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Lead—calcium hydroxyapatite solid solutions with different
Pb/(Pb + Ca) molar ratios (Xp,) were prepared by a wet method
using acetamide (AA). The crystal phase and structure of the
products depended on the aging period (z,), Pb/(Pb + Ca) molar
ratio ([Xp,]1), and AA concentration ([AA]) of the starting
solution. At [AA]=1.6 moldm™* and z, =6 days, the large
needle-like PbCaHap particles were formed from solutions at
[Xp,] = 0—0.6 and 0.9—1. Under the other AA concentrations and
aging periods, pure PbCaHap particles could be obtained in
a narrower region of [X,]; e.g., PbCaHap was formed from
solutions at [AA]=0.8 moldm~?, z,=6days, and [Xp,]=
0-0.1, 0.4-0.5, and 0.9-1.

(© 2002 Elsevier Science

INTRODUCTION

Calcium hydroxyapatite (designated as CaHap),
Ca;o(PO4)(OH),, is a primary constituent of biological
hard tissues in animal organisms. Ca?* ion sites can be
replaced by various divalent cations including Sr**, Ba?*,
Pb?*, Cd**, etc. (1-4). When these harmful heavy metal
ions are taken into an organism, there is a possibility that
they accumulate in the body by forming hydroxyapatite
(designated as Hap) solid solutions with vital CaHap. Ion
exchangeability of CaHap may be employed for removal of
noxious metal ions from waste fluid. Thus, the exchange of
Ca?" ions in CaHap with harmful ions such as Pb?* is an
interesting subject in medical and environmental sciences.
To investigate the selectivity of cation exchange in a Hap
crystal, we have prepared various Hap solid solutions, such
as strontium-calcium hydroxyapatite (SrCaHap) (5), mag-
nesium-calcium hydroxyapatite (MgCaHap) (6), and bar-
ium-strontium hydroxyapatite (BaSrHap) (7). According to
a series of these studies, the preferences of cation sites are in
the order of Mg?* < Ca?" and Ba’* < Sr?* < Ca?*. To
obtain further information on the ion selectivity of Hap,
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preparation and characterization of lead—calcium hy-
droxyapatite (PbCaHap) solid solution is significant.

Many investigators synthesized PbCaHap particles by
the co-precipitation method (8-13), solid state reaction (14),
and ion-exchange method (15,16). The sizes of the
PbCaHaps reported in their papers are 12 x 60 nm (10) and
50 x 250 nm (11), and there are neither particle sizes nor
TEM pictures in other papers (8,9, 12-16).

We previously prepared needle-like CaHap and PbHap
particles by a wet method using acetamide (CH;CONH,,
designated as AA) (17,18). AA is hydrolyzed slowly at an
elevated temperature by the following reaction,

CH;CONH, + H,O0 - CH3;COOH + NH;, [1]
and the resultant NHj; raises the solution pH to yield Hap
particles. Slow hydrolysis of AA forms larger (micro meter
size) and more crystallized Hap particles than ones prepared
without AA (5, 6). In the present study, we prepared various
PbCaHap solid solutions (PbyCa;-_x(PO,)s(OH),,
X = 0-1) by changing the synthetic conditions such as ag-
ing period, Pb/(Pb + Ca) molar ratio, and AA concentra-
tion in the starting solution. We searched the conditions for
the formation of PbCaHap and characterized the products
in detail.

EXPERIMENTAL
Materials

PbCaHap solid solutions with various Pb/(Pb + Ca) mo-
lar ratios (designated as Xp,) of 0-1 were synthesized by
a wet method using AA as follows. Table 1 lists the prepara-
tion conditions of the materials by aging the solution at an
AA concentration (designated as [AA]) of 1.6 moldm ~* for
6 days. A total of 100cm® of solutions with different
Pb/(Pb + Ca) molar ratios in starting solution (designated
as [Xpy]) of 0-1 was prepared by dissolving various
amounts of Pb(NO3), and Ca(NOj), 4H,0 in water. To
the solutions were added 50 cm® of the buffer solution
containing NH,NO;, AA solid, and 25cm® of
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TABLE 1
Synthetic Conditions and Crystal Phases of the Products

