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Abstract: In this paper, we present results of a study on the possibilities of the mechanochemical
synthesis of copper-substituted hydroxyapatite with the replacement of calcium cations by copper
cations. During the synthesis, various reagents—sources of copper cations—were used. It was
found that the nature of the carrier of the doping cation plays an important role in the formation of
the structure of Cu-substituted apatite. It was established that a single-phase material forms most
efficiently when copper (II) phosphate is employed; however, even this reagent did not allow the
introduction of a large amount of copper into the hydroxyapatite crystal lattice. Out of 10 calcium
cations in the unit cell of hydroxyapatite, no more than two could be replaced by copper cations.
A further increase in the copper concentration led to the formation of an amorphous product. The
degree of copper substitution in hydroxyapatite increases as the oxidation state of copper increases.
The thermal stability of the hydroxyapatite with the highest degree of substitution was studied. It
was shown that the presence of copper cations significantly decreases the stability of hydroxyapatite.
In a temperature range of 550-750 °C, it is gradually decomposed to form a mixture of rhombohedral
Cayp 57Cuq.43(PO4), and CuO. The FTIR spectrum of Ca; 57Cug 43(POy4),, which is a copper-substituted
3-Caz(POy),, was first studied.

Keywords: mechanochemical synthesis; hydroxyapatite; copper; copper oxide; copper phosphate;
substitution; thermal stability; tricalcium phosphate

1. Introduction

An increase in life expectancy and in the number of injuries and diseases has increased
the overall demand for scaffolds, grafts, implants, and endoprostheses. Hydroxyapatite
(HA), which is an inorganic material with the chemical formula Ca;y(PO4)s(OH),, is
widely used in various fields of medicine including orthopedics and dentistry [1-3] due
to its chemical similarity to the inorganic components of human bone and teeth [4-8].
Stoichiometric HA with a Ca/P atomic ratio 1.67 has excellent biocompatibility, non-toxicity
and osteoconductive properties [4].

Because stoichiometric HA has a low bioresorption rate and does not have antibacterial
properties, appropriate substituent ions are introduced into it to impart desired characteris-
tics [9,10]. HA structure, which has hexagonal syngony with the space group P63 /m [4], is
unique in that it allows for a wide variety of substitutions and for the formation of solid
solutions. In the HA lattice, all ions can be partially or completely substituted [11-14]. For
calcium, both isovalent and heterovalent substitution by ions of other chemical elements
are possible. When calcium cations or the phosphate group are replaced, the Ca/P ratio
changes because the number of these ions decreases. To keep the ionic equilibrium in the
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HA structure constant, it is necessary to comply with the stoichiometry, therefore the ratio
of cations and anions should be equal to 1.67, i.e., (Ca + Me)/(P + Me) = 1.67.

Ionic substitution is a powerful tool to improve the biological performance of HA.
A material with enhanced biocompatibility and bioactivity, antibacterial, antifungal and
anticancer properties, with improved performance in helping to prevent osteoporosis and
carrying out magnetic hyperthermia therapy can be obtained via ionic substitutions in the
HA crystal lattice [11-13,15].

The authors of the review [16] have analyzed numerous literature data devoted to the
biological properties of copper-containing biomaterials, including hydroxyapatite. They
concluded that interest in the use of Cu as a dopant has recently been growing, which is
due to the important properties of copper. Material doped with copper exhibits antibac-
terial, angiogenic and osteogenic properties. It was found that the materials based on
Cu-substituted HA (Cu-HA) have antimicrobial activity against S. aureus and E. coli [12]
and antifungal activity against different species of C. albicans, thus preventing inflamma-
tion when using this material in surgery [12,16,17]. In vivo investigations have shown
that the low doses of copper promote the formation of micro-vessels and improve the
wound-healing process [18]. Copper-doped HA also promotes osteogenic differentiation,
which was proven through in vitro experiments [19]. However, some data on the Cu-HA
cytotoxicity available in the literature are contradictory [12]. Thus, Jacobs et al. reported the
variable copper efficiency reported in different studies, sometimes very significant, which
does not allow a clear understanding of the mechanism of action of the copper ions on
physiological processes [16]. The reasons for the different results of the studies may be due
to the different conditions of the biological experiments, as well as to the different concen-
trations and methods used to prepare the material. When studying material properties, it
is very important to give a complete characterization of the material, its composition and
structure, in order to avoid erroneous conclusions.

