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Abstract Powders of magnesium-modified as well as
zinc-modified calcium phosphates (Me-f-TCP and HA)
with a (Ca®>"™+Mg*"+Zn*"+Na"+K™)/P ratio of 1.3-1.4
and various Me*™/(Me®>T+Ca®*") ratios (from 0.005 to
0.16) were prepared in biomimetic electrolyte systems at
pH 8, mother liquid maturation and further syntering at
600-1000°C. Some differences in zinc and magnesium
modifications have been prognosed on the basis of ther-
modynamic modeling of the studied systems and explained
by the Mg?" and Zn*' ion chemical behaviour. The
temperature as well as the degree of Zn®" and Mg”" ions
substitutions were found to stabilize the S-TCP structure
and this effect was more prononced for zinc. Thus, zinc-
modified f-TCP powders consisting of idiomorphic crys-
tals were obtained through sintering of Zn*" ion substituted
calcium phosphates precursors at 800—1000°C. The Mg*™
ion substitution leads to obtaining magnesium-modified
p-TCP with spherical grains.
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1 Introduction

Ion-substituted non-stoichiometric nano-sized calcium
orthophosphates, mainly with apatite structure, build up the
inorganic component of the biological mineralized struc-
tures. The main ion substitutes are the ions Na®, KT,
Mg*", Fe*", Zn**, CO5*~, C1I” and F~ [1, 2] and they
differ in variety and amount depending on many factors,
such as genetic, individual characteristics and internal
environment of the mineralized structures.

Ion modified calcium phosphate-based ceramics and
cements [3-13] have been developed to simulate the
composition of the mineral component of bone tissues and
to strengthen some specific biologically important behav-
iors, thus to be prospective materials for bone reconstruc-
tion and remodeling. Mg and Zn are preferable among all
the substitutes [5—13] in the biological apatites as they are
essential for the organisms. Thus, the biologically active
Mg plays an important role in the formation and initial
growth of the bone tissue [5]. Zn is an important element in
the natural biological growth and development of the
skeletal system [12]. Moonga and Dempster [13] founded
that Zn inhibits osteoclast differentiation and promotes
osteoblast activity. Most often, bioceramics based on
hydroxyapatite (HA), tricalcium phosphate (z- or -TCP)
or bi-phase HA/S-TCP are used [14-16] due to their good
osteoconductivity, physiological tolerance, biocompatibil-
ity, etc. [17, 18]. Practically insoluble mono-phase bio-
ceramics of HA that have a long-term stability do not
actively participate in the process of bone remodeling
however, at the contact with body fluids they are involved
in the formation of a surface layer of bone-like apatite. The
mono-phase o-TCP and f-TCP display high reactivity and
they degrade rapidly in vitro and in vivo [19, 20]. Mg and
Zn doped TCP ceramics was found to posses lower
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solubility than pure ones and hence reduce the resorption
rate [10]. Bi-phase mixtures of HA and S-TCP ceramics
were developed in order to improve the biological behavior
of the mono-phase materials [21].

The aim of this work was to trace and explain the dif-
ferences in the biomimetic precipitation of magnesium-
and of zinc-modified calcium phosphate precursors in
simulated body fluid electrolyte systems and their sub-
sequent temperature (600—1000°C) phase transformations
by application of chemical, XRD, FTIR, and SEM methods
and thermodynamic modeling.

2 Materials and methods
2.1 Materials—simulated body fluids

The popular conventional simulated body fluid (SBFc)
[22] (Table 1) was used to assure electrolyte medium in
this study. Modified calcium-free conventional simulated
body fluid (SBFc-Cam) was used as a solvent for
K,HPO, (Solution 1, Table 1) and modified phospho-
rous-free conventional simulated body fluid (SBFc-Pm)
was used as a solvent for CaCl, (Solution 2, Table 1),
for ZnCl, (Solution 3, Table 1), and for CaCl, and
MgCl, (Solution 4, Table 1), respectively, thus pre-
liminary precipitation was avoided. All the simulated
body fluids used in the experiments (Table 1) were
prepared by successive mixing of preliminary prepared
solutions of KCIl, NaCl, MgCl,-6H,0O, CaCl,-2H,0,
ZnCl,-1.5H,0, NaHCO;, Na,SO,, and K,HPO, salts in
distilled water. The pH of the solutions was adjusted to
7.2-74 using 0.1 M HCl or 0.05M Tris (hydroxy-
methyl) aminomethane. Analytical reagents A.R. were
used.