[Xpol [HNO;] pH pH Xpo Crystal phase

in solution (moldm~3)  before aging after aging in particles (Pb + Ca)/P by XRD

0 0.038 2.93 5.02 0 1.53 CaHAP

0.1 0.162 1.25 476 0.12 1.52 PbCaHAP

0.2 0.191 1.18 473 0.24 1.51 PbCaHAP

0.3 0.220 1.03 472 0.37 1.54 PbCaHAP

0.4 0.232 1.07 4.69 0.50 1.56 PbCaHAP

0.5 0.258 0.99 4.70 0.64 1.59 PbCaHAP

0.6 0.273 0.93 4.67 0.76 1.56 PbCaHAP

0.7 0.292 091 4.67 0.78 — PbCaHAP + f-(Pb,Ca)y(PO,)¢ + unknown
0.8 0.302 0.91 4.64 0.87 — PbCaHAP + f-(Pb,Ca)o(PO,)s + unknown
0.9 0.318 0.88 4.65 0.98 1.66 PbCaHAP

1 0.320 0.88 4.63 1 1.63 PbHAP

Note. [Pb(NO;), + Ca(NO3),-4H,0]:5.0 x 10~ 2moldm ~3; [(NH,4),HPO,]:3.0 x 10" 2 moldm ™ 3; [NH,NO;]:0.10 moldm ~3; [AA]:1.6 moldm 3.

The aging temperature and period were 100°C and 6 days.

(NH,),HPO, solution. White precipitates were formed.
HNO; solution (2 moldm ~?®) was added untill the resulting
precipitates were redissolved. Finally, the solution volume
was adjusted to 250 cm® by adding water. The component
of each solution is shown in Table 1. The solutions thus
prepared were aged in 500 cm? screw-capped polypropylene
vessels at 100°C for 6 days. The supernatant pH at room
temperature was measured before and after the aging. The
precipitates formed were filtered off, washed with 1 dm? of
water, and finally dried in an air oven at 70°C for 16 h.

To know the influences of [AA] and the aging period (t,),
we prepared particles from the solutions at [ Xp, ] = 0-1 by
changing [AA] from 0.4 to 2.0 moldm > and t, from 3 to 12
days in addition to the synthetic condition mentioned above.

The water used for preparation of samples was deionized-
distilled and further purified by boiling under an N, atmo-
sphere to remove CO,.

Characterization

The materials synthesized were characterized as follows.
Their crystal phases were identified by powder X-ray dif-
fraction (XRD) using a diffractometer (Rigaku Geigerflex
2013) with Ni-filtered CuKo radiation (30 kV and 15 mA).
A scanning electron microscope (SEM, JEOL JSM-840A)
was used to ascertain the morphology of the products.
Transmission infrared (IR) spectra were taken by a KBr
method using a Fourier transform infrared spectrometer
(FTIR, Nicolet, Protégé 460). The sample disks for IR were
prepared by adding 0.4 mg of sample to 100 mg of KBr.
Pb?*, Ca?*, and PO3" contents were assayed using an
inductively coupled plasma spectrometer (ICP, Seiko SPS
1200 AR) by first dissolving in HNOj;. The specific surface
areas were evaluated by fitting the BET equation to the
N, adsorption isotherms recorded by a computer-aided

automatic volumetric apparatus at the boiling point of
nitrogen. Before the adsorption, the samples were treated at
300°C under 10~ Torr for 2 h.

RESULTS AND DISCUSSION
Pb, Ca, and P Contents

[Xpy] of the starting solutions and Xy, of the obtained
particles are shown in Table 1 for the samples prepared
from the solutions at [AA] = 1.6 moldm ~* and t, = 6 days.
Xp of all the materials formed at [ Xp,] = 0.1-0.9 is more
than [ Xp,]. This indicates that Pb?* ions more easily enter
cation sites of the crystal compared to Ca®* ions. We have
found that the preference of cation sites of the SrCaHap
crystal is Sr** < Ca?* (5). It is generally said that the
cationic selectivity of Hap depends on the radii of the
cations (3). The radii of Ca?* and Sr?* ions are 0.100 and
0.118 nm (19), respectively. The ion radius of Pb** is 0.119
nm (19), close to that of Sr** ions. Therefore, the selectivity
of cation sites depends on not only ionic radii but also other
factors: charge, polarizability, and ability to form partial
covalent bonds. The preference of Pb** ions in PbCaHap
has been explained by the last factor (12). Since lead nitrate
precipitates at a lower pH than calcium nitrate, only Pb**
ions should precipitate at the initial stage of the particle
forming. This may also be related to the Xp, in the particles.

