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Abstract—ILead—magnesium hydroxyapatite solid solutions Pb(,y_,,Mg(PO,)c(OH), have been prepared
via a hydrothermal process. They were characterized by X-ray powder diffraction, Transmission Electron
Microscopy (TEM), chemical and IR spectroscopic analyses. The results of the structural refinement indi-
cated that the limits of lead-magnesium solid solutions (x < 1.5), a regular decrease of the lattice constant a
and a preferential magnesium distribution in site S(I). Through the progressive replacement of Pb>* (»=0.133 nm)
by the smaller cation Mg?* (= 0.072 nm), all interatomic distances decrease in accordance with the decrease
of the cell parameters. According to what could be expected from the coordinance of the metallic sites S(I)
(hexacoordination) and S(II) (heptacoordination), the small magnesium cation preferentially occupies the
four sites S(I). The results of the TEM analysis confirm the presence of magnesium in the starting solution
and reveals the decrease in the average size of crystals. The IR spectra show the presence of the absorption

bands characteristic for the apatite structure.
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1. INTRODUCTION

The HAp crystallising in P6,/m are inorganic com-
pounds allowing the incorporation of a wide range of
different ionic substitutions [1—3]. The apatite struc-
ture can accommodate a great variety of other substit-
uents and vacancies both in anionic and cationic sites.
Divalent cations (Ca?*, Sr?*, Ba>", Mg?", Cd*", Pb**,

..., trivalent or tetravalent anions POi_, VOi_, AsOi_,

SiOf{, ..., and monovalent anions (OH~, F~, Cl—, and
Br™) [4—7] have been reported to substitute into the
HAp structure. The great variety of cationic and
anionic substitutions is justified by the “open struc-
ture” of apatite. In the apatite structure, the cationic
ions occupy two types of nonequivalent sites: in S(I),
metallic ions are aligned in columns and surrounded
by nine oxygen atoms at the fourfold symmetry 4f
position, while in S(II) metallic ions are arranged in
equilateral triangles centered on the screw axes, and
are surrounded by seven oxygen atoms at the six-fold
symmetry 64 position [1, 4]. Much limit of miscibility,
morphology, stoichiometry and crystallinity levels can
be obtained depending on the: (i) methods used for
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the synthesis process and (ii) the incorporation of for-
eign cations [8, 9]. In the available literature, only
mixed lead hydroxyapatites are known for bicationic
systems Pb—Ca, Pb—Cd, Pb—Sr, and Pb—Ba; they
have been widely investigated [10—16]. For these sys-
tems, the limit of miscibility may be correlated to the
relative properties of the metals (polarizability, elec-
tronegativity and essentially the cationic size). Struc-
tural refinements by Rietveld method of the mixed
lead hydroxyapatite show that the smaller metal ions
are distributed between the two crystallographic sites
S(I) and S(II), with a strong preference to the smaller
site S(I) [17—22]. The studies about the localization of
cations in the apatite structure are even more interest-
ing because the information acquired on the factors
which drive the ion replacement can be extrapolated to
the small substitutional range and hence to the field of
the specific application [23—27]. A better understand-
ing of the interaction of Mg with the lead hydroxyapa-
tite structure could also provide useful information for
clarifying the role of Mg in the formation of the
hydroxyapatite solid solution. Herein, we report the
results of a structural and spectroscopic investigation
carried out on mixed Pb—Mg hydroxyapatites pre-
pared by the hydrothermal synthesis from solutions
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containing 0, 5, 7.5, 10, and 15 at % Mg. To simplify,
the obtained hydroxyapatite solid solutions will be
designated by the notation abbreviated Mg HAp (xisa
number of magnesium atoms in the solid products).