In numerous studies concerning the preparation of Cu-HA, liquid-phase methods
of synthesis followed by high-temperature processing of the synthesized material are
mainly employed [20-22]. The need to use high-temperature treatment indicates that
the introduction of the copper cation into the lattice occurs during the heat treatment;
therefore, this synthesis technique can be considered as a solid-phase one, similar to
that described in refs. [23-25]. According to Gomes et al. [21], during high-temperature
treatment below 1100 °C, the incorporation of copper into HA is possible due to the
formation of a linear O—Cu—-O oxocuprate entity in the hydroxyl channel of apatite with
the composition Cajg(PO4)s(OH)2-2xCuyxOsy, where x < 0.1. Heat treatment above 1100 °C
allows an increase in the copper concentration up to x ~ 0.5 with mixed valence [26].

A lower temperature treatment of the powder obtained via the coprecipitation method
was chosen by Othmani et al. to obtain Cu-HA with the composition CajoxCuy(PO4)s(OH); [26].
Those authors argue that with this method of synthesis, the concentration of copper in
apatite can reach x = 1.5.

There is also a simpler solid-phase version of the synthesis of Cu-HA. Previously [27],
we have shown that via mechanochemical synthesis in a planetary ball mill it is possible
to obtain Cu-HA with a copper concentration up to x = 2 without heat treatment. In
addition, using the synthesis of zinc-substituted apatite as an example, we have found that
the effectiveness of the mechanochemical synthesis depends on the type of initial reagent
that is the carrier of the doping cation [28]. Copper, just as zing, is a 3D element, and
therefore it is likely that in the case of HA synthesis with copper, the nature of the precursor
matters too.

The purpose of this work was to investigate the influence of the different sources of
copper cations on the mechanochemical synthesis of Cu-HA and to analyze the thermal
stability of the as-synthesized material.
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2. Materials and Methods

Mechanochemical synthesis of Cu-HA samples was carried out in an AGO-2 planetary
mill [29] in two 150 mL water-cooled steel drums, with steel balls weighing 200 g and at a
drum rotation speed of 1800 rpm. The weight ratio of the reaction mixture to the balls was
1:20. The duration of processing of the initial mixture in the mill was 25 min. Before the
synthesis, the working zone (drums and balls) of the mill was lined with a reaction mixture
of the same composition. According to atomic absorption analysis, the iron content of the
samples obtained using the mechanochemical method did not exceed 0.05 wt%.

The initial components for the synthesis of Cu-HA were anhydrous calcium hydrogen
phosphate CaHPOj, (pure grade), calcined calcium oxide CaO (pure grade), copper, copper
(II) oxide CuO (pure grade), copper (I) oxide CuyO (pure grade), and copper hydrogen
phosphate monohydrate CuHPO,-H,O (analytical grade).

The initial components were used in a stoichiometric ratio based on the assumption
that calcium cations are replaced by copper cations in accordance with the reactions:

6CaHPOy4 + (4 — x)Ca0 + xCuO — Ca(19.x)Cux(POy4)(OH), + nH,O @)

(6 — x)CaHPO4 + 4Ca0 + xCuHPO4-HyO — Ca194)Cux(POy)s(OH), + nH,O  (2)
6CaHPO4 + (4 — x)Ca0 + x/2Cup0 — Cagqo5)Cux(PO4)s(OH), + nHO 3)
6CaHPOy + (4 — x)Ca0 + xCu — Ca(qg5)Cux(PO4)s(OH), + nHO 4)

In synthesis reaction 1, the copper concentration was x = 0, 0.75, 1, 1.5, 2, or 4. For
reaction 2, x was 1, 1.5, or 2. Reactions 3 and 4 were carried out only at x = 1.

Powder samples after the synthesis were investigated via X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) spectroscopy. For XRD, a D8 Advance diffractometer
(Bruker, Karlsruhe, Germany) with CuK« radiation was utilized in the Bragg—Brentano
geometry. XRD patterns were recorded at a step size of 0.02° and a counting time of 188 s per
step. In situ high-temperature experiments were conducted in an XRK 900 chamber (Anton
Paar, Graz, Austria) with a ceramic carrier in air atmosphere. Heating was carried out
stepwise at a heating rate of 10 °C/min without exposure at a given temperature. Analysis
of the phase composition was carried out in the ICDD PDF-4 powder diffraction database
(2011). Refinement of unit cell parameters, crystallite size, and phase concentrations was
carried out via the Rietveld method [30] in the Topas 4.2 software (Bruker). FTIR spectra
were acquired on an Infralum-801 spectrometer, and tablets for the analysis were obtained
by pressing samples with KBr powder.

Simultaneous thermal analysis (STA) was carried out using a STA 449 F1 Jupiter device
(Netzsch, Selb, Germany) equipped with a QMS 403 C Aeolos mass spectrometer (Netzsch,
Selb, Germany). STA included simultaneous detection of mass loss, differential scanning
calorimetry (DSC) and registration of the evolved gas using a mass-spectrometer. The
measurements were performed in a corundum crucible under an argon-oxygen mixture
(80:20) at a heating rate of 10 °C/min.

