80°. The separation of profiles into compo-
nents was carried out using a software package for
quantitative image analysis.

The elemental composition of the powders was
determined by analyzing the characteristic X-ray spectra
using a spectrometer built into a scanning electron
microscope. Quantitative and qualitative elemental
analysis was performed using the GENESIS software
company EDX, provided together with an X-ray spectro-
meter. This method allows a qualitative and quantitative
analysis of the elemental composition of materials for
elements heavier than boron.

The structure and particle size of the obtained
powders were investigated using a JEOL JEM 2100
transmission electron microscope. For this, an emulsion in
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isopropyl alcohol was prepared from the obtained powder.
A drop of a suspension of powder in alcohol was dripped
onto a thin carbon film, which was placed on a standard
copper mesh used in transmission electron microscopy to
study non-self-sustaining samples. Electron diffraction
images were obtained from the powders under study to
analyze their crystallinity also.

4. EXPERIMENTAL RESULTS AND
DISCUSSION

Fig. 2 shows the diffraction patterns of the obtained
powders immediately after synthesis (1), after washing
(2), and also after calcination in an oven (3).
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Fig. 2 - X-ray diffraction patterns of the reaction products
immediately after synthesis (1), after washing (2) and after
calcination (3)

It was found that the result of synthesis from
precursors according to the proposed scheme is in
accordance with our assumptions. Sodium chloride and
hydroxyapatite are in the following ratio: NaCl — 47 %,
HAP - 53 % (Fig. 2). The ratio of NaCl to HAP phases
was calculated by the Rietveld method.

The results of X-ray studies indicate that both
materials obtained i.e. after washing and after calcination
are pure (from the point of view of XRD) HAP. A decrease
in the width of the peaks of the annealed powder
compared with the other two indicates a recrystallization
process that occurs during the annealing.

The elemental composition of the obtained powders
was controlled using the method of energy dispersive X-
ray spectroscopy. This was done in order to verify the
absence of chlorine ions in the washed and annealed
powders. The presence of a small amount of chlorine ions
is not detected by X-ray phase methods, but it is noti-
ceable in the spectrum of characteristic X-ray radiation.

Fig. 3 shows the characteristic X-ray spectra obtained
from samples after synthesis, after washing, and after
calcination, respectively.

The research results confirm that the synthesis
process is carried out according to the proposed scheme.
In the washed and annealed powders, the presence of
chlorine ions is not observed.

The microstructure of the powders was studied using
transmission electron microscopy.

It was found that the particles of the powder obtained
as a result of synthesis with subsequent washing have
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Fig. 3 — Spectra of characteristic X-ray radiation of HAP powders:
after synthesis (1), after washing (2), after calcination (3)

Fig. 4 - Images of the microstructure (left) and electron
diffraction (right) of the HAP powder after washing obtained by

transmission electron microscopy
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Fig. 5 — Images of the microstructure (left) and electron diffraction
(right) of the HAP powder after annealing obtained by transmission

electron microscopy

the shape of needles with a thickness of 10 to 40 nm and
a length of 30 to 200 nm. This shape is characteristic of
particles for HAP.

Annealing of the powder at a temperature of 700 °C
leads to agglomeration of particles, as well as to rounding
of their shape. The particle size of the HAP powder after
annealing varies from 35 to 150 nm.

5. CONCLUSIONS

The possibility of HAP obtaining according to the
scheme: 6NazHPO412H20 + 6CaClz + 4Ca(OH)z —
Cai10(PO4)s(OH)2 + 12NaCl + 18H20 was confirmed as a
result of the studies.