2. EXPERIMENTAL PROCEDURE
2.1. Synthesis

The magnesium-substituted lead hydroxyapatite
was synthesized by the hydrothermal method as fol-
lows [28, 29]. First, an aqueous solution (A) with con-
centration [P] = 0.25 mol L~!, has been prepared by
dissolving (NH,),HPO, in distilled water. Next, a
mixed aqueous solution (B), with a concentration
[Pb] + [Mg] = 0.75 mol L~! was prepared by dissolv-
ing lead and magnesium nitratesin distilled water. The
28 mL of (B) was added to the 50 mL of (A). The pH
value of the solution is maintained approximately to
10 by a regular addition of small amounts of ammonia
(d=0.89; 28% aqueous solution). The obtained prod-
ucts were treated in autoclave under hydrothermal
conditions at 120°C for 24 h. The products were fil-
tered, washed with hot distilled water and dried at
100°C for 12 h. A thermal treatment at 400°C for 4 h
was performed in order to improve its crystallinity.
The reaction of the formation of the Mg-substituted
lead hydroxyapatite is expressed as follows.

(10 — x)Pb’" + xMg’* + 6PO; +20H"
— Pbgp_nyMg,(PO,)s(OH),; x <10.

All chemicals, Pb(NO;), (Prolabo, 99% purity),
Mg(NO,), - 6H,0 (Labkem, 99% purity), and
(NH,),HPO, (Fluka, 98% purity), were of reagent
grade and used without further purification.

2.2. Chemical Analyses and Instrumental Methods

The composition of the products was checked by the
determination of Pb, Mg, and P contents. Magnesium
and lead were determined by an atomic absorption
spectrophotometry Perkin-Elmer 3110 spectrophotom-
eter, and phosphorous was determined colorimetrically
as phosphor-vanado-molybdate at 400 nm [30].

Powder X-ray diffraction (XRD) patterns were
recorded using a PANalytical X’ Pert PRO powder dif-
fractometer equipped with a fast X’Celerator detector.
Ni-filtered CuK, radiation was used (A = 0.15418 nm,
40 mA, 40 kV).

The broadening of the (002) and (310) reflections
was used to assess the crystallite size D, along the
c-axis and along a direction perpendicular to it. D,
values were calculated from the widths at half maxi-
mum intensity (B, »») using the Scherrer equation [31]

K\

5 5’ where A is the wavelength, 0 the
1/2 COS

D(hkl) =

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A

KAAROUD et al.

diffraction angle, and K a constant depending on a
crystal habit chosen as 0.9 for apatitic phases.

Fourier transform infrared spectroscopy (FTIR)
analysis of the dry samples was done using FTIR spec-
trophotometer Nicolet 380 FTIR [32].

2.3. Structural Analysis

Rietveld refinement of the crystal structure of solid
solutions was carried out using the Fullprof program
[33]. The space group (P6;/m) and the atomic posi-
tions of Pb,y(PO,)s(OH), structure were utilized as
starting data in the refinement [34]. No constraint was
imposed on the overall magnesium content. Refine-
ment of the occupancy factors was done only for Pb?*
and Mg?" ions, with the assumption that these two
cations were, initially, statistically located in the two
cationic sites, (40% for the S(I) and 60% for the S(1I)),
the total contents answering to the stoichiometry
obtained by chemical analysis. The occupancy factors
of O and P were assumed constant, in agreement with
the apatite stoichiometry. The fractional atomic coor-
dinates were refined, starting from the atomic position
of the two metals. No attempt was made to differenti-
ate the magnesium positions from the lead ones [35].
Rietveld refinement was performed in several stages,
the parameters obtained in each stage being deferred
in the following. Then, the refined parameters are
employed as an initial model for apatite with a magne-
sium content immediately greater, and so on.

3. RESULTS AND DISCUSSION
3.1. Chemical Analysis

The result of the chemical analysis reported in
Table 1 is consistent with the formation of solid solu-
tions of PbMgHAp. The values of Mg rise with the
increase of Mg/(Pb + Mg) in the starting solution, in
agreement with the quantitative incorporation of mag-
nesium in the solid phase. The ratio between the two
cations in the solid phase is very close to that in the
synthesis solution, with the exception of

Table 1. The relative amount of magnesium in the solid
products, evaluated through atomic absorption spectrome-
try reported as a function of strontium content in solution

