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Abstract

An overview of possible anionic substitutions in the structure of hydroxyapatite for the mechanochemical
method of synthesis is presented. It was revealed that single-phase nanocrystalline varieties of anion-substituted
hydroxyapatite are formed during mechanochemical synthesis. A series of the samples of carbonate-, silicate-,
aluminate-, zirconate-substituted hydroxyapatites with different concentrations of the substituent ion were ob-
tained. It was established that additional high-temperature annealing leads to a partial loss of the substituent ion,
which results in the formation of impurity phases. Silicate-, aluminate-, and zirconate-containing hydroxyapatite
species may be of interest as coatings of medical implants made of metal and zirconium-corundum ceramics.
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INTRODUCTION

Hydroxyapatite (HAP) Ca (PO,),(OH), is wide-
ly used in medicine as an analogue of the mineral
component of bone and dental tissues [1], serves
as a material for medical ceramics, for filling the
defects of bone tissues, for implant coatings, it is
used in stomatology, and also as therapeutic
means and cosmetics [2, 3]. Organogenic HAP
does not correspond to the idealized formula pre-
sented above and always contains cation and
anion substitutions at a level of several hun-
dredths to several mass percent. These substitu-
tions play an essential biological part [4, 5] The
structure of apatite allows carrying out a broad
range of substitutions in the anion and cation
sublattices [6]. The variation of HAP composition
is accompanied by the changes of its properties.

Within the recent decade, many works dealing
with the synthesis of HAP with various substitu-
tions were published. Analysis of the biological
role of some ions and their antibacterial properties
exhibited after the introduction into hydroxyapa-
tite structure was considered in reviews [7, 8]. The
authors of [4] demonstrated that a substituent in
HAP structure, even at a level of several hun-
dredths of a percent, affects its physicochemical
properties and the properties of the resulting bi-
oceramics. When HAP is used as a material for
implants, the composition of the substituent in
HAP structure may affect adhesion with the sub-
strate, accelerate implantation and even decrease
the possibility of malignant neoplasms [9]. In par-
ticular, according to numerous literature data
cited in [10], silicon is a necessary element for
osteosynthesis. The use of HAP modified with
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silicate as a coating for implants promotes faster
implantation. The presence of carbonate ions in
HAP structure causes an increase in its solubili-
ty [6]. It may be assumed that a coating made of
HAP modified with aluminate and zirconate will
exhibit higher adhesion to the surface of medical
implants made of corundum and zirconium ce-
ramics. From this point of view, we chose anions
as substituents (dopants) and synthesized HAP
samples with partial anion substitution of phos-
phate ions for carbonate, silicate, aluminate or
zirconate ions.

The goal of the present work was to investi-
gate the degree of substitution during the mech-
anochemical synthesis of HAP varieties with the
introduction of dopants — carbonate, silicate, alu-
minate and zirconate ions playing essential bio-
logical roles, with the outlooks to use them as the
materials for implant coatings, for bioceramics,
and composites for medical purposes. The effect
of the chemical composition of substituents on
the substitution degree and the composition of
the synthesized product was studied.

EXPERIMENTAL

The basis for all substituted HAP samples was
monetite CaHPO, (Ch. reagent grade, Vekton) and
freshly calcined calcium oxide CaO (Ch.D.A. rea-
gent grade, Vekton). The sources of substitut-
ing ions were reagents (Ch.D.A. grade): calci-
um carbonate CaCO,, amorphous silicon oxide
SiO, - 0.7H,0, aluminium oxide Al O,, zirconium
oxychloride ZrOCl, - 8H,0, zirconium oxide ZrO,
and zirconium hydroxide Zr(OH),. Mechanochemi-
cal synthesis of the samples of carbonate-(CO,-HAP),
silicate- (Si-HAP), aluminate- (Al-HAP) or zirco-
nate-substituted HAP (Zr-HAP) was carried out in
AGO-2 planetary mill in water-cooled steel jars
with the rotation frequency of 1200 r.p.m., 150 mL
in volume, with steel balls 200 g in mass, for
30 min. The mass ratio of the reaction mixture to
the balls was 1 : 20. To avoid product contamina-
tion, the preliminary lining was carried out in the
working zone of the mill by the reaction mixture
with the same composition as the sample to be
synthesized [11]. To study the structure of the
resulting materials, the synthesized samples were
annealed at a temperature of 1000 °C for 5 h
in a PVK 1.4-8 electric furnace (Russia). The
samples of anion-substituted HAP were marked
as CE-HAP (here C is dopant concentration, in
mol of substituting ions per one mole of HAP,
and E is the element of substituent anion).