2.2 Synthesis and phase transformations

Magnesium-modified as well as zinc-modified calcium
phosphate precursors with varying Me*t/(Ca>"+Me*™)
ratio (Me*™ = Mg?*, Zn>") from 0.005 to 0.16 (Table 2)
were biomimetically synthesized in electrolyte medium of
SBF and a glycine buffer [23] at pH 8 and room temper-
ature. The method of continuous co-precipitation was
applied and all reagents (Solution 1 and Solution 2 for
SBFc, Solutions 1-3, for Zn- and Solution 1 and Solution 4
for Mg-modifications (Table 1)) were added to a glycine
buffer medium with a rate of 3 ml/min assuring continuous
precipitation at a constant (Ca*"+Me*")/P ratio of 1.67
and keeping pH 8 by 1 M NaOH.

The precipitates were matured in the mother liquid for
24 h at room temperature and then the thick suspensions
were subjected to gelling with xanthan gum, lyophilized at
—56°C, washed (solid-to-water-ratio 1:100), and secondary
lyophilized.

The dry precursors were sintered at 600, 800 and
1000°C and atmospheric pressure in high-temperature
furnace, type VP 04/17 of LAC Ltd Company. The
working regime was heating with rate 3°C/min till the
desired temperature and keeping it constant for 1 h.

2.3 Characterization
2.3.1 Chemical analysis

The sum of Ca®" and Mg>" ions in the solid samples was
determined complexometrically with EDTA at pH 10. The
concentrations of Zn*", Mg?*, K™ and Na' ions were
analyzed by a TERMO MS5 atomic absorption spectrometer
and the concentrations of P—PO43 ~ and Cl™ ions were
analyzed spectrophotometrically by NOVA 60 equipment
using Merck and Spectroquant® test kits.

Table 1 Inorganic composition of human plasma and simulated body fluids (SBF) (mmol dm™"

Composition Human plasma [22] SBFc [22] SBFc-Cam SBFc-Pm SBFc-Pm SBFc-Pm
(Solution 1) (Solution 2) (Solution 3) (Solution 4)

Na* 142.0 142.0 141.9 141.9 141.9 141.9

K" 5.0 5.0 506.4 3.0 3.0 3.0

Mg** 1.5 1.5 1.5 1.5 1.5 1.5 +x

Ca™" 2.5 2.5 - 4189 — x 4189 — x

Zn** - - - X

Cl™ 103.0 147.8 142.8 975.6 — 2x 142.8 + 2x 975.6

S0,%~ 0.5 0.5 0.5 0.5 0.5 0.5

HCO;™ 27.0 4.2 4.2 4.2 42 4.2

HPO,>~ 1.0 1.0 251.7 - - -

Note: 0 < x < 83.8 mmol/l that corresponds to Me*™/(Me**+Ca>") = 0.2
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Table 2 Ion content of the magnesium- and zinc-modified calcium phosphates and their initial solutions
Sample Liquid phase Solid phase
Me*™/(Me*T+Ca*™)  Me*™/ (Ca* +Mg* +Zn*t+  Zn?T, Mg, Na™*, K", alr,
in initial solutions (Me*t+Ca®™) Nat4+K*)/P mmol/g mmol/g mmol/g mmol/g mmol/g
SBF-modified calcium phosphate
PO 0 0.005 1.33 - 0.04 0.05 0.01 <0.05
Zinc-modified calcium phosphates
Znl 0.01 0.01 1.31 0.09 0.03 0.03 0.01 <0.05
Zn5 0.05 0.05 1.35 0.41 0.04 0.05 0.02 <0.05
Zn10 0.10 0.10 1.34 0.90 0.06 0.02 0.01 <0.05
Znl13 0.13 0.13 1.40 1.19 0.05 0.08 0.02 <0.05
Magnesium-modified calcium phosphates
Mg2 0.03 0.02 1.36 - 0.21 0.05 0.02 <0.05
Mg5 0.10 0.05 1.35 - 0.45 0.08 0.01 <0.05
Mgl10 0.13 0.10 1.33 - 0.85 0.06 0.02 <0.05
Mgl6 0.20 0.16 1.38 - 1.45 0.04 0.02 <0.05

