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a  b  s  t  r  a  c  t

Wollastonite  was produced  using  solid-state  reaction  from  limestone  and  silica  sand.  Limestone  contain-
ing  a high  percentage  of CaO (55.10%)  and  silica  sand  with  99% SiO2 were used  as starting  materials.  The
ratios  of limestone/sand  used  were  1:1,  2:1 and  3:1  with  various  firing  temperatures,  namely  1100,  1200,
1300,  1400  and  1450 ◦C.  The  raw  materials  and  fired  products  were  characterised  for  mineral  phases,
chemical  composition  of  content  such  as  CaO,  SiO2 and  loss  on  ignition  (LOI),  density  and  microstructure.
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CaSiO3 with  an  �-phase  was  detected  at firing  temperatures  as low  as  1300 C,  together  with  olivine  and
quartz  phases,  obtained  from  a  1:1 ratio.  No  �-CaSiO3 was  detected  for 2:1  and  3:1  ratios;  only  olivine  and
larnite  phases  were  present.  The density  of  the  product  was  2.93  g cm−3, which  is close  to  the  theoretical
value,  with  a specific  surface  area  of 3.23  m2 g−1.  This  study  shows  that the  Malaysian  limestone  and  silica
sand  can  produce  good  properties  of  wollastonite  materials.
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. Introduction

Calcium silicate is an industrial material that has many uses
n industries, but the most important applications are in building

aterials such as glass, cement, bricks and tiles for roofs, fireproof
eilings and building board. Calcium silicate consists of four types
f compound, i.e. monocalcium silicate (CaSiO3), dicalcium sili-
ate (Ca2SiO4), tricalcium silicate (Ca3SiO5) and tricalcium disilicon
eptaoxide (Ca3Si2O7), all of which are obtained by reacting various
olar ratios of calcium oxide (CaO)/silicon dioxide (SiO2), namely

:1, 2:1, 3:1 and 3:2. The transformation of mineral phases of the
alcium silicate material varies according to the molar ratio, which
epends upon the melting point of limestone (825 ◦C) and silica
and (1650 ◦C) [1–3].

Wollastonite, also known as monocalcium silicate (CaSiO3), has
een synthesised using a few techniques such as precipitation,
∗ Corresponding author.
E-mail addresses: linda@ukm.my, roslinda.shamsudin@gmail.com

R. Shamsudin).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.

187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jascer.2014.01.010

c
s
b
c

m
a
b
o
w
t
fi

Elsevier  B.V. All  rights  reserved.

ol-gel, solid-state reaction, etc. Precipitation is the most frequently
sed technique, with sintering temperature between 900 and
250 ◦C, which produce the amorphous �-phase of wollastonite
4–8]. Production of �-wollastonite using solid-state reaction has
een reported by several researchers [4,9]. They used reagent grade

imestone and natural silica sand as raw materials with a sintering
emperature of 1400 ◦C for 2 h. De la Casa-Lillo et al. [10] used the
ol-gel technique to produce wollastonite and obtained a stable
hase of �-wollastonite (pseudowollastonite) at 1400 ◦C.

Malaysia has an abundance of limestone and silica sand
esources. To the best of our knowledge, nobody has used
alaysian limestone and silica sand to produce wollastonite mate-

ials. Malaysian limestone is used mainly in construction and the
gricultural industry, while Malaysian silica sand is widely used in
he glass industry. Therefore, it is essential to diversify the potential
sage of Malaysian limestone and Malaysian silica sand into various
pplications as a source for implantable biomaterial, as reported by
aruta [11] and Kaifi et al. [12]. According to previous studies, cal-
ium silicate materials produced from a mixture of limestone and
ilica sand are found to possess bioactive properties in a simulated
ody fluid solution environment, especially the silicate mineral
hains wollastonite (CaSiO3) and diopside (CaMgSi2O6) [4,13].

In the present study, we  attempted to produce wollastonite
aterial using limestone and silica sand as they are easily obtained

nd cheap sources of starting materials that can be applied in the
iomedical field at a later date. A solid-state technique with vari-

us limestone/silica sand ratios and different firing temperatures
as employed for producing the wollastonite materials at a low

emperature. The phases present and microstructures of the final
red materials are reported.

https://core.ac.uk/display/82642004?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.jascer.2014.01.010
http://www.sciencedirect.com/science/journal/aip/21870764
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Table 1
Particle size distribution of the raw materials.

Particle size (�m) Cumulative (%)

Limestone Silica sand

1 4.76 3.13
2  13.23 11.53
5 28.95 27.9

10 45.83 44.19
20 69.09 67.65
30 86.53 86.41
50 99.34 99.61
70 100 100

100 100 100
150 100 100
200 100 100
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. Materials and methods

Limestone and silica sand were obtained from Malaysia with
s-received particle sizes of 10 mm and 600 �m,  respectively. Both
he raw materials were sampled and ground separately using a ball

ill to obtain a finer particle size, i.e. of 100% passage through a
70-�m sieve.