The samples after mechanochemical synthesis
and after annealing were studied by means of
X-ray structure analysis, IR spectroscopy and
high-resolution electron microscopy (HREM).
X-ray diffraction patterns were recorded with a
Bruker D8 Advance diffractometer (Germany) in
Bragg—Brentano configuration with CuK  radia-
tion, NiK, filter and superfast position-sensi-
tive one-dimensional detector Lynx-Eye (capture
angle 3°). X-ray phase analysis of the compounds
was carried out using the powder diffraction da-
tabase ICDD PDF-4 (2011). Refinement of unit
cell parameters, crystallite size, and calculation
of phase concentrations were carried out using
Rietveld procedure in Topas 4.2 software (Bruker,
Germany). IR spectra were recorded with an In-
fralyum-801 spectrometer (Russia), tablets of the
samples were made using a standard procedure by
pressing with KBr. Investigation of the samples by
means of HTEM was performed with a JEM-2010
electron microscope (JEOL, Japan) with the accel-
erating voltage 200 kV. The particles were depos-
ited by dispersing the suspension of the sample in
alcohol onto a copper substrate using an ultrasonic
dispergator. Local analysis of the elemental compo-
sition of the samples was carried out with the help
of energy-dispersive spectroscopy (EDS) with a
QUANTAX 200-TEM spectrometer (Bruker, Ger-
many) with an XFLASH detector.

RESULTS AND DISCUSSION

Substitution of phosphate ions by carbonate ions

Anion substituents in apatite structure may
be arranged in two positions: in the positions of
complex phosphate ions or monovalent anions at
the 6, axis, where OH groups are localized. Het-
erovalent substitution often takes place. An ex-
ample may be the substitution of phosphate and
hydroxide ions by carbonate ions with the for-
mation of carbonate hydroxyapatite of B and
A type, respectively [6].

Carbonate hydroxyapatite of B type with the
general formula Ca, _ (PO,),__(CO,) (OH),_
is usually formed during the synthesis of HAP
according to various procedures in the air due to
the presence of carbon dioxide in the air [10].
During mechanochemical synthesis according to re-
action 6CaHPO, + 4CaO = Ca (PO,)(OH), + 2H,0,
which is also carried out in the air, a definite
amount of carbonate ions substituting phosphate
ions is present in HAP structure. This process is
essentially dependent on air humidity and is ex-
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plained as follows. Calcium oxide in the reaction
mixture interacts with water vapour in the air
during the first second of mechanical activation
and is partially transformed into calcium hydrox-
ide CaO + H,O = Ca(OH),, then it reacts with
atmospheric carbon dioxide forming calcium car-
bonate: Ca(OH), + CO, = CaCO, + H,O, which
enters the structure of the compound to be syn-
thesized, with the formation of carbonate hy-
droxyapatite. In the case of low air humidity
(during the heating season), the formed calcium
hydroxide reacts completely with calcium hyd-
rophosphate. At this, the source of calcium hyd-
roxide is exhausted, the reaction with carbon di-
oxide does not proceed, therefore, carbonate ions
to not enter apatite structure. An example may
be HAP samples synthesized at the air humidity
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Fig. 1. IR spectra of mechanochemically synthesized HAP
sample obtained at the air humidity of 15 (1) and 75 % (2).

of 15 and 75 %. Their IR spectra shown in Fig. 1.
The concentration of carbonate ions in the sam-
ples determined by means of volumetry was 1
and 3 mass %, or 0.2 and 0.6 mol of carbonate ions
per 1 mol of HAP, respectively. It should be noted
that the mineral part of human and animal bone
and dental tissues is composed of B type carbon-
ate hydroxyapatite. During sample annealing,
carbonate ions leave the HAP structure within
the temperature range 500—1200 °C. The X-ray
phase analysis data showed that monophase HAP
is formed in both cases.

