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ABSTRACT
This study was conducted to synthesise calcium monosilicate ceramics using rice husks and
raw eggshells and investigated the effect of sintering temperature on the physical,
microstructure and electrical properties of the final product. The high content of calcium
and silicon in eggshells and rice husks, respectively promote the use of waste materials in
the production of calcium monosilicates by mixing in a molar ratio 1CaO:1SiO 2 and fired at
different sintering temperatures for 2 hours with a heating rate of 10°C/min. A good
correlation between sintering temperature, structural, microstructure, and electrical
properties of calcium silicate was observed. The structural and morphological evolution
were characterised by X-ray diffraction (XRD) and scanning electron microscopy (SEM)
equipped with electron dispersive X-ray analysis (EDX). XRD analysis showed that the main
crystalline phases of synthesised calcium monosilicate are pseudowollastonite (ICSD 98005-2598) at 1250°C, and the phases of SiO2 also exist in different types of minerals. Besides,
a small amount of larnite, Ca2SiO4 was traced at 1100°C and 1200°C. Fourier Transforms
Infrared (FTIR) spectra showed the presence of characteristic functional groups in the
precursor powder. In Nyquist plots, the summit frequency of the dominant arc decreases
with increasing sintering temperatures. It may be attributed to the co-effect of the grain size
and pore. A larger value of impedance at a lower frequency suggests an essential role of
boundaries in governing the electrical properties of the sintered ceramics. As the sintering
temperature increases, the microstructure of the sintered samples becomes denser while
conductivity performance decreases. This is due to the reduction of particle interfaces and
charge transfer.
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1.