It was found that it is possible to obtain a single-
phase HAP with a Ca/P ratio close to stoichiometric after
washing the reaction products from soluble impurities.
The high purity of the resulting product, as well as the
simplicity and low cost of the proposed method, allows it
to be used to create commercial technology for the
production of HAP.
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¥ poGoTi 3armrporroHoBaHA 10HHO-00MiHHA peakiris cuuTedy rimpoxcranaruTta (UAII) y mocTifinoMy JryswHOMY
CEepeIOBUII 3 BUKOPHMCTAHHSAM IOMEPeIHBOI CyXol rOMOreHi3arfi mpekypcopiB. Ax mpexypcopu Oy obOpawi
rigpoocdar Harpito Na:HPOs, xmopun rameiiio CaCly 1 rigpowkcun wameiito Ca(OH):. Ilpm B3aemopmii
NaHPO, 3 cossimMu KaJIbIIio B JIysKHOMY CEpEIOBHUIII BimOyBaeTbes 3amimienus iouiB Na* ma iomm Ca?t. dx
mrepesio ionis Ca2t Oysia Bukopucrana cinb CaClz, OCKIIBKY B IIbOMY BHITQJIKY OJHHMM 3 IIPOIYKTIB PEaKIlii €
XJIOPHJ HATPIO, STKUI 3rOf[0M JIETKO BHUMHBaeThcs. HeoOximumit pH cepemoBuia mocsiraBes T0JaBAHHAM Y
BUXIJTHI PEUOBUHM TIIPOKCHY KAJIBINIO, IKAU OJJHOUYACHO OyE 1 mkepesiom ioui Ca?t. Harpisanus Ha BogsAHIN
OaHl 3a0e3rmedyBaJIo MOCTIMHUN MPUTLIIAB MOJIEKYJT BOJIH, KA He0OX|THA JJTS JUCOITIAIN] MOJIEKYJI PEYOBUH, 1110
GepyTh yuacth B pearri. Ilpm cyxomy cumHTe3l mocuTh CkiIamHo orpumary crexiomerpumunuit ['AIl uepes
HEPIBHOMIPHICTH PO3MOLIY 10HIB y peakriiiiHiil cymimnm. [lepebir xiMiumHoi peakirii y BOJOTOMY CEPEeIOBHUIIIL
JI03BOJISIE 3MEHIIUTH BIUIUB IIHOr0 (QaKTopy. DByso 3pobsieH0 MpUIyINeHHs, 10 OCKUIbKH Kpim ['AIl
MPOAYKTAMH PEAKINi € PO3YMHHI y BOl CIIOJIYKH, TO HE3HAYHOK 3MIHOI CITIBBIIHONIEHHS BUXITHIX
KOMIIOHEHTIB MOXKHA peryJoBaTu crexiomerpito ['All, a Tako:k CIIBBITHOIIEHHA KIHIIEBUX IIPOAYKTIB PeaKIii.
JlomaTkoBl MPOIYKTH, IO YTBOPIOITHCS B XOJI PEAKINi, BUJAJISIJIACS IIPOMUBAHHSM OTPHMAHOIO IIOPOIIKY
IHUCTHJILOBAHOIO BOMOK. Bimvwuruit 1 Bucymenwii mopomok ['All BigmamoBaBesa y meui mpum 7'= 700 °C.
JocmisreHHs, IpoBefeHl MeToJaMu PEHTIeHO(A30BOr0 aHAII3y, PACTPOBOI €JIEKTPOHHOI Ta IIPOCBIUYIOUOI
MIKPOCKOIIII ITOKA3aJId, 110 OTPUMAHUM MaTepias e oguodasumm moporrkoMm AT si coiseigHOmenusm Ca/P,
ommspkuM 10 1,67. Byno BusiBieno, mio dactwakm mopornky ['All, orpuMaHoro B pesysbTari CHHTE3y 3
HACTYITHUM IIPOMUBAHHAM, MaJIU popMy rosok ToBmimHOW0 10-40 M 1 mossxmHOo Bif 30 mo 200 mm. Bimman
mopoIKy mpu TeMieparypi 700 °C mIpuBOaMB 10 aryioMepalii YaCTHHOK, a TAKOMK 10 OKPYIVIEHHS iX opMu.

Kmiouosi cinosa: Hanokpucrasmivuauii rigpoxcuamnarur, OasoBuil 1 eeMeHTHHHI cKiIan, PerTrenodasosuit
aHauIi3.
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