Mg/(Pb + Mg)
+
Mg/(fb Mg) atomic ratio | (Pb + Mg)/P
Sample atomic ratio . . . .
. . in the solid atomic ratio
in solution
product
PbHAp 0 0 1.665(5)
Mg, sHAp 0.50 0.52(5) 1.671(4)
Mg, 7sHAp 0.75 0.73(4) 1.663(3)
Mg, \HAp 1.00 0.98(3) 1.675(5)
Mg, sHAp 1.50 1.23(6) 1.663(3)
Vol. 92 No. 2 2018
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Pbg sMg, sHAp, which exhibits an appreciably less
magnesium incorporation. This suggests that the syn-
thesized apatites are significantly stoichiometric,
which indicates that the majority of the used magne-
sium has been incorporated in to solids. The atomic
ratios (Pb + Mg)/P are close to the theoretical value of
1.667 for apatites.

3.2. X-ray Analysis

The results of the structural refinements indicate
that the maximum amount of magnesium substitution
in the lead hydroxyapatite PbHAp; accounts for about
15 at %. In other words, the upper limit of the solid
solutions is PbgsMg, s(PO,)c(OH),. In spite of the
limited range of magnesium incorporation, the
decrease of the lattice parameter a and ¢ in the apatitic
structure. Although the difference in the cationic radii
is small (Pb%*" coord. 7, radius 0.137 nm; Mg?* coord.
7, radius 0.135 nm) [36], it should be the reason for the
observed slight contraction of a- and c-axis. For high
concentrations of magnesium (30% atom) in the start-
ing solution, the X-ray diffraction pattern shows non-
apatitic phases. Figure 1 displays the diagrams of dif-
fraction X-rays of mixed hydroxyapatite samples. The
unit cell dimensions, the agreement factors and the
atomic positions are reported in Table 2.

The partial miscibility found for Pb—Mg apatites is
in contrast with the behavior observed for Ca—Pb and
Ca—Mg apatites. [37, 38] The partially miscibility of
Ca and Mg hydroxyapatites is not surprising in view of
their difference size, which is not the case for Ca and
Pb ions. The miscibility of the Ca—Pb hydroxyapatites
can be justified on the basis of the large difference in
the polarizabilities of calcium and lead ions: Ca*" is a
hard acid, giving mainly ionic interactions with oxy-
gen, whereas Pb?" is a soft acid, displaying a consider-
able tendency towards polarization and covalent inter-
actions. In the Pb—Mg case, we have two hard acids.
Their significant tendency towards covalent interac-
tions and directional bonding, which is most likely the
origin of the large distortions of the (PO,) tetrahedra,
probably limits the possibility of mutual substitution.
In particular, the precipitation of nonapatitic phases at
high magnesium concentrations suggests that the
presence of lead, even in small amounts, inhibits the
formation of MgHA. It has been reported that it is
quite difficult for divalent cations with an ionic radius
smaller than that of Ca®", such as Zn?*, Ni**, Co?*,
Mn?*, and Cu?*, to substitute for Ca?" in the apatite
structure, and are known to inhibit the synthesis of
hydroxyapatite [39—43]. Examination of Table 2
shows that the position of the (OH) ion shifts progres-
sively along the c-axis direction. In the apatitic chan-
nel of lead apatite, the (OH) ions are positioned very
close to the mid-point between the planes of the S(II)
triangles. As the content Mg increases, the hydroxide
ions move regularly towards the center of S(II) trian-
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Fig. 1. Powder X-ray diffraction patterns of the samples
(PbHAp), Mg, sHap, Mg,;sHAp, Mg, HAp, and
Mg, sHAp.

gles. A similar phenomenon was observed for the dis-
placement of the (OH™) ion in the calcium—lead and
cadmium—lead hydroxyapatite series [18, 35]. The
substitution of calcium or cadmium for lead causes a
shift of the OH group position towards the center of
S(II) triangles. In those cases, the driving force was
ascribed to the ionic radii difference. Indeed, when the
site S(II) is mainly occupied by Pb atoms, the space at
the center of S(II) triangles is reduced significantly and
the hydroxyl ion must be accommodated outside. In the
present case, the effect is even more evident, because a
large difference in the ionic size of Pb>" and Mg?* radii
r(Pb?") — (Mg?>") = 0.061 nm.

