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Abstract 
This study aims to characterise β-wollastonite that was derived from rice straw ash and limestone and also its 
bioactivity by soaking in SBF for 1, 3, 5, 7, 14, and 21 days. Rice straw was fired to obtain SiO2 and CaO from 
calcined limestone. The ratio of CaO:SiO2 was set at 55:45. The precursor mixture was then autoclaved for 8 h 
at 135oC and sintered for 3 h at 950 oC. The chemical composition of the raw materials was obtained using 
XRF, which was approximately 79.0 wt.% SiO2 and 97.2 wt.% CaO for rice straw ash and limestone 
respectively. From the phase identification, the rice straw ash has a cristobalite phase, while the limestone has a 
CaO phase. The β-wollastonite phase was obtained after both autoclaving and sintering were performed. 
Chemical analysis for soaked β-wollastonite showed that the Ca/P molar ratio was 1.66, which is close to that of 
“calcium deficient” hydroxyapatite (CDHA). FTIR has indicated the occurrence of rapid adsorption during 
exposure of β-wollastonite sample to the SBF, which is apparent from the peak of phosphate after one day of 
soaking. SEM has revealed the formation of hydroxyapatite microstructures on the surface of the immersed β-
wollastonite sample. For heavy metal elemental evaluation, metal panel that included As, Cd, Hg and Pb were 
selected and both precursor and β-wollastonite had fulfilled the requirement of ASTM F1538-03 standard 
specification. In conclusion, β-wollastonite produced from rice straw ash and limestone has a characteristic of 
bioactive properties, and is suitable for implant purposes. 
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1. Introduction 
Wollastonite (CaSiO3) is largely inert and has a 
polymorph structure, either α-wollastonite (pseudo-
wollastonite), or β-wollastonite [1–3]. Polymorphic 
materials have an identical chemical composition 
and stoichiometry, but different crystal structures 
[4]. Wollastonite changes to form pseudo-
wollastonite at 1125oC, and congruently melts at 
1544oC [5]. Calcium silicate hydrates are 
transformed into β-wollastonite by annealing in the 
temperature range of 800 °C to 1150 °C [6]. 
 
Various raw materials have been used to synthesise 
wollastonite, derived from chemical or mineral 
precursors, to produce an end product with 
significant purity and good mechanical properties. 
Previous studies have successfully synthesised 
wollastonite using chemicals and minerals such as 
fumed silica, silica commercial, silica sand, and 
sodium silicate as the precursor for silica [1, 7–11]. 
Thus, in this study, the silica source was derived 

from rice straw ash. Rice straw was traditionally 
removed from the field by the practice of open-
field burning [12]; this practice clears the field for 
new plantings and also cleans the soil of disease-
causing agents. Rice straw ash has been widely 
used as a biomass resource [13-14], animal feed 
[15], a biosorbent, and as bioethanol [16–18], in the 
effort to better manage this by-product. However, 
there are fewer studies concerning rice straw ash 
relative to those about rice husk ash [19–21] for 
biomaterial purposes. 
 
In recent years, wollastonite has been widely used 
in cements and ceramics due to its strength, low 
shrinkage, lack of volatile constituents, and body 
permeability, as well as its fluxing characteristics 
[22]. Furthermore, wollastonite is also widely 
applied in the biomaterials field owing to its 
bioactivity and degradable materials [23–25]. 
Calcium silicate has been proven to be an 
extremely good material for in-vitro bioactivity 
[26]. The formation rate of hydroxyapatite on its 
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surface is quicker when soaked in SBF compared to 
that of other biocompatible glasses and glass-
ceramics.  
 
A simulated body fluid (SBF) is a solution with 
ions concentration nearly to that of human blood 
plasma, kept under mild conditions of pH and 
identical body temperature [27]. Composition of 
the SBF solution as shown in Table 1 is 
comparable to the human blood plasma [28]. SBF 
was employed as an in-vitro testing technique to 
study the formation of an apatite layer on the 
surface of implants, so as to predict their in-vivo 
bone bioactivity. This solution was first produced 
by Kokubo and Takadama [28], where the ion 
concentrations are comparable to those of human 
blood plasma. A bioactive material may be roughly 
defined as a material that has been adopted to 
encourage a specific activity when soaking in SBF 
[29]. Examples of bioactive bioceramics include 
bioactive glasses, bioactive glass-ceramics, 
bioactive calcium phosphate ceramics and 
bioactive composites and coatings [30].  
 
