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Abstract
Synthetic wollastonite ceramics have received great attention as promising bioceramics for enhancing the properties

of bone substitutes. However, uncertainty remains about the differences in bioactivity between its phases, that is
a-wollastonite and b-wollastonite, and about the mechanism for inducing bone-like hydroxyapatite (b-HAp). In the
present study, a-wollastonite and b-wollastonite ceramics were prepared with the co-precipitation method. For the in
vitro bioactivity test, a-wollastonite and b-wollastonite powders were soaked in simulated body fluid (SBF) solution
for 1, 2, 3, 4, 10 days. Synthetic a-wollastonite, b-wollastonite and induced b-HAp particles were characterized by
means of XRD, FT-IR, SEM and electron spin resonance (ESR). The results showed significant differences in the
bioactivity between the a-wollastonite and b-wollastonite samples; the b-wollastonite showed a significant increase
in the rate of formation of b-HAp compared to that of a-wollastonite. ESR data showed a high sensitivity to study the
formation process of b-HAp, and confirmed the role of defects in bioactivity mechanism. The bioactivity mechanism
was observed to involve a dissolution process of the wollastonite and formation process of the b-HAp. Therefore, these
results describe the in vitro bioactivity differences between a-wollastonite and b-wollastonite powders, emphasizing
the importance of controlling their bioactivity parameter for developing bone biocomposites.
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I. Introduction
Wollastonite (CaSiO3) ceramics have attracted tremen-

dous fundamental and medical interest on account of their
properties as a reinforcing and improving agent for bio-
ceramics and biopolymers used for bone repair applica-
tions 1 – 2. The wollastonite has two polymorphic forms
of calcium silicate ceramics with different structures and
properties: b-wollastonite, a low-temperature phase syn-
thesized at a temperature below 1125 °C and belonging
to the triclinic crystal system, and a-wollastonite, a high-
temperature phase synthesized at a temperature above
1125 °C, belonging to the monoclinic crystal system 3 – 4.
As biomaterials, wollastonite ceramics exhibit excellent
biological properties such as nontoxicity, biocompatibil-
ity, bioresorbability and bioactivity 5 – 6. In addition, they
enhance the mechanical and biodegradation properties of
artificial bioceramics and biopolymers composites 7. Var-
ious studies on the bioactivity of wollastonite ceramics
have demonstrated their good ability to induce new apatite
and bone formation more rapidly than other convention-
al bioglass and glass ceramics 8 – 11. However, studies com-
paring the bioactivity of a-wollastonite and b-wollastonite
and concerning the mechanism of inducing bone-like hy-
droxyapatite (b-HAp) are still limited. In bone repair and
regeneration, bioactivity plays a key role in the selection
of biomaterials that can bond to bone and induce new b-
HAp formation 12. Previous studies have confirmed the
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important role of silicon as active calcification sites in en-
hancing the activity of osteoblast cell and the formation
of b-Hap 13 – 14. Nevertheless, the differences between the
bioactivity of a-wollastonite and b-wollastonite ceramics
and the mechanism of inducing b-HAp are complex and
not fully understood. Several studies have reported that
the mechanism of bioactivity is strongly dependent up-
on various parameters: the parameters belonging to the ce-
ramics such as their surface chemistry, morphology, defect
structures, and grain size; and the parameters belonging
to the surrounding medium such as its temperature, com-
position, and pH 15 – 19. The commonly proposed mech-
anism that describes the ability of calcium silicates com-
pounds to induce b-HAp in the physiological environ-
ment or SBF solution is complex and depends strongly
on its surface chemistry 15. The mechanism is based on
various phases and steps; the surrounding solution can
hydrate silica (SiO2) on the ceramic surface, forming a
hydrated surface layer of silanol (≡Si-OH) that absorbs
calcium, phosphate, carbonate ions and anions from the
surrounding solution. This provides the nucleation sites
for precipitation of an amorphous calcium phosphate film
on the silica-rich layer, which then crystallizes to form
b-Hap 20 – 22. Also, the composition of the SBF solution
contains various anions and cations that can be entrapped
in the HAp lattice during HAp formation and can fa-
cilitate the formation of free radicals, paramagnetic cen-
ters and defect centers in the nucleated HAp during the
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soaking time 23. The electron spin resonance (ESR) tech-
nique is a very sensitive method for detecting the free rad-
icals and paramagnetic centers incorporated into materi-
al crystals 24. Study of the in vitro bioactivity is essential
to improve and enhance the bioactivity of wollastonite ce-
ramics and their composites, so in the present study, ESR
spectroscopy was used along with conventional methods
such as X-ray diffraction (XRD), Fourier transform in-
frared spectroscopy (FT-IR), and scanning electron mi-
croscopy (SEM) to compare the bioactivity processes in
a-wollastonite and b-wollastonite bioceramics. This work
demonstrates that a-wollastonite and b-wollastonite ex-
hibit qualitatively different bioactivity.