The morphology of the samples was analyzed using a scanning electron microscope
(SEM) 3400N (Hitachi, Tokyo, Japan) with an energy dispersive X-ray (EDX) attachment for
semiquantitative element analysis.

Electron paramagnetic resonance (EPR) spectra were obtained using a Spinscan-X
spectrometer (Adani, Minsk, Belarus). Spectral conditions were 9.44 GHz microwave
frequency, 93,750 Hz modulation frequency, 200 mcT modulation amplitude with a time
constant of 0.225 s. The microwave power varied in the 0.05-80 mW range. A ~30 mg
sample was placed in an ampoule of 3 mm in diameter. The measurements were carried
out at room temperature.
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3. Results and Discussion
3.1. Optimal Conditions of Mechanochemical Synthesis

Figure 1 shows the diffraction patterns of the reaction mixture intended for the syn-
thesis of a Cu-HA sample with a concentration x = 1 after mechanochemical treatment for
different periods. XRD analysis revealed that in the first minutes of mechanical treatment
of the reagents, calcium oxide reacted with water to form calcium hydroxide through
reaction (5):

CaO + H,O — Ca(OH), ®)
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o HA, PDF 86-1199
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Figure 1. XRD patterns of the reaction mixture containing CuO at x = 1 after mechanochemical
treatment for different periods.

After 8 min of the treatment, the concentrations of calcium hydroxide and calcium
hydrogen phosphate were decreased (Figure 1) and an intermediate 3-phase of Caz(POy),
(TCP) was formed. This type of calcium phosphate was also formed when preparing
zinc-substituted or calcium-deficient HA via the mechanochemical method [28,31]. In
both cases, the Ca/P ratio was less than 1.67. Given that only line broadening of the CuO
reflections occurs, we believe that the substituent cations do not participate in the chemical
reaction. The mechanical treatment only leads to a decrease in the size of CuO particles. In
this case, as follows from reaction (1), the initial mixture at x = 1 has the ratio Ca/P = 1.5,
which corresponds to the Ca/P ratio in Ca3(POy),. Therefore, calcium hydroxide and
calcium phosphate react with the formation of TCP:

Ca(OH)2 + 2CaHPO4 — Cag(PO4)2 +2H,0 (6)

After 15 min of the mechanical treatment, the intensities of the reflections of both TCP
and CuO phases decreased, whereas the intense reflections of the HA phase appeared. The
HA phase formation is more thermodynamically favorable than TCP (AGT“P = —3884 kJ/mol,
AGHA = 12,669 k] /mol), consequently, the Cu-HA phase is the final product of the
chemical reaction. After 25 min of the mechanical treatment, no distinct reflections of any
impurity phases were detectable.

3.2. Selection of the Best Copper Source

In a comparison of samples containing different concentrations of the introduced
substituent but treated for identical periods (25 min), it turned out that the concentration
of the introduced copper oxide affects the degree of crystallinity of the synthesized sam-
ples (Figure 2a). The crystallinity decreased with increasing copper oxide concentration
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Intensity

(Table 1). Copper cations introduced into the HA lattice induce a local defect, since the
Cu-O bond length is less than the Ca—O bond length, which breaks the symmetry of the
unit cell and hinders the crystallite growth. An increase in the concentration of copper
results in an increase in the number of defects and makes the crystallization process more
difficult. At x = 4, an amorphous halo was observed in the region of the main HA reflections
(26 = 15-37°), indicating the emergence of an amorphous product. In this case, reflections
of unreacted copper (II) oxide were clearly visible. Analysis of the diffraction patterns
using the full-profile Rietveld method showed that reflections of the initial oxide were
already present at x = 0.75 (Table 1). It is not possible to detect their presence without this
method of processing diffraction patterns because reflections of CuO overlap with those
of the HA phase, and at a low concentration of the oxide, its reflections are not noticeable
(Figure 3). With an increase in the concentration of introduced CuQ, its concentration in the
synthesized products rises (Table 1), indicating that the copper oxide does not participate
in the reaction with other reagents. According to the results of the quantitative analysis,
when copper (II) oxide served as the initial reagent, the substitution limit could be assumed
at the concentration x = 0.5.

* CuO, PDF 89-2531 b

Intensity

30

0 50 60 70 0 20 30 40 50 60 70
2 theta (°) 2 theta (°)

Figure 2. XRD patterns of samples containing different concentrations of initial CuO (a) or
CuHPO,4-H,0 (b) after mechanochemical treatment for 25 min.

