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Abstract—A series of lead–calcium hydroxylapatite solid solution was synthesized by the precipitation method. 
Characterization by various means confi rmed the forming of the continuous solid solution over a whole Pb/(Pb+Ca) 
mole fraction range. An obvious deviation of both a and c lattice parameters from Vegard’s rule was observed. 
The solids of XPb = 0–0.51 were typically prism crystals with hexagonal pyramid as a termination (particle size 
50–100 nm); those of XPb = 0.61–0.69 were the typical hexagonal columnar crystals with pinacoid or hexagonal 
pyramid as termination, which elongated along c axis (particle size 200–600 nm); those of XPb = 0.80–1.00 
were the typical prism crystals with hexagonal pyramid as termination (particle size 2–20 μm). The phosphate 
peak area for the symmetric P–O stretching decreased with increasing Pb/(Pb + Ca) ratio and disappeared as 
the Pb/(Pb + Ca) ratio > 0.61, and two phosphate peaks of the P–O stretching were diminished with the increase 
in XPb. These variations could be caused by a slight tendency of larger Pb2+ to prefer the M(II) sites and smaller 
Ca2+ to occupy the M(I) sites in the apatite structure.
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INTRODUCTION

Calcium hydroxylapatite (Ca-HAP) is the principal 
component of vertebral animals’ hard tissues and has been 
widely studied as one of the most important biocompatible 
materials for coating of bone prostheses and replacement 
[1–9]. The toxic Pb pollutant may be found in surface and 
underground waters. When the Pb ions are taken into ani-
mals, it is possible that they concentrate in bone through 
the possible replacement of Ca2+ by Pb2+ and form the 
lead-calcium hydroxylapatite solid solution (Pb–Ca-HAP) 
with vital Ca-HAP. The existence of the toxic metals in 
animals’ hard tissues can cause many bone diseases, such 
as dental caries and osteoporotic processes [1, 8].

Apatite as the raw material for the phosphate fertilizer 
industry contains commonly traces of various elements 

[1]. Additionally, synthetic or natural Ca-HAP from dif-
ferent sources can be used to remove toxic lead ions from 
industrial wastewaters; this is due to the calcium ion’s ex-
ternal position in the HAP structure, which favors an ionic 
exchange process [1, 9–11]. Particularly, the adsorption of 
lead by Ca-HAP has been comprehensively investigated 
because of its extreme toxicity. The reaction of the solid 
Ca-HAP with lead ions resulted in the forming of hydrox-
ylpyromorphite [Pb5(PO4)3(OH)], therewith it should be 
taken into account that the dissolution of hydroxylapatite 
is followed with the forming of hydroxylpyromorphite, a 
solid solution of Pb5–xCax(PO4)3(OH) formula, with lead 
ions generally occupying the M(II) sites [12–15]. From 
the isomorphism of Ca-HAP and Pb-HAP, the formation 
of solid solutions among them is considered possible as 
a result of the simultaneous coupled substitution for Pb 
in Ca-HAP leading to the formation of solid solutions of 
Ca5–xPbx(PO4)3(OH) (Pb–Ca-HAP) [8]. The Pb–Ca-HAP 
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solid solutions have already been prepared by some in-
vestigators. They synthesized Pb–Ca-HAP solids by the 
ion-exchange method, the solid state reaction method 
and the co-precipitation method. Whereas, in literatures 
there was a signifi cant difference among the unit cell 
parameters of the obtained samples, and the previous 
researches also revealed signifi cant morphological dif-
ferences [1–3,16–21].

In the present investigation, Pb-HAP, Pb–Ca-HAP and 
Pb-HAP were synthesized by the precipitation procedure. 
The obtained solid solution samples were then analyzed 
by different instruments in detail to study the infl uence 
of the Pb molar fraction on the cell parameters and mor-
phology of the Pb–Ca-HAP solid solution with the whole 
range of the Pb/(Pb + Ca) atomic ratio (XPb) from 0 to 
1, which were synthesized under the same condition of 
solution pH and temperature.

