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The objective of this work has been the synthesis of wollastonite by solution combustion method. The novelty of this work has been
obtaining the crystalline phase without the need of thermal treatments after the synthesis. For this purpose, urea was used as fuel.
Calcium nitrate was selected as a source of calcium and colloidal silica served as a source of silicon. The eﬀect of the amount of fuel
on the combustion process was investigated. Temperature of the combustion reaction was followed by digital pyrometry. The
obtained products were characterized by scanning electron microscopy (SEM), X-ray diﬀraction (XRD), and speciﬁc surface area.
The results showed that the combustion synthesis provides nanostructured powders characterized by a high surface area. When
excess of urea was used, wollastonite-2M was obtained with a submicronic structure.

1. Introduction
The materials which are used to replace or supplement the
functions of living tissues are known as biomaterials. To
meet the requirement of an ideal biomaterial, it must be
biocompatible, biodegradable, and bioactive, among
others. One of the areas where biomaterials are used is in
bone substitute or regeneration, which most often uses
scaﬀolds. In this case, in addition to the intrinsic properties
of the biomaterials, these must be osteoconductors and
osteoinducers. Also, they must present an interconnected
network of open porosity that is essential for cell nutrition,
proliferation, and migration for tissue vascularization and
providing mechanical support until formation of new
tissues [1].
A variety of materials such as metals [2], ceramics [3],
natural and synthetic polymers [4], and their combinations
[5] have been explored for replacement and repair of
damaged bone tissues. An extensive attention has been paid
on the development of bioactive materials, including calcium phosphates, silicates, glasses, etc. which were used in

the tissue regeneration applications [5, 6]. More attention
has been paid on the calcium silicate ceramic materials,
particularly wollastonite (CaSiO3), used as a biomaterial for
bone regeneration because of its excellent in vitro bioactivity.
A lot of authors have studied their ability to induce formation of the hydroxyapatite layer on their surface in vitro
conditions when immersed in simulated body ﬂuid (SBF)
with ion concentrations, pH, and temperature almost equal
to those of human blood plasma [7–13].
It was demonstrated by De Aza and Luklinska [14], De
Aza, Guitian, and De Aza [15, 16], and Wu et al. [17] that
materials which contain Ca and Si atoms in their composition and which are free of P atoms can also produce HA
layer on their surface. Fiocco et al. [9] proposes that the Mg
atoms can further enhance the bioactivity of calcium-silicate
materials.
Generally, calcium silicates are synthesized at high
temperatures, between 900 and 1100°C. Wollastonite can be
synthesized by the solid state route [18], sol gel [19], or
coprecipitation method [20] but these methods require high
energy and a long time for the formation of products.
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Solution combustion synthesis (SCS) is widely used to
synthesize submicronic oxide ceramic powders. This synthesis consists in an exothermic redox reaction, associated
with the decomposition of nitrates (oxidants) and the
oxidation of the fuel. The heat evolved is larger than that
needed to maintain the combustion process; thus, the
system becomes self-sustained. The chemical energy released from the exothermic reaction provides spontaneous
synthesis [20–22]. The SCS has become an excellent
technique for synthesis because of their inherent superior
qualities, which include the better homogeneity, composition control, lower processing temperature, and single
step operation, which result in high reactive powders
[20, 23–25]. The ﬁnal product is usually a crystalline
material with nanometric size clusters and has a large
speciﬁc surface area as a consequence of the large amount
of gases produced during the synthesis process. This high
volume of gases produces high porous agglomerates. The
ignition temperature (Tig) is signiﬁcantly lower than the
combustion temperature (Tc) which results in the ﬁnal solid
phase formation [23].
Chakradhar et al. [26] prepared macroporous nanocrystalline wollastonite (CaSiO3) ceramic powders by
a simple, low-temperature initiated, self-propagating, and
solution combustion process. The phases of β-CaSiO3 and
α-CaSiO3 were obtained only after heating at 950°C and
1200°C, respectively. Huang and Chang [22] synthesized
wollastonite (α-CaSiO3) by a citrate-nitrate gel combustion
method using citric acid as a fuel and nitrate as an oxidant.
The formation of α-CaSiO3 was observed only after calcining
powders at 650°C for 2 h.
The objective of this work was obtaining β-CaSiO3 by
combustion synthesis without the need of using further
heating treatment. For this, Ca(NO3)2 and colloidal SiO2
were employed as precursors and urea was used as fuel. The
eﬀect of the amount of fuel on the combustion process and
characteristics of the products were studied as well.