Table 1. Phase composition of the synthesized samples depending on the concentration and type of
copper source, as calculated via modeling of XRD patterns using the full-profile Rietveld method.

Concentration (Wt%)

Source of Copper X Crystallinity (wt%) R 2
PP HA CuO Cu,0 Cu Y ty (wtth P X

05 100 - - - 98 43 12

0.75 99.2 0.8 - - 97 42 13

CuO 1.0 99 1 - - 95 47 1.1

15 97 3 - - 91 43 1.1

2.0 95 5 - - 83 42 1.1

1.0 100 - - - 9 28 14

15 100 - - - 86 22 1.1

CuHPO,-H0 2.0 100 - - - 54 2.0 12

3.0 100 - - - 29 1.8 1.1

Cu,O 1.0 97 - 3 - 94 4.8 11

Cu 1.0 94 - - 6 93 48 1.1
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Figure 3. Full-profile Rietveld decomposition of XRD patterns of as-synthesized Cu-HA samples
using CuO (a) and CuHPO4-H,O (b) with the same copper concentration (x = 1). Duration of
mechanochemical treatment for both samples was 25 min.

As presented in Figure 2b, when copper (II) orthophosphate was used, the sample
remained single phase up to the concentration x = 2. Modeling using the Rietveld method
also did not reveal any additional reflections of impurity phases (Figure 3, Table 1). As in
the case of copper (II) oxide, when using copper (II) phosphate the intensity of reflections
decreases with an increasing concentration of the introduced substituent, which indicates
a decrease in the crystallinity of the sample (Figure 2b, Table 1). At x = 3, the degree of
crystallinity is less than 50%. For the concentration x = 4, a fully amorphous structure is
formed with a broad amorphous halo observed in the region of the most intense reflections
of HA (Figure 2b). It can be assumed that in this case, the substitution of calcium for copper
is realized up to x = 2.

In contrast to the use of CuO, in the case of CuHPO4-H;O the reaction between
the reagents is more efficient, which is evidently due to the presence of crystallization
water (in the reagent) accelerating the interaction [32] as well as the phosphate groups
surrounding the copper cation; the latter conditions should also favor the incorporation of
individual components of the initial copper phosphate into the emerging Cu-HA crystal
lattice. The presence of an amorphous phase at x = 4 when both sources of copper were
used indicates the impossibility of the formation of a Cu-HA crystal lattice at such a
concentration of copper. The copper cation is much smaller than the calcium cation;
consequently, its presence in the apatite lattice at the position of calcium cations should lead
to local distortions and various defects [14] that limit further growth of the crystal lattice.

Figure 4 shows the FTIR spectra of Cu-HA samples synthesized via the introduction
of various concentrations of copper (II) oxide or phosphate. The spectrum of unsubstituted
HA contains absorption bands of the phosphate ion (572, 602, 960, 1048 and 1090 cm 1),
of the hydroxyl group (630 and 3572 cm™1), of the carbonate group (1420 and 1470 cm 1)
and of adsorbed water (wide bands at 1640 and 3500 cm~1). The introduction of copper (1)
as either the oxide or phosphate into HA broadens the bands belonging to the phosphate
tetrahedron, thus pointing to a decrease in the crystallinity of the material as is consistent
with the XRD data. The higher the concentration of copper, the wider the bands. It
should be noted that in the obtained set of bond vibrations in the phosphate tetrahedron, a
pronounced shift of the minimum is observed only for the band of symmetrical stretching
vibration at 960 cm !, which undergoes a shift toward lower frequencies by 20 cm ! for
the sample with x = 2. The relative intensities of bands related to hydroxyl ions diminished
(and the bands also broadened) as a function of the copper content. Similar behavior of
absorption bands of the hydroxyl group has been reported by Othmani et al. [26]. Those
authors explain this behavior by a decrease in crystallinity owing to the presence of copper
in the HA crystal lattice. In our opinion, the most likely cause is the presence of a copper
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cation in the immediate environment of the hydroxyl group (at the Ca2 site), resulting in
the disruption of libration vibrations at 630 cm 1. The stretching vibrations of the hydroxyl
group at 3572 cm ™! are less pronounced in Cu-substituted samples and overlap with the
wide absorption band of adsorbed water; therefore, it is quite difficult to determine whether
this band disappears or only broadens after the doping.

a b x=2
Q

8 2

E 3

=

E AT 1641 E

: 1421 1470
572 /1090 ‘
1048 1048
500 1000 1500 3000 4000 500 1000 1500 3000 4000
Wavenumber (cm_l) Wavenumber (cm_l)

Figure 4. FTIR spectra of samples containing different concentrations of initial CuO (a) or
CuHPO4-H,0 (b), after mechanochemical treatment for 25 min.