In this study, we attempted the production of β-
wollastonite using rice straw ash and limestone, as 
they are abundant, easy to obtain, and are low-cost 
starting materials. It is an alternative of 
synthesising β-wollastonite that could be used in 
the biomedical field sometime in the future. The 
precursors used in this study did not undergo any 
purification processes via hydrothermal treatment 
using autoclaving technique. Autoclaving is used as 
an alternative technique because it is safe and can 
eliminate toxic substances from the precursors. A 
detailed study of the bioactivity of the β-
wollastonite derived from different origins of rice 
straw ash and limestone has not been fully 
performed. The aim of this study is to evaluate the 
characteristics of β-wollastonite produced from rice 
straw and limestone, and also to study its density, 
heavy metal element content and bioactivity 
properties after soaking in SBF. Characterisation of 
β-wollastonite was performed using pycnometer, 
ICP-AES, FTIR, XRD and FESEM. 
 
 
2. Materials and methods 
2.1 Preparation of the β-wollastonite rice straw ash 
(β-wRSA) powder 
Rice straw was collected from a paddy field in 
Kodiang, Kedah, Malaysia, and the limestone 
powder was purchased from Holy Mate (M) Sdn. 
Bhd. in Selangor, Malaysia. Rice straw ash (RSA) 
was obtained after a firing process at 950 °C for 
one hour at a heating and cooling rate of 5 °C/min. 
CaO was obtained after calcined limestone at 1100 
°C for 5 h at a heating and cooling rate of 10 
°C/min.  
 

β-wollastonite rice straw ash (β-wRSA) powder 
was prepared via a simple sol-gel process. This 
method was used by Pei et al. [31] to produce 
nanowires of calcium silicate; we have devised an 
alteration to make β-wRSA. The CaO:SiO2 ratio 
was set at 45:55, which was based on the CaO-SiO2 
system diagram [32]. 10 g of the RSA and CaO 
mixture was soaked in 100 ml of distilled water and 
stirred manually for 10 minutes. Next, this mixture 
was autoclaved at 135 °C for 8 h, after which it was 
left to cool at room temperature. The resulting 
white precipitate was dried at 90 °C in an oven for 
one day. Afterwards, the dried white powder was 
crushed and sintered at 950 °C for 3 h.  
 
A chemical element analysis of the RSA and CaO 
mixture was conducted using an X-ray 
Fluorescence (XRF, S8 Tiger, Bruker). The 
sintered powder was also characterised using X-ray 
diffraction (XRD, D8 Advance, Bruker) equipment 
with Cu Kα radiation at 40 kV to 20 mA. Particle 
size analyses and density of the raw materials and 
after sintered powders were measured using 
particle sizer Microtrac-X100 and Pycnometer 
AccuPyc 1340. A Fourier Transform Infrared 
Spectroscopy (FTIR-ATR, Pelkin Elmer) study was 
conducted on the β-wRSA powder, containing KBr 
pellets. The heavy metal element content was 
completed by Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES, Pelkin Elmer) 
analysis. Next, the morphologic analysis and 
elemental evaluation of the β-wollastonite powder 
were conducted using the Field-Emission Scanning 
Electron Microscopy (FESEM, Gemini, Zeiss 
Supra Series, Germany) method coupled with 
Energy-Dispersive X-ray Spectroscopy (EDS, 
IncaEnergy, England). The samples were gold 
sputter coated prior to analysis and the microscope 
was operated at 3.0 kV. 
 
