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The substitution of lead with samarium in the Pbg_,)Na,Sm,(PO,)s0, , solid
solutions corresponding to the scheme 2Pb% + [ — 2Sm®* + 0% is examined
by X-ray diffractometer, IR-spectroscopy and scanning electron micros-
copy. The compositions with x=0, 0.20, 0.40, 0.60, 0.80, 1.0, 1.2, 1.4,
1.6, 1.8, and 2.0 are studied. All samples are synthesized by ceramic
methods. The cycle of operations is carried out until a constant phase
composition is accomplished. The total calcination time at a temperature
of 850°C is 60 hours. Rietveld method displays that samarium ion (Sm?3")
is located in positions of the Pb(2) type, and the distance in a polyhedron
of Pb(2), which has the structure of apatite, is decreased.

3amimenna Pb ma Sm y TBepaux posumHax Pbg ,Na,Sm (PO,)0,,,, Bigmo-
BimHO cxemi 2Pb%* + [ — 2Sm?*'+0?", mociimsxyeTbcsa 3a JOIOMOTOIO DeHTIe-
HiBcbKOro mmudparTomerpa, IY-cmeKTpocKormii Ta CKaHyBaJbHOI €JIeKTPOH-
HOI MiKpockomii. BuBueno kommoosurnii 3 x = 0, 0,20, 0,40, 0,60, 0,80, 1,0,
1,2, 1,4, 1,6, 1,8, 2,0. Bci 3pasku 0yJ0 CHHTE30BAHO KepPaMiUHMUMU METO-
mamu. Ilukya omepariiii BUKOHYETHCA OO TUX Iip, MOKUW He Oyae JOCATHYTUH
mocTifiHuit ¢pasoBuUil CKJaaj. 3araJbHUM Yac IPOKapOBAaHHS 3a TEMIIEPATypU
y 850°C cramoButh 60 rogmu. PiTBesnbmoBa MeTona IoOKasye, 1o iiom Cama-
piro (Sm?*") smaxozmTeca B monomenHax Tunmy Pb(2), a Bigmame y 6araror-
pauuuky Pb(2), 1110 Mae CTPYyKTypPy amaTUTy, SMEHIIYETbCH.

3aMellleHre CBUHIA caMapueM B TBEPABIX pacTBopax Pbg_,Na,Sm (PO,):0, s,
cooTBeTcTByOIEee cxeMme 2PbZ + 1 — 2Sm* +0%, mcciexyercs ¢ mOMOIIBIO
peuTreHoBcKoro audpaxromerpa, MK-CIeKTPOCKOIMM U CKAHUPYIOIIEH
9JIEKTPOHHOM MuKpockomnuu. WM3yuensl Kommosuinuu ¢ x = 0, 0,20, 0,40,
0,60, 0,80, 1,0, 1,2, 1,4, 1,6, 1,8, 2,0. Bce 00pasibl CUHTE3UPOBAHLI Ke-
paMuuyecKuMu Metomamu. IIMKJ omepaiuili BHIIOJIHSETCSA OO TeX I0pP, IMoKa
He OyJeT MOCTUTHYT IIOCTOAHHBIN (pas3oBbIiii cocTaB. OOIee BpeMs IIPOKAJIU-
Bauua mpu Temmeparype 850°C cocraBiaser 60 uacoB. Metong PurBenbaa
[IOKa3bIBaeT, uTo MOoH camapusa (Sm®") HaxozmTca B IONOKEHMAX THIA
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Pb(2), a paccrossuue B MmHororpanuuke Pb(2), mmerwIeM CTPYKTYpPy allaTu-
T, YMEHBIIAETCA.
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1. INTRODUCTION