Substitution of phosphate ions by silicate ions

In the case of heterovalent substitution of
phosphate ions by silicate ions, charge compensa-
tion occurs due to the formation of vacancies (V)
in the positions of OH groups localized at the 6,
axis in HAP structure according to the scheme:
SiO}” + V_, —» PO} + OH". As a result of this
substitution, substantial deformation of the lat-
tice is observed, with its gradual rearrangement
from hexagonal into orthorhombic [12]. It was re-
vealed that up to 2 mol of silicate ions per 1 mol
of HAP may enter the HAP structure during
mechanochemical synthesis. The product is
a monophase nanosized silicate-substituted HAP
(Si-HAP) (Fig. 2, a). However, annealing of the
resulting material involves crystallite growth. As
a result, in the samples with the high concentra-
tion of silicate ions, a part of these ions leaves
HAP lattice, which leads to the formation of the
second phase silicocarnotite Ca,(PO,),(SiO,) (see
Fig. 2, b, particle 3). As shown above, the phase
transition of Si-HAP into silicocarnotite starts at
a temperature of 970 °C [13]. The concentration
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Fig. 2. HTEM images of mechanochemically synthesized silicate-substituted HAP: a — before annealing (insert shows nanoparticles
with extended lattice); b — after annealing at 1100 °C for 15 h (insert shows EDS data with the table of elemental composition).
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of silicocarnotite in the sample depends on the
amount of the inserted silicate ion, temperature
and annealing time [13].

X-ray diffraction patterns of Si-HAP with dif-
ferent amounts of the introduced silicon oxide after
annealing at 1000 °C for 10 h are shown in Fig. 3.
One can see that silicocarnotite is formed in notice-
able amounts when 1.2 mol of silicate ions are in-
troduced per 1 mol of HAP. For these annealing
conditions, Si-HAP remains monophase until the
substitution degree 0.8. With an increase in an-
nealing temperature to 1200 °C, the monophase
nature is conserved within the concentration range
0—0.6 mol of silicate ion per 1 mol of HAP [12].

Substitution of phosphate ions by aluminate ions

We are unaware of works on the synthesis of
HAP with reliable data on the substitution of phos-
phate by aluminate ions in the literature. The
authors of [14] studied co-precipitation of three-
valent cations including aluminium during the syn-
thesis of apatite for the purpose of substituting cal-
cium ions. On the basis of the data of IR spectros-
copy, the authors believe that aluminium ions are
sorbed at the surface interacting with OH groups of
apatite. The synthesis of HAP according to the sol-
gel method was reported, with the introduction of
the substituent in the form of the solution of alu-
minium nitrate in ethanol in the amount of 10 to

Intensity, r. u.

o

40 mass % [15]. The product obtained in the form of
powder was pressed in a tablet and annealed at
900 °C. After annealing, the sample turned out
to be monophase, it was composed of alumini-
um and calcium phosphates: AIPO,, CaP,O, ,
Al,(PO,),(OH),(H,0), and Ca,Al(PO,),(OH) [15].