II. Experimental Methods

(1) Synthesis of the wollastonite powders
The a-wollastonite and b-wollastonite powders were

synthesized with a co-precipitation method using an ana-
lytical grade Ca(NO3)2.4H2O and Na2SiO3.9H2O (Ad-
wic, El-nasr Chemical Co., Cairo, Egypt). 0.1 moles of
Ca(NO3)2⋅4H2O and Na2SiO3⋅9H2O were dissolved in
200 ml of aqua solution. Ca(NO3)2⋅4H2O solution was
added to the Na2SiO3⋅9H2O solution under magnetic
stirring. Then the container containing the solution was
heated to 100 °C for 2 h. The precipitate was washed three
times with distilled water, filtered, and dried overnight
at 100 °C. To obtain b-wollastonite phase, the powder
was calcined at 800 °C for 2 h, whereas for a-wollastonite
phase, the powder was calcined at 1200 °C for 2 h.

(2) In-vitro bioactivity testing
The in vitro bioactivity of the a-wollastonite and

b-wollastonite powders was assessed in a SBF solution
with ion concentrations nearly equal to human blood plas-
ma 23 . The ionic concentrations of this SBF are 142.0 mM
Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 147.8 mM
Cl–, 4.2 mM HCO3

2-, 1.0 mM HPO4
2-, and 0.5 mM

SO4
2-. Tris-HCl served as a buffer to maintain a constant

pH value of 7.4. The synthesized powders were placed in
polyethylene bottles containing SBF maintained at 37.0 °C
for 1, 2, 3, 4, 10 days before they were taken out for test-
ing and analysis. The soaking was conducted in a liquid/
solid ratio of 0.6 ml/mg in a shaking water bath without
refreshing the soaking medium. After soaking, these sam-
ples were collected from the SBF solutions, rinsed with
acetone and air-dried at room temperature.

(3) Sample characterization
The a-wollastonite and b-wollastonite samples, before

and after soaking in SBF solution, were characterized with
conventional methods. The structure of the a-wollastonite
and b-wollastonite samples was characterized by means of
x-ray powder diffraction (XRD) using a Philips PW 1840
diffractometer. CuKa radiation of 1.5406Å wavelength at
40 kV and 30 mA was used to expose the samples through
a Ni filter. The 2h values were set in the range of 10 to
65° where almost all significant peaks of a-wollastonite
, b-wollastonite and HAp crystals appeared. Peaks on
the x-ray patterns recorded for the a-wollastonite and
b-wollastonite samples before and after soaking were

compared with the standard XRD pattern of b-CaSiO3
(JCPD 84 – 0654), a-CaSiO3 (JCPD 74 – 0874), and HAp
(JCPD 09 – 0432). Fourier transformed infrared (FT-IR)
spectra were obtained with Perkin-Elmer-1600 using a
KBr pellet technique for the range 4 000 to 400 cm-1. The
microstructure of the samples was examined by means of
scanning electron microscopy (SEM) using a JEOL 6400
electron microscope at 30 kV of electron acceleration
voltage. ESR analyses were performed using a Bruker
Elexys.500 (Band X) spectrometer at a microwave fre-
quency of 9.71 GHz, a microwave power of 20 mW, pow-
er attenuations of 5 dB, a magnetic field of 100 – 500 mT,
field modulation of 1.0 mT in amplitude and a modulator
frequency of 100 kHz. The 1, 1 diphenyl 2-picryl hy-
drazyl (DPPH) was used as a standard reference material
for the g-value. The g-value can be calculated according to
Eq. (1)25:

g = 71.448
ν (inGHz)
B (in mT) (1)

Where m is the microwave frequency and B is the intensity
of applied magnetic field.