In Figure 5, one can see that unit cell parameters of the apatite phase and its volume
have similar dynamics when copper (II) oxide is compared with orthophosphate, but there
is a slight shift along the vertical axis. The most pronounced dependence on the substituent
concentration is observed for the ¢ parameter. An almost linear decline is seen with the
increasing substituent concentration. The deviation from the linear dependence is the
smallest in the case of copper phosphate. Parameters a and c for these samples are lower
than those in the case of copper (II) oxide. Based on the assumption that copper cations
replace calcium cations in the HA lattice, a decrease in the parameters and volume of the
unit cell should take place because r(Ca?*) =1.00 A and r(Cu?*) = 0.73 A. Consequently,
when orthophosphate is used, the HA lattice contains more copper cations. The deviation
from the linear dependence suggests that at high concentrations of introduced copper, not
all substituent cations are incorporated into the Cu-HA lattice; consistent with the results
of the quantitative analysis of samples containing copper oxide, where initial CuO was
present among synthesis products (Table 1). When the orthophosphate is introduced, the
residual copper that failed to become incorporated into the HA is clearly contained in the
amorphous phase. Thus, we can conclude that the substitution process is the best when
copper (II) orthophosphate is employed. A single-phase product can be obtained at up to
x = 2.0. Nevertheless, probably not all the introduced copper is located in the HA lattice in
this case.

Next, the use of copper sources with Cu charges +1 and 0 at the concentration x = 1
was evaluated. In Figure 6a, one can see that when Cu,O or metallic copper was applied
as the initial source 100% conversion was not observed either. Rietveld refinement of the
XRD patterns revealed the initial reagents in both cases (Figure 7). However, no additional
absorption bands are seen in the FTIR spectra of these samples (Figure 6b), because the
vibrations of Cu—O bonds lie outside of the studied range. The spectra of all samples
were identical.
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x = 1 and mechanochemical treatment for 25 min.
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Figure 7. Full-profile Rietveld refinement of XRD patterns of Cu-HA samples synthesized using
Cu,0 (a) and Cu (b) at concentration x = 1. Duration of mechanochemical treatment for both samples
is 25 min.

When comparing lattice parameters of the HA phase obtained by the introduction
of identical concentrations of copper from different initial reagents (Figure 8a,b), one can
see that the lowest unit cell parameters are obtained with copper (II) phosphate; therefore,
the synthesis is the most efficient when this reagent is used. The same is true for unit cell
volume (Figure 8c). Crystallite size is approximately the same among samples synthesized
from different sources of copper and is significantly less than that of unsubstituted HA
(Figure 8d). Therefore, the insertion of copper in the form of any initial reagent complicates
the process of HA lattice formation.
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Figure 8. A comparison of unit cell parameters a (a) and c (b), cell volume (c), and crystallite
size (d) in Cu-HA for syntheses from different copper sources at concentration x = 1. Duration of
mechanochemical treatment for all the samples is 25 min.
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As seen in Figure 9, the concentrations of copper in all the samples are approximately
the same and correspond to the theoretical value (10.4% wt.) introduced according to the
reaction stoichiometry given by Equations (1)-(4) for x = 1. Since all the samples have
the same copper concentration and they were treated in the same reaction conditions, the
difference in their lattice parameters (Figure 8) is attributed to different amount of copper
in the apatite lattice.

100 pm

Figure 9. SEM images of powder morphology of the Cu-HA samples synthesized using CuO (a),
CuHPO4-H,O (b), Cuy,0 (c) and Cu (d) at concentration x = 1. Duration of mechanochemical
treatment for all samples is 25 min. The tables show the weight concentrations of the registered
elements at the semiquantitative EDX analysis of these areas.