2.3.2 X-ray diffraction analysis

The polymorphous phase transformations of the amorphous
and high temperature treated calcium phosphates were
determined by a Bruker D8 advance XRD apparatus
operating at 40 kV and 40 mA with CuK, radiation and
SolX detector within the 26 range 10-90°26, step 0.04°20
and counting time of 1 s/step. The phase analysis was
performed comparing the experimentally measured dif-
fraction lines with patterns from the PDF database of
ICDD. The principal calcium phosphate phases in the
studied samples corresponded to whitlockite (Ca3(PO4)—
PDF # 09-0169), hydroxyapatite (Cas(PO4)3(OH)—PDF #
09-0432), (Calgznz(PO4)14—PDF# 48-1196) and (Cazlgl
Mgo.19(PO4),—PDF# 70-0682).

2.3.3 IR spectroscopy

The IR transmission spectra of solid samples were collected
by a Tensor 37 FTIR spectrometer in the 400—4000 cm ™
spectral range with a 4 cm™" spectral resolution, after aver-
aging 72 scans on standard KBr pallets. OPUS 5.5 was used
for the evaluation of the spectra. The spectra were baseline
corrected via rubber band correction, normalized to the
corresponding maximum intensity and smoothed at 5 points.

2.3.4 Morphology studies—SEM images

The sintered samples were sputter-coated with gold. The
morphology and microstructure were observed using
scanning electron microscope JEOL JSM-5510 equipment
operating at voltage of 10 kV. ImagelJ software was used to
analyze the average grain size.

2.4 Thermodynamic simulations

Ton-association model (computer program PHREEQCI
v.2.14.3.) was used to simulate the precipitation process
[24]. All possible association/dissociation and dissolution/
crystallization processes in SBF electrolyte solutions were
taken into account. The complex formation and salt pre-
cipitation were defined by a mass-action expression with
the appropriate formation constant or solubility product.
The activity coefficients of all possible simple and complex
species were calculated using the extended Debye-Hueckel
theory. An updated database [25] was used.

The saturation indices (SI) (Eq. 1) were calculated
under the experimental conditions as an indicator for pos-
sible salts crystallization.

SI = 1g(IAP/K), (1)

where TAP is an ion activity product, and K is a solubility
product.

Data by Fernandez [26] and Dorozhkin [1] for solubility
products of calcium phosphates were used for the calcu-
lation. Data for zinc phosphate salts were limited up to
Zn3(PO4)2'4H20.

3 Results and discussion

The ion-modified calcium phosphates are mixed crystals
(non-stoichiometric compounds), where a part of the ions
building the crystal unit cell are substituted by other ions.
The ability of the admixture ion to accept the coordination
of the substituted ion determines the substitution degree. In
this study we discuss magnesium and zinc modification of
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calcium phosphates due to Me®" ion substitution, ion
incorporation and co-crystallization. Thus, the prepared
magnesium modified calcium phosphates had Mg>*/
(Mg®" 4 Ca®") ratio even higher than the theoretically
calculated value (0.15) of possible Me>" ion substitution
[27]. The biomimetic approach for precipitation of this
type of mixed crystals was applied. It includes precipitation
in electrolyte medium of simulated body fluid (SBF) that
becomes a modern way for preparation of bioactive
materials [28—30] with composition and properties close to
the biological hard tissues. Modified conventional simu-
lated body fluids (Table 1) were used in the experiments in
order to ensure ion modification of all calcium phosphate
precursors with Na* (0.02-0.08 mmol/g), K* (0.01-0.02
mmol/g, Mg>" (0.04 mmol/g) and CI~ (below 0.05 mmol/g)
ions (Table 2).