Compounds with apatite structure have the composition M;y(E£0,)¢(Z),,
where M is a cation with single, double, and trivalent charges (Na“, K',
Ca?', Sr?*, Ba*", Pb?", Cd®", Eu®', La®', lanthanide ions, and so on), E is a
cation with four, five, and hexavalent charges, which look like Si*', P*",
VvV, As®t, 8%, Cr®, etc.), Z is an anion of OH, F, CI", Br, I, O* or va-
cancies. Apatite structure is described by the occurrence of two struc-
turally non-equivalent positions in the cation sublattice predictably des-
ignated as M(1) and M(2). Position (1) has an environment of nine oxy-
gen atoms (each of which is a part of the tetrahedra PO,), forming a co-
ordination polyhedron nine-vertex. The coordination environment of
the M (2) position is the six oxygen atoms of the PO, tetrahedra and F~
(Cl', OH, 0%, and so on) ions that form the coordination polyhedron
seven-vertex. Equilateral triangles M(2) in the structure of apatite form
achannel, in which F~ (Cl", OH ", 0%, and others) ions are located [1].
Lately, the attention of researchers in the compounds with such a
structure has not weakened, at least, for two reasons. First, they
have a complex of practically important properties and can be used,
for example, as solid stable forms for the application of radioactive
waste, sorbents [2, 3], solid electrolytes [4], catalysts [6], lumines-
cent substances, laser materials [6], and in many other cases. Sec-
ondly, they have a wide range of isomorphous substitutions, which
allow them to regulate their properties by introducing isomorphic
components. In particular, luminescent and laser materials are ob-
tained by partially replacing ions of divalent elements in the struc-
ture of apatite with rare-earth ions and other elements [7—8].
Therefore, the study of heterovalent substitutions according to
the M*"+ Z"—Ln* +0* scheme in M, Ln(EO,)Z; 0, systems,
where M?" ions of divalent elements and Ln®" ions of rare-earth
elements, is topical. Thus, substitutions of alkaline earths for most
rare-earth elements have been studied [9—-11]. However, in spite of
the fact that the ionic radius of lead is close in size to the radii of
the ions of alkaline earth elements, there is no information in the
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literature on the substitution of lead for rare-earth elements in the
systems Pby ,,Ln,(PO,);OH; ,,O,. Advantage of systems with lead
apatites is a significantly lower synthesis temperature (850°C) [12]
in comparison with apatite of alkaline-earth elements (1200-
1450°C) [9], which simplifies the synthesis procedure and promotes
the production of finely dispersed grains.

Thus, it is of interest to examine substitutions according to the
scheme  2Pb* + (1 - 2Sm?* + O*  described for the systems
Pb_,Na,Sm (PO,):0,» (Ln =Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er).
However, these systems were studied only for compounds with x =0.25
[13]. In this paper, the substitution by samarium for lead in the struc-
ture PbgNa,(PO,)s in a wide range of compositions is studied.

2. EXPERIMENTAL

To synthesize the samples of the Pbg_,,Sm Nay(PO,)s0, (0 < x < 2) sys-
tem, PbO (chemically pure), Sm,05(99.99% ), Na,CO; (chemically pure)
and (NH,),HPO, (analytical grade) were used as initial reagents, which
are provided by Sinbias (Ukraine). The compositions with x =0, 0.20,
0.40, 0.60,0.80,1.0,1.2,1.4, 1.6, 1.8, and 2.0 were studied.

All samples were synthesized by ceramic methods. The starting
materials weighed in stoichiometric proportions were mixed in an
agate mortar for 20 minutes and calcinated in alumina crucibles at
a temperature of 300°C for 3 hours, after that the temperature was
elevated to 850°C, at which calcination was carried out for 5 hours.
After calcination, the samples were homogenized and investigated
by X-ray phase analysis (XRD) to determine the phase composition.
After that, the samples were again calcinated at a temperature of
850°C. This cycle of operations was carried out until a constant
phase composition was accomplished. As a result, the total calcina-
tion time at a temperature of 850°C was 60 hours.

X-ray phase analysis was performed on a modernized diffractometer
DRON-3 (CuK, radiation, Ni-filter) with electron-controlled and re-
sults-based processing. The speed of the counter during determining
the phase composition of the samples was 2°/min. To refine the crystal
structure by the Rietveld method, we used an array of data obtained
from a powder X-ray diffraction pattern taken in the angular interval
from 15 to 140° (20). The scanning step and the exposure time at each
point were 0.05 and 3 seconds, respectively. The refinement was car-
ried out using the program FULLPROF.2k (version 3.40) [14] with the
graphical interface WinPLOTR [15].

IR spectra were measured by potassium bromide (KBr) method
using a Fourier transform infrared spectrometer FT-IR TENSOR 27
(Bruker Optics) in the wave-number range 4000—400 cm™. Samples
calcinated to 600°C to remove adsorbed water and then compressed
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on a pellet were prepared by crushing 1 mg samples with 600 mg
KBr under a pressure of 900 MPa.

Grain-sizes and semi-quantitative elemental analyses were per-
formed on a scanning electron microscope JSM-6490LV (JEOL, Japan)
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Fig. 1. The X-ray diffraction patterns of Pbyg_,,Sm, Nay(PO,).0, .

TABLE 1. Phase composition of samples of the Pbg_,)Na,Sm (PO,):0, , system.