INTRODUCTION

Calcium monosilicate is one of the naturally occurring mineral materials or is commercially
prepared from binary CaO-SiO2 system materials, such as limestone, quartz, and others. However,
calcium silicate ceramics can be fabricated and derived from agriculture and food by-product or
waste rich in silica and calcium carbonate components [1, 2]. The rational use of residues by
controlling the combustion process can increase its value and release the pressure on nature,
making it a valuable resource for materials science. This is because it can provide cheap,
renewable, and environmentally friendly materials and development technologies [3, 4]. In
reality, less commercial interest and neglected mineral value render the waste discarded either
burnt, dumped as waste, or utilised for non-energy-related low-value applications. The current
practice of disposing of food and agricultural biodegradable wastes at landfills is not sustainable
as it depletes the limited landfill space, creates hygiene problems, and squanders the valuable
mineral contents.
Therefore, nowadays, the uses of waste are favourable in producing types of materials. Producing
of calcium silicates is mainly studied in the SiO2 - CaO system, which is used to produce thermal
insulator ceramic material [1], cement industries, and biomedical industries. The potential waste
materials that can synthesise calcium monosilicate are rice husks and eggshells because they can
produce silica and calcium oxide, respectively. Extraction of silica from rice husk would be a costeffective process as it gives a high silica content [5]. On the other hand, eggshells are chiefly
composed of calcium carbonate and decomposed to calcium oxide at high temperatures [6].
Several studies have reported the decomposition of rice husk and eggshells. Haslinawati et al. [7]
extracted silica from rice husk at 500°C and calcined it at 800°C for 2 hours for complete
combustion. T. Zaman et al. [8] calcined the eggshells in a muffle furnace at a temperature within
800°C-1000°C with 2 hours of soaking time. Both calcined powders contained a mixture of lime
and portlandite phases in eggshells [8] while the amorphous phase for silica in rice husk [9].
This work aims to study the feasibility of producing valuable calcium monosilicate using silica
and calcium oxide sources derived from bio-wastes, i.e., rice husk and eggshell powder. Besides,
the effect of sintering temperature on the structural, morphological and electrical properties of
synthesised calcium monosilicate was investigated. Generally, calcium monosilicate is
synthesized at very high temperatures within 1300°C to 1500°C. Tangboriboon et al. [10]
reported that β-calcium silicate can be formed at 870°C and further transformed into α-calcium
silicate at 1125°C. However, the present work successfully synthesised α-calcium silicate, i.e.,
pseudowollastonite (ICSD 98-005-2598) at 1250°C. However, a highly dense calcium
monosilicate is difficult to obtain because its grains grew exceptionally and become more porous
with increasing sintering temperature. In the present work, the used powder material has been
characterised by mineralogical composition X-ray diffraction, Fourier transform infrared
spectroscopy, and X-ray fluorescence. The sintered synthesised CaSiO3 undergoes X-ray
diffraction and microstructural analysis, density and porosity analysis using Archimedes
principle, and impedance analysis. These findings show the intricate interactions between
microstructure, morphology, and transport properties, emphasizing the importance of dielectric
materials design for industrial applications.
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2. MATERIAL AND METHODS
Raw rice husks were obtained from a rice mill factory in the North region of Malaysia and
eggshells from the daily basis of food waste were used as raw materials. Both of the materials
were cleaned and dried before the calcination process. Rice husks were calcined at temperature
800°C for 2 hours, while raw eggshells were calcined at temperature 900°C for 4 hours at a
heating rate of 10°C/min. White powder material was then obtained from both raw materials.
The chemical composition of the white powder materials was determined by Energy Dispersive
X-ray Fluorescence (EDXRF, PAN analytical MiniPAL 4) technique. The functional groups that
existed in the samples powder were determined by Fourier transform infrared (FTIR) analysis.
The FTIR spectra were obtained in transmittance mode from 600 cm-1 – 4000 cm-1 at a resolution
of 1 cm-1 using a Perkin Elmer FTIR spectrum RXI spectrometer.
Samples of calcium monosilicates formulation were prepared by mixing the powder of calcined
rice husk and calcined eggshell with ratio CaO:SiO2 (1:1) through mortar and pestle. Then, the
mixed powder was shaped in a cylindrical pellet with a dimension of 13 mm diameter and 2 mm
thickness by using a hand pressing tool with 2 tonnes of pressure. Next, the shaped pellets were
sintered at various temperatures (1100°C, 1150°C, 1200°C, and 1250°C) for 2 hours with a
heating rate of 10°C/min.
Phase analyses of the pre-sintered and sintered samples were performed by X-ray diffraction
(XRD: Bruker D2 Phaser Model) operating from 5° to 90° 2θ at a scan speed of 2° 2θ/min and a
step size of 0.02° 2θ with CuKα radiation (Kα = 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.
The microstructure and morphology of the sintered samples were observed by a scanning
electron microscope (SEM: JEOL JSM-6450LA) coupled with an energy-dispersive X-ray (EDX)
spectrometer. The samples were platinum-coated by spin coating technique and mounted on the
SEM sample stage with conductive double-sided carbon tape before SEM imaging. The images
were taken at different magnifications (2000X and 500X) to allow the multiscale perception of
the features present in the sintered samples following prescribed heat treatment.
The Archimedes principle was applied to determine the densification and porosity of the samples.
This procedure was carried out using the standard test method of ISO 5017, ASTM C20, and BS
1902-308 [11]. On the other hand, the percentage of linear shrinkage was calculated using the
following expression
Shrinkage (%) = [(Lo – L)/Lo] × 100

(1)

where Lo and L are the length of the sample specimen before and after the sintering process,
respectively [12].
Impedance measurements were carried out by using an impedance analyzer (IM3570, Hioki,
Japan with a L2000 4-terminals probe) at the oscillation voltage of 1 V, in the frequency range of
4 Hz to 5 MHz. The measurements were performed over the temperature ranging from 200°C to
300°C.
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3. RESULTS AND DISCUSSION
3.1

Characterisation of powder material

The result of XRF analysis for calcined rice husk (RHA) and calcined eggshell (CES) powders is
tabulated in Table 1. The highest content element in RHA and CES is silicon dioxide (SiO 2) and
calcium oxide (CaO), accounting for 91.7% and 96.23% of the composition, respectively. In other
words, the RHA and CES are silica and calcium-rich wastes, respectively. 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 RHA and CES.
RHA
Element
SiO2
K 2O
CaO
MnO
Fe2O3
CuO
ZnO
As2O2
Rb2O
PdO
Eu2O3
Re2O7
OsO4
PbO