2.2 In-vitro bioactivity test for β-wRSA samples 
Approximately 1 g of the powder was manually 
pressed into Teflon mould using a glass rod into a 
cylindrical shape of 12 mm height and 6 mm 
diameter for the purpose of bioactivity testing. The 
SBF was prepared according to the method 
described by Kokubo and Takadama [27], with ions 
concentration nearly equal to that of human blood 
plasma. Subsequently, separate β-wRSA samples 
were soaked in the SBF at a pH of 7.4 for 1, 3, 5, 7, 
14 and 21 days, at a temperature of 36.5 °C. The 
cylindrical samples were weighted in the range of 
0.4-0.5 g and each sample used around 30 ml of 
SBF solution. The SBF was periodically refreshed 
every 3 days. After the soaking period, β-wRSA 
samples were rinsed in acetone for 2 h, rinsed with 
deionised water 3 times to remove buffer salts, then 
dried in an incubator for 24 h. Next, the β-wRSA 
samples were characterised using FTIR and SEM 
methods, coupled with EDS. The Ca/P molar ratios 



Journal of The Australian Ceramic Society Volume 52[2], 206, 163 – 174   165 

 
 

of the β-wRSA samples were calculated using the 
atomic % of Ca and P, which were based on the 
EDS chemical analysis. 
 
2.3 Degradation study for β-wRSA samples 
The degradability of the β-wRSA powder was 
determined from its weight loss percentage after 
soaking in the SBF, as mentioned in Section 2.2. 
The cylindrical samples were weighed (mp) before 
soaking in the SBF. The weight after drying (md) 
was calculated, and finally the weight loss of β-
wRSA was calculated, as shown in Equation (1): 
 
Weight loss (%) = 100 x {(mp-md)/(mp)}           (1) 
 
 
3. Results and Discussion 
3.1 XRF analysis 
Results for the elemental analyses of the RSA and 
CaO mixture using XRF are listed in Table 1. Silica 
is the most abundant element in the RSA at 79.0 
wt.%, which is similar to the figure quoted by 
Jenkins et al. [33]. Other compounds were also 
detected in the RSA, including K2O, P2O5, MgO, 
Al2O3, CaO, MnO, Al2O3, Na2O and Fe2O3. The 
main factor for selecting RSA in this study is its 
higher silica content relative to that of other 
agricultural wastes. Rice straw is also easily 
obtained in Malaysia but with no in-depth studies. 
Meanwhile, the most abundant compound in the 
limestone (post calcination process) was CaO, at 

approximately 97.22 wt.%; the remaining 
percentage included MgO, SiO2, Fe2O3 and Al2O3 
compounds. 
 
3.2 Phase identification by XRD analysis 
β-wRSA was produced from a mixture of SiO2 
from RSA and CaO from limestone. The mixing 
ratio of SiO2 to CaO, and the sintering temperature, 
have been designated based on the phase diagram 
of the SiO2-CaO system [32]. The ratio of 
CaO:SiO2 was set at 55:45 and the sintering 
temperature was set for 3 h in order to obtain β-
wRSA. The phase-formation behaviour during 
sintering of β-wRSA was studied using XRD. The 
XRD patterns of the raw materials and the sintered 
β-wRSA powders are shown in Fig. 1.  
 
It has been confirmed that the cristobalite phase 
was present (JCPDS no: 00-82-0512) and small 
peak of tridymite (JCPDS no. 00-42-1401) at 
cristobalite shoulder peak at ~21° upon firing at 
950 °C for the RSA. The calcined limestone peak 
showed the presence of CaO (JCPDS no:37-1497) 
and Ca(OH)2 (JCPDS no:43-1460), where it is 
difficult for the CaO to stay in this phase due to its 
hydrophilic properties. It can either absorb 
moisture to become Ca(OH)2, or revert to its 
original form of limestone [34]. 
 

 

 
Figure 1: XRD pattern for (a) rice straw ash (RSA), (b) calcium oxide (CaO) and (c) β-wRSA 
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Table 1: Ion concentrations of SBF and human blood plasma 

Ion 
concentration 

Human blood plasma (mM) SBF (mM) 

Na+ 142.0 142.0 
K+ 5.0 5.0 
Mg2+ 1.5 1.5 
Ca2+ 2.5 2.5 
Cl- 103.0 148.8 
HCO3

- 27.0 4.2 
HPO4

2- 1.0 1.0 
SO4

2- 0.5 0.0 
 

Table 2: Compositions of the raw materials 
Composition Rice straw ash 

(wt%) 
Calcined calcium 
carbonate (wt%) 