2. Materials and Methods
Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) (Neon Co.,
A.R. grade, 97%), colloidal SiO2 (Sigma-Aldrich, Co., 50 wt%
in water), urea (NH2CONH2) (Sigma-Aldrich, Co., A.R.
grade, 99.5%), and nitric acid (HNO3) (Sigma Aldrich, Co.,
A.R. grade 70%) were used as raw materials. The amounts of
the reagents required to obtain 5 g of product were dissolved
in 50 mL of deionized water.
The solution was dried and homogenized by stirring at
80°C to remove excess water. The beaker containing the
solution was introduced into a muﬄe furnace preheated to
600°C. When placed in the furnace, the mixed solution
soon started to boil, underwent dehydration, and the mass
swelled to yield foam. The entire process required less
than 15 min with ﬂame duration of nearly one minute.
The as-synthesized products were typically voluminous,
ﬂuﬀy foam-like mass that occupied a large volume.
The resulting soft agglomerate was readily ground manually in an agate mortar/pestle into ﬁne powder and was
characterized.
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2.1. Characterization. The phase composition of the prepared powders was determined by X-ray diﬀraction (XRD;
Bruker D8) using nickel-ﬁltered CuKα radiation. Intensities
were collected by step-scanning from 10° to 60° (2θ) with
a step size of 0.02° and counting time of 1 s for each step.
Fourier-transform infrared spectroscopy was obtained using
a SPECTRUM 400 FTIR spectrometer. The samples were
prepared at potassium bromide (KBr) pellets (ca. 2% by mass
in KBr). The infrared spectra of prepared samples between
400 and 4000 cm−1 were recorded. The speciﬁc surface area
(SBET) of the powders was determined by nitrogen absorption (ASAP 2020M Analyzer, Micromeritics). The
equivalent diameter (dBET) of particle was calculated from
the measured surface area (SBET) values by using the following relationship:
6
dBET �
,
(1)
SBET ρ
where ρ is the theoretical density of the powder (2.8 g/cm3
for the wollastonite). Field emission scanning electron microscopy (FESEM S-4700, Hitachi, Japan) was used to
characterize the microstructure and morphology of the
combustion product, which beforehand was coated with
gold, by sputtering. Temperature proﬁles of the powder
mixture were measured by a two-color pyrometer (IMPAC
model IGAR 12-LO) that can measure temperature in the
range 500°C–2200°C. The pyrometer was placed near the
open door of the reactor furnace. The optics (with a glass
ﬁber guide) was focused on the sample. Maximum ﬂame
temperatures were theoretically calculated for the combustion reactions with urea as fuel and for diﬀerent ratios of
fuel/oxidant. This was calculated from enthalpy of combustion reaction (ΔH°) and the heat capacity of products
(Cp) at constant pressure.

3. Results and Discussion
The synthesis of wollastonite by combustion reaction can be
represented by the (2):
5n
Ca NO3 2(aq) + SiO2(s) +
NH2 2CO(aq)
2
+((3n − 2))HNO3(aq) ⟶ CaSiO3(s) + 4nN2(g)
+

(2)

5n
13n − 2
CO2(g) +
H2 O(g)
2
2

where n is a coeﬃcient that deﬁnes the total amount of fuel.
This is related to the total released energy during the synthesis. The values of the coeﬃcient n were 1, 2, and 3 for
samples: n � 1 implies that the amount of urea required is
the stoichiometric ratio of fuel to oxidant, considering aluminium nitrate as the only oxidant. n � 2 or 3 implies that
the amount of fuel is twice and thrice, respectively, the
stoichiometric one; in this case of fuel excess, corresponding
amount of HNO3 was added to balance the rest of fuel.
Available thermodynamic data in literature [27] of
various reactants and products are listed in Table 1. Under
adiabatic condition, the ﬂame temperature (Tf ) of
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Table 1: Thermodynamic data employed in calculations [27].
ΔHf (kJ/mol)
−2132.33
−903.49
−333.51
−174.1
−1628.4
−393.51
−241.82
0

Compound
Ca(NO3)2.4H2O
SiO2
(NH2)2CO
HNO3
CaSiO3
CO2
H2O
N2

Cp (J/mol.K)
149.4
43.975
92.79
—
86.448
37.1
35.59
29.124

Table 2: Inﬂuence of n ratio on the maximum combustion
temperature.
Measured
temperature (Tc) (°C)
803
819
825

n ratio
1
2
3

Calculated
temperature (Tf ) (°C)
1664
2220
2453
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Figure 1: Time-temperature proﬁle of aqueous solution combustion synthesis of wollastonite (initial furnace temperature of
600°C).