Calcium silicate material was prepared from a mixture of lime-
tone (CaCO3) and silica sand (SiO2) via the solid-state route
ccording to the following equation:

aCO3 + SiO2 → CaSiO3 + CO2 (1)

Limestone/sand molar ratios of 1:1, 2:1 and 3:1 and firing tem-
eratures of 1100 ◦C, 1200 ◦C, 1300 ◦C, 1400 ◦C and 1450 ◦C were
sed in this study. The mixed powders were placed in a box furnace
MODUTEMP) and heated at a ramping rate of 5 ◦C min−1 for up to

 h. The heated powders were then cooled to room temperature
nd ground for 30 min  using a ball mill to obtain a finer powder.

The raw materials and final products were characterised for
article size distribution using a laser particle sizer (FRITSCH),
hase identification using X-ray diffractometry (XRD) (BRUKER
8 Advanced) with Cu K� radiation, analysis of CaO con-

ent using a titrimetric method with a standard solution of
thylenediaminetetra-acetic acid disodium salt (EDTA) and gravi-
etric method for SiO2 and loss on ignition (LOI) content through

he dissolution process and wet loss, respectively. Density was
easured using pyconometer (Ultrapyconometer 1000) and mor-

hology was examined using a scanning electron microscope
FESEM, Supra 40). The impurity contents were carried out by using
nductively coupled plasma spectroscopy (Perkin-Elmer Optima
300 AES).

. Results and discussion

.1. Characteristics of raw materials

Limestone granules and silica sand were ground for different
eriods to obtain a particle size that could completely pass the
70-�m sieve. Limestone had to be ground for an hour to get a
edian size (d50) of 11.57 �m,  while silica sand had a median size

d50) of 12.28 �m after 2 h of grinding. By performing the grinding
rocess separately, a uniform degree of liberation was  achieved
hich involved the reduction of a similar particle size and resulted

n isolation of minerals of the limestone and silica sand [14]. Table 1
hows the particle size distribution of the raw materials.

Fig. 1 shows the XRD patterns of the raw material, and con-
ists of calcite from limestone and quartz from silica sand; both
f these have a hexagonal structure. The results of CaO, SiO2, LOI,
ensity and specific surface area analyses are tabulated in Table 2.
he obtained CaO (55.10%) and SiO2 (99%) contents show that the
imestone and silica sand used in this study were from high-grade

aterial [15]. The LOI content of the limestone of 43.3% and sil-
ca sand of 0.24% revealed the decomposition of carbonates from
imestone and also showed that elimination of volatile matter, such

s water hydration and organic materials, had occurred [15]. The
btained limestone had a density of 2.73 g cm−3 and silica sand of
.65 g cm−3, which are close to their typical densities of 2.71 g cm−3

nd 2.65 g cm−3, respectively [1,3]. The acquired specific surface

S
h
t
o

able 2
aO, SiO2, LOI, density and specific surface area of the raw materials.

Material CaO (%) SiO2 (%) LOI (%) 

Limestone 55.10 – 43.30 

Silica  sand – 99.00 0.24 
Fig. 1. XRD patterns of the raw materials: (a) limestone and (b) silica sand.

rea was  not very different for the raw materials: 0.99 m2 g−1 for
imestone and 0.83 m2 g−1 for silica sand; this was because both the
aw materials were ground and passed through a ∼70-�m sieve.
herefore, it can be concluded that the specific surface area was
ffected by the particle size obtained.

Fig. 2 presents the SEM micrographs of raw materials, limestone
nd silica sand after the grinding process. It can be seen that neither
f the starting materials had a particular shape or size. EDX analysis
onfirms the presence of Ca, O and C peaks as the main elements
n limestone, and Si and O in silica sand (Fig. 2).

.2. Characteristics of fired products

X-ray diffraction analysis of mixed limestone and silica sand
t different molar ratios, fired in the range of 1100–1450 ◦C, is
hown in Fig. 3. It is noted that after the firing process, X-ray pat-
erns showed that all of the final products were in the crystalline
hase. The calcite phase no longer existed at any firing tempera-
ures, while quartz was still detected at 1100 ◦C and 1300 ◦C at a
aCO3/SiO2 molar ratio of 1:1. This is because SiO2 has a high melt-

ng temperature of around 1600–1725 ◦C. From the XRD results, no

iO2 was detected at 1450 ◦C; therefore, we  can conclude that it
ad completely melted at 1450 ◦C with the assistance of limestone
hat served as a flux material and further lowered the melting point
f silica sand [1,3].

Density (g cm−3) Specific surface area (m2 g−1)

2.73 0.99
2.65 0.83
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Fig. 2. SEM micrographs and EDX spectrums of

At a low firing temperature (1100 ◦C), reaction between lime-

tone and silica sand was not fully complete, and mineral phases
uch as portlandite, quartz and olivine were obtained. As the firing
emperature increased, all of these mineral phases transformed to

ig. 3. XRD patterns of CaCO3/SiO2 final products at different molar ratios and firing
emperatures: (a) 1:1, 1100 ◦C; (b) 1:1, 1300 ◦C; (c) 1:1, 1450 ◦C; (d) 2:1, 1450 ◦C and
e)  3:1, 1450 ◦C.
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w materials: (a) limestone and (b) silica sand.

ther stable phases, such as pseudowollastonite at 1450 ◦C [2]. In
his study, the pseudowollastonite phase was  observed as early as
300 ◦C for the stoichiometric mixture of limestone and silica sand
f 1:1 proportion.

