THE BI-SUBSTITUTED HYDROXYAPATITE AS RADIO-OPAQUE MATERIAL*
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Abstract. This study relates to a new apatite material which is biocompatible and exhibits radio-opacity, enhancing
its utility in the dental and medical fields. The bismuth-substituted hydroxyapatite was obtained by means of wet
chemical method, that is, by co-precipitation reactions. The effects of the bismuth substitution for calcium on the
morphology and optical proprieties of the resulting powder were investigated by scanning electron microscopy
(SEM) coupled with X-ray analysis (EDX), X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). Bi-substituted hydroxyapatite is radio-opaque, and it can be detected by X-rays and computed tomography.
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radio-opaque material, by means of wet chemical
method, respectively by co-precipitation reactions.
1. INTRODUCTION
In dental and orthopedic applications, radioopaque materials may be used as filler in the
composition of the biocement paste in order to
enhance absorption of X-rays, and therefore for
improving the visibility of the cement under X-ray
examination. Radio-opacity is important for uses of
cements in dental filling and dental sealing.
Bismuth compounds, due to their radio-opacity,
are added to various bone and dental implants,
catheters and surgical instruments in order to make
them detectable by X-rays and computed
tomography [1].
The hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is a
calcium phosphate ceramic with important
applications in the medicine and chemistry fields.
The hydroxyapatite is a main mineral constituent of
the hard tissues such as bones and teeth [2]. The
hydroxyapatite has remarkable properties including
biocompatibility, bioactivity and ability to form a
direct chemical bond with human hard tissues [3-5].
The hydroxyapatite structure allows the
incorporation of wide range of different ionic
substitutions [6]. Numerous cations have been
reported to substitute into the Ca sites in the
hydroxyapatite structure [7,8]. Such ionic
substitutions influences the properties (morphology,
lattice parameters, surface characteristic, solubility,
biological properties, etc.) and applications of these
doped hydroxyapatite materials as biomaterials,
catalysts, ion exchangers, etc. [9-12].
In this paper we present the preparation of new
bismuth-substituted hydroxyapatite nanopowder, as

2. EXPERIMENTAL
2.1. Materials and synthesizing methods
Calcium hydroxide Ca(OH)2, orthophosphoric
acid H3PO4 (85 %), bismuth nitrate pentahydrate
Bi(NO3)35H2O, ethanol CH3–CH2–OH and sodium
hydroxide NaOH were purchased from SigmaAldrich (Germany). All chemicals were of analytical
grade.
The hydroxyapatite and bismuth-substituted
hydroxyapatite nanoparticles were synthesized by
wet chemical precipitation method from Ca(OH)2,
H3PO4 and Bi(NO3)35H2O as calcium, phosphorous
and bismuth sources, respectively.
The pure hydroxyapatite powder was prepared
by mixing appropriate amounts of Ca(OH)2 (0.1 M)
and H3PO4 (0.1 M) aqueous solutions to achieve
predetermined Ca/P atomic ratio of 1.67 [13]. The
suspension obtained was aged for 3 h and then
filtered and washed with ethanol and triply distilled
water. The obtained powder was calcined 1 h at
800 ºC in an electrically heated furnace in order to
increase its crystallinity.
The bismuth-substituted hydroxyapatite powder
was prepared similarly to the pure hydroxyapatite
powder, as described above. The Ca(OH)2 (0.1 M)
aqueous solution was dispersed into an mixed
aqueous solution of Bi(NO3)35H2O and H3PO4 (0.1
M). The (Bi+Ca)/P atomic ratio was kept at 1.67
value, while the Bi/(Bi+Ca) atomic ratio (denoted as
XBi) in the solution was 0.1, as shown in Table 1. The
following procedure stages were the same as
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described above for the preparation of pure
hydroxyapatite powder.
Table 1. Atomic ratio in the synthesis solution and in the
final products

HA-Bi-0
in synthesis solution:
Bi/(Bi+Ca)
(Bi+Ca)/P
Bi (%)
in final product:
Bi/(Bi+Ca)
(Bi+Ca)/P
Bi (%)

Sample
HA-Bi-10

0
1.677
0

0.1
1.677
10

0
1.673
0

0.093
1.660
9.33

and Bi-substituted hydroxyapatite samples were
obtained and the atomic ratios calculated as shown
in Table 1.
The value of the Bi/(Bi+Ca) atomic ratio
(designated XBi) in the final product was very close
to the XBi in the synthesis solution for Bi-substituted
hydroxyapatite sample, as shown in Table 1. This
indicates that the bismuth ions added to the
synthesis solution are incorporated into the
hydroxyapatite lattice. Furthermore, the value of the
(Bi+Ca)/P atomic ratio in the final product (Table 1)
is very close to the theoretical value of 1.677 for the
stoichiometric hydroxyapatite [15]. This result
indicates that the isomorphous substitution Ca ↔ Bi
does not significantly affect the stoichiometry of the
Bi-substituted hydroxyapatite sample.

2.2. Samples characterization
The phase composition, degree of crystallinity
and size of crystallites of the calcined samples were
estimated by X-ray diffraction analysis (XRD) with
X’PERT PRO MRD diffractometer using CuKα
radiation (λ = 0.15418 nm).
The morphology of the calcined samples was
studied by scanning electron microscopy (SEM)
coupled with energy dispersive X-ray spectroscopy
(EDX) with QUANTA 200 3D microscope.
The bismuth chemical valence on hydroxyapatite
structure was evaluated by X-ray photoelectron
spectroscopy (XPS) using a PHI-5000 VersaProbe
photoelectron spectrometer (Φ ULVAC-PHI, INC.)
with a hemispherical energy analyzer (0.85 eV
binding energy resolution).
The radiographs of the samples were obtained in
a dental X-ray system (X-Mind™ AC, SATELEC,
France).