The (Pb + Ca)/P molar ratio of the particles is also
shown in Table 1. All the ratios are less than the
stoichiometric ratio of 1.67, meaning the formation of ca-
tion-deficient PbCaHap.

Crystal Structure

The crystal phases of the samples prepared from the
solutions at [AA] = 1.6 moldm 3, different [Xp,], and
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t, = 6 days were examined by XRD. The obtained patterns
and the crystal phases are shown in Fig. 1 and Table 1,
respectively. The crystal phases and peak intensities of the
materials depend on Xp,. The highly crystallized products
with Xp, = 0 and 1 are identified as CaHap (JCPDS 9-432)
and PbHap (JCPDS 24-686), respectively (Fig. 1 (a) and
1(f)). By doping a small amount of Pb** ions into CaHap,
the crystallinity of the particles is markedly reduced as
shown in pattern (b) of the sample with Xp, = 0.12. As
Xpy, Increases, the peaks of CaHap shift to that of PbHap
and all the patterns show only one set of Hap peaks except
for the samples with Xp, = 0.78 and 0.87. Therefore, the
materials with Xp, = 0.12-0.76 and 0.98 are identified to
PbCaHap solid solution (JCPDS 40-1495, 40-1496, and
40-1497). The products with Xp, = 0.78 and 0.87 are a mix-
ture of PbCaHap (O), f-(PbCa)s(PO,)s (JCPDS 33-768)
(O), and unknown material (\/) as seen from XRD peaks in
Fig. 1 (e), although the pattern of the latter product is not
shown here. The peaks of the unknown material almost
agree with those of PbH,P,0, (JCPDS 12-5). However,
since this material is known to hardly form under such
moderate synthetic conditions as at atmospheric pressure
and 100°C employed in the present study, this material is
not identified for the moment.

PbCaHap with Xp, = 0.64 (Fig. 1(d)) shows the best cry-
stallinity out of all the PbCaHap solid solutions except for
CaHap (pattern (a)) and PbHap (pattern (f)). Hap crystal
has two cation sites, (I) and (II), in a ratio of 4:6 (2, 3). These
sites are established in being occupied respectively by small-
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FIG. 1. XRD patterns of the materials with different Xp, formed from
solutions at [AA] = 1.6 moldm 3 and t, = 6 days: (a) Xp, = 0, (b) 0.12, (c)
0.37,(d) 0.64, (¢) 0.78, and (f) 1. (O) PbCaHap, (O) f-(PbCa)o(PO,)s and (V)
unknown material.

er and larger cations in Hap solid solution containing two
kinds of cations (3). It has been reported that Pb** and
Ca’”" ions of PbCaHap prepared by the co-precipitation
method are located respectively in (IT) and (I) sites (3, 8,12).
Consequently, PbCaHap with Xp, &~ 0.6 of which Pb®* and
Ca?” ions are mainly in (II) and (I) sites, respectively, is
most stable for exhibiting the highest crystallinity.

Unit cell dimensions a (O) and ¢ (J) of the products
calculated from XRD peaks are shown in Fig. 2. With the
increase of Xpy, dimensions a and ¢ increase from 0.94 to
0.99 nm and from 0.69 to 0.75 nm, respectively, owing to the
exchange of Ca®* ion (0.100 nm) with larger Pb*" ion
(0.119 nm) in Hap crystal. The variation of dimension a has
a break at Xp, = 0.8. Such a break reported by Engel et al.
was explained by localization of Pb*>* and Ca** ions in (II)
and (I) sites, respectively (12). In the present study, mixing of
B-(PbCa)g(PO,)s and unknown material to PbCaHap may
also relate to the break of variation of dimension a.