Poorly soluble salts, such as calcium phosphates and
their mixed crystals usually are prepared by adding the
precipitant in the solutions, thus inhomogeneous precipi-
tates often appear. Chemical, crystal chemical, kinetic and
thermodynamic factors determine the crystallization of the
salts in the water-salt systems. Recently, we have found
that the kinetic factors were dominant at quick precipitation
in biomimetic conditions and metastable XRD amorphous
calcium deficient phosphate (ACP) was precipitated as a
first stage in the solutions with initial Ca/P ratio of 1.67,
instead of thermodynamically stable HA, Ca;o(PO4)s(OH),
[31]. In this study, working in the systems SBF (Na*t, K*,
Mg**, Ca®™, CI7, SO,*~, CO5*~, HPO,*")-CaCl,—ZnCl,—
K,HPO,~KOH and SBF (Na®, K', Mg*", Ca*", CI-,
S0,*~, COs*", HPO,*")-CaCl,-MgCl,-K,HPO,~KOH
we have established in analogy with Bigi et al. [32], that
the presence of Zn>" or Mg>" ions in the reaction solution
also inhibit the crystallization of HA. Thus, we synthesized
XRD amorphous magnesium- as well as zinc-modified
calcium phosphates precursors with calcium deficiency and
varying (Ca®"+Mg”>"+ Zn** + Na™ 4+ K")/P ratios from
1.31 to 1.4 (Table 2) that further re-crystallized to calcium
deficient carbonate apatite (Fig. 1). IR spectra of the
matured product exhibit an intense peak around
1064 cm ™', which is due to antisymmetric P-O stretching
(v3) vibrations and at 570 cm ™' due to phosphate bending
vibrations (Fig. 1). The peaks in the 1420-1503 cm™'
spectral range are characteristic of C-O stretching vibra-
tions (v3), whereas the peak at about 870 cm s generated
by the bending mode of carbonate groups. The method
used of continuous co-precipitation allows keeping equal
doses of the reagents during the precipitation process, thus
ensuring conditions for chemically homogenous precipita-
tion. Precipitation, co-precipitation, ion substitution and
ion inclusion reactions take place simultaneously in the
complicated electrolyte system of SBFs. The presence of
different cations and anions is mainly responsible for the
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ions substitutions and cationic deficiency of the precipi-
tated ACP. According to Posner et al. [33, 34] Posner’s
clusters with a formula Cag(PO,)e (Ca/P = 1.5) are formed
as a first step in the mechanism of ACP formation. The
CO5>~ ions from the solution compete with and partially
replace the PO43_ ions in the structure following, however,
the rule for electrostability that results in a structure with
Ca vacancies and lower Ca/P ratio.

As the modifying ions have an ionic radius and electrical
charge closer to these of Ca’" ions they easily will be
incorporated in the calcium phosphate structure. The sub-
stitution with Zn*™ and Mg”" ions is preferential than the
one with Na™ and K* ions because not only of geometrical
reasons (differences in ionic radiuses [35]) but also of
electrostability. Our studies have found difference in sub-
stitution ability of Zn?" and Mg®" ions. The results
(Table 2) showed that all Zn>" jons and only about half of
the Mg " ions from the reaction solutions were incorporated
in the precipitated ACP. We elucidate this difference by
the different chemical behavior of Zn*" and Mg”" ions in
the studied electrolyte systems that can be explained by the
factor “softness-hardness” and by the Crystal Field Stabil-
ization Energy (CFSE). The Pearson concept of “hard” and
“soft” Lewis acids and bases [36] as well as the Klopman
scale of hardness and softness [37] determine the type of
ligands that form the metal complexes in the water systems
under consideration. According to them, “soft acids”
coordinate predominantly “soft bases” and “hard acids”
predominantly “hard bases”. Mg is a “hard acid”, while Zn
is a “soft acid”. In the simulated body fluids there are high
concentrations of C1™ ions, which are “softer bases” than
H,0, OH~, PO, SO,>~, HCO;~ and HPO,>~ ions are.