The EPR spectra of the studied samples (Figure 10) are similar to those reported
in previous work on Cu-HA [33]. There are at least two signals with g = 2.45 and 2.17
corresponding to the Cu?* ions [33]. The different values of the g-factors are due to the
different local environments of the copper cations. If we assume that copper cations are
localized in the positions of calcium cations (see reactions 1-4), then there are two non-
equivalent Ca sites in the HA (Cal and Ca2) with different local environments, which can
be replaced by the substituent. However, in order to prove this assumption, further studies
are needed. For the sample obtained using metallic copper as the initial reagent, the EPR
signal shape is slightly different (Figure 10). The reason for this can be attributed to the
presence of metallic copper in the final sample (Table 1), due to which its sintering occurs
during the EPR measurements. As seen in Figure 10, when Cu(I) and Cu(0) are used as the
initial reagents, a part of copper is oxidized to Cu(Il) during mechanochemical synthesis.
Copper, most likely, is incorporated into the HA lattice only in the Cu?* state.
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For all the Cu-HA samples, the change in the power of the supplied microwave
radiation did not change the EPR spectra (Figure 11). Figure 12 shows the integral intensities
of the EPR signal of the as-synthesized samples and the reference sample CuCl,-2H,0O as
a function of the microwave power. As seen, in all cases, the EPR signal does not reach a
plateau level when increasing the microwave power up to 80 mW, indicating very short
relaxation times, which is characteristic of copper.
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Figure 11. EPR spectra of the samples synthesized using CuHPO4-H,O (a), CuO (b), Cu0O (c) and
Cu (d) at x = 1, at different powers of microwave irradiation.
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Figure 12. Integral intensities of the EPR signal of CuCl,-2H,O and the samples synthesized using
different copper sources (x = 1) as a function of the power of microwave irradiation.

Table 2 presents the data derived by extrapolating the values from Figure 12, using
the equation for exponential growth of the signal intensity with the increasing power of
microwave radiation:

I=1y + Ae(x/t) 7)

Table 2. The values of the slopes (t) of the lines defined by Equation (7) calculated from the data
given in Figure 12.

Sample t
Cu-HA from CuHPO4-H,0 0.8929 + 0.005
Cu-HA from CuO 0.91044 + 0.008
Cu-HA from Cu,O 0.93951 £+ 0.012
Cu-HA from Cu 1.07505 + 0.052
CuCl,-2H,0O 0.95962 + 0.006

For all the synthesized samples, the t values are close to that for CuCl,-2H,0O, which is
usually used as the reference sample for EPR measurements (Table 2). The higher value for
the sample prepared using metallic copper may be caused by heating of the sample during
the measurement.

The dependence of the logarithm of the integrated intensity of the EPR signal on
the degree of copper conversion shows (Figure 13) that there is a correlation between the
XRD and EPR data. The more copper that has reacted in the process of mechanochemical
synthesis, the more Cu?* cations are incorporated into the apatite structure. There are no
data for the sample doped with metallic copper in Figure 13, because when heated during
the measurements at a high microwave power, sintering of the sample occurred. High
temperature, most likely, induced structural changes in the sample, which caused the data
obtained to deviate significantly from those of the other samples.

From the above, it can be concluded that the type of the initial reagent that is the
carrier of the substituent cation in mechanochemical synthesis is of great importance for
the synthesis of Cu-HA. Among the possible valence states of copper, the most efficient
synthesis occurs with the divalent state, and it is better to use copper phosphate than oxide.
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3.3. Thermal Stability of Cu-Substituted Hydroxyapatite

The thermal stability of Cu-HA was studied for the sample with a maximum concen-
tration of the copper cation in the apatite structure, according to XRD analysis, namely, for
the CuHPO,4-H,O sample with the substitute content x = 2. The STA data presented in
Figure 14a show that when the sample was heated up to 1000 °C, a mass loss of 7.5 wt%
occurred. The mass spectrometry data indicate that the main mass loss is caused by the
release of water occurring in several steps (Figure 14a). The removal of adsorbed water is
observed up to 250 °C and has a maximum release at 146 °C. Next, the release of lattice
water with a maximum at 245 °C occurs up to 600 °C. The DSC curve of the sample exhibits
an exo-effect at 615 °C, which is not accompanied by water release. According to our
earlier study of the sample Cu-HA with substitute content x = 0.5 [34], we can assume
that at this temperature the release of copper oxide may occur, followed by the formation
of the second impurity phase, 3-tricalcium phosphate Caz(POy), (3-TCP), which has a
rhombohedral structure with the space group R3c. Both of these phases are formed upon
the decomposition of Cu-HA. In order to confirm this assumption, the phase composition
of the samples heated up to 640 °C first and then to 1000 °C has been studied.
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Figure 14. STA (a) of Cu-HA sample with copper phosphate content x = 2; 1—mass loss; 2—DSC;
3—evolution of water. XRD patterns (b) of the sample after STA upon heating up to 1000 °C (1) and
640 °C (2) in comparison with modeled patterns from the PDF database: 3—HA, PDF 000-86-1199;
4—Ca3Cus(POy)4, PDF 000-72-0203; 5—Caj5Cu3(PO4)14, PDF 000-53-0171; 6—CuO, PDF 000-89-2531.