SiO2 79.0 - 
K2O 9.70 - 
P2O5 1.47 - 
MgO 1.21 2.38 
Al2O3 0.23 - 
CaO 2.02 97.22 

Others 6.37 0.4 
 

 
3.3 Particle size and density of RSA, CaO and 
β-wRSA powder 
The RSA has in a range of 3.889 µm to 352.0 µm 
with a mean particle size of 51.66 µm (Fig. 2a) and 
density of 2.42 gcm−3. Theoretical density of silica, 
2.65 gcm−3 was used as comparison to rice straw 
ash as the main content of the ash is silica [19]. 
While for CaO has in a range of 1.499 µm to 209.3 

µm with a mean particle size is 6.90 µm (Fig. 2b) 
and density is 3.02 gcm−3., which are close to 
typical density of 3.35 gcm-3 [8]. The β-wRSA has 
in a range of 2.121 µm to 418.6 µm with a mean 
particle size of 38.25 µm (Fig. 2c) and density of 
3.10 gcm-3 respectively, and the density is close to 
its theoretical density of 2.86–3.09 g cm−3 [8]. 

 

 
Figure 2: Particle distribution of (a) rice straw ash (RSA), (b) calcium oxide (CaO) and (c) β- 

wRSA. 
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3.4 Heavy metal element content of RSA, CaO and 
β-wRSA powder 
Table 3 shows the impurities of the RSA, CaO and 
β-wRSA with  the heavy metal such as arsenic 
(As), cadmium (Cd) and lead (Pb) had satisfied the 
requirement to be employed as a biomaterial with 
reference to the standard specifications ASTM 
F1538-03[35]. Since the Hg detection limit is 
negative i.e -4.1 ppm (for RSA), -6.5 ppm (CaO) 
and -2.1 (β-wRSA), therefore the detection limit is 
considered as zero or the Hg is not exist in the 
RSA, CaO and β-wRSA. As a result, it established 
that the RSA, CaO and the β-wRSA contents were 
safe to be utilised for implants purposes. 
 
3.5 Microstructure of RSA, CaO and β-wRSA 
powder 
Fig. 3 depicts the SEM observations for RSA, CaO 
and sintered powder of β-wRSA. The SEM 

micrographs have indicated that the RSA has 
irregular shapes (Fig. 3a), and that the CaO has a 
mixed structure of leaves and flakes (Fig. 3b). After 
the sintering, the β-wRSA powder became 
interconnected and exhibited dendritic structures 
(Fig. 3c). EDX analysis of the RSA powder 
revealed Si, Ca, K, O, small peaks of P, Mg and Al 
(Fig. 3a). Analysis of the calcined limestone 
showed Ca and small peaks of Mg (Fig. 3b). EDX 
analysis of the sintered powder revealed peaks of 
Si, Ca, P and O (Fig. 3c); it was expected that the 
sample would contain only β-wollastonite, because 
the sintering temperature for β-wollastonite starts at 
700 °C and reaches as high as 1100 °C [36]. This 
result was verified by the XRD pattern, showing 
that the majority of the highest peaks were 
subjected to β-wollastonite (Fig.1c). 

 
 

 
Figure 3: SEM micrographs and EDX spectra of (a) rice straw ash (RSA), (b) calcium oxide 

(CaO) and (c) β-wRSA. 

a	

b	

c	
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Table 3: Trace heavy metal element of raw materials and β-wRSA 
Sample Heavy element content (ppm) 

Arsenic (As) Cadmium (Cd) Plumbum (Pb) Mercury (Hg) 
Rice straw ash (RSA) 0.015 0.001 0.013 0.0 
Calcium oxide (CaO) 0.017 0.0000 0.058 0.0 
β-wRSA 0.045 0.003 0.014 0.0 
ASTM F 1538-03 3 5 30 5 

 

 
Figure 4: FTIR spectra of β-wRSA before and after soaking in the SBF for (a) control, (b) 1, 

(c) 3, (d) 5, (e) 7, (f) 14 and (g) 21 days. 
 
