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Mg- and Zn-modified calcium phosphate fine powders examined
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Fine powders, consisting of single phase Mg- or Zn-modified B-tricalcium phosphate (Mg/Zn-B-TCP) or biphase
mixture of Mg/Zn-B-TCP and hydroxyapatite (HA) with a (Ca+Mg+Zn)/P ratio of 1.3—1.4 and Me/(Me+Ca) (Me =
Mg, Zn) molar ratios from 0 to 0.10 were prepared by a two-step method: (i) continuous precipitation in biomimetic
electrolyte systems of simulated body fluids, keeping pH=S8; and (ii) step-wise calcination to 1000 °C. Rietveld refine-
ment of the XRD data was performed. The refinement confirms that both Mg** and Zn?* ions substitute the Ca?* ions
in the octahedral Ca(5) sites of Mg/Zn-B-TCP, which results in a decreasing trend of Ca(5)-O average distances and
a and c cell parameters. The contraction of the crystal lattice is more pronounced for the Zn-substituted samples due
to differences in the preferred coordination polyhedrons of Zn and Mg. The results also show that in the case of Mg
substitution, as well as for the low levels of Zn substitutions, Ca(1), Ca(2) and Ca(3) positions remain fully occupied
by Ca*" ions. For high levels of Zn substitution Ca(1) and Ca(2) are partially occupied by Ca®" ions, thus calcium va-

cancies appear. The latter affects the values of Ca(2)-O and Ca(4)-O mean distances by increasing them.

Keywords: Mg--TCP, Zn-B-TCP, biomimetic synthesis, Rietveld refinement.

INTRODUCTION

The studies on the preparation of various nano-
sized calcium phosphate apatites having predeter-
mined structure and properties [1], applicable to
bone reconstruction and remodeling, have gained
increasing interest in the development of new bio-
compatible materials. Of particular interest are ion-
modified calcium phosphates that have a concentra-
tion of ionic substituent higher than that in the bone,
since they may have additional antimicrobial prop-
erties, may increase the solubility of the ceramic
material, or be a depot for the release of biogenic
elements. In this sense, there is a scientific interest
in obtaining ion-substituted calcium phosphates and
studying the impact of additives on their chemical
and structural parameters. Among the substitutents,
Mg and Zn are the preferable ones due to their
significance for the living organisms. Magnesium
is widely studied, being the fourth most abundant
cation in the human body [2]. Enamel, dentin and
bone contain 0.44, 1.23, and 0.72 wt% of Mg, re-
spectively [3]. This element plays an important
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role in the formation and initial growth of the bone
tissue, stimulating osteoblast proliferation [4]. Zn
content ranges from 0.0126 to 0.0217 wt% in hu-
man bones [5] and this element is important for the
normal growth and development of the skeletal sys-
tem, so its deficiency is associated with a decrease
in bone density [6]. Mg? and Zn?>* ions participate
by modifying morphology and crystallinity (inhibit
it) of biological apatite [7—8]. Thus, they are used as
additives in calcium phosphate materials that favor
bone self-recovery rather than entirely replacing it
[9].

The synthesis of Mg- and Zn-containing calcium
phosphates could be performed through both solid-
state reaction and wet chemical synthesis. Studies
in the literature are mainly directed to the prepa-
ration of Mg- and Zn-substituted hydroxyapatite
and a series of solid solutions with varying con-
tent of substituting ions are produced and charac-
terized [10-13]. In recent years, ionic substituents
in B-TCP (B-Ca,(PO,),) are of great interest due to
their favorable features like higher solubility than
hydroxyapatite and thus active participation in the
process of bone regeneration [15-17].

In our previous works [18, 19] we have studied
the metastable and stable equilibria during the pre-
cipitation of Mg- and Zn-substituted calcium phos-
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phates in biomimetic conditions and the influence
of type and concentration of substituent ions on the
phase composition by low- and high-temperature
transformations.

The aims of this work were to enlarge our studies
on biomimetically prepared Mg- and Zn-modified
fine powders, consisting of single phase Mg- or Zn-
modified B-tricalcium phosphate (Mg/Zn-B-TCP)
or biphase mixture of Mg/Zn-B-TCP and HA by
Rietveld refinement of the XRD data and to com-
pare their structural characteristics.