III. Results and Discussion

The XRD patterns of synthetic a-wollastonite and
b-wollastonite powders calcined at 800 and 1200 °C are
shown in Fig. 1a (0d) and Fig. 1b (0d) respectively. As
compared to JCPDS cards, it can be seen that the main
component of the a-wollastonite and b-wollastonite sam-
ples is a pure phase. The sharp peaks indicated a high
crystallinity. Fig. 1 shows the comparison of XRD spec-
tra of a-wollastonite and b-wollastonite before and after
soaking for various periods in the SBF solution. It can
be noticed that with an increase in the soaking period,
the relative intensity ratio of the peaks corresponding to
a-wollastonite and b-wollastonite decreased whereas the
b-HAp peaks increased. The b-HAp phase was detected at
a peak of 2h = 31.7° for b-wollastonite powders soaked in
SBF for two days (Fig. 1.a) and was detected after 10 days
for a-wollastonite powders (Fig. 1.b). The b-HAp peaks
were broad, resulting from the superfine and amorphous
b-HAp granules. After 10 days, the b-wollastonite phase
had completely disappeared compared to a-wollastonite
phase, and was replaced by amorphous b-HAp. It is possi-
ble that silicon leaves the calcium silicate phases and is re-
leased into the SBF solution as soluble hydroxyl groups 26.
As shown in Fig. 1 (a and b), dashed line, the XRD pat-
terns demonstrated that the manifested 211 reflection is
attributed to b-HAp. Also, by comparing the relative peak
intensity of b-wollastonite and b-HAp peak with that of
a-wollastonite and b-HAp peak, it is deduced that the
b-wollastonite phase was much more degradable into the
SBF solution than the a-wollastonite phase. Therefore,
the data showed that b-wollastonite samples exhibit more
significant degradation and rapid formation of b-HAp
than a-wollastonite samples.
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Fig. 1: XRD patterns of (a) b-wollastonite and (b) a-wollastonite
powders after soaking in SBF for 0, 1, 2, 3, 4, 10 days.

Fig. 2 presents the FT-IR spectra of the a-wollastonite
and b-wollastonite samples after they had been soaked in
SBF for 0, 1, 2, 3, 4 and 10 days. The samples showed
strong absorption at 1050 and 800 cm-1, which was at-
tributed to the Si-O stretching vibration. The band nears
450 cm-1, which was due to the Si-O bending mode 27 – 28.
It was noted that the bands representing Si-O decreased
with the increase in soaking time, indicating degradation
of the samples. The bands at 645, and 567 cm-1 could be
assigned to the phosphate group (PO4

-3) of b-Hap 29,
which appear with the b-wollastonite samples at 4 days
and appeared at 10 days for a-wollastonite samples. FT-
IR data are consistent with the XRD data, Fig. 1, where
b-wollastonite induces formation of b-HAp more rapid-
ly than the a-wollastonite samples. The data reveal that
the formation of b-HAp layer did not prevent degradation
of sintered wollastonite crystals. Also, the XRD and FT-
IR data suggested that the dissolution and degradation of

wollastonite induce and increase the formation of b-HAp.
These results confirm the significance of the dissolution of
wollastonite for the in vitro bioactivity of Ca-Si bioceram-
ics.

Fig. 2: FT-IR spectra of (a) b-wollastonite and (b) a-wollastonite
powders after soaking in SBF for 0, 1, 2, 3, 4, and 10 days.

Fig. 3 shows the SEM images of the surface of a-wollas-
tonite and b-wollastonite before and after soaking in SBF
solution for 0, 3, and 10 days. It was found that after im-
mersion for 3 days, b-wollastonite samples were complete-
ly covered by a layer of superfine amorphous b-HAp gran-
ules. In the case of the a-wollastonite samples, the surface
was not completely changed. When the soaking time in-
creased to 10 days, the surface layer of b-wollastonite sam-
ples became dense and b-HAp particles appeared agglom-
erated and crystallized whereas the a-wollastonite samples
were still covered with an amorphous layer of superfine
b-HAp particles. The SEM images show absence of in-
duced needle-like HAp crystallites. The SEM data are con-
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sistent with the XRD and FT-IR data, Figs. 1 and 2, where
b-wollastonite induces formation of b-HAp more rapidly
than a-wollastonite samples.