 
3.6 Characteristics of bioactivity properties for β-

wRSA 
3.6.1 FTIR analyses  
Fig. 4 shows the FTIR spectrum of different β-
wRSA samples that include a control sample of β-
wRSA before soaking, and also samples that have 
soaked in SBF for 1, 3, 5, 7, 14, and 21 days. A 
very wide OH- absorption band from 3800 to 2400 
cm-1 and a weak water absorption band at 
approximately 1650 cm-1 can be seen in these 
spectrum, as  reported by Liu et al. [37]. The 
bending band of the silicon ion (Si-O) at 1011.10 
cm-1 and 934.59 cm-1 confirmed the formation of 
the β-wRSA phase, as reported by previous studies 
regarding the adsorption bending of β-wollastonite 
[38-39]. The band at 898.66 cm-1 has been reported 
to be the stretching band for silicon ions (Si-O-Si), 
which is indicative of β-wRSA phases. In addition, 
the band stretching from 1416 to 1424 cm-1 for β-
wRSA can be related to the carbonate (CO3

2-) IR 
adsorption [37].  

A previous study has reported that the existence of 
the non-bridging oxygen stretching modes at 
1010.59 and 933.91 cm-1 mark the beginning of the 
bioactive process [24]. The rate of silicate matrix 
formation in the Si-OH group on the surface of the 
β-wollastonite was controlled by these rings. The 
decreasing intensity of Si ions in β-wRSA samples 
that have been soaking in SBF for more than one 
day confirms that these ions are required to develop 
the Si-OH group, which promotes the formation of 
apatite [24, 38]. Samples that have been soaking for 
14 and 21 days only show the bending band of P-O 
at 1021-1024 cm-1, which took place in 
stoichiometric apatite [38]. The carbon dioxide 
(CO2) environment employed during the sintering 
process of the RSA and CaO mixture was detected 
based on the presence of carbonate ions at 
approximately 1420-1434 cm-1, which is 
comparable with the range reported in another 
study using silica sand and limestone [24]. The 
existence of α-crystobalite at 796.22 cm-1 bending 
vibrations can be seen in both pre- and post-
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soaking samples, a phenomenon that was also seen 
by Paluszkiewicz et al. [38]. The existence of the 
cristobalite phase was also proven via the XRD 
analysis of the RSA (Fig. 1a). 
 
3.6.2 SEM morphology and EDX analyses 
Fig. 5 shows the SEM micrographs and the EDX 
spectrum of the β-wRSA cylindrical samples after 
soaking in the SBF. Based on these SEM images, it 
is clear that all the β-wRSA samples have a porous 
structure, and that the pore size reduces with the 
soaking period. A coral-like structure has been 
observed in a sample that had soaked for 21 days, 
which seemed to resemble a hydroxyapatite 
structure, and was proved as such using XRD: see 
Fig. 6f [24].  
 
Surprisingly, the mechanism of structural change in 
the β-wRSA after soaking is not clear, whether or 
not it matches the surface-directed mineralisation 
of calcium phosphate, as introduced by Cölfen 
[40]. This mechanism starts with an aggregate of 

pre-nucleation clusters that are in equilibrium with 
the ions in solution and in order the clusters 
approach a surface with chemical. Next, pre-
nucleation clusters aggregate near the surface while 
at the same time loose aggregates remain in 
solution. Then, further aggregation occurs nearer 
the surface, becoming denser. Nucleation’s of 
amorphous spherical particles occur at the surface 
only for Stage 4. At the last stage (stage 5), 
crystallisation occurs in the region of the 
amorphous particles, directed by the surface. In this 
study, the β-wRSA samples simply indicate that the 
two final steps of the mechanism were met [39], 
when the nucleation of the amorphous layer was 
present on the surface of the β-wRSA samples that 
had soaked for 3 days (Fig. 5c). The earlier 
mechanisms, such as pre-nucleation aggregate 
clusters of ions, and densification near the surface 
caused by further aggregation processes, were not 
present. The amorphous layer became thicker and 
coated the surface of the β-wRSA samples that had 
been soaking between 5 and 21 days (Figs. 5d-5g). 