Figure 14b shows the XRD patterns of the samples so obtained. As seen, the decom-
position of the copper-substituted apatite with x = 2 does not occur in the same way as in
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the case with x = 0.5 [34]. Thus, upon heating of the sample to a temperature of 640 °C,
the CazgCu3(POy)4 phase which has a monoclinic symmetry with the space group P2;/a
(PDF 000-72-0203) is formed. The sample also contains a small amount of copper(Il) oxide
(Figure 14b). After heating the sample to 1000 °C, it does not contain the apatite phase; there
is a mixture of CuO and phosphate, the lattice parameters of which are close to Ca;sCus
(PO4)14 with the thombohedral space group R3c (PDF 000-53-0171). The composition
of both orthophosphates can be given as Caz xCux (PO4),. In this case, the monoclinic
and rhombohedral modifications should have the compositions Caj 5Cuy 5 (PO4), and
Cay 57Cuq.43(POy)y, respectively. From this it follows that an increase in temperature leads
to a decrease in the copper content in the orthophosphate Caz_«Cuy(POy),, and therefore
the concentration of the CuO phase increases. The phase composition of the as-prepared
samples determined from Rietveld X-ray refinements are given in Table 3.

Table 3. Phase composition of the synthesized samples after heating in different conditions.

Concentration (Wt%)

Type of
. Temperature ©Q) Cal_5Cu1,5(PO4)2 Ca2,57Cuo_43 (PO4)2
Experiment Cu-HA (Monoclinic) (Rhombohedral) Cu0

STA 640 86 13 - >1
measurement 1000 - - 91 9
550 86 7 7 -
In situ diffraction 650 47 5 42 12
800 - - 93 7
500 100 - - -
Heating 600 76 22 - 3
in the furnace 800 - - 92 8
1000 - - 92 8

Thus, it can be concluded that the phase transition observed at 615 °C corresponds
to the partial decomposition of the substituted apatite with the formation of phosphate
Caj 5Cuy 5(POy); of a monoclinic modification. At 720 °C, the complete decomposition of
the apatite phase occurs with a change of the monoclinic structure of Caj 5Cuy 5(POy); to
the rhombohedral structure of Caj 57Cug 43(PO4), with a low content of copper. As a result,
the concentration of copper (II) oxide in the sample increases.

It should be noted that the exo-process at 615 °C is not accompanied by the release
of water (Figure 14b), although during the transformation of the Cu-HA structure, con-
taining a hydroxyl group, into Caj 5Cuy 5(POy); it should be released. One possible rea-
son why water is not released is the presence of the H-(PO)4 group or hydrated water
in the structure of the released phosphate. Ruszala and Kostiner [35] reported the for-
mation of the CajgCupHy(PO4)14 compound, whose chemical formula can be given as
Cay 57Cug.29H( 29(PO4)2, which indicates a possibility of the existence of compounds of the
Caz_xCuyy/2Hy/2(POy), type. The rearrangement of the Caz ,Cu,_y/2Hy /2(POy), structure
into a mixture of Cap 57Cug 43(PO4)2 and CuO upon heating will lead to the release of H,O,
which was observed in our case at 720 °C (see Figure 14b).

In situ diffractometric studies showed that the process of high-temperature structural
transformation of Cu-HA depends on the heating conditions. Figure 15a shows how the
composition of the sample changes during heating in a high-temperature diffractometer
chamber. It should be noted that in this case, the heating rate was equal to that for the STA
experiments, but the heating process had to be stopped during recording of the patterns.
As a result, the sample was kept for 15 min at a given temperature. In addition, in this
experiment, the sample was placed on a flat thin corundum plate, which allowed rapid
uniform heating of the entire volume of the sample. These slightly different conditions for
heating the material probably resulted in an earlier decomposition of the Cu-HA phase.
Thus, at 550 °C, in the in situ experiment, the simultaneous presence of the apatite phase
with the phosphates Ca; 5Cu; 5(PO4); and Cajp 57Cug 43(PO4), was observed (Figure 15a).
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At 650 °C, the content of Cay 57Cug 43(PO4); significantly increases due to a decrease in the
apatite content. Apart from that, copper (II) oxide is also formed. At 800 °C, only two phases
are observed, such as Cajp 57Cug 43(PO4), and CuO, which agree with the composition of
the sample after STA upon heating to 1000 °C (Table 3).
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Figure 15. In situ (a) and ex situ (b) XRD patterns of Cu-HA sample, synthesized with cupper
phosphate content x = 2.