The relative intensity (I/1,,.,)*x100 [% ]
x of the maximum phase lines with the structure
PbgNay(PO,)s | SmPO, | Pby(PO,),
0.00 100 — —
0.20 100 — —
0.40 100 — —
0.60 100 — 5
0.80 100 — 4
1.00 100 — 5
1.20 100 8 —
1.40 100 11 —
1.60 100 14 —
1.80 100 18 —

2.00 100 20 —
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using an X-ray energy dispersive spectrometer INCA Penta FETx3
(OXFORD Instruments, England).

The difference in the experimental and theoretical contents of the
elements did not exceed 2% that is acceptable for this method of an
analysis in such systems [16].

3. RESULTS AND DISCUSSION

X-ray diffraction samples of this system show that the constancy of
the phase composition of the solid solutions was obtained after 60
hours of calcination. The results of phase analysis of samples of
this system are presented in Table 1 and Fig. 1.

As can be seen from the data above, the apatite phase is formed in
the entire investigated region of the compositions, and the relative in-
tensity of the peaks of this phase is of 100% . In the composition range
up to x =0-0.4, only the peaks of the phase with apatite structure are
present in the X-ray patterns, and no peaks of other phases are present.
In X-ray diffraction patterns of the composition x =0.6-1.0, in addi-
tion to the peaks of the apatite structure, additional peaks, which are
not related to the PbgNa,(PO,); phase, are also present. These peaks be-
long to the phase of lead phosphate Pb,;(PO,),, but they were not identi-
fied with sufficient reliability [17]. In the X-ray pattern of samples of
composition x = 1.2-2.0, in addition to the apatite peaks, there are also
peaks of samarium phosphate SmPO,, where the intensity increases
with increasing x in the range of 8-20%.

Substitution by samarium for lead in the Pbg_,Na,Sm (PO,)s0, , sys-
tem is accompanied by a change in the parameters of the unit cell that is
shown below (Fig. 2). From Figure 2, with increasing x (x = 0.0-1.2), pa-
rameters a and c are decreasing that is because the ionic radius of Sm?*"
(1.098 A) is smaller than the ionic radius of Pb®" (1.83 A). Thus, changes
in the parameters of the unit cells of the samples of the
Pbg_ Na,Sm, (PO,):0,/» system indicate that the substitution limit is
x=1.13.

Confirming the substitution limit by Sm for Pb in the apatite
structure was carried out by the ‘disappearing phase’ method. In
this method, the dependence of the absolute intensity of the peak of
the (120) phase of samarium phosphate SmPO, on the composition
was plotted and is shown in Fig. 3. Extrapolation of the resulting
straight line to the abscissa axis gives a value of substitution limit
at x=1.16, in a good agreement with the value obtained by the
unit-cell parameters’ method, as shown above (Fig. 2).

The results of refinement of the crystal structure for some sam-
ples of this system by the Rietveld method are presented in Tables 2
and 3 and in Fig. 4.

A refinement of the crystal structure was carried out for a composi-
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Fig. 2. Dependence of the lattice parameters a and ¢ on the degree of sub-
stitution in Pbg_,,Sm,Na,(PO,).0, .
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Fig. 3. Plot of the intensity of the phosphate samarium SmPO, (120) re-
flection vs. degree of substitution, x.

tion x = 1.0 with 863 reflections and 33 parameters. Factors of reliabil-
ity were as follow: 5.55 (R,); 8.03 (R,); 8.17 (R,); 1.69 ().

Since the effective charge of Pb*" ions is smaller than the effec-
tive charge of Sm®" ions, when substitution occurs in the apatite
structure, Pb*" ions are localized predominantly in the Pb(2) posi-
tions of the apatite structure, as shown in Table 2.

As a result of the refinement of the crystal structure, intera-
tomic distances were calculated, some of which are given in Table 2.
As can be seen from the Table, there is a decrease in the distances
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TABLE 2. Occupancy for the Pb(l1) and Pb(2) positions in the system
Pb-Na,Sm (PO,)0, /5.

The positions of atoms | x=0 | x=1.0
Pb(1) (4f-position) 2.059 1.651
Na(1) (4f-position) 1.979 1.998
Sm(1) (4f-position) — 0.354
Pb(2) (6h-position) 5.941 5.348
Sm(2) (6h-position) — 0.647
Na(2) (6A-position) 0.021 0

TABLE 3. Selected mean interatomic distances (A) in the system
Pb-Na,;Sm (PO,)60, /5.