Fig. 3: SEM images of the surfaces of (a) b-wollastonite and (b)
a-wollastonite samples soaked in SBF for 0, 3, 10 days.

Because the g-value of a radical is quite sensitive to the
chemical environment of the unpaired electron, ESR spec-
tra parameters of the g-value and ESR intensity of all the
a-wollastonite and b-wollastonite powders before and af-
ter they had been soaked in SBF solution for 1, 2, 3, 4,
and 10 days were studied. Table 1 shows obvious differ-
ences in the ESR signals behavior of the a-wollastonite
and b-wollastonite powders before and after the sam-
ples were soaked in the SBF solution. Before the samples
were soaked in the SBF solution, the a-wollastonite and
b-wollastonite powders exhibited an ESR spectrum of
g = 1.9737 and g = 1.9459 respectively. The values of ESR
intensity for the a-wollastonite and b-wollastonite pow-
ders are 2600 and 2000 respectively, which are an adequate
measure of the total amount of paramagnetic centers in the
samples. These signals are attributed to SiO⋅ paramagnetic
centers 30. The difference in the value of g-factor is due to
the effects of heating, phase transformation and increasing
in grain size 31.

After soaking for one day, the b-wollastonite samples
exhibited a large change in the g-value from 1.9737 to
1.8926 and a decrease in ESR intensity from 2600 to
1900, whereas the a-wollastonite exhibited a change from
1.9459 to 1.8926 and an increase in ESR intensity from
2000 to 2600. These variations indicate the changes in
chemical environment and type of radicals incorporated
in the a-wollastonite and b-wollastonite structures. The
SBF solution is known to contain ions responsible for
the formation of b-HAp on the surface of soaked pow-
der; it induces paramagnetic centers that are responsi-
ble for the ESR spectrum 23. The equality of the g-value
for the a-wollastonite and b-wollastonite and the stabil-
ity of their g-values after soaking for two days confirm

that the ESR signals of the b-wollastonite powder origi-
nate from the same kind of paramagnetic centers present
in the a-wollastonite powder. The ESR intensity of the
b-wollastonite samples increased rapidly to highest value
of 5400, indicating a huge number of paramagnetic cen-
ters, but for the a-wollastonite samples, the ESR intensity
decreased rapidly to 1250. The complicated behavior of
the ESR signal intensity of the soaked a-wollastonite and
b-wollastonite for one and two days indicates the occur-
rence of various types of surface reactions such as adsorp-
tion, hydration, degradation and crystallization 20. The
a-wollastonite and b-wollastonite ceramics have a high-
silica content that may be soluble and develop surface hy-
dration layer of silanols, SiOH, at the ceramic solution
interface by reacting with the SBF solution 32. The differ-
ence between the solubility of silica and crystal structure
of a-wollastonite and b-wollastonite ceramics can affect
the rate of silanol formation. For 3, 4 and 10 days, the
g-value changed and finally decreased to 1.9189 for the
b-wollastonite and 1.8670 for the a-wollastonite samples,
indicating continuous variations in the chemical envi-
ronments during nucleation of b-HAp. The difference be-
tween the g-value of the a-wollastonite and b-wollastonite
powders after 10 days indicated that the a-wollastonite
did not completely transform into HAp phase while the
b-wollastonite did. The SBF solution contains various
alkali ions that can form another layer containing Ca+2,
PO4

-3, and CO3
+2 ions 33 by means of adsorption and

rapid ion exchange. These variations in the ESR intensity
values indicate that the nucleation process of b-HAp is a
complex mechanism and could undergo redistribution of
paramagnetic centers in the samples and could undergo
molecular rearrangement of the Ca+2, PO4