MATERIALS AND METHODS
Preparation of samples

The detailed description of the precipitation con-
ditions is given elsewhere [18, 19]. Briefly, Mg-
and Zn-modified calcium phosphate precursors
were biomimetically synthesized in an electrolyte
medium of simulated body fluids (SBFs). Modified
simulated body fluids (Table 1) were prepared on
the base of the well-known conventional SBF [20].
Modified calcium-free conventional simulated body
fluid (SBFc-mCa) was used as a solvent for K,HPO,.
Modified phosphorus-free conventional simulated
body fluids (SBFc-mP1 and SBFc-mP2) were used
as solvents for CaCl, and MgCl, or ZnCl,, respec-
tively (Table 1), thus, preliminary precipitation and
seed formation were avoided. The pH of the solu-
tions SBFc-mP1 and SBFc-mCa was adjusted to 8
using 0.1 M HCI or 0.05 M Tris (hydroxymethyl)
aminomethane, while the pH of SBFc-mP2 was ad-
justed to 6 owing to the formation of Zn hydroxy
salts at higher pH. Analytical grade (A.R.) reagents
were used.

The method of continuous precipitation was ap-
plied and all three reagents (SBFc-mP1, SBFc-mP2

Table 1. Ion content (mmol/l) of the initial solutions

and SBFc-mCa) were dropwise added to a glycine
buffer medium with a rate of 3 ml/min, keeping
pH = 8 by 1M KOH at room temperature.

The precipitates were matured in the mother lig-
uid for 24 h at room temperature, washed and lyo-
philized.

The dry precursors were stepwise calcined at
200, 400, 600, 800 and 1000 °C at atmospheric
pressure in a high-temperature furnace, type VP
04/17 of LAC Ltd Company. The working regime
was: heating with a rate of 3 °C/min until the de-
sired temperature was reached and keeping it con-
stant for 3 h.

Characterization

Chemical analysis. The sum of Ca*", Mg?" and
Zn* ions in the solid samples was determined com-
plexometrically with EDTA at pH 10. The con-
centrations of Zn?*", Mg, K" and Na" ions were
determined by ICP-OES (PRODIGY 7, Teledyne
Leeman Labs, USA) and the concentrations of
PO,* and CI ions were determined spectrophoto-
metrically by NOVA 60 equipment using Merck
and Spectroquant® test kits.

X-ray diffraction analysis. The phase transfor-
mations of the amorphous precursor to crystalline
products in high-temperature treated calcium phos-
phates were studied by a Bruker D8 advance XRD
equipment operating at 40 kV and 40 mA with CuKa
radiation and LynxEye detector within the 20 range
of 5.4-120° 20 with a step of 0.02° 20 and over-
all counting time of 175 s/step. The phase analysis
was performed with the Eva program using ICDD-
PDF2 (2014) database. The main calcium phos-
phate phases in the studied samples corresponded
to B-TCP (B-Ca,(PO,), — PDF # 09-0169) and HA,
(Cay(PO,);(OH) — PDF # 09-0432).

Ion content SBFc [20] SBFc-mCa SBFc-mP1 SBFc-mP2
Na* 142.0 141.9 141.9 141.9
K* 5.0 506.4 3.0 3.0
Mg** 1.5 1.5 X 1.5
Ca* 2.5 - 4189 -x 418.9 —x
Zn** - - - X

Cl 147.8 142.8 975.6 975.6
SO, 0.5 0.5 0.5 0.5
HCO,~ 4.2 4.2 4.2 4.2
HPO/> 1.0 251.7 - -

x = 0-83.9 mmol/l
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Rietveld refinement

The Rietveld refinement procedure was per-
formed with the Topas 4.2 program. As a starting
model for the crystal structure refinement, data
from the paper of Yashima et al. [21] was taken.
The set of parameters to be varied included: zero
shift, coefficients (7) of the background polyno-
mial, absorption correction coefficient, scale factor,
unit cell parameters, positional parameters, occu-
pancies and thermal displacement parameters of the
ions present in the structure. The peak shape was
described according to the fundamental parameters
approach by taking into account the effect of geom-
etry of the diffractometer and of the optical devices
on the beam path.

RESULTS AND DISCUSSION

Mixed crystals are non-stoichiometric com-
pounds, where part of the ions building the crystal
unit cell are substituted by other ions. The inclusion
of another ion in the crystal structure of the main
phase is determined by its ability to adopt the co-
ordinating environment characteristic of the basic
component, although it is not the most energy-ef-
ficient one.