The results of the powder fitting structure refine-
ments indicate a clear preference of magnesium for
site S(I) of the apatite structure. This result is clearly
shown in Table 3. Furthermore, this is in agreement

No.2 2018
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Table 2. Fractional atomic coordinates and equivalent thermal parameters, after Rietveld refinement, for the mixed

KAAROUD et al.

Pb—Mg hydroxyapatites (e.s.d. in parentheses)

Pb(p_yMg,HAp Atom X y Z B, A?
PbHAp a=0.9880(5) c=0.7402(2) Rp =721 Rwp =1.76 x> =3.12
{Pb(1)} 0.3333 0.6667 —0.0061(8) 0.632
{Pb(2)} 0.2477(7) 0.0010(5) 0.2500 0.840
P 0.394(6) 0.365(4) 0.2500 1.056
o(1) 0.329 (5) 0.475(5) 0.2500 1.482
0(2) 0.571(5) 0.458(7) 0.2500 1.504
0(@3) 0.338(6) 0.263(5) 0.084(1) 1.385
O(H) 0.000 0.0000 0.040(6) 1.220
Mg, sHAp a=0.9859(3) c=0.7357(4) Rp =8.25 Rwp =8.12 x> =13.04
{Pb(1), Mg(1)} 0.3333 0.6666 0.0010(5) 0.293
{Pb(2), Mg(2)} 0.2495(2) 1.0036(6) 0.2500 0.799
P 0.393(3) 0.354(3) 0.2500 0.187
o(1) 0.345(5) 0.495(5) 0.2500 0.483
0(2) 0.566(5) 0.485(4) 0.2500 0.311
0(3) 0.322(1) 0.248(2) 0.083(2) 0.154
O(H) 0.000 0.000 0.082(3) 0.701
Mg, ,sHAp a=0.9807(2) c=0.7322(5) Rp =9.04 Rwp=9.46 x> =2.84
{Pb(1), Mg(1)} 0.3333 0.6666 0.0022(6) 0.299
{Pb(2), Mg(2)} 0.2496(2) 1.0025(4) 0.2500 0.612
P 0.398(2) 0.364(2) 0.2500 0.940
o(1) 0.348(5) 0.484(2) 0.2500 0.782
0(2) 0.576(1) 0.472(4) 0.2500 1.405
0(3) 0.327(4) 0.253(4) 0.086(3) 0.611
O(H) 0.000 0.000 0.122(4) 0.390
Mg, (HAp a=0.9762(3) c=0.7261(5) Rp =9.02 Rwp =8.55 x> =2.82
{Pb(1), Mg(1)} 0.3333 0.6666 0.0044(5) 0.223
{Pb(2), Mg(2)} 0.2482(2) 0.9991(7) 0.2500 0.601
P 0.409(4) 0.382(4) 0.2500 0.988
o(1) 0.347(5) 0.503(5) 0.2500 0.492
0(2) 0.594(2) 0.455(2) 0.2500 0.995
0(@3) 0.355(3) 0.286(3) 0.085(3) 0.418
O(H) 0.000 0.000 0.166(7) 1.241
Mg, sHAp a=0.9732(4) c=0.7165(6) Rp =10.13 Rwp =9.04 x>=2.73
{Pb(1), Mg(1)} 0.3333 0.6666 0.0107(5) 0.599
{Pb(2), Mg(2)} 0.2515(4) 1.0015(7) 0.2500 0.702
P 0.414(3) 0.391(4) 0.2500 0.416
o(1) 0.334(2) 0.487(5) 0.2500 0.504
0(2) 0.611(5) 0.475(3) 0.2500 0.730
0(3) 0.348(2) 0.284(2) 0.094(4) 1.304
O(H) 0.000 0.000 0.162(3) 1.395
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 92 No. 2 2018
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Table 3. Statistic distribution and refinement occupancy of magnesium atoms in the two metal sites S(I) and S(II) of