EXPERIMENTAL 

Synthesis. A solutions (250 mL) of various Pb/(Pb + 
Ca) molar ratios were initially made via dissolving 
different amounts of Ca(CH3COO)2·3H2O and 
Pb(CH3COO)2·H2O into ultrapure water. The amounts 
of Ca(CH3COO)2·3H2O and Pb(CH3COO)2·H2O were 

varied in order to get the synthetic solids with different 
XPb, while the total amounts of Pb + Ca were preserved 
to be 0.4 M. The Pb + Ca solutions were then mixed with 
250 mL of 4.4 M CH3COONH4 buffer solution in a 1 L 
polypropylene vessel. Into the vessel 500 mL of 0.12 M 
NH4H2PO4 solution was then quickly added at constant 
stirring with the formation of white suspensions (see 
table). The suspension was adjusted to pH 7.5 by adding 
NH4OH, stirred for 10 min at room temperature, and aged 
at 100°C for 48 h. The precipitates were then allowed to 
settle, washed carefully using pure water, and fi nally dried 
in an oven at 70°C for 16 h.

Characterization. Each synthetic solid (10 mg) was 
fi rstly dissolved in 20 mL of 1 M nitric acid solution 
and diluted to 100 mL with pure water. The Ca, Pb, and 
P contents were then measured by using the inductively 
coupled plasma, optical emission spectrometer (PE 
Optima 7000DV). The obtained solid samples were 
also investigated by the X’Pert PRO powder X-ray 
diffractometer (XRD) using CuKα radiation (40 kV and 
40 mA) at a scanning rate of 0.10 deg min–1 within a 
2θ range 10°–80°. The solids were also examined in 
KBr pellets within 4000–400 cm–1 using the Fourier 
transform infrared spectrophotometer (FT-IR, Nicolet 
Nexus 470). The morphology was scanned by the fi eld-
emission transmission electron microscope (FE-TEM, 

Fig. 1. (a) XRD patterns and (b) lattice parameters of the lead-calcium hydroxyapatite solid solution.
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Jeol JEM-2100F) and the fi eld-emission scanning electron 
microscope (FE-SEM, Hitachi S-4800).

RESULTS  AND  DISCUSSION

Chemical Compositions

The gained crystals had nearly the planned composi-
tion of (PbxCa1–x)5(PO4)3(OH) (see table). Their experi-
mental (Pb+Ca)/P molar ratios were near the stoichiomet-
ric proportion of 1.67 and all the prepared solids were of 
nearly the same XPb proportions as the initial solutions.

XRD. The XRD patterns revealed that all the solids 
belonged to apatite group and crystallized in the hexagonal 
system P63/m varying merely in peak location, absolute 
intensity, and peak width (Fig. 1a). The solid products 
with XPb = 0 and 1.00 were recognized as Ca-HAP 
(Reference code 00-024-0033) and Pb-HAP (Reference 
code 01-087-2477), respectively. The refl ections of Pb–
Ca-HAP shifted slowly to a higher-angle direction when 
XPb decreased, which showed that Pb–Ca-HAP was a 
continuous solid solution in all range of XPb = 0–1.00, 
but it was also indicated in literature that the peaks did 
not shift in the middle composition of the solid solutions 
[3, 22]. The replacement of Pb2+ for Ca2+ could modify 
the lattice parameters a and c that increased with the 
substitution of Pb2+, and an obvious deviation of both a 
and c parameters from Vegard’s rule was also observed for 
Pb–Ca-HAP. With increasing XPb, the lattice parameters a 

and c increased from 0.944 to 0.989 nm and from 0.686 
to 0.748 nm (Fig. 1b), because of the replacement of Ca2+ 
(0.100 nm) with larger Pb2+ (0.119 nm) in the apatite 
structure [1, 3, 22].