A few new mineral crystalline phases, such as portlandite
Ca(OH)2], larnite (Ca2SiO4) and olivine [Ca2(SiO4)], can be
btained at particular firing temperatures. According to Lea [2],
ortlandite and larnite minerals are usually found at low firing
emperature through the following reactions:

CaO + SiO2 → Ca2SiO4 (2)

aO·SiO2 + nH2O → Ca(OH)2 + SiO2(n−1)H2O (3)

Larnite was  phase-detected at molar ratios of 2:1 and 3:1 at
450 ◦C together with the olivine phase. Neither larnite nor olivine
hases were observed at a CaCO3/SiO2 molar ratio of 1:1 at any
ring temperature. The formation of larnite and olivine is in agree-
ent with the work done by Chen et al. [16], and Wesselsky &

ensen [17] reported that the phases exist at higher molar ratios
f limestone/silica sand, i.e. 2:1 and 3:1. No �-wollastonite phase
as detected at the molar ratio of 2:1 and 3:1. Pure calcium silicate
aterial in the crystallite mineral phase of wollastonite, larnite and
llite were not found in Malaysia [18].
The main components obtained from the fired products at a

olar ratio of 1:1 were CaO, SiO2 and LOI, and are displayed in
igs. 4 and 5. The CaO and SiO2 contents increased as the firing



80 R. Abd Rashid et al. / Journal of Asian Ceramic Societies 2 (2014) 77–81

Fig. 4. CaO and SiO2 content of the final products after firing at different tempera-
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material field should not exceed 3, 5, 5 and 30 ppm, respectively
[23,24]. The other elements present in the obtained �-wollastonite
also confirmed that the raw materials used in this study naturally
exist in low-grade impurity contents [23,24].
ures at a molar ratio of 1:1.

emperatures increased, while LOI decreased with the increasing
emperature. Consequently, the purity of the calcium silicate pro-
uced was influenced by the chemical reaction between limestone
nd silica sand that occurred at each firing temperature. Never-
heless, the LOI content was more affected by the decomposition
f limestone and the removal of volatile materials produced from
he firing process [15]. At 1450 ◦C, a complete chemical reaction
etween limestone and silica sand was obtained, with CaO, SiO2
nd LOI contents finally reaching values close to commercial grade
n the range of 43.0 to 47.7%, 49.5 to 53.0% and 0.5 to 2.1%, respec-
ively [19].

Density of the fired products at a molar ratio of 1:1 increased
ith temperature (Fig. 6) and was highly influenced by the sin-

ering temperature and purity of the raw materials, limestone
nd silica sand [20]. At 1450 ◦C, �-wollastonite was  produced
ith a density approaching its typical density of 2.86–3.09 g cm−3

21]. Morphology of the obtained �-wollastonite was a needle-like
tructure (Fig. 7a) and the existence of Ca, Si and O elements in the

DX spectrum confirmed the formation of wollastonite (Fig. 7b).

The impurity of the obtained �-wollastonite (Table 3) indicated
hat the main heavy metal ions arsenic (As), cadmium (Cd) and
ead (Pb) had fulfilled the requirement of ASTM F1538-03 standard

ig. 5. LOI content of the final products after firing at different temperatures for
olar ratio 1:1.
ig. 6. Density of final products after firing at different temperatures for molar ratio
:1.

pecification [22] to be used as a biomaterial. No mercury (Hg) was
etected in the obtained �-wollastonite. According to the standard
pecification, the permissible levels of As, Cd, Hg and Pb in the bio-
Fig. 7. (a) SEM micrograph and (b) EDX spectra of �-wollastonite produced.
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Table  3
The impurity contents of �-wollastonite produced at 1450 ◦C at molar ratio 1:1.

Element Content (ppm)

Ag 1.441
Al 3845
As 1.793
B 6348
Ba 2.514
Cd 0.067
Ce 1.706
Co 0.023
Cr 219.7
Cu 3.593
Fe 290.2
K 1671
Lu 0.070
Mg  4199
Mn  36.12
Ni 80.29
P 57.71
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[

[

[22] ASTM, Standard Specification for Glass and Glass Ceramic Biomaterials for
Pb 0.047
Sn 0.564
Ti 142.4

. Conclusion

Calcium silicate material was successfully synthesised from
ocal limestone and silica sand using a solid-state reaction. The �-

ollastonite phase was fully obtained at a limestone/silica sand
olar ratio of 1:1, sintered at 1450 ◦C for 4 h, with a dense
icrostructure and olivine as a minor phase. Purity of the raw
aterials, molar ratio of limestone/silica sand and firing temper-

ture all had an influence on the final product of calcium silicate
aterials. Higher molar ratios of 2:1 and 3:1 produced calcium sil-

cate materials consisting of olivine and larnite phases. The study
hows that the melting point of the silica sand was  successfully
educed by the limestone, which acted as a flux and formed �-
ollastonite at low temperatures.
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