Upon heating the Cu-HA sample with x = 2 in a high-temperature furnace in a corun-
dum crucible, at storage, at a given temperature for 2 h followed by cooling, the formation
of the same phases as in the case of STA experiments, carried out in a corundum crucible,
was observed. When heated, the sample in a high-temperature furnace at prolonged storage
(2 h) at a given temperature is stable up to 500 °C (Figure 15b). After heating at 600 °C, the
Caj; 5Cuy 5(PO4); and CuO phases are released in the sample. Exposure at 800 °C leads to
complete decomposition of the apatite phase and disappearance of the reflections attributed
to Cay 5Cu; 5(PO4)2. Only Cap57Cup43(PO4)2 and CuO phases are observed (Figure 15,
Table 3). As seen, the phase composition of the sample does not change as the temperature
increases up to 1000 °C.

Figure 16 shows the FTIR spectra of the samples heat-treated in a high-temperature
furnace. It can be seen that for the sample heated above 500 °C, there are only the absorption
bands attributed to hydroxyapatite [4], which is consistent with the phase composition of
this sample (Table 3). The bending vibrations of the O-P-O bond (569 and 602 cm 1), the
stretching vibrations of the P-O bond (962, 1044 and 1088 cm™1), and the libration (630 cm 1)
and stretching (3570 cm ') vibrations of the OH group are observed (Figure 16). After
heating above 600 °C, an absorption band at 630 cm ! belonging to the libration vibrations
of the OH group significantly increases, while the intensity of the stretching vibrations
of the OH group at 3570 cm~! do not change. This is consistent with the X-ray phase
analysis (Table 3), indicating the partial decomposition of Cu-HA with the formation of the
copper-containing phase upon the heating of the sample at 600 °C. Obviously, a large part
of the copper passes from Cu-HA to the phosphate Ca; 5Cu; 5(PO4),. The copper cations
located in the Cu-HA crystal lattice in the position of calcium cations at 500 °C disrupt the
local environment of the hydroxyl groups and dampen the librational vibrations of the OH
group. The same behavior has been reported for Sr-substituted HA [36]. When the Cu-HA
unit cells containing copper cations are transformed into Ca; 5Cuy 5(PO4); phosphate, the
remaining apatite contains only the calcium cations, so the local environment of all the
hydroxyls at 600 °C becomes symmetric again and the intensity of the absorption bands of
the libration vibrations increases.
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Figure 16. FTIR spectra of the heated Cu-HA samples with copper phosphate content x = 2.

It is worth noting that the FTIR spectrum of the sample obtained at 600 °C (Figure 16)
also contains low-intensity absorption bands at 932 and 978 cm~!, which we attributed to
the vibrations of the phosphate group in Caj 5Cu; 5(POy);, whose content in the sample is
22 wt% (Table 3).

Based on the data given in Table 3, it can be assumed that the absorption bands
observed in the FTIR spectrum of the sample heated above 800 °C (Figure 16) belong
to the vibrations of the phosphate group of Caj 57Cug43(PO4),. This spectrum is similar
to that of the unsubstituted Ca3(POy); of a rhombohedral modification as in the case of
Cap 57Cug 43(POy4),, however, the position and number of bands in the spectra are differ-
ent [31,37,38]. Figure 16 shows that the FTIR spectrum of the Cajy 57Cug 43(PO4), sample
heated above 800 °C is similar to that of the Cu-HA sample heated above 500 °C. Taking
this into account, one may suggest that the bands at 552 and 600 cm~! in the spectrum
of Caj57Cug 43(POy4); belong to the bending vibrations of the O-P-O bond, whereas the
bands observed in the 900-1200 cm ! range can be attributed to the stretching vibrations of
the P-O bond. Unlike the unsubstituted Caz(POy4),, for Cay 57Cug 43(PO4), a large number
of bands are observed in the 900-1200 cm~! range, which are due to the different local
environments of the tetrahedral phosphate ions in Cap 57Cug 43(PO4)5.

In summary, we can conclude that, unlike stoichiometric HA, which is stable up to
1300 °C [39], Cu-HA with x = 2 is stable up to ~500 °C. This temperature is 200 °C lower
than that reported by Bulina et al. [34] for Cu-HA with x = 0.5. Apparently, the thermal
stability of Cu-HA depends on the concentration of the introduced substituent cation.
The higher the substituent concentration, the lower the thermal stability of the material.
At substituent content x = 2, the decomposition of Cu-HA begins with the formation of
copper-containing phases Caz_xCuy(POy); and CuO. At a temperature of ~720 °C, complete
decomposition of Cu-HA results in the formation of the rhombohedral Ca; 57Cug 43(PO4)2
and CuO mixture.

4. Conclusions

A study on the mechanochemical synthesis of Cu-HA from various sources of copper
(Cu, CuO, CuyO, or CuHPO,4-H,0O) was conducted. It was found that when calcium cations
are replaced by copper cations, the volume of the unit cell diminishes due to smaller
parameters 2 and ¢, in agreement with the change in ionic radii after the substitution. It was
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