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ABSTRACT

Beta-dicalcium silicate plays important role in modern technology, but its tendency for
polymorphic transformation results in the dusting phenomenon is a major challenge.
Therefore, mechanochemical treatment is used to reduce the particle size to retain the
stability of the polymorph. Herein, in this study, pure dicalcium silicate ceramics of f3-
monoclinic structure with P 121 /c1 space group were synthesized using calcium oxide and
silicate powders derived from calcined eggshells and rice husks, respectively. The powders
were mixed in a 2:1 molar ratio by mechanochemical treatment and heat-treated in the air
at temperatures ranging from 900°C to 1100°C for 2 hours. The results reveal that pure
beta-dicalcium silicate formed at 1100°C without adding stabilizers. The properties of the
pristine and sintered bodies were characterized by X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM). SEM
revealed that the grain and pore size increase with rising sintering temperatures. FTIR
spectra indicate the existence of Si-O bonds in SiO;' tetrahedrons on all the samples. The

sample sintered at 1000°C attains the lowest bulk density (1.2463 g/cm?3), whereas the
apparent porosity is the highest (62.5%). The reason for this trend is due to the
decomposition of carbonate into COz gas. The densification onset for the sample sintered
at 1100°C as the bulk density rises and grain size achieves 6.06 um. This study further
explains the effect of sintering temperatures on the physical, structural, and morphological
of Caz2Si04 which would be also useful for further optimization of its use.
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1. INTRODUCTION

Dicalcium silicate (Ca;SiO4) is unique in that it exhibits hydrability and complex polymorphism
character, resulting in polymorphic forms (a, B, or y) with distinct physical and chemical
properties [1] at different processing temperatures. Chemical stabilization was typically
regarded as the most crucial component in dicalcium silicate for maintaining the high-
temperature P-phase down to ambient temperature [2]. These characteristics find a wide range
of applications in cementitious materials [3], refractory materials [4], coating materials [5], and
ceramic and biological materials [6,7,8,9]. The potential applications of dicalcium silicate have
been the subject of continuous research [3,10,11,12,13].

CazSi0;4 is usually obtained by mixing several chemical solutions and has been prepared by
various approaches, such as the sol-gel process [5,6,14,15,16], Pechini method [17,18],
combustion method [19], aerosol flame [20], hydrothermal synthesis [21], spark plasma sintering
[22] using chemical reagent grade calcium nitrate tetrahydrate, and solid-state reaction [23]
using ethanol during milling. The procedure and the apparatus for these processes are
complicated, which is not suitable and unsustainable for the mass production of Ca,SiOs A
previous work [24] reported the effectiveness of using eggshells as a synthetic raw material for
the synthesis of Ca,SiO4 by a sol-gel combustion technique. However, it has been established that
CazSi04 sample often cracks or undergo “dusting” phenomena, resulting in damaged and unusable
samples. Thus, stabilizers are commonly used to stabilize the form of Ca»Si04 [25,26,27,28,29,30].
Nevertheless, Chrysafi et al. [16] obtained (-Ca:SiOs4 without any chemical stabilizer through
hydrosol-gel and non-aqueous sol-gel methods.

In the present study, a mechanochemical route was used for the synthesis of -CazSiO4 due to the
advantages of simplicity, low cost, and yielding highly pure products. Therefore, 3-Ca,SiO4 was
synthesized via the mechanochemical route without using stabilizers and followed by heat
treatment. These starting powders, i.e., calcium oxide and silica are derived from calcined
eggshells and rice husks, respectively, which also directly relieved environmental pressure. As a
result, pure -Ca,Si04 ceramics were obtained after the mixed powder was sintered at 1100°C for
2 hours. The results were explained in terms of the mechanochemical reaction that generates
higher surface areas for the starting powders to interact and form pure 3-Ca;SiO4 without dusting
phenomenon. Additionally, the effect of sintering temperature on the physical and morphology of
the samples was investigated.