T0

 nCp dT,

(3)

where ΔH is given by [ nΔHof ]products − [ nΔHof ]reactants ,
ΔH298° is the standard enthalpy of formation, Cp is the heat
capacity of reaction products at constant pressure, and Tad is
the adiabatic ﬂame temperature, in Kelvin scale (K).
The typical temperature-time proﬁle for the solution
combustion synthesis of CaSiO3 is shown in Figure 1. Initially, it is observed that a short constant temperature region
is the referred region where the temperature of the sample is
lower than the minimum temperature range of the pyrometer. During this time, water is partially evaporated.
Later, a sudden increase in temperature takes place up to
a maximum value (Tmax), and the synthesis is terminated
with slow cooling.
The measured (Tc) and calculated ﬂame temperatures
(Tf ) of this reaction and those with diﬀerent fuel to oxidizer
ratios are shown in Table 2. In all the proﬁles, it is observed
that in the initial instants, the temperature veriﬁed by the
pyrometer is of 500°C, although the furnace was at 600°C,
and this diﬀerence of temperature is related to the fact that,
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Figure 2: XRD patterns of combustion synthesis powders obtained
from systems containing diﬀerent amounts of urea.

initially, the sample was in a temperature lower than the
minimum temperature measured by the pyrometer, which is
500°C. This period is also characterized by the evaporation of
still remaining free water in the sample. When the material
has not yet reached the furnace temperature, combustion
begins. This increases rapidly from temperatures below
500°C to the maximum of combustion.
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Figure 3: The CaO-SiO2 phase diagram by Huang (1995) [28].

The measured temperatures are much lower than the
corresponding calculated temperature. The main reason is
that, in addition, the pyrometer used for measurement has
area of measure approximately 2 mm in diameter, which
means that it measures not only the combustion front
temperature but also areas of preheating and cooling. In
conclusion, the temperature measured corresponds to the
average of the area of measurement.
The maximum combustion temperature was observed
when an excess (n � 3) of fuel was used. The sharp increase
in temperature indicates the ignition of the combustion
reaction. The maximum temperature is referred to as
combustion temperature, and after reaching the maximum
temperature, the sample cools down rapidly. It can be observed that a dependence of the measured combustion
temperature on the varying ratio, increasing the amount of
fuel provides an increase in combustion temperature of the
sample.
X-ray diﬀraction analysis of the combustion products
obtained with diﬀerent amounts of urea is shown in Figure 2. It can be observed that when n � 1, the powder
showed poor crystallinity and the formed phases were
α′-Ca2SiO4 (JCPDS ﬁle no. 00-036-0642), c-Ca2SiO4
(JCPDS ﬁle no. 00-049-1672), CaO (JCPDS ﬁle no. 01-0750264), and SiO2 (JCPDS ﬁle no. 01-082-1564); probably, the
starting materials used did not react as expected and
therefore did not form a desired phase, thus causing the
formation of the SiO2 phase.
When the amount of urea was increased (n � 2), fully
crystalline phase of wollastonite-2M was observed (JCPDS

ﬁle no. 00-027-0088), indicating that the temperature
achieved was suﬃcient to obtain the desired phase without
subsequent calcination.
Further increase of amount urea (n � 3) provides the
disappearance of wollastonite-2M phase and the appearance
phases α′-Ca2SiO4 (JCPDS ﬁle no. 00-036-0642), c-Ca2SiO4
(JCPDS ﬁle no. 00-049-1672), CaO (JCPDS ﬁle no. 01-0750264), and SiO2 (JCPDS ﬁle no. 01-082-1564). These phases
have high crystallinity due to the high temperature of the
synthesis, conﬁrmed by the temperature measurements
using the pyrometer (Figure 1). The higher combustion
temperature provided by the large amount of fuel probably
exceeded the melting temperature of wollastonite (as the
calculated temperature predicts) and arrives directly to the
liquid phase. As can be seen in the phase diagram (Figure 3),
at a given temperature (T �1544°C), this phase has a congruent melting point. The direct passage to the liquid phase
may have led to precipitation of the coexistent crystalline
phases at the reached temperature during cooling.
Figure 4 shows infrared spectrum of all samples. The IR
spectroscopic analysis data conﬁrm that the IR peaks in the
range of 480–1110 cm−1 are due to CaSiO3 [9, 28]. The peaks
in ∼480 cm−1 can be attributed to the bending vibration
Si–O–Si bond. Those bands within the range 900–1110 cm−1
were assigned to Si–O–Si asymmetric stretching vibration
and the O–Si–O stretching vibration absorption band
[29, 30]. The peak around 1370 cm−1 is attributed to the
vibrations of ionic (NO3), indicating the presence of trace
amounts of nitrate from the starting material calcium nitrate
in the sample; this peak decreases with the increase of the
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Figure 4: FTIR spectra of powders obtained from systems containing diﬀerent amounts of urea.