Transmittance/a.u.

1 064I
4000 3500 3000 2500 2000 1500 1000 500

wavenumber/cm”

Fig. 1 FT IR spectra of ion-modified calcium phosphate pre-
cursor. Example of Zn-modified calcium phosphate Zn>"/
(Zn**+Ca’") = 0.13
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Table 3 Saturation indices (SI) of solid phases in the studied systems

Solid phases SBF-CaCl,-K,HPO,~KOH SBF-CaCl,-MgCl,-K,HPO,~KOH SBF-CaCl,~ZnCl,~K,HPO,-KOH
NaCl —3.18 -3.14 321
NaHCO; -3.30 —-3.31 —3.24
Na,CO5-H,0 -7.85 —-7.82 —-7.77
Na,COs-10H,0 -5.97 —5.94 —5.87
NaHCO;-Na,CO;-2H,0 —-10.27 -10.25 -10.13
Na,SO, —6.80 —6.82 —6.70
Na,SO,-10H,0 —5.44 —5.46 —5.33
KMgPO,-6H,0 —0.76 0.60 —1.11
Mg(OH), —6.63 -5.18 —6.47
MgCO; —1.50 —0.11 —1.32
MgCO;-3H,0 —431 —2.92 —4.13
Mgs(CO3)4(OH),-4H,0 —14.94 —-7.91 —14.07
MgCO;-Mg(OH),-3H,0 —6.42 —3.57 —6.08
MgSO,-7H,0 ~6.16 —4.81 —5.96
MgHPO,-3H,0 —0.38 0.95 —0.60
Mg;(PO4), ~1.60 2.5 —~1.90
Mg;(PO,),-8H,0 0.27 4.36 —0.03
Mg3(PO,),-22H,0 —1.74 2.35 —2.02
Ca(OH), -8.52 —8.45 —8.54
CaCoO; 145 1.46 1.46
CaSO, ~1.76 ~1.80 —1.74
CaS0,2H,0 ~1.53 -1.56 -1.50
CaHPO, 2.86 2.86 2.86
CaHPO,2H,0 2.56 2.51 2.17
Ca3(PO,)(am) 6.66 6.62 5.85
CagH,(PO,)s-SH,0 28.64 28.45 26.24
CagMg(HPO,)(PO,)s 32.19 33.39 29.54
Ca,(PO,)s(OH), 47.92 47.87 45.49
Zn(OH), —6.44
ZnCO; —535
ZnCO;-H,0 -5.10
Zn,(OH);Cl —12.28
ZnS0,-H,0 ~13.98
ZnS0,-6H,0 —12.88
ZnS0,-7TH,0 —12.64
Zn,(OH),S0, ~16.36
Zn3(PO,),-4H,0 —9.49

Note: The digits in bold (SI > 0) correspond to the possible to co-crystallize solid phases

Although Zn*" ions are “soft acid” they form negligible
chloride complexes due to their CFSE = 0 (Crystal Field
Stabilization Energy) and thus in the studied solutions
existed mainly as free Zn”>" ions. Contrary, Mg as a “hard
acid” is coordinated preferentially by the “hard basis” H,O
molecules and existed mainly as [Mg(H20)6]2+ complexes.
Thus, the lower substitution of Mg " ions is determined by
the [Mg(HZO)ﬁ]2+ complexes available in the solutions,
which are too big for incorporation into the crystal structure
of the calcium phosphate without being changed. The

necessity of overcoming the energy barrier even for partial
dehydration of the complexes [Mg(H20)6]2+ determines the
low substitution rate of these ions.