-3, OH- ions
and H2O molecules inside the HAp crystal lattice during
the nucleation process 34. The formation of such centers
in the nucleated HAp during the soaking time is possi-
ble and there SBF solute molecules can be entrapped in
the HAp lattice during HAp formation. The ESR spec-
trum of HAp strongly depends on several paramagnetic
centers owing to the chemical structure of HAp such as
OH-, PO4

3-, CO-, O-, O3-, CO3-, CO3
3-, CO2-, Ca+,

etc. 35 – 36. The rapid reduction of the ESR signal intensity
for the a-wollastonite and b-wollastonite samples prob-
ably could be explained by the fact that the amorphous
nature and absence of crystallinity of induced apatite can
lead to the rapid recombination of the primarily insta-
ble centers formed in the degradation/nucleation process.
An increase in these ions induces the formation of amor-
phous carbonated hydroxyapatite layer. Increasing the
soaking time results in more degradation of silica where
the formed HAp layer cannot protect against the attack
of the SBF solution on the surface of the a-wollastonite
and b-wollastonite ceramics. The amorphous carbonat-
ed HAp layer can be crystallized by the incorporation
of hydroxyl and carbonate ions that create an apatite
layer 37. These results show that the a-wollastonite and
b-wollastonite powders have qualitatively different ESR
spectra. Soaking samples in the SBF solution changes the
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Table 1: A table showing the g-value and ESR intensity for a-WT and b-WT powder before and after soaking in SBF solution
for 1, 2, 3, 4, and 10 days.

Soaking time b-WT powder a-WT powder

ESR Intensity
(a.u.) g-value ESR Intensity

(a.u.) g-value

0d 2600 ± 60 1.9737 ± 0.0024 2000 ± 60 1.9459 ± 0.0015

1d 1900 ± 45 1.8926 ± 0.0010 2600 ± 90 1.8926 ± 0.0020

2d 5400 ± 160 1.8926 ± 0.0030 1250 ± 55 1.8926 ± 0.0010

3d 2900 ± 90 1.8670 ± 0.0029 2200 ± 100 1.8926 ± 0.0009

4d 1100 ± 55 1.8421 ± 0.0015 2200 ± 75 1.9459 ± 0.0022

10d 2950 ± 50 1.9189 ± 0.0010 1050 ± 40 1.8670 ± 0.0025

local structure of the substance owing to the nucleation of
b-HAp. The ESR results have demonstrated the important
role of defects for in vitro dissolution of wollastonite and
for the formation of b-HAp. So that this study confirmed
that the ESR intensity and the number of defects are re-
lated to the dissolution process of wollastonite and to the
formation process of b-HAp. Hence, this study confirms
that the number of defects in wollastonite may have an im-
portant role in the formation of b-HAp. Unfortunately,
this study cannot detect or signify the specific role of dif-
ferent defect types. The results of XRD, FT-IR and ESR
spectroscopy indicated that the mechanism of bioactivity
of wollastonite involves the occurrence of two dependent
processes: the dissolution of calcium and silicate ions from
the wollastonite and the formation of b-HAp. These pro-
cesses occur through the surrounding environment (SBF
solution). The dissolution of wollastonite may generate in-
creased concentrations of silica, which can work as active
centers for inducing b-HAp. Precipitation and incorpora-
tion of SBF ions into these centers ensure the formation of
a b-HAp layer. Any approach to control these processes
will make a significant improvement to the quality of syn-
thetic wollastonite ceramics or their composites.

IV. Conclusions
The wollastonite powders were prepared with a co-

precipitation method and subsequent sintering. The
a-wollastonite and b-wollastonite powders soaked in sim-
ulated body fluid (SBF) solution exhibit qualitatively dif-
ferent bioactivity after being soaked in SBF for various
times. The wollastonite samples exhibited rapid forma-
tion of an amorphous superfine b-HAp layer after three
days while b-wollastonite did this after ten days. Elec-
tron spin resonance (ESR) data showed that the forma-
tion process of b-HAp involves a complex mechanism.
This mechanism involves two dependent processes; dis-
solution of wollastonite and formation of b-HAp. These
results indicate that the a-wollastonite and b-wollastonite
powders are potential candidates as bioactive ceramics for
developing bone biomaterials.
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