 

 
Figure 5: SEM micrographs and EDX spectra of β-wRSA before and after soaking in the SBF 

for (a) control, (b) 1, (c) 3, (d) 5, (e) 7, (f) 14 and (g) 21 days. 
 

a	 b	

c	 d	

e	 f	

g	
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Table 4: Surface composition (at. %) obtained by EDX of samples before and after soaking in SBF solution. 
Soaking period  

(days) 
Surface composition on β-wRSA (at. %) 

 Si Ca P Ca/P 
0 37.61 9.00 1.58 - 
1 13.75 20.95 6.59 3.18 
3 12.27 19.27 6.98 2.76 
5 17.67 21.12 8.18 2.58 
7 12.91 14.55 8.32 1.75 

14 13.78 15.23 9.77 1.56 
21 9.31 23.47 14.10 1.66 

 

 
Figure 6: XRD pattern after before and after soaking in the SBF for (a) 1, (b) 3, (c) 5, (d) 7, (e) 

14 and (f) 21 days. 
 

 
Figure 7: Degradation of the β-wRSAwith soaking time. 
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Table 4 shows results of EDX analysis of the 
deposited materials on the β-wRSA surface, which 
consisted of Si, Ca and P. These elements suggest 
that the deposited material is a type of apatite. It 
can be assumed that the rapid adsorption of Ca and 
also O-P ions from SBF is the first step towards 
bioactivity. In addition, the control sample has a 
lower P peak, which originated from the RSA (Fig. 
2a). The agglomerate’s pre-soaking cauliflower-
like structure (Fig. 5a) had changed into a coral-
like structure, due to the formation of a 
hydroxyapatite microstructure after 14 days of 
soaking (Fig. 5f). This transformation was proven 
by the XRD result (Fig. 6e). The Si concentration 
rapidly decreased after one day of soaking; this rate 
decreased over the remaining 21 days (Table 4). 
This result is confirmed by the formation of a 
CDHA layer found on the surface of sample, which 
was rich in Ca and P [40]. Dorozhkin [41] stated 
that the Ca/P molar ratio for CDHA must lie in the 
range of 1.5-1.67, and that of amorphous calcium 
phosphate (ACP) must be within 1.0-2.2 [41]. 
 
Table 4 also presents the Ca/P molar ratios, ranging 
between 1.5 and 3.2, calculated for the β-wRSA 
samples after the various soaking durations in the 
SBF. These results have proven that the deposited 
apatite on the wollastonite samples consists of 
CDHA layers [41]. Based on the information 
contained within Table 4, the Ca/P molar ratio for 7 
soaking days is 1.75, which matches the value for 
ACP. This conclusion is confirmed by SEM 
observations, where the amorphous layers can be 
seen on Figs. 5c-5e. Starting with samples of 14 to 
21 soaking days (Figs. 5f-5g), the Ca/P molar ratios 
were calculated to be 1.5–1.67, which are within 
the CDHA range [41]. 
 
The bioactivity processes of the wollastonite had 
begun to occur while soaking in the SBF and mixed 
up with the release of the Ca and Si ions from the 
β-wRSA. Therefore, the formation of ACP and 
CDHA may be closely linked to the number of Si-
OH groups that existed on the surface of β-wRSA 
materials [24, 40]. The bioactive processes of the 
developed β-wRSA material follow the principles 
of the bioactivity  mechanism [30, 42]. The 
selected materials may play one of the two 
principle roles in the bioactive process: Equations 
(2) – (5) [42]. 
 
When the β-wRSA phase is in contact with the 
SBF, it will begin to react through an ionic 
exchange of H+ and OH− from the SBF, and Ca2+ 
and silicate anions from the β-wRSA network, 
which allows the subsequent reactions to occur: 
CaSiO3(s) + H+

(aq.) → HSiO3
−

(aq.) + Ca2+
(aq.)   

    (2) 
CaSiO3(s) + OH−

(aq.) → Ca2+
(aq.) + SiO3(OH)3−

(aq.)                       
   (3) 

CaSiO3(s) + H2O(aq.)→ Ca2+
(aq.)+ HSiO3−

(aq.) + 
OH−

(aq.)   (4) 
CaSiO3(s) + H2O(aq.)→ Ca2+

(aq.) + SiO4
4−

(aq.) + 2H+
(aq.)                               