Also, our thermodynamic calculations indicate the dif-
ferent character of Zn>" and Mg?" ions content in the cal-
cium phosphate samples. The calculated saturation indices
(SD) of solid phases (Table 3) possible to co-crystallize in the
studied systems showed: (i) six calcium phosphates, only
one magnesium phosphate (Mg3(PO,4),-8H,0), and CaCO5
could co-precipitate in the non ion-modified SBF (their
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Fig. 2 XRD powder patterns of 600°C 800°C 1000°C
Mg-modified calcium
phosphates at different
temperatures (filled square HA;
not marked Mg-f-TCP) Mg16
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Fig. 3 XRD powder patterns of 600°C 800°C 1000°C

Zn-modified calcium
phosphates at different
temperatures (filled square HA;
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SI > 0); (ii) the increase of the Mg2+ ion concentration in
the system leads to co-precipitation of additional four meta-
stable magnesium salts and more favorable precipitation of
CagMg(HPO,4)(POy)s (its SI increases); (iii) the only zinc
phosphate salt Zn3(PO4),-4H,O was not calculated to
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precipitate (SI < 0). This possible co-crystallization of
magnesium salts explains the differences between magne-
sium and zinc samples with lowest and highest Me*" incor-
poration. The sample Mg2 (Mg>/(Ca*t+Mg*") = 0.02)
has a phase composition similar to SBF modified sample PO
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Fig. 4 FT IR spectra of 600°C 800°C 1000°C
Zn-modified calcium Zn13
phosphates at different 940
temperatures 974 600 557 -~
1120 972 552 930 600
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Fig. 5 FT IR spectra of
Mg-modified calcium
phosphates at different
temperatures
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even at 1000°C (Fig. 2) whereas the Zn*" ion substitution in

the sample Znl with a smaller zinc content (Zn

2+/

(Ca®>™4+Zn>") = 0.01) leads to a stable Zn--TCP even at
800°C (Fig. 3). The XRD analysis did not register the small
amounts of co-crystallized salts even in the case of sample
Mgl6 with ratio Mg®>™/(Ca*"+Mg*") = 0.16 due to its
detectable limits (1-3 wt%). The XRD data (Figs. 2 and 3)
revealed that all ion modified amorphous precursors were
transformed into HA or Me-f-TCP depending on the additive
and its amount as well as on the temperature. Displacements
of the major peaks of f-TCP towards lower 20 values indicate
Me*" substitution in their crystal structure. Both Zn*" and
Mg substitutions stimulated the ACP transformation to HA
and Me-f-TCP but the effect was more pronounced in the
case of Zn>" substitution. At 600°C, mixtures of HA and
Me-f-TCP were observed at Me”/(Me2+ + Ca”) ratios
lower than 0.05 and Zn-f-TCP and Mg--TCP for samples
with Me*™/(Me?" + Ca®") ratios higher than 0.05. The

1400 1200 1000 800 600 400

-1
Wavenumber/cm

1600 1400 1200 1000 800 600 400

crystallinity of SBF modified sample (PO Fig. 2) was higher
than this one for ion-modified sample with Mg*/(Ca*"+
Mg®") = 0.02 (Mg2 Fig. 2). Danielchenko et al. [38] have
found the transformation of Mg-modified amorphous cal-
cium phosphate into poorly crystalline apatite at 700°C
because of different way of precursor preparation and dif-
ferent temperature regime of heating.

Both, the concentration of Mngr and Zn** ions and tem-
perature affect the IR spectral characteristics of the studied
samples (Figs. 4 and 5). Bands in the range 1040-1120 cm ™"
are due to antisymmetric P-O stretching mode, while peaks
near 960 cm ™' to symmetric stretching mode of phosphate
group. Peaks near 560 and 600 cm ™" arise from the antisym-
metric bending mode of phosphate group. Indicative for the
presence of hydroxyl groups in hydroxyapatite are peaks at
633 and 3570 cm ™. The absorption bands characteristic for
P-O stretching vibrations in -TCP appeared at 1120, 1100,
1085, 1055, 1035, 976 and around 940 cm . IR spectra of
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Fig. 6 SEM images of ion-modified calcium phosphates heated at 1000°C. a Mg>™/(Mg>t+Ca®") = 0.02, b Mg”™/(Mg*"+Ca®*) = 0.10,