Table 3: Inﬂuence of n ratio on the speciﬁc surface area and particle
size of as-synthesized powders.
n ratio
1
2
3

SSA (m2/g)
15.7
7.2
15.6

dBET (nm)
130
280
130

amount of fuel [31]. The bands in the range 1470 cm−1, when
a sample was formed, show the presence of CaO in the
sample, with the increase amount of fuel, and these
bands progressively decreased [32, 33]. The band around
1644 cm−1 can be ascribed to be the bending vibration of the
H–O–H bond in molecule water. A broad band around
3400–3600 cm−1 is caused by the stretching vibration of
diﬀerent kinds of hydroxyls and the remaining adsorbed
water. With the increase in the amount of urea and

consequently at the combustion temperature, these peaks
disappear. The decrease could be attributed to the release of
water molecules trapped inside the solid matrix [26, 34, 35].
Table 3 shows the speciﬁc surface area (SSA) and particle
sizes (estimated from speciﬁc surface area (dBET) of the
powders obtained by combustion as a function of n. It is
a well-established fact that, in combustion synthesis, the
higher the combustion temperature, the longer the ﬂame
duration, leading to coarsening of the particles. Within the
framework of this study, when n � 1, low ﬂame temperature and high gas volume inhibited the particles growth and
generated powder with higher surface area. As the amount
of fuel increases, n � 2, the higher temperature during
combustion reaction decreases the surface area due to grain
growth. On the contrary, when n � 3, a possible melting
and precipitation of new phases, caused by the high
combustion temperature, provided a small particle size and
high speciﬁc surface.
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Figure 5: FESEM micrograph of the synthesized powders: (a, b) n � 1, (c, d) n � 2, and (e, f ) n � 3.

FESEM observation of the product (Figure 4) shows that all
samples exhibit particle nanostructures with nodular morphology which are quite agglomerated. At higher magniﬁcation (Figures 4(b), 4(d), and 4(f)), it is possible to observe that
powders are structured submicronically and presented smaller
particles were sintered together and form larger particles,
which can be due to the high combustion temperature.
Figure 5(d) shows a greater presence of pores, when
compared to samples shown in Figures 5(b) and 5(f ), which
is a microstructural characteristic of the products of combustion due to the escape of a large number of gases during the combustion; the increase of the amount of fuel
(Figures 5(e) and 5(f )) provides a decrease in the presence of
these pores, indicating a greater sintering of the particles.
In Figures 6(a) and 6(b), it is possible to observe another
type of morphology of the samples obtained with n � 1 and

n � 3, respectively, and a heterogeneous morphology is
formed by a crystalline phase (clear part) surrounded by an
amorphous phase (dark part). The heterogeneity can be
conﬁrmed from the analysis of the X-ray results (Figure 2) of
these samples that evidence the formation of distinct phases.
In the case of samples obtained with n � 3, where the phases
found are crystalline, this can be explained due to the fact
that the high combustion temperature was obtained that
favoured the dissociation and decomposition of the wollastonite obtained when n � 2.

4. Conclusions
Crystalline CaSiO3 has been synthesized by the solution
combustion method without any thermal treatment after the
synthesis.
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It was observed that the amount of fuel signiﬁcantly
inﬂuences the composition of the phase.
When an excess of urea (n � 2) was used the
wollastonite–2M was the only phase obtained.
The use of a stoichiometric amount of fuel (n � 1) did
not favour the synthesis by combustion and consequently it
was not possible to obtain crystalline phases of the material.
While a higher amount of fuel (n � 3) provided the formation of calcium silicate phases, but it was not possible to
obtain the wollastonite.
The combustion synthesis method for obtaining submicronic structured wollastonite, using urea as fuel, is an
eﬃcient method for obtaining powders without needing
additional heat treatment.
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