We synthesized the samples of HAP using
mechanochemical method, with the introduction
aluminium oxide into the reaction mixture in the
amount of 0.1-1.5 mol of aluminate ions per
1 mol of HAP (Table 1). X-ray phase analysis re-
sults showed that a monophase product — nano-
sized HAP is formed during mechanochemical syn-
thesis of aluminate-substituted HAP (CAI-HAP)
within the whole range of concentrations C (see
Table 1). After the introduction of 0.1-0.25 mol of
aluminate ions per 1 mol of HAP, a small change of
HAP unit cell parameters is observed. At higher
concentrations, the parameters remain unchanged,
which is the evidence of insignificant insertion of
aluminate ions into the HAP structure during
mechanochemical synthesis.

After sample annealing, X-ray diffraction pat-
terns contain narrow intense reflections corre-
sponding to the HAP phase, which points to the
high degree of product crystallinity (Fig. 4). After
the introduction of aluminium oxide into the re-
action mixture in the amount of 0.5 mol of alumi-
nate ions and more per 1 mol of HAP, reflections

1.2Si-HAP

1.0Si-HAP

0.8Si-HAP

0.6Si-HAP
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Fig. 3. X-ray diffraction patterns of mechanochemically synthesized samples of silicate-substituted HAP (CSi-HAP) after an-

nealing at a temperature of 1000 °C for 10 h.
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TABLE 1

Phase composition of the samples of mechanochemically synthesized HAP

with the substitution of phosphate ions by aluminate ions

Sample Introduced HAP Crystallinity Crystallite HAP unit cell parameters
ALO,, mol concentration, % degree, % size, nm a, A ¢, A v, A3
HAP 0 100 72 29 9.409 6.895 528.7
0.1AI-HAP 0.1 100 72 23 9.43 6.90 531
0.25A1-HAP 0.25 100 70 25 9.42 6.91 531
0.5AI-HAP 0.5 100 69 21 9.42 6.91 531
0.8AI-HAP 0.8 100 63 21 9.42 6.91 531
1.0AlI-HAP 1.0 100 57 18 9.42 6.91 531
1.5A1-HAP 15 100 56 18 9.42 6.91 531

related to the phase of calcium aluminate Ca,AlO,
appear in the diffraction patterns of the samples.

The content of calcium aluminate increases
with an increase in the amount of ALO, intro-
duced. In addition, X-ray diffraction patterns of
all annealed samples contain reflections corre-
sponding to calcium oxide (see Fig. 4). The forma-
tion of CaO during annealing of the samples may
be explained by the decomposition of carbonate-
substituted HAP formed during mechanochemi-
cal synthesis.

When planning experiments, we calculated
the ratio of components for obtaining the neces-
sary product in the form of a stoichiometric com-

L

Intensity, r. u.

—_— *

pound in which aluminium is present in apatite
structure in the form of aluminate ion (A103)37,
according to reaction: (6 — x)CaHPO, + (4 + x)CaO
+ 0.5xALO, = Ca, (PO,), _ (AlO,) (OH),.
According to the data of IR spectroscopy, the
complex aluminate ion in HAP structure has a
tetrahedral coordination, which is more probable
with the substitution of the tetrahedron of phos-
phate ion. If we assume that the phosphate ion is
substituted by (A104)5_, then charge compensa-
tion should proceed due to the formation of va-
cancies in the positions of OH groups according to
the scheme: (AIO,)” + 2V_, — (PO, + 20H".
With this scheme, the content of OH groups in

%
A 15A1-HAP
..
1L.OAI-HAP
*
\ 0.8AlI-HAP
.
05A1-HAP
*
0.25A1-HAP

0.1AI-HAP
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Fig. 4. X-ray diffraction patterns of mechanochemically synthesized samples of aluminate-substituted HAP (CAI-HAP) after

annealing at a temperature of 1000 °C for 10 h.
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HAP structure should decrease, which will be ob-
served as a decrease in the intensity of bands at
630 and 3575 cm™! related to the vibrations of the
bonds of OH group with an increase in the con-
centration of the introduced AL O,, however, this
was not observed (Fig. 5). The authors of [16] an-
alyzed the IR spectrum of calcium aluminate and
determined that absorption bands at 705, 720,
780, 820, 865 and 900 cm™! relate to AIO4 tetrahe-
drons, while the bands at 410, 460, 510 and
520 cm™! are due to the presence of AlO; octahe-
drons in Ca,ALO,. In the IR spectra of the sam-
ples synthesized by us with the concentration of
the introduced aluminium oxide 1.0—1.5 mol per
1 mol of HAP, some bands appeared with the
wavenumbers 745, 819, 866 and 900 cm™! (see
Fig. 5). These wavenumbers are close to the data
reported in [16] for the tetrahedral surroundings
of aluminate ions.