¢ Zn*T/(Zn*t4+Ca*") = 0.01, d Zn*"/(Zn>T+Ca®*") = 0.13

samples with low levels of Zn loadings (Zn1 and Zn5) sintered
at 600°C revealed presence of hydroxyapatite evident by
the shoulder near 633 cm ™" (Fig. 4). The same is observed for
the sample Mg?2 in all temperature range (Fig. 5). With the
increase in ion concentration and temperature the f-TCP
phase remains stable. The greater number of peaks observed in
the IR spectrum of f-TCP in comparison to HA arises from the
existence of three nonequivalent PO, tetrahedra in the crystal
structure of -TCP [39]. In addition, ion substitution cause
distortion of the structure and probably lowering of the local
symmetry, which can be seen at higher ion concentration as
increase in number of peaks or broadening of the peaks after
heating at 1000°C.

The incorporation of Mg>" and Zn*' ions into the
crystal unit cell of the thermodynamically stable HA takes
place by Ca*" ion substitution. As the ionic radii of Mg>"
and Zn*" are too small in comparison with that of Ca®" the
increase of their amount leads to unit cell distortion and
volume decrease, established also by Ito et al. [40] and
Miyaji et al. [41]. Thus, the structure of Me*" ion modified
HA is destabilized and its transformation into more stable
Me-f-TCP structure and high temperature Me-o-TCP
structure could be expected, but no «-TCP XRD peaks
were detected in our experiments even after sintering at
1300°C. Cacciotti et al. [42] also established that ion
substitution stabilized the -TCP structure even at 1600°C.
Hyun-Seung Ryu et al. [43] founded that the presence of
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1-3% Ca,P,0; delays the phase transformation of f-TCP
into a-TCP. It was expected formation of calcium pyro-
phosphate during heating but its presence was not con-
firmed by the XRD data. IR spectra also do not provide
clear evidence for the presence of pyrophosphate. It could
be only assumed for a few samples (PO, Znl13, Mgl6,
Figs. 4 and 5), where very weak absorption around 920 and
720 cm™ ! appeared.

The SEM analyzes revealed that Zn®t and Mg**
substitutions influenced the morphology of Me-fS-TCP
grains (Fig. 6). The sintering at 800-1000°C lead to zinc-
modified-5-TCP powders of idiomorphic crystals with
average grain sizes of 0.6 um for Zn1 and 3.8 pm for Zn13
sample (Fig. 6¢c and d). Magnesium-modified-f-TCP
powders with spherical grains covered by blanket and
smaller size (0.5 um average grain size for Mg2 and
1.2 pm for Mg10) were obtained when the Mg*"/(Mg*™ +
Ca2+) ratio was higher than 0.02 (Fig. 6a and b).

4 Conclusions

Amorphous zinc- or magnesium-modified calcium phos-
phate (ACP) precursors were precipitated by the method of
continuous co-precipitation in modified simulated body
fluid electrolyte system at pH 8. The different chemical
behavior of Zn*" and Mg*" ions in these solutions
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determined their different incorporation in the precipitated
ACP, predicted also by thermodynamic modeling in the
studied system. Powders of zinc- and magnesium-modi-
fied-f-TCP and a mixture of Me-fS-TCP and HA with a
(Ca®™ 4+ Mg*" + Zn*" + Na™ + K™)/P ratio of 1.31-1.4
were obtained after precursors maturation, two steps
lyophilization and sintering at 600—1000°C.

The results showed that the temperature as well as the
degree of Zn** and Mg®" ion substitution for Ca®" ions
stabilizes the S-TCP structure and the effect was more
prononced in the case of zinc substitution. Zn-S-TCP and
Mg-f-TCP were observed at 600°C for samples with
Me*t/(Ca*T+Me* ") ratios higher than 0.05 and mixture of
HA and S-TCP calcium phosphates at ratios lower than
0.05. The sintering of Zn>" ion substituted calcium phos-
phates at 800—1000°C leads to zinc-modified -TCP with
idiomorphic crystals and average grain sizes of 0.6 pm nm
for Zn1 sample and 3.8 pm for Zn13 sample. Magnesium-
modified S-TCP powders consisted of spherical grains with
0.5 pm average grain size for Mg2 and 1.2 pm for Mgl0.
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