2. MATERIAL AND METHODS

Raw rice husks were obtained from a rice mill factory in the North region of Malaysia, while
eggshells were obtained from daily basis food waste. Both of the materials were cleaned and dried
before the calcination process. Powder for preparing pristine samples was treated via
mechanochemical technique. Raw eggshell (RES) and raw rice husk (RRH) were used as the
starting materials to yield a white powder of CaO and SiO; by calcining at 900°C and 800°C,
respectively. The Ca0O and SiO; powder were carefully weighed in a ratio of 2:1 according to the
stoichiometric calculation, and the powder was mixed and ball-milled for 10 hours by using high-
energy planetary ball milling with tungsten carbide balls as the milling medium. The milled
mixtures were subsequently compacted into a disk-shape pallet of 12 mm diameter by using a
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uniaxial hydraulic press, and sintered at 900°C, 1000°C, and 1100°C for 2 hours with a heating
rate of 5°C/min.

By utilizing dynamic light scattering, Malvern Zetasizer nano-zs (Malvern Instruments Ltd., U.K.)
was employed to ascertain the particle size distribution of the RES, CES, and milled mixture. This
method uses the Stokes-Einstein connection to translate the diffusion of particles moving with
Brownian motion into the size and size distribution.

Energy Dispersive X-ray Fluorescence (EDXRF, PAN analytical MiniPAL 4) was used to
quantitatively determine the chemical compositions that present in these powder materials,
except the lightest elements. The thermal behaviour of the precursor was determined using the
Mettler Toledo model TGA/DSC 2 HT at a heating rate of 5°C/min from 30°C until 1200°C. The
phase analysis was carried out using XRD (Bruker D2 Phaser Model) collected over a scan range
from 10° to 90° 20 at a scan speed of 2° 20/min, and a step size of 0.02° 26 with CuKa radiation
(Ka = 1.5406 nm) at 10 mA and 30 kV. Identification of phases was achieved by comparing the
result diffraction patterns with the ICSD (JCPDS) standard. Xpert-Highscore Plus software was
used.

Perkin Elmer FTIR Spectrum RXI Spectrometer was used to determine the functional group that
existed in the sample powders. The FTIR spectra were obtained in transmittance mode from 400
cm1 -4000 cm ! at a resolution of 1 cm-L. Scanning electron microscopy (SEM, JEOL Model JSM-
6450LA) has been used for the morphological study of pristine and sintered samples. The samples
were platinum-coated by the spin coating technique and mounted on the SEM sample stage with
conductive double-sided carbon tape before SEM imaging. The average grain and pore size of the
sintered specimens were determined from SEM images using the linear intercept approach
[31,32,33].

Bulk densities of the pristine and sintered samples were identified using the Archimedes
principle. This procedure was carried out using the standard test method of ISO 5017, ASTM C20,
and BS 1902-308 [34]. On the other hand, the percentage of volume shrinkage was calculated
using the following expression

Volume shrinkage (%) = [(Vo - V)/V,] x 100 (1)

where V,and V are the volume of the sample specimen before and after the sintering process,
respectively.

3. RESULTS AND DISCUSSION

2.6 Elemental Analysis

The chemical composition of chicken eggshell and rice husk in the raw and calcined stages was
measured by XRF and tabulated in Tables 1 and 2, respectively. The raw chicken eggshell (RES)
is mainly composed of calcium carbonate, CaCO3 of 98.3wt%, and other oxide compounds of
1.7wt%. After calcination at 900°C, the calcined chicken eggshell (CES) is composed of calcium
oxide, Ca0 of 96.23wt%, and other compounds of 3.87wt%. The results obtained were similar to
[35] where they also obtained less weight in the percentage of Ca0 in calcined eggshells compared

to CaCOz in raw eggshells. On the other hand, the weight percentage of silica, SiO; increased from
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56.3wt% in raw rice husks (RRH) to 91.7wt% in calcined rice husks (CRH) with a lower impurity
of 8.3wt% after calcination. Since natural materials are used as precursors, other elements are

also present in powders with a low percentage.

Table 1 Percentage of chemical compositions exist in raw and calcined eggshells.