So, in the case of the synthesis of Al-HAP,
most probably, substitution leading to the forma-
tion of vacancies occurs. These vacancies destabi-
lize HAP structure. This may explain the fact
that the Ca,ALO, phase is released during an-
nealing in the case when more than 0.5 mol of
aluminate ions is introduced into HAP samples.

Substitution of phosphate ions by zirconate ions

Along with metal implants, at present, the ap-
plication of corundum and zirconium ceramics for
the manufacture of separate details of implants
or completely ceramic products for use in trau-
matology and orthopedy broadens. In this con-
nection, search for new compositions is necessary

0.5A1-HAP

—

1.0AI-HAP

1046
15AI-HAP

W
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Fig. 5. IR spectra of the annealed samples of substituted HAP
(CAI-HAP).

to make the materials for coatings of ceramic im-
plants and bioresorbable ceramics. One of the
possible substituents of phosphate ions in HAP
structure may be zirconate ions according to the
scheme: ZrO; + Vg = PO}” + OH', with the
formation of vacancies in the positions of OH
groups for charge compensation.

Some data on calcium substitution by zirconi-
um in HAP structure were published [17], but the
data on the substitution of phosphate ions by zir-
conate ions ZrOf are absent yet. It is interesting
not only to study the possibility of this substitu-
tion but also to obtain the material for coating the
implants made of zirconium ceramics or for use
as a precursor of phosphate-zirconium ceramics.

We synthesized the samples of zirconium-sub-
stituted hydroxyapatite Zr-HAP using zirconium
oxychloride, oxide and hydroxide as precursors of
zirconate ions. After the introduction of zirconi-
um oxychloride into the reaction mixture, mech-
anochemically synthesized samples were com-
posed of HAP with an insignificant admixture of
zirconium oxide, maybe due to the partial decom-
position of initial zirconium oxychloride during
mechanical activation. After annealing of Zr-HAP
samples, their unit cell parameters changed sub-
stantially. It should be stressed that the unit cell
parameters of two isomorphous apatite varieties
differ substantially: for HAP, a = b = 9422 A,
¢ =6.881 A, while for chloroapatite (Ca, (PO,)CL),
a=b=9598 A, c=6.776 A. The unit cell param-
eters for the Zr-HAP sample synthesized by us,
with the introduction of zirconium oxychloride in
the concentration of 0.5 mol of zirconate ion per
1 mol of HAP, are: a = b = 9518 A, ¢ = 6.842 A,
which is the evidence of the insertion of chloride
ion into apatite structure at the position of OH
groups with the formation of chlorohydroxyapatite.

Mechanochemical synthesis of the samples
with the introduction of zirconium oxide is ac-
companied by the formation of HAP without the
substitution of phosphate ions by zirconate ions.
However, after annealing, some amount of zirco-
nate ions enter the HAP structure, as suggested
by an increase in the lattice parameters of HAP.