The crystallite sizes (L30) of the particle, evaluated from
the half height width of XRD peaks due to the (300) plane
shown in Fig. 1 using the Scherrer equation (20), are plotted
against Xpy, by circle symbols in Fig. 3. The L3, value is
remarkably reduced from ca. 80 nm at Xp, = 0 (CaHap) to
17nm at Xp, = 0.12. As Xp, increases from 0.12 to 1,
L300 markedly grows to 254 nm at Xp, = 1 (PbHap). This
result is conceivably ascribed to the following facts: Hap
solid solution containing two kinds of cations is less crystal-
line than Hap containing one kind of cations and the cry-
stallinity of PbCaHap is enhanced with the increase of Xp,,

Morphology

Figure 4 displays SEM images of the products with vari-
ous Xp, values. Well-crystalline needle-like particles are
seen in each picture. The samples with Xp, = 0.12 are the
finest and thinnest (picture (b)). The particles grow with
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FIG. 2. Unit-cell dimensions vs Xpy: (O) @ and (O) c.
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FIG. 3. Crystallite size (L30) calculated from XRD peak due to (300)
plane, and specific surface area (Sy) of PbCaHAP particles vs Xpy: (O)
L300 and (OJ) Sy.

increasing Xpy, from 0.12 to 1 and the largest ones with
Xpp, = 1 are more than 13 x 550 um (picture (e)). In picture
(d) of the products with Xp, = 0.87, irregularly shaped par-
ticles (shown by an arrow) coexist with needle-like ones; the
former particles are mixtures of f-(PbCa)s(PO,)¢ and un-
known phosphates and the latter ones are PbCaHap as
identified by XRD.

N, Adsorption

The specific surface area (Sy) of PbCaHap solid solutions
estimated from the adsorption isotherms of N, is plotted
against Xp, by square symbols in Fig. 3. Sy values of all the
products are small, 7-10 m? g~ *. This result agrees well with
the large particles seen in SEM pictures in Fig. 4.

According to the t-plot analysis (21) of N, adsorption
isotherms, PbCaHap solid solutions are not microporous.
The pore size distribution curves of the materials, calculated
by applying the Dollimore-Heal method (22) to the N, ad-
sorption isotherms, revealed that mesopores with diameters
of 3-5 nm develop in the particles and can be regarded as
the cavities among the particles.

IR Spectra

To obtain information on the anionic species of the prod-
ucts, their IR spectra were taken by a KBr method (Fig. 5).
Spectrum (a) of the particles with Xp, = 0 is characteristic of
CaHap, showing the P-O stretching vibrations of PO3~
ions at 1089, 1031, and 963 cm ™! and their deformation
vibrations at 604 and 563 cm~! (23-25). The band at
866 cm ! is assigned to HPOZ ™ ions contained in cation-
deficient CaHap, Ca;q-x(HPO,)x(PO,)s-x(OH),_x (3).
The band at 635 cm ™" is assigned to the librational motion
of OH ™ ions (24, 25). With the increase of Xpy, the bands at

100 pm

FIG. 4. SEM pictures of the materials with different Xp, formed from
solutions at [AA] = 1.6 moldm 3 and ¢, = 6 days; Xp, = (a) 0, (b) 0.12, (c)
0.76, (d) 0.87, and (e) 1.
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FIG. 5. IR spectra of the materials with different Xp, formed from

solutions at [AA] = 1.6 moldm 3, and t, = 6 days; Xp, = (a) 0, (b) 0.12,
(c) 0.37, (d) 0.64, (e) 0.78, (f) 0.87, (g) 0.98, and (h) 1.

1089, 1031, and 604 cm ! shift respectively to 1037, 982,
and 574 cm !, the bands at 963, 866, and 635 cm ™! disap-
pear, and the 563-cm ! band splits into two bands at 549
and 538 cm~'. Spectrum (h) is characteristic of PbHap
(26,27). All the bands are diminished with the increase of
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Xpy, due to the scattering of IR beam by the large particles
observed in the SEM pictures in Fig. 4. There is a weak
shoulder at 1078 cm ™ ! in the spectra of the materials, which
are not pure PbCaHap but a mixture of PbCaHap and the
other phosphates (spectra (e) and (f)), which is assigned to
the stretching vibrations of PO}~ of the phosphates other
than PbCaHap (27).