RES CES

Element % Element %
CaO 98.30 Ca0 96.23
MgO 0.735 Naz0 2.400
K20 0.310 MgO 0.580
Al203 0.252 Al203 0.200
P20s 0.167 RuO2 0.200
SO3 0.086 SO3 0.100
SrO 0.045 Nd203 0.100
Cl 0.036 Cusz04 0.080
BaO 0.029 SrO 0.058
Cs20 0.020 Cuz04 0.032
Sm203 0.030
Yb203 0.030
Zr0> 0.015

Table 2 Percentage of chemical compositions exist in raw and calcined rice husk.

RRH CRH
Element % Element %
SiO2 56.30 SiO2 91.70
K20 17.70 K20 5.880
Naz0 10.00 Cao 1.580
MgO 5.350 MnO 0.252
CaO 2.900 Fe203 0.171
P20s 2.160 CuO 0.067
Al203 1.500 Zn0 0.043
SO3 1.280 As202 0.006
Fe203 0.939 Rb20 0.018
Cl 0.827 PdO 0.120
MnO 0.366 Eu203 0.070
Cr203 0.209 Rez07 0.037
NiO 0.096 0s04 0.009
Zn0 0.082 PbO 0.020
V20s 0.068
CuO 0.046
TiO2 0.030
Ccdo 0.017
Rb20 0.017
Br 0.016
Ag20 0.016
PbO 0.012

3.2 Particle size analysis

The particle size distribution curve of produced RES, CES, and the milled mixture powder is
presented in Figure 1. From Figure 1, the particle size distribution of CES powder exhibits a
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bimodal characteristic. It shows that some of the unmilled coarse particles form a mode towards
the largest particle size, while fractured smaller particles produce a new mode that manifests at
a smaller size range. Hence, the main peak, i.e., a large fraction of particles with a diameter ~413.2
nm was detected. Meanwhile, the presence of some smaller particles is detected around 132.2 nm.
Next, the particle size distribution of CRH powder has a normal distribution curve, indicating the
size distribution is fully symmetrical. The main peak particle size distribution detected isat 122.8
nm. Figure 1 also depicts the particle size distribution of the milled mixture powder that has been
ground through ball milling for 10 hours. The particle size distributions were unimodal, but the
main peak particle size distribution was found to significantly increase to 801.5 nm. The particle
size of powder increases after milling treatment was also reported in [36]. The milled mixture
powders exhibited larger particle sizes probably due to the prolonged impact of the grinding
media against the walls of the milling jar causing very fine particles to restack to form larger
powder agglomerates. In other words, milling treatment effectively reduces particle sizes and
increases the surface contact area between the particles. In addition, the Van Der Waals forces
between the surfaces of fine powder are stronger than the powder’s gravitational mass, which
causes the powder agglomeration [37]. In short, more surface area results in greater Van Der
Waals forces, which strengthen the attraction between particles [38].

" Pristine

Intensity (a.u.)

10 100
Particle Size (d.nm)

Figure 1. Particle size distribution of calcine eggshells (CES), calcine rice husk (CRH), and the milled
mixture (pristine) powders.

3.3 Thermal property analysis
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Thermogravimetric - Differential Thermal Analysis (TGA-DTA) analysis was conducted to study
the thermal stability of the mixture powders. The TGA and DTA result for the pristine body is
shown in Figure 2. A slight weight loss of 3.85% and an exothermic peak below 400°C were
induced by free evaporable water [39]. The smaller weight loss of 3.27% and the first
endothermic peak occurred between 420°C and 480°C corresponding to poor crystalline calcium
carbonate [40], whereas the weight loss of 26.88% and larger endothermic peak between 480
and 720°C were attributed to well-crystallized calcite decarbonization [40]. Hence, TGA analysis
showed that total weight loss of 34% for the mixture powders.
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Figure 2. TGA/DTA illustration of pristine body.
34 Structural analysis