Pb—Mg hydroxyapatites

Chemical | Refinement | Refinement distribution (4) | Statistic distribution (B) (A—A/B)
Sample . .
analysis analysis S(I) S(1) S(I) S(11) S(I) S(1)
Mg, sHAp 0.52 0.495 0.291 0.204 0.204 0.309 +0.426 —0.339
Mg, 7;sHAp 0.73 0.744 0.432 0.312 0.297 0.446 +0.454 —0.300
Mg, ;HAp 0.98 0.995 0.625 0.370 0.398 0.597 +0.570 —0.380
Mg, sHAp 1.23 1.206 0.774 0.432 0.482 0.723 +0.605 —0.402

with the preference of Pb for site S(II), where the
arrangement of the “staggered” equilateral triangles
allows for the optimization of the packing of larger
ions, in contrast to site S(I) where the strict alignment
of the columns causes a stronger repulsion. However,
the refinement shows that the occupancy factor of
magnesium in the S(I) site is always higher than that
corresponding to the statistical distribution (Fig. 2).
For the sample Pbg Mg, s(PO4)¢(OH),, the discrep-
ancy between the value of the magnesium content
obtained from the Rietveld refinement and the value
measured by chemical analysis, can be ascribed to the
greatest amount of magnesium must be on the crystal
surface and/or in the amorphous phase and may
reflect the smaller ionic radius of Mg?* (0.72 A) than
in Pb?* (1.33 A) and the difference in the polarizability
and electronegativity of Mg?* and Pb*" cations. In
agreement with bibliographic revues, the same obser-
vation has been reported for Mg and Zn substituted
calcium hydroxyapatite [44, 45].

In Table 4 the P-O, M—0O, and M—M interatomic
distances are reported. The values of the mean M(I)—
O and M(II)—O distances slightly decrease when the
amount of magnesium in the hydroxyapatite increases
(in agreement with the reduction of the a-axis).

1.00
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0.50 |
0.25 |

ol
-0.25 ¢
-0.50 t
-0.75

—1.00 1 L I L L L ! ! ! J
0.4 0.5 0.6 07 0.8 09 1.0 1.1 1.2 13 1.4
{Mg/(Mg + Pb)} x 10

S{)

./l

—n

Statistic

(A-A/B)

S(11)
o/.\.

Fig. 2. Relative difference distribution of magnesium
atoms between S(I) and S(II) crystallographic sites. The
lines are to guide the eyes.
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The line profile analysis has been applied in order
to investigate the line broadening increase and the
peak shifts observed in the XRD patterns of the sam-
ples. A qualitative estimation of the crystal size as
derived from the Scherrer equation, (Table 5). D, is
related to the mean crystallite size along the c-axis,
whereas D3, refers to the mean crystal size along a
direction perpendicular to it. The variation of the D,
values as a function of the magnesium atomic percent-
age present in the solid phase indicate that the dimen-
sions of the apatitic crystallites are strongly affected by
the presence of even a very small amount of magne-
sium in the solid phase.

3.3. Infrared Absorption Spectroscopy
The infrared spectra of the mixed hydroxyapatites
present the characteristic absorption bands (stretching

and bending) of the POi_ group and OH™ ions of the
apatitic structure, two of them are reported in Fig. 3. The

Mg, ;HAp
PbHAp \[J
1600 1400 1200 1000 800 600 400

Wavenumber, cm™

Fig. 3. Infrared spectra of PbHAP and Mg, (HAp.
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Table 4. M—O, M—OH, and M—M distances (nm) in mixed Pb—Mg hydroxyapatites (e.s.d. in parentheses)