When zirconium hydroxide is used as a dopant,
Zr-HAP is formed as early as at the stage of me-
chanical activation of the reaction mixture. Zirco-
nium that did not enter HAP structure forms a
double oxide of the composition Ca, Zr ..O, ..
Judging from the dynamics of unit cell parame-
ters in HAP, not more than 0.6—0.8 mol of zirco-
nate ions per 1 mol of HAP enter HAP structure
during mechanochemical activation. After an-
nealing, the samples contain CaZrO, and CaO in
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Elements, at. %
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Fig. 6. HTEM images and elemental composition according to EDS data for mechanochemically synthesized sample of zirconate-
substituted HAP (0.8Zr-HAP) after annealing at a temperature of 1000 °C for 5 h (concentration of zirconate ion 0.8 mol per
1 mol of HAP): a — nanoparticle 1 with high Zr content (table in the insert) grown on crystal 2; b — nanoparticle 4 with ex-
tended lattice and high Zr content (table in the insert) grown on crystal 3, zirconate ion content in HAP 5.34 at. %.

addition to HAP. Phases in the form of nanoparti-
cles with the high content of zirconate ions (10—
15 at. %) were also revealed. These phases grow
during sample annealing on HAP crystals with
lower amount of zirconate ions substituting phos-
phate ions. Figure 6, a shows the data of electron
microscopy and EDS examination of the Zr-HAP
sample in which nanoparticles with zirconate ion
content 14 at. % (see Fig. 6, a, particle 1) were
formed on HAP crystal containing 4.27 at. % zirco-
nate ions (see Fig. 6, a, particle 2). Figure 6, b
shows nanoparticle 4 containing 12.93 at. % zirco-
nate ions and 25.12 at. % phosphate ions with ex-
tended lattice and interplanar spacings character-
istic of calcium zirconate (corresponding to card
PDF [35-0790] of the ICDD database). The parti-
cle was formed on HAP crystal (particle 3) con-
taining 5.34 at. % zirconate ions, with the inter-
planar spaces corresponding to the lattice of HAP.
These phases may be related to the substitution-
type solid solutions.

So, a comparison of the results of the mecha-
nochemical synthesis of Zr-HAP with the intro-
duction of three different zirconium compounds
showed that an optimal dopant is zirconium hy-
droxide. The introduction of zirconium hydroxide
as a precursor of zirconate ions allows us to ob-
tain zirconate-substituted HAP samples as early
as at the stage of mechanical activation.

CONCLUSIONS

1. HAP samples with anion substitutions of
phosphate ions by carbonate, silicate, aluminate

or zirconate ions were obtained with the help
of the mechanochemical method. The obtained
samples are nanosized powder materials ready
for subsequent application.

2. Under the conditions of the mechanochemi-
cal synthesis of carbonate-substituted HAP, the
concentration of carbonate ions is 0.2 and 0.6 mol
per 1 mol of HAP. The decomposition of carbon-
ate-substituted HAP starts at a temperature of
500 and is completed at 1200 °C.

3. With the heterovalent substitution of phos-
phate ions by silicate ions, mechanochemical syn-
thesis allows obtaining a monophase product
after the addition of up to 2 mol of silicate ions
per 1 mol of HAP. The thermal stability of the
samples decreases with an increase in the con-
centration of the substituting anion. The maximal
substitution degree giving a monophase product
during annealing at 1100 °C for 15 h is 0.6 mol of
silicate ions per 1 mol of HAP.

4. For the mechanochemical synthesis of the
samples of aluminate-substituted HAP, the pos-
sibility of the insertion of up to 0.25 mol of alumi-
nate ions per 1 mol of HAP was revealed. The
release of Ca,AL,O, and CaO is observed during
annealing of the samples with the concentration
of introduced aluminate ions more than 0.5 mol
per 1 mol of HAP.

5. During mechanochemical synthesis with zir-
conium hydroxide used as a dopant, zirconate-
substituted HAP is formed, with zirconate ion
concentration not more than 0.6—0.8 mol per 1 mol
of HAP, and a double oxide Ca . Zr ..O ... After
annealing, in addition to the substituted HAP,
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the samples contain CaZrO, and CaO. Phases in
the form of nanoparticles with the high zirconi-
um content (10—15 at. %) were revealed.

6. HAP varieties with anion substitutions may
be interesting as the coating materials for medi-
cal implants made of corundum and zirconium
ceramics and bioceramics.
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