Figure 3 depicts the XRD patterns of the pristine sample, and sintered samples at 900°C, 1000°C,
and 1100°C. All samples reveal quite similar diffraction profiles and crystal structures formed by
CazSi0.4 exhibited in polycrystalline B-monoclinic structures. The XRD pattern in Figure 3 shows
sharp and well-defined diffraction, indicating that the milled powder from the mechanochemical
process has a degree of crystallinity at a long range of 3-Ca,SiO4 and SiO,. XRD analysis revealed
that the major phase is larnite, (-Ca;SiOs, with a small amount of silica, SiO;. The
mechanochemical treatment of the mixed powders yielded very fine homogeneous powders [41],

which enhanced the reactivity between the corresponding single-phase 2CaO and 1SiO;
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compounds to form Ca,SiOs. The phase of SiO, remains present at sintering temperatures of
900°C and 1000°C, as shown in Figure 3 . From Table 3, it is observed that the percentage of [3-
CazSi04in the sintered samples increases as sintering temperatures rise, and it varies from 82.9%
t0 96.9% for the pristine body to 1000°C. The sample sintered at 1100°C has shown a single phase,
i.e, 100% B-CazSiO4 without an impurity phase. In short, the sintering process at 1100°C of the
mixture of 2Ca0 and 1Si0O; extracted from chicken eggshells and rice husks can synthesize pure
CazSi04 without using stabilizers. Moreover, the sintering temperature used is lower than 1250°C
for 8 hours as applied in previous works [42,43]. Furthermore, the pristine body and sintered
samples are stable at room temperature and never undergo the dusting phenomenon. The
stability of the B-Ca;Si0s may be attributed to the small particle size obtained from the
mechanochemical treatment. The particle size of $-CazSiO4 within 1 - 3 um [16] and 5 - 10 um
[2,15,44] was reported for B-Ca;SiO4 stabilization, i.e., prevents a transformation into y-CazSiOs.

Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board.
These articles have not yet been copyedited and/or formatted in the journal house style



International Journal of Nanoelectronics and Materials

In Press, Accepted Manuscript - Note to user

ar

U MAP PERLIS

1100°C

ep-Ca,SiO,

1000°C .

«p-Ca,SiO,
-SiO,

900°C °

Intensity (a.u)

2-Theta (°)

Figure 3. X-ray diffraction pattern of pristine body and sample sintered at 900°C, 1000°C, and 1100°C.
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The XRD Rietveld refinements were carried out to learn more about the effect of sintering
temperature on the crystal structure of samples. The obtained refinement parameters are
tabulated in Table 3. Refinement reveals 3-monoclinic structure with space group (P 121/c1) for
samples sintered at different temperatures. The average crystallite size (D) of these sintered
ceramics was calculated using Scherrer formula:

D= 0.9
BcosO

(2)

where A is the wavelength of the incident X-ray, {8 is the full width at half maximum (FWHM) of
the diffraction peak, and 0 is the Bragg diffraction angle. Table 3 shows that the crystallite size
increased drastically from 197 A at 900°C to 580 A at 1100°C. All the samples exhibited
crystallites in nano-size as measured from XRD. Besides, the values of lattice parameters and cell
volume decrease as sintering temperatures rise, which is ascribed to lattice relaxation caused by
grain size increment. Mohamed et al. [34] and Sharma [45] also have previously seen similar
tendencies. Thus, grain growth might be the reason for an increase in average crystalline size.

The temperature has a significant impact on the lattice properties. From the pristine body to
1000°C, the c/a ratio increase indicates the development of ordering and leads to higher
crystallinity during sintering. A slight decrease in the c/a ratio at 1100°C was attributed to the
loss of carbonate ions from the lattice thereby reducing the lattice distortion. Theoretically, a
greater value for the c/a ratio suggests less cation disorder in the material and is seen favourably
for improved electrical properties [46]. A greater c/a ratio could provide the ions more space to
move in a specific direction in the presence of an electric field, leading to higher energy dipoles
that are good for energy storage [47].