Figure 1. EDX spectra of the HA-Bi-0 (a) and HA-Bi-10 (b)
calcined samples

The apatite samples exhibit nanosized spherical
shapes and agglomeration with intergranular
micropores, as shown SEM micrographs in Fig. 2.
The Bi content in apatite does not result in strong
changes in morphology but greater agglomeration.

3. RESULTS AND DISCUSSION
The incorporation of foreign ions in the
hydroxyapatite structure is favorable when the
difference between the ionic radii is small, closeness
to the ionic radius of Ca2+ ion. According to Shannon
[14], the effective Ca2+ ionic radii for seven- and
nine-coordination are of 1.06 Å, and 1.18 Å,
respectively. For Bi3+ the ionic radii are of 1.03 Å
and 1.17 Å in six- and eight-coordination,
respectively. Having comparable dimensions, the
Bi3+ ions can substitute Ca2+ ions during the
synthesizing process.
In this study, the SEM-EDX analysis was
performed in order to determine the surface
elemental composition of the hydroxyapatite and Bisubstituted hydroxyapatite powders.
Fig. 1 shows the EDX spectra of HA-Bi-0 and
HA-Bi-10 samples, and for the last the characteristic
peaks of bismuth are well evidenced. The samples
contain calcium or/and bismuth, phosphorous,
oxygen and hydrogen in certain contents. The mass
fractions of different elements in the hydroxyapatite

Figure 2. SEM images of the HA-Bi-0 (a) and HA-Bi-10 (b)
calcined samples

The phase composition, lattice parameters,
degree of crystallinity and size of crystallites of the
samples were determined by XRD analysis and the
obtained results are shown in Fig. 3 and Table 2. The
XRD patterns in Fig. 3 are in good agreement with
the hexagonal (space group P63/m) hydroxyapatite
phase (JCPDS Data Card 09–0432). However, the
patterns displayed some extra peaks indicating that
the samples contain very small amounts of
impurities. Thus, a peak of at 2θ ≈ 37.5° indicates
the presence of calcium oxide traces in the final
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products, perhaps due to insufficient control of the
precipitation reaction. Fortunately, these traces
represent a biodegradable phase and the
biodegradable property is a key factor in the
promotion of bone-like cell growth over the bone
implant surface [16].
The XRD pattern of the Bi-substituted
hydroxyapatite sample shows the peaks broader and
less intense compared with the pure hydroxyapatite.
This indicates the decrease of crystallinity due to
bismuth contents (Table 2), which could be
attributed to different charge compensation
mechanism for isomorphous substitution of Ca2+ by
Bi3+ ions. Also, the broad peaks indicated that the
hydroxyapatite particles are of a nanometric size
(Table 2).

Figure 3. XRD patterns of the hydroxyapatite and Bisubstituted hydroxyapatite samples
Table 2. XRD data of the hydroxyapatite and Bisubstituted hydroxyapatite samples

D (nm)
XC (%)
V (Å3)
a (Å)
c (Å)

Sample
HA-Bi-0
HA-Bi-10
58.32
44.19
99.78
90.97
1605.77
1627.17
9.5271
9.5514
6.8333
6.8892

The XPS analysis was applied to study the
surface chemical state of undoped and Bi substituted
hydroxyapatite and the results present the evidence
for the successful doping of Bi ions in
hydroxyapatite lattice. Thus, Fig. 4 shows the XPS
spectrum of the HA-Bi-10 sample for the binding
energy range of 0 – 1200 eV.

Figure 4. XPS spectrum of the HA-Bi-10 sample

It can be seen that the binding energy of Bi (4f
region, 150 – 170 eV; peaks at 156.70 eV and 162
eV), Ca (2p, 345 eV), O (1s, 529 eV) and P (2p, 131
eV) are detected. The P 2p core level peak located at
131 eV is attributed to P–O bonds in PO43− chemical
environment [17]. The C 1s (282.7 eV) signal is due
to the carbon used as an internal reference. No other
impurities were evident in the samples, in good
agreement with the XRD data. Therefore, the XPS
data demonstrate that the HAp lattice contain Bi3+
ions.
The radio-opacity of the hydroxyapatite and Bisubstituted hydroxyapatite samples was analyzed
and the results are presented in Fig. 5. Bisubstituted hydroxyapatite sample shows a much
stronger radio-opacity compared with undoped
hydroxyapatite, as can see in Fig. 5.

Figure 5. Radiograph images of the hydroxyapatite and Bisubstituted hydroxyapatite samples

Due to their radio-opacity, the Bi-substituted
hydroxyapatite can be added to various bone and
dental implants, catheters and surgical instruments
in order to make them detectable by X-rays and
computed tomography.

4. CONCLUSIONS
The experimental results revealed that the Bisubstituted hydroxyapatite nanopowder was
produced by the co-precipitation method using
Ca(OH)2, H3PO4 and Bi(NO3)35H2O raw materials,
as calcium, phosphorous and bismuth sources. The
Bi content is close to 10 %. The XPS analysis of the
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doped sample indicated the Bi presence in the
apatite lattice as Bi3+. The XRD results indicate that
the Bi substitution did not change the crystal
structures. Bi-substituted hydroxyapatite sample is
radio-opaque, being detectable by X-rays and
computed tomography.
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