  (5) 
The silicate anions are formed according to 
Equations (2) - (5). Magallanes-Perdomo  et al. 
[42] reported that the reaction in Equation (2) has 
the lowest Gibbs Free Energy, and therefore is the 
most likely reaction. Based on the values of 
constant equilibrium, the reactions may occur in the 
following order; (2), (3), (4), (5), with HSiO3

− and 
Ca2+ being the major ions. Due to the presence of 
Ca and P ions from the β-wRSA, numerous Si-OH 
groups can be found along the surface of the β-
wRSA’s amorphous silica-rich phase. These silanol 
groups may encourage the heterogeneous 
nucleation of apatite from β-wRSA. When apatite 
nuclei are formed on the surface of the β-wRSA 
layer, they can rapidly grow by absorbing Ca and P 
ions from the SBF.  
 
3.6.3 Phase investigation after in-vitro bioactivity 
test 
Fig. 6 exhibits the XRD patterns of β-wRSA after 
different soaking durations in the SBF. The 
crystallinity of β-wRSA decreases with increasing 
immersion time. Based on the calculated molar 
ratio of Ca/P, the amorphous layer of calcium 
phosphate, ACP, can be found in samples that are 
soaked between 5 and 21 days (Table 4). The 
deposited layer covered almost the entire surface of 
the β-wRSA. This phenomenon was confirmed by 
the decreasing peak of β-wRSA at 30.0°. A study 
by Dorozhkin [41] had also revealed a broad XRD 
peak at approximately 30.0-35.0°, which has been 
labelled as an ACP structure in Figs. 5e and 5f. In 
β-wRSA samples that soaked for more than 5 days, 
the previously unstable ACP structure became 
more prominent [40, 43], and the poorly crystalline 
HA (JCPDS no: 72-1243) began to form from the 
conversion of ACP [40]. CDHA is formed in 
samples soaking for between 14 and 21 days. No β-
wRSA peaks have been detected in the sample that 
soaked for 21 days; this absence was confirmed by 
EDX analysis, where the silica content had 
decreased to a value lower than the Ca and P 
content (Table 4). 
 
3.7 Degradation study of β-wRSA 
The degradation behaviour of the β-wRSA while 
soaking in SBF is presented in Fig. 7. The loss of 
weight incrementally increases with increasing 
soaking time. The degradability value of the β-
wRSA had reached 3.54 % after one day of 
soaking. After this time, the percentage of 
degradation slowly increases to 3.76 % at day 3, 
3.88 % at day 5, 4.12 % at day 7, 4.33 % at day 14, 
and finally 4.34 % by day 21. The increasing 
weight loss may have been induced by the 
dissolution behaviour of β-wRSA particles, due to 



Ismail et al.           172 

β-wollastonite releasing alkaline ions while being 
soaked in SBF, as reported elsewhere [44-45]. 
 
According to Li and Chang [45], the degradation 
rate of β-wRSA was also influenced by 
crystallinity, sintering period and microstructure. 
With regards to the β-wRSA samples, the main 
factor in increasing the degradation rate is porosity. 
This conclusion is based on the SEM images (Fig. 
5), which show the presence of pores, and the 
coral-like structure. These characteristics may have 
caused the diffusion of dissolution to occur easily, 
due to the surface area increase. The degradation of 
β-wRSA is therefore determined by the dissolution 
rate, depending on the porosity of the material. 
 
 
4. Conclusions 
β-wRSA has been successfully derived from a 
mixture of rice straw ash and limestone, and has 
exhibited excellent bioactivity properties. Single-
phase β-wRSA was formed when it was autoclaved 
for 8 h and sintered for 3 h. The degradation rate of 
β-wRSA increases with longer soaking periods. 
The β-wRSA has a porous structure, with 
significant Ca, P and Si content, which aided the 
formation of amorphous calcium phosphate (ACP) 
and calcium deficient hydroxyapatite (CDHA) on 
the surface of the β-wRSA samples. It can therefore 
be concluded that the bioactive β-wRSA is suitable 
for dental and implantable biomaterial purposes. 
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