Crystal Phase

The influence of [AA] on the products was investigated
by preparing the particles at different [Xp,] and
[AA] = 0.4-2.0 moldm 3. The crystal phases of the prod-
ucts determined by XRD are shown in Fig. 6(A). As shown
in this figure, PbCaHap solid solution (O) is formed at
[AA] = 1.6 moldm ™3 and [Xp,] = 0-0.6 and 0.9-1. The
[Xpy] region of PbCaHap formation with [AA] = 0.4-1.2
and 2.0moldm~™® is narrower than that with
[AA] = 1.6 moldm 3.

It is noteworthy that PbCaHap solid solutions can be
prepared at [ Xp,] = 0.4 and 0.5 under all the concentrations
at [AA] =0.4-20moldm 3 At [AA]=1.6moldm 3,
Xpy, of the particles formed at [ Xp,] = 0.4 and 0.5 are 0.52
and 0.64, respectively; Xpy, is larger than [ Xp,,]. As already
mentioned, Hap crystal has cationic (I) and (II) sites at
a ratio of 4:6 (2,3). In PbCaHap, Ca®* and Pb** ions
should exist in (I) and (II) sites, respectively (3, 8, 12). There-
fore, PbCaHap solid solution is most stable and formed
easily at Xp, ~ 0.6, where Pb?* and Ca?"* ions are mainly
localized to (IT) and (I) sites, respectively.

To know the influence of t, on the products, the particles
were prepared by varying ¢, from 3 to 12 days at
[AA] = 1.6 moldm >. The crystal phases of the products
determined by XRD are shown in Fig. 6(B). At [ Xp,] < 0.5
PbCaHap (O) can be obtained under all the conditions at
t, = 3-12 days.

As is seen in Figs. 6(A) and 6(B), no PbCaHap could be
synthesized at [Xp,] = 0.7-0.8 independent of [AA] and

%

® o o o o
0.8 o o O O
O O O O
_ 061 O 0 O =n
- o o o o
E 4 o o o o
o o o o
0.2 o o o o
© o o o
0 O O—=C- Oo—
0 36 9 12
t,, day

FIG. 6. The crystal phases of the materials obtained at different synthetic conditions. (A) At different [ Xp,], different [AA], and ¢z, = 6 days (B) At
different [ Xp,], [AA] = 1.6 moldm 3, and different t,: (O) PbCaHAP, (A) PbCaHap-(PbCa)HPO, mixture, () PbCaHap-p-(PbCa)s(PO,)s mixture,
(A) PbCaHap-o-(PbCa)e(PO,)e mixture, and () PbCaHap-f-(PbCa)e(PO,)s—unknown mixture.
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FIG.7. The relationship between pH after aging for 6 days, and [ Xpy]
at different [AA]: (O) PbCaHAP, (A): PbCaHap—(PbCa)HPO, mixture,
(W) PbCaHap-f$-(PbCa)y(PO,)s mixture, and (O) PbCaHap-p-
(PbCa)o(PO,)s—unknown mixture.

t, in the present study. The crystal phases obtained depend
more strongly on [ Xp,] than [AA] and ¢,.

PpH after Aging

Figure 7 shows the solution pH after aging at ¢, = 6 days
and different [AA] as a function of [ Xp,]. On increasing
[AA], more NHj; is produced in the hydrolysis of AA,
leading to a rise of solution pH. CaHap and PbHap are
known to form in alkaline or neutral conditions, such as pH
8.5-9.5(28), 8.5-11.0 (29), and 6.0-9.0 (3) for CaHap and 6.8
(30) and 12 (11) for PbHap. PbCaHap has been obtained at
pH 6.5 (9), 11 (10), and 12 (8, 11). Therefore, it is novel that
PbCaHap was produced at such a low pH of 3.92-5.22 in
the present study. As is seen from this figure, the crystal
phases of the products are determined not by pH but by
[Xpy] and [AA] of the synthetic solution.

CONCLUSIONS

The large needle-like PbCaHap solid solutions with vari-
ous Xp, of 0-0.76 and 0.98-1 were prepared by the wet
method using AA. When the synthetic conditions such as
[Xpul, [AA], and t, were changed, the crystal phases of the
materials  varied: PbCaHap, the mixtures of
PbCaHap—(PbCa)HPO,, PbCaHap-f-(PbCa)s(PO,)s, and
PbCaHap-f-(PbCa)y(PO,4)s—unknown material. PbCaHap
particles could not be prepared at [ Xp,] = 0.7-0.8 indepen-
dently of the other synthetic conditions.
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