Table 1 The Rietveld Refinement parameter of XRD data for mechanochemical synthesized Ca2SiO4

samples.
Pristine 900°C 1000°C 1100°C

Percentage of 82.9 90.2 96.9 100
B-CazSi04 (%)
Space group P121/c1 P121/cl P121/cl P121/cl
Lattice a[A]=5.50619 a[A]=5.52401 a[A]=5.51156 a[A]=5.50714
parameter b[A]=6.76005 b[A]=6.7723 b[A]=6.75872 b[A]=6.75254

c[A]=10.45987 c[A]=10.51645 c[A]=10.49325 c[A]=10.44811
c/aratio 1.89966 1.90377 1.90386 1.89719
Unit cell 346.391 348.2758 346.5868 345.2802
volume [A3]
Bulk density 3.3 3.28 3.3 3.31
(xrd) [g/cm?]
Cg‘ystallite size 222 197 199 580
[A]
Crystal monoclinic (beta) = monoclinic (beta) = monoclinic (beta) = monoclinic (beta)
structure

3.5 Functional group analysis

Figure 4 shows the FTIR spectra of the studied samples in the wavenumber range of 400 -
4000 cm-1. This region reveals the presence of functional groups in both pristine and sintered
samples. This enables structural analysis of the ceramic material. For the pristine body and
sample sintered at 900°C, a peak that appeared between 3200 and 3600 cm-! is mostly due to the
O-H stretching vibration of Ca(OH).. The formation of Ca(OH): is due to successive
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decarbonisation and hydration reactions, as shown in Equations (3) and (4). Carbonate, CaCO3
decomposed to form CaO and CO; upon heat treatment, and then the active CaO was further
hydrated by moisture from the atmosphere to form Ca(OH),, which could not be prevented or
avoided.

CaCoOs3 (s) + energy — CaO (s) + CO2 (g) 3
CaO (s) + Hz0 (g) - Ca(OH): (s) (4)

This demonstrates that the pristine body and sample sintered at 900°C may chemically react with

the surrounding moisture, i.e., water adsorption [48]. Besides, the existence of carbonate, CO;‘
groups in the pristine body were detected at the adsorption band of 1454 cm-! due to C-O
stretching [3], which may be caused by the reaction of CaO with surrounding O, and CO,. After
the sintering treatment (900-1100°C), the intensity band of C-O gradually disappeared due to the
decomposition of carbonate to CO; gas [49,50,51]. Apart from that, the wavenumber of 1082 cm-
1and 873 cm! for GB, 874 cm-! for 900°C,and 1000 cm! and 891 cm-! for both 1000°C and 1100°C
correspond to bending stretching Si-O bonds in SiO;' tetrahedron [48].
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Figure 4. Fourier transform infrared spectra of pristine body, and samples sintered at 900°C, 1000°C, and
1100°C.
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3.6 Morphological and Physical Analysis

Generally, ceramic sample characteristics are significantly influenced by the sintering
temperature. The natural surface SEM micrograph of the pristine body and sintered samples at
various sintering temperatures are presented in Figure 5. It is clearly shown that when the
sintering temperature is further increased, larger microcracks were seen distributing at the grain
boundaries on the sintered sample’s surface. The microcracks formation is not attributed to the
intense thermal stress that exacerbates the fracture of adjacent grains during cooling [52,53,54].
It is suggested that the formation of pores induces intergranular cracks. According to the charge
compensation mechanism, the oxygens from the carbonate group were decomposed to produce
CO; in the ceramics matrix to form pores.

x1.0k 100 um

x1.0k 100 um

x1.0k 100 um
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Figure 5. Scanning electron micrograph of (a) pristine body, sample sintered at (b) 900°C (c) 1000°C, and
(d) 1100°C.