Mean interatomic distances x=0 | x=1.0
Pb(1)-0(1,2,3) 2.628(6) 2.676(7)
Pb(2)-0(1,2,3) 2.509(9) 2.435(8)
Pb(2)—-(0H),0(4) — 2.497(7)
Pb(2)-Pb(2) 4.344(6) 4.331(9)
Pb(2)-0(2) 2.25(3) 1.955(8)

Pb(2)-0(1, 2, 3) and an increase in Pb(1)-0(1, 2, 3).

All bands are shown in the IR absorption spectra (Fig. 5). The IR
spectra of studied samples (x =0.0, x=0.2, x=0.4, x=0.6) were de-
tected in the region of the internal vibrations of phosphate anions,
which are assigned according to the data for PbgNa,(PO,)s [18]. Thus,
when v, (445 cm™), v, (987, 1051), and v, (539, 580) enter into the vi-
brational structure of Sm atoms, the frequencies increase by 2—-6 cm™.

Vibrations in molecules of adsorbed water cause wide bands in
the 1600 and 2500 cm™ regions. In addition, there is a band at 631
cm', the intensity of which grows with increasing x. Perhaps, it
refers to the vibrations caused by the bond of REE (rare earth ele-
ments)—oxygen or liberation vibrations to the OH™ group, which are
not part of the water.

The chemical compositions (wt.%) of samples (x=0.0, 0.4, 0.6)
for the Pbg ,Na,Sm (PO,):0,,, system were determined by SEM
(scanning electron microscopy) of Pb, P, Sm, Na and O, and the re-
sults are presented in the data below (Table 4 and Fig. 6). As seen
from data, there is a good agreement between the founded and cal-
culated contents of the elements.

Figure 6 shows the elements (Pb, P, Sm, Na and O), which are
virtually and uniformly distributed over the surface of the particle
and manifest the homogeneity of the sample where the substitution
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Fig. 4. The experimental and calculated X-ray diffraction patterns and
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Fig. 5. IR absorption spectra of samples in the Pbg ,,Sm Na,(PO,);0,,, sys-
tem.

processes occur. Some inhomogeneity can also be noticed on the sur-
face and can be associated with the surface relief of particle [19].

4. CONCLUSION

Substitution by Sm for Pb in lead sodium apatite structure
Pb-,,Sm,Na,(PO,)s0,,, was carried out at 850°C. Annealing takes a long
time (60 hours) in order to obtain an equilibrium and stable phase com-
position. Samarium ions substitute for Pb?*" ones mainly at Pb(2) loca-
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TABLE 4. Results of the SEM of Pbg ,,Na,Sm (PO,);O,, for x=0.0, x=0.4
and x=0.6 (wt.% ), which were synthesized by solid-state reaction at 850°C.

x P Pb Sm Na 0]
Calced |found Calcd | found | Caled | found | Caled | found | Caled | found
0.0 8.18 8.66 72.80 74.50 — — 2.02 1.63 16.9015.21
0.4 8.25 8.50 69.87 69.30 2.66 2.58 2.04 1.43 17.1818.19
0.6 8.28 8.58 68.33 68.21 4.02 4.23 2.05 1.91 17.3217.07

Fig. 6. Microphotography and distribution of elements over the surface for
the sample composition Pb, ;Sm, ,Na,(PO,)sO, -

tions with increasing of anions O* in imperfect hexagonal structural
tunnels depending on the schema 2Pb*" + [J — 2Sm®" + 0*". The substitu-
tion process gives two reverse effects (decrease and increase) on the unit
cell parameters (parameters a and c¢) and interatomic distances; a de-
crease is given because of the location-dependent accommodation of
smaller samarium ion in Pb*" locations, and an increase is given because
of the filling of the empty channels with oxygen ions (O*). The interac-
tion of these factors results in a much smaller change of parameters a
and c as well as practical constancy of interatomic Pb2—Pb2 and Pb2-04
distances with increasing limit of substitution. In this subject, samar-
ium ion substitution in the apatite acts quite differently from what has
been observed in largely studied alkaline-earth hydroxyapatites and
fluorapatites with filled hexagonal channels.

Hence, substitution by samarium ion Sm*" for lead ion Pb*" in the apa-
tite system PbgNa,(PO,), is controlled not only by the location-dependent
and charge accommodation of Sm ion but also by the attainability of the
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stereochemically active electron pair 6s? on Pb?*". Depending on the re-
sults attained above, it is necessary to enlarge further studies for new
functional materials with apatite structure.
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