PbHAp Mg, sHAp Mg, ;sHAp Mg, \HAp Mg, sHAp
M(1)—0O(1) 0.2665(1) 0.2570(3) 0.2613(3) 0.2554(1) 0.2491(2)
M(1)-0(2) 0.2534(2) 0.2792(3) 0.2722(5) 0.2513(1) 0.2505(4)
M(1)—0(3) 0.2982(4) 0.3145(2) 0.3041(4) 0.2891(4) 0.2913(2)
(M(1)-0) 0.2727 0.2835 0.2792 0.2652 0.2636
M(T)—0(1) 0.2912(2) 0.3005(1) 0.3107(3) 0.3055(4) 0.2956(3)
M(I)—0(2) 0.2562(3) 0.2382(3) 0.2443(1) 0.2522(3) 0.2425(2)
M1I)—-0(3) 0.2553(1) 0.2515(3) 0.2492(2) 0.2586(2) 0.2591(3)
M(I1)-0(3) 0.2582(6) 0.2492(2) 0.2614(1) 0.2603(2) 0.2652(5)
M(IT)—OH 02927(2) 0.2825(2) 0.2796(2) 0.2654(2) 0.2492(2)
(M(I1)-0) 0.2644 0.2581 0.2628 0.2644 0.2621
M(IT)—M(II) 0.4244(2) 0.4502(4) 0.4471(4) 0.4327(2) 0.4304(6)
M(D)—M(IT) 0.4215(4) 0.4249(5) 0.4173(2) 0.4104(5) 0.4027(4)
M)—M(D) 0.3593(2) 0.3645(5) 0.3692(3) 0.3522(5) 0.3452(6)

Table 5. Crystallite size D,y and D3, of the Mg-substituted lead hydroxyapatites in the direction normal to (002) and to

(310) planes
Sample B2 (002) (rad) x 10~ D gpz) (nm) B/ (310) (rad) x 10~ D319y (nm)
PbHAp 17.453 81.2 19.373 76.3
Mg, sHAp 18.151 78.1 19.547 75.7
Mg, -sHAp 19.373 73.2 22.165 66.8
Mg, (HAp 20.594 68.8 24.085 61.4
Mg, sHAp 25.132 56.4 24.434 60.5

absence of the bands due to COg_ and HPO, ions
indicates the absence of appreciable amount of impu-
rities [46, 47]. The progressive substitution of the lead
ions for magnesium induces a regular shift of the
absorption bands towards smaller wavenumbers. Fur-
thermore, the infrared spectra of some mixed
hydroxyapatites does not show the band of the sym-

metric deformation of ions the POi_, not the band

reflecting the movement of libration of (OH™) ions.
These two bands may be masked by the band of skew-

symmetric deformation of ions POi_ [48]. The shift of
the absorption bands of the PO, group can be
attributed to the variation of the nature of the metal-

oxygen interactions [49]. The character of lead-oxygen
interaction is more covalent than that of magnesium-
oxygen and furthermore a cation of larger mass is
involved. The more covalent character of the Pb—OH
leads to a shift of the OH vibrational modes towards a
lower frequency.

3.4. TEM Observations

Transmission electron microscopy (TEM) micro-
graphs analysis of the samples are illustrated in Fig. 4.
From the photomicrographs, it can be seen that the
size of precipitated apatite particles. PbHAp is consti-
tuted of plate-shaped crystals. After the substitution of

Fig. 4. TEM images of PbHAp (a), Mg, 75sHap (b), and Mg, sHap (c).
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magnesium, their shapes transformed into tiny crystals
with rod-like morphology. Moreover, the presence
magnesium at the start solution reveals the decrease of
the average size of these crystals with a strong ten-
dency to aggregate. The results of the TEM analysis
agree well with the analysis of XRD pattern.

CONCLUSION

Lead-magnesium hydroxyapatite solid solutions
Pbo - yMg,(PO,)¢(OH), were prepared by a hydro-
thermal process. The results of this study indicate that
the great difference between cationic radii of Pb?* and
Mg?* ions allows the formation of the limited lead-
magnesium solid solutions (x < 1.5). The progressive
incorporation of the Mg?* cation in the lead hydroxy-
apatite induces a contraction of the a lattice constant.
Structural refinements by Rietveld method show that
the Mg?" ions are distributed between the two crystal-
lographic sites S(I) and S(II), with a low preference to
the smaller site S(I). This is particularly marked for
low Mg?* concentrations. The magnesium exhibits an
evident inhibiting role on the synthesis of mixed lead-
magnesium hydroxyapatite through a reduction of the
crystallite sizes.
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