The volume shrinkage, apparent porosity, and bulk density of the studied samples were measured
to characterize the densification behaviour. As seen in Table 4, the average grain size and pore
size are clearly correlated with the sintering temperatures. Figure 6 shows that the apparent
porosity increases from 13.8% to 62.5% for the pristine body to 1000°C. On the contrary, the bulk
density has declined from 1.93 g/cm3 to 1.25 g/cm3 for the pristine body to 1000°C. Generally,
the progression in bulk density Is closely dependent on porosity. However, the relation between
the temperatures and bulk density in such a way indicates that at temperatures below 1000°C the
diffusion process cannot be completed. In other words, the fire of the pristine body sample below
1000°C is a complicated chemical process with structural evolution and a rise in pore size rather
than merely a sintering process with steady densification. Besides, the continuous reaction of the
chemical process increased the volume shrinkage of the sample from 3.32% to 23.19%. Raising
the temperature to 1100°C has resulted in a denser body as the bulk density increased to 1.34
g/cm3 while apparent porosity and volume shrinkage decreased to 52.17% and 2.11%,
respectively. This is probably due to the fast decomposition of the carbonate group into gas CO-
gradually destroying the pore structure and contributing to greater densification. In other words,
a less porous ceramic is formed as the densification process onset. Moreover, the volume
shrinkage decreased with elevating the sintering temperature is a common behaviour of many
conventional porcelain bodies [55,56,57,58]. However, the decrease in shrinkage is contradicted
by the increase in bulk density from a macroscopic point of view. Therefore, this has to be
thoroughly examined in further studies. Nevertheless, the rich pore properties of ceramic can
lead to dramatic changes in performance and applications. This is because porous ceramics have
unique properties that could make it utilized in a diverse range of applications from abundant
industrial processes to household products.
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Figure 6. Bulk density and apparent porosity of samples.

The milling effect should theoretically result in particle agglomeration by increasing the contact
area between the particles. Additionally, when the temperature rises, the distance between the
grains’ centers decreases, and a grain boundary eventually forms. As seen in Figures 5(b-c), the
grain boundary was not sufficiently formed due to insufficient diffusion during sintering up to
1000°C. However, as seen in Table 4, the average grain size gradually increased with sintering
temperature due to grain growth because grain coarsening as a result of diffusion is a thermally
activated process. At 1100°C (Figure 5(d)), the densification and grain growth become more
active. The average grain size is approximately 6 um, with the formation of grain boundaries and
necking due to diffusion. From Table 4, the pristine sample is composed of grains with an average
size of 3.1123 pm, i.e, less than 10 pum. Its contact points between particles with an irregular
microstructure are promoted slow interdiffusion kinetics when heat treated [52]. When the
sintering temperature was increased, the surface of all particles become rough and the grains size
was larger compared with the pristine sample. The changes in the kinetics of movement from
boundary to boundary may be the cause of the creation of large grains with irregular forms. This
is because grain boundary energy depends on grain boundary orientation and movement [52]. In
short, shrinkage, porosity, and density are thought to be the most crucial characteristics of a
ceramic body.

Table 2 Average grain size, pore size, and volume shrinkage.
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Sample Average grain size Average pore size Average volume
(um) (um) shrinkage (%)
Pristine 3.1123 1.6061
900°C 3.6841 1.6701 3.32
1000°C 5.3648 2.2532 23.19
1100°C 6.0583 2.4504 2.11

4. CONCLUSION

In the present research, pure Ca;SiO4 in f-monoclinic structures with P 121/c1 space group was
successfully synthesized through the mechanochemical treatment of a high-speed planetary ball
mill using eggshell and rice husk as precursor materials. The mechanochemical technique
increase the contact area between the milled particles and exhibited a larger particle size of 801.5
nm due to powder agglomeration induced by the stronger Van Der Waals forces. The effect of
sintering temperatures on the physical and morphology of the sample was studied. The formation
of pores is due to the appearance of CO; from the decomposition of CaCO3 in the as-consolidated
ceramic body. After sintering at the maximum temperature of 1100°C, 100% Ca,SiO4 in (-
monoclinic structures was obtained. The sintered sample is considered to be a high-performance
porous ceramic material with high apparent porosity of 52.17%, a density of 1.34 g/cm3, and
volume shrinkage of 2.11%, which is quite competitive in practical applications. Additionally, the
sintered Ca,SiO4 samples without any chemical stabilizer addition never undergo the dusting
phenomenon and remain in shape. This work shows that sintering temperatures have a strong
influence on the microstructure, lattice parameter, and crystalline size of the bio-based derived
CazSi04. In short, synthesizing Ca,SiO4 from bio-waste materials would be extremely beneficial to
the economy while also addressing environmental pollution concerns.
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