There was a small but signifi cant difference among 
the unit cell parameters of Pb-HAP, Pb–Ca-HAP, and Ca-
HAP in literature (Fig. 1b) [6–12]. Some results showed 
that the linear variation of the a- and c-axis dimensions 
followed Vegard’s law over the whole compositional 
range, i.e., both of them changed linearly with composi-
tion between those of the pure end members [17, 19]. 
Pb2+ can replace Ca2+ in the apatite lattice in the whole 
composition range and be distributed randomly in the 
M(I) and M(II) sites resulting in the linear increasing of 
the cell parameters. Although some previous investiga-
tions reported that the lattice constants varied linearly 
with XPb, their data were located only in the range 0 < 
XPb < 3 of the formula Ca5–xPbx(PO4)3(OH) (Fig. 1b). 
Since their prepared samples with XPb > 3 comprised 
great quantities of other lead phosphates, which were not 
studied further [23].

On the contrary, deviations of the unit cell parameters 
markedly from Vegard’s law have also been reported in 
literatures [1, 3, 16, 21, 23]. However, the lattice param-
eters of both a and c didn’t change from XPb of 0.4 to 0.6 
[3, 21], or the change of the a-axis parameter had a break 
at XPb of 0.8 [1]. These deviations were considered to be 
the probable preference of Pb2+ for the M(II) sites of the 

Summary of synthesis and composition of the lead-calcium hydroxyapatite solid solution

Sample no.

Volumes of the precursors, mL

Solid composition0.4 M
Pb(CH3COO)2·2H2O

0.4 M
Ca(CH3COO)2·H2O

4.4 M
CH3COONH4

0.12 M
NH4H2PO4

Pb-Ca-HAP-00 0 250 250 500 (Ca1.00Pb0.00)5(PO4)3OH
Pb-Ca-HAP-01 25 225 250 500 (Ca0.90Pb0.10)5(PO4)3OH
Pb-Ca-HAP-02 50 200 250 500 (Ca0.80Pb0.20)5(PO4)3OH
Pb-Ca-HAP-03 75 175 250 500 (Ca0.70Pb0.30)5(PO4)3OH
Pb-Ca-HAP-04 100 150 250 500 (Ca0.59Pb0.41)5(PO4)3OH
Pb-Ca-HAP-05 125 125 250 500 (Ca0.49Pb0.51)5(PO4)3OH
Pb-Ca-HAP-06 150 100 250 500 (Ca0.39Pb0.61)5(PO4)3OH
Pb-Ca-HAP-07 175 75 250 500 (Ca0.31Pb0.69)5(PO4)3OH
Pb-Ca-HAP-08 200 50 250 500 (Ca0.20Pb0.80)5(PO4)3OH
Pb-Ca-HAP-09 225 25 250 500 (Ca0.11Pb0.89)5(PO4)3OH
Pb-Ca-HAP-10 250 0 250 500 (Ca0.00Pb1.00)5(PO4)3OH
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apatite lattice, i.e., the six fold positions of the cation 
sublattices [16]. The greatest deviations were noted at 
an intermediate XPb, whereas the entire replacement of 
Pb2+ formed a crystal of the apatite structure, despite a 
total enlargement of the unit cell because of the larger 
Pb2+ [3, 19–24]. When Pb2+ substituted for Ca2+ in the 
apatite lattice, it occupied almost solely the M(II) sites, 
until, at XPb  > 0.4, it also began to occupy the M(I) site 
considerably, which could explain the discontinuity at 
around XPb = 0.4–0.6 in the curves of the a and c-axis 
parameters versus XPb (Fig. 1b). The replacement of Pb2+ 
for Ca2+ in the M(I) sites, i.e., in the columns parallel to 
the c axis, can result in a greater enlargement of the c-
axis parameter than that provoked by Pb2+ replacement 
in the M(II) sites. In the apatite lattice, the M(II)–M(II) 
length are greater than the M(I)–M(I) length, thus the 
former doesn’t vary signifi cantly up to XPb ≈ 0.4, while 
the M(I)–M(I) length can be intensely infl uenced even if 
a little amount of Pb2+ exists [3, 19–22].

FTIR. For the tetrahedral phosphate ion, there are four 
normal peaks, i.e., the symmetric P–O stretching (ν1), the 
OPO bending (ν2, ν4), and the P–O stretching (ν3) [2]. 