In this study, we discuss magnesium- and zinc-
modified fine powders, consisting of single phase
Mg- or Zn-modified B-tricalcium phosphate (Mg/
Zn-B-TCP) or biphase mixture of Mg/Zn-B-TCP
and HA. A two-step method was used for prepara-
tion of the samples: (i) precipitation of the precur-
sors with a variable molar Me/(Me+Ca) ratio (Me
= Mg, Zn) and (ii) high-temperature treatment. The
biomimetic approach for precipitation of the pre-
cursors was applied. It included precipitation in an
electrolyte medium of a simulated body fluid (SBF)

Table 2. Chemical composition of the samples under study

that has become a modern way for preparation of
bioactive materials [22, 23] with composition and
properties close to those of biological hard tissues.

As we previously showed [18, 19] all pre-
cursors are amorphous calcium phosphates with
(Ca+Mg+Zn+Na+K)/P ratio in the range of 1.31—
1.4 (Table 2).

The simulated body fluid medium used in the
precipitation (Table 1) ensured ion modifica-
tion of all calcium phosphate precursors with Na*
(0.02-0.08 mmol/g), K* (0.01-0.02 mmol/g and
CI" (below 0.05 mmol/g) ions (Table 2). Even the
precursor SO (Table 2), without further enrichment
of the starting solutions with Mg*" ions, contains
0.04 mmol/g Mg?" ions due to the presence of the
latter in the simulated body fluids.

During calcination, the amorphous precursors
were transformed into mixtures of HA and B-TCP
or single-phase B-TCP depending on the concentra-
tion of Zn** and Mg?*" ions incorporated in the struc-
ture (Figure 1).

Registered shifting of the peaks of B-TCP in the
X-ray patterns of the samples under study is an in-
dication of magnesium and zinc ion substitution in
its crystal structure due to their smaller ionic radii
(0.72 A and 0.74 A, respectively) than calcium ion
(1.00 A).

The Rietveld refinement method was performed
for determining the crystal structure of the substi-
tuted phases since it is a suitable method for obtain-
ing valuable results for cation distribution in the
structure, as well as for quantification of the phases
present in the samples.

In Figure 2, the Rietveld plots for samples SO
and Mg5 (Table 2) with different phase composi-
tions are shown as examples.

Rietveld quantification results show that for a
low content of substituting ion (samples SO, Mg2
and Zn1) a mixture of HA and B-TCP with a variable

Sample Me/ (Ca+Mg+Zn Zn, Mg, Na* K, Cl,
(Me + Ca) + Na + K)/P mmol/g mmol/g mmol/g mmol/g mmol/g

SO 0.005 1.33 - 0.04 0.05 0.01 <0.05
Znl 0.01 1.31 0.09 0.03 0.03 0.01 <0.05
Zn3 0.03 1.35 0.29 0.05 0.04 0.02 <0.05
Zn8 0.08 1.40 0.70 0.04 0.05 0.02 <0.05
Znl10 0.10 1.31 0.90 0.06 0.02 0.01 <0.05
Mg2 0.02 1.36 - 0.21 0.05 0.02 <0.05
Mg5 0.05 1.35 - 0.45 0.08 0.01 <0.05
Mgl0 0.10 1.33 - 0.85 0.06 0.02 <0.05
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2theta scale
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Fig. 1. XRD patterns of Mg-substituted («) and Zn-substituted (b) calcium phosphates calcined up to1000 °C (e — HA, unmarked

— B-TCP).

ratio is obtained (Table 3). The amount of HA de-
creases on increasing the concentration of Mg** and
Zn*" ions (Table 3). These changes in phase com-
position are more pronounced for Zn-substituted
compounds. In the Zn1 sample the amount of HA is
4.1%, while in the Mg2 sample it is 27.0%. This fact
proves our [18] and reference [22] data that Zn**

ions more effectively stabilize the B-TCP structure
than Mg?* ions.

At higher magnesium or zinc concentrations
(Mgl0, Zn8, Table 3), MeO (Me = Mg, Zn) also
was identified as a result of the decomposition of
co-crystallized Me(OH), during the precipitation.
The presence of small quantities of tetracalcium

Table 3. Rietveld quantification results of solid phases presented in the samples under study

Sﬁ:;{c’le/ Solid B-TCP HA TTCP MgO Zn0
S0 32303) 67.703) - - -
Mg2 73.002) 27.02) - - -
Mgs 100.0 - - - -
Mgl0 95.8(8) 1.5(5) 2.7(7)

Znl 95.9(1) 4101) - - -
Zn3 100 - - - -
Zn8 99.4(4) 0.6(4)
Znl0 100.0
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Fig. 2. Comparison of the observed and calculated powder diffraction patterns and the different profiles: (a) sample SO; (b) sample

Mgs5.

phosphate (TTCP) is a result of thermal decomposi-
tion of calcium-deficient apatite [16].

The main phase in the obtained by us Mg- and Zn
modified calcium phosphate powders is B-TCP. It
crystallizes into a rhombohedral crystalline system,
a space group R3c, with crystal lattice parameters:
a=b=10.439(1), c = 37.375(6) A; y = 120° [24].
The structure consists of isolated PO, tetrahedrons
forming disrupted layers perpendicular to c-axis.

Five crystallographically different Ca sites — Ca(1),
Ca(2), Ca(3), Ca(4) and Ca(5) can be found in this
structure. Each calcium ion is coordinated with
different number oxygen atoms from PO, groups.
The position Ca(4) is threefold coordinated with
oxygen atoms and has a partial occupancy factor of
0.5. Each of the Ca(1), Ca(2), Ca(3), and Ca(5) is
fully occupied by Ca ions and these positions are
coordinated with seven, eight, eight, and six oxygen
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atoms, respectively. The six-coordinated position
Ca(5) is the most favorable for substitution by cati-
ons smaller than Ca?".

Our refined structural data indicated that
Ca(1)-O, Ca(2)-O and Ca(3)-O average distances
(Fig. 3a, b) change very little with the increase of
the Me substitution level, while a decreasing trend
is found for Ca(5)-O average distances with the in-
creasing Me (Me = Mg, Zn) concentration in the
solid phases. This leads to the decrease of the a and
c cell parameter values (Fig. 4) and hence to the
compression of the cell volume on substitution.

The calculated unit cell parameters a and ¢ of
the sample SO (without substitution with Mg*" or
Zn** ions) showed significant differences with re-
spect to the unit cell parameters of the B-TCP phase
described in the literature [21] (Fig. 3). This is due
to the presence of a significant amount of HA and
to the biomimetic method of samples preparation
that ensures the incorporation in the structure of
some Mg*, Na*, K" and CI ions (Table 2) present
in the simulated body fluids. Our results are in ac-
cordance with the calculations of Kannan et al. [23]
who report a significant decrease of B-TCP unit cell
parameters in triple-substituted (with Na*, K™ and
Mg?* ions) biphasic (HA and B-TCP) mixtures.

The contraction of lattice parameters is known
[15, 16, 22, 23] and it is due to the substitution of
Ca> ion (1.00 A ionic radius) by Mg?* or Zn** ions
with a less ionic radius (0.72 A and 0.74 A, respec-
tively) at the Ca(5) crystallographic sites. Our re-
sults also show that Mg?* and Zn?>* ions prefer to
occupy Ca(5) sites with octahedral oxygen coordi-
nation in the B-TCP structure rather than the other
four crystallographic sites of calcium, forming CaO,
(Ca(4) sites), CaO, (Ca(1) sites) and CaO, (Ca(3)
and Ca(2) sites) polyhedrons [21, 24]. The R-Bragg
factors obtained by us on the assumption of substi-
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tution of Mg and Zn at the Ca(5) position are the
lowest ones and are within the range 1.92-3.16.

Our results (Fig. 4) reveal that contraction of
the crystal lattice is more pronounced for the Zn-
substituted samples. We believe that this differ-
ence can be explained with the preferred coordina-
tion polyhedrons of Zn and Mg in their phosphate
salts. MgO, octahedrons build the structures of
simple magnesium phosphate salts (Mg,(PO,),,
Mg,(PO,),.nH,O, n = 4, 8§, 22) [25] similar to
the Ca(5)O, octahedrons in the B-TCP structure.
MgOx (x = 6, 5) polyhedrons build the structures
of some double (NaMgPO,, Na,Mg,(PO,),) or tri-
ple (Na,RbMg,(PO,),) salts [26]. ZnO, tetrahedrons
are the major structural entities in the structures of
zinc phosphate salts [25]. ZnO, tetrahedrons and
Zn- deficient ZnO, octahedrons build the structure
of Zn,(PO,),.4H,0 [27]. ZnO, tetrahedrons and
distorted ZnO, octahedrons build the structure of
Zn,(PO,),(OH),.3H,0 [28].