In the recorded FTIR spectrum, the essential vibrational 
peaks of PO4

3– tetrahedra for Ca-HAP were observed 
in the region around at 962.83 cm–1 (ν2), 1045.76 and 
1091.08 cm–1 (ν3), 567.96 and 602.67 cm–1 (ν4), which 
shifted to 938.24 cm–1 (ν2), 985.01 and 1031.77 cm–1 
(ν3), 536.62–573.74 cm–1 (ν4) as XPb increased from 0 
to 1.00, respectively (Fig. 2). The bands at 471.53 cm–1 
(ν1) and 633.05 cm–1 (ν4) decreased with increasing XPb 
and disappeared as XPb > 0.80 due to a change in the 
symmetry of PO4

3–. All the bands, especially for the two 
P–O stretching (v3) peaks, were diminished with the 
increase in XPb because of the scattering of IR beam by 
large particles observed in the FE-SEM and TEM images 
(Fig. 3) [1].

The spectra of all solid samples showed a strong 
sharp band at 3553.83–3571.67 cm−1, which represented 
the stretching vibrations of the bulk OH–, but it was not 
observed that the OH– band was shifted from 3571.67 to 
3553.83 cm–1 with the increasing XPb from 0 to 1.00 as 
reported in the literature [8, 24]. The band at 3735.15–
3736.56 cm–1 represented the surface P–OH groups. 
The band at 871 cm–1 for HPO4

2– [1, 9] and the band at 

Fig. 2. Fourier transform infrared spectra of the lead-calcium hydroxyapatite solid solution. 
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1455 cm–1 for CO3
2–  vibration [25] were not obviously 

detected in the spectra (Fig. 2).
FE-SEM and TEM. The crystal structure and 

morphology of the prepared solids were affected by the 
Pb/(Pb + Ca) atomic ratio [1, 3, 22]. With increasing 
XPb, the unit cell parameters increased gradually 
accompanying morphology variation (Fig. 3). The 
solids of XPb = 0–0.51 were typically prism crystals with 
the hexagonal pyramid as a termination (particle size 
50–100 nm); those of XPb = 0.61–0.69 were the typical 
hexagonal columnar crystals with pinacoid or hexagonal 
pyramid as a termination, which elongated along c axis 
(particle size 200–600 nm); those of XPb = 0.80–1.00 were 
the typical prism crystals with the hexagonal pyramid as 
a termination (particle size 2–20 μm). The crystal sizes 
decreased slightly with increasing XPb from 0.80 to 1.00. 

This fi nding was different from the previous research, 
which showed that the particles were well-crystalline 
needle-like and grew with increasing XPb [1]. The solid 
solution mean crystal size along the hydroxyapatite (300) 
and (002) directions increased with increasing XPb since 
Pb2+ ions preferentially occupy the M(II) sites [26].

CONCLUSIONS

The obtained lead-calcium hydroxylapatite solid solu-
tion (Pb–Ca-HAP) showed the apatite structure. With the 
increase of XPb, the unit cell a and c parameters increased 
from 0.944 to 0.989 nm and from 0.686 to 0.748 nm, 
respectively, but an obvious deviation of both a and c 
lattice parameters from Vegard’s rule was observed. The 
peak positions of the symmetric P–O stretching and the 

Fig. 3. Field emission scanning electron micrographs and transmission electron microscope images and hexagonal crystals of the lead-
calcium hydroxyapatite solid solution.
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OPO bending decreased with the increasing of XPb; the 
two peaks of the P–O stretching (ν3) were diminished 
with the increase of XPb. The particles changed from 
smaller prism crystals (XPb = 0–0.51) to larger hexagonal 
columnar crystals (XPb = 0.61–0.69) and then to larger 
prism crystals (XPb = 0.80–1.00). These variations could 
be caused by the slight tendency of larger Pb2+ to pref-
erentially occupy the M(II) sites and of smaller Ca2+ to 
occupy the M(I) sites in the apatite structure.
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