The chemical analysis of the compounds un-
der study shows the cationic deficiency (Table 2).
(CatMe)/P (Me = Na, K, Mg, Zn) ratios are by
1.31-1.4 lower than in pure B-TCP (Ca/P = 1.5).
This gave us reason to vary the occupancy of calci-
um ions in all crystallographic positions. The results
show that for all levels of Mg substitution, as well
as for the low levels of Zn substitution Ca(1), Ca(2)
and Ca(3) remain fully occupied by Ca*" ions while
for high levels of Zn substitution (Zn/(Zn+Ca) =
0.08 and 0.10) Ca(1) and Ca(2) are partially oc-
cupied by Ca*" ions. Partial occupancy affects the
values of Ca-O mean distances by increasing them
in the case of Ca(2)-O distances (Fig. 3, Zn10) and
especially in the case of Ca(4)—O distances (Fig. 3,
Zn10). The Ca(4)O, polyhedrons are not only the
smallest polyhedrons in the B-TCP structure but
they are half-occupied as well [21], which defines
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250
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Fig. 3. Influence of the substitution of Ca?* by Mg?" or Zn*" ions on the Ca-O average distances: («) Mg-B-TCP; (b) Zn-B-TCP.
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Fig. 4. Influence of the substitution of Ca?* by Mg*" or Zn*" ions on the unit cell parameters a (a) and ¢ (b) and the cell volume (c)

of the Me-B-TCP structure.

Table 4. Chemical formulas of B-TCP phases according Rietveld analysis

Sample Formula Me/(Ca+Me)
Mg2 Ca, ,, Mg, ,«P,Oq 0.02
Mg5 Ca, 4,sMg 00sP, Oy 0.032
Mgl0 Ca, ,sMg;,,,P,0; 0.08
Znl Ca, oZn,,,P,Oq 0.003
Zn3 Ca, 4,521 14sP,0q 0.028
Zn8 Ca, ,,Zn 14600 034204 0.049
Znl0 Ca, 44521 19500,065P2O05 0.065

their stronger dependence on other structural de-
fects like additional calcium deficiency. Hence, the
chemical formula of the B-TCP phases in our cases
may be written as shown in Table 4.

The differences in Me/(Ca+Me) ratio (Me=Mg,
Zn) obtained by chemical (Table 2) and Rietveld
(Table 4) analysis revealed that not the entire
amount of Mg* and Zn*" ions present in the solid
phases is included in the B-TCP crystal structure.
The Ritveld analysis applied by us in this study con-
firmed our previous assumptions [18, 19] that pre-

cipitation, co-precipitation, ion substitution and ion
inclusion reactions take place simultaneously in the
complicated electrolyte system of SBFs in particu-
lar, and in the natural body fluids in general.

CONCLUSIONS
Zn or Mg modified, cation deficient amorphous

phosphates ((CatMg+Zn+tNa+K)/P = 1.3-1.4)
were prepared by biomimetic approach, that ensures
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ion modification of all calcium phosphates with Na*
(0.02-0.08 mmol/g), K* (0.01-0.02 mmol/g and
Cl" (below 0.05 mmol/g) ions. During the calci-
nation till 1000 °C, mixtures of HA and B-TCP or
single-phase -TCP depending on the concentration
of Zn** and Mg*" ions incorporated in the structure
were obtained. At high Mg concentration other
phases as MgO and TTCP were identified in neg-
ligible amount.

The Rietweld refinement have confirmed both
Mg?* and Zn** ions substitute the Ca*" ions on the
octahedral Ca(5) sites of Mg/Zn- B-TCP. Lower
ionic radii of Mg and Zn ions leads to decreasing
trend in a and ¢ axis parameter values and Ca(5)
— O distances with the increasing Me (Me = Mg,
Zn) concentration in the solid phases. Decreasing in
cell parameter values is more pronounced at Zn sub-
stituted samples due to differences in the preferred
coordination polyhedrons of Zn and Mg. Contrary,
appearing of calcium vacancies in Ca(1) and Ca(2)
sites at high levels of Zn substitution increase Ca(2)
— 0O and Ca(4)-0O mean distances.
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