%
91.7
5.88
1.58
0.252
0.171
0.067
0.043
0.006
0.018
0.12
0.070
0.037
0.009
0.02

CES
Element
CaO
Na2O
MgO
Al2O3
RuO2
SO3
Nd2O3
Cu3O4
SrO
CuO
Sm2O3
Yb2O3
ZrO2

%
96.23
2.40
0.58
0.20
0.20
0.10
0.10
0.08
0.058
0.032
0.03
0.03
0.015

Figure 1 shows FTIR spectrum at the wavenumber of 600 cm-1 – 4000 cm-1 for RHA after calcined
at 800oC. The spectrum has two prominent peaks located at 1045 cm-1 and 796 cm-1 which are
attributed to the vibration mode of Si-O-Si [13]. The peak at 1045 cm-1 is characteristic of Si-O-Si
amorphous silica and is confirmed by the presence of a broad hump structure between 15 and 30
(2θ) on the X-ray pattern of RHA. On the other hand, the FTIR spectra in Figure 2 show the effect
of calcination on functional groups of eggshells. There is an intense transmittance band of ES at
1399 cm-1. It is corresponds to the elongation modes of C-O bonds of calcite [13,14]. Besides, two
peaks present at 705 cm-1 and 868 cm-1 indicate the existence of calcium carbonate [13,14,15].
For CES, there are no significant transmittance peaks. It denotes that the basic components of
eggshells, i.e., CaCO3, are no longer present [13]. However, CES with lower intensity bands reveals
that the calcite is still not completely decomposed during the calcination process, and the peak at
1423.39 cm-1 is associated with the C-O bond of CO3 group of eggshells [16]. Despite the
decrement of intensity, a new sharp peak is observed at 3632 cm-1 of the CES, indicating the O-H
stretching vibration of Ca(OH)2. The formation of Ca(OH)2 is due to successive decarbonisation
and hydration reactions, as shown in Equations (2) and (3). CaCO3 decomposed to form CaO and
CO2 upon calcination, and then the active CaO was hydrated by moisture from the atmosphere to
form Ca(OH)2, which could not be prevented or avoided.
CaCO3 (s) + energy → CaO (s) + CO2 (g)

(2)
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CaO (s) + H2O (g) → Ca(OH)2 (s)

(3)

In addition, there are several dips in the spectrum within 2352.40 cm-1 and 2023.79 cm-1
representing the presence of atmospheric CO2 [17, 18]. The presence of these peaks probably
related to poor background collection and can be related to the calcination process of CaCO3,
which produced active CaO that also capture CO2 during combustion or gasification [19, 20].

Figure 1. FTIR result of calcined rice husk.
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Figure 2. FTIR result of raw eggshell and calcined eggshell.

Figure 3 shows the XRD pattern for calcined rice husk and calcined eggshells. The
characterisation is using 2θ range of 5° to 90°. The XRD pattern of RHA sample shows a broad
diffraction pattern of SiO2 with only one phase with the highest intensity at 21.87°, indicating high
percentages of amorphous phases. Also, there are no other defined peaks were observed.
Meanwhile, the XRD pattern for CES presents the peak of calcium oxide (CaO) at 2θ of 32.173°
(111), 37.321° (002), 53.807° (002), 64.091° (113), 67.309° (113), 79.571° (004), and 88.427°
(133). Besides, the calcium oxide phase portlandite (Ca(OH)2) was also observed at 2θ – 17.956°
(001), 33.997° (001), 46.926° (012), and 50.705° (133). Calcium carbonate (CaCO3) present in the
CES may ascribe to the incomplete decomposition of CaCO3 in raw eggshells during the calcination
process. The cycle of calcination and carbonation reaction is shown in Equation (4):
CaO (s) + CO2 (g) → CaCO3 (s)

(4)

The forward reaction is exothermic (-178 kJ/mol), whereas the reverse reaction is endothermic
(178 kJ/mol), which is referred the calcination reaction [19, 20]. The actual rate of the reaction
depends on the reaction mechanism, temperature, and accessibility of the solid reactants.
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Figure 3. XRD result of calcined rice husk and calcined eggshell.

3.2

Characterisation of sintered samples

Compact ceramic powder undergoes several major changes during the sintering process,
including solid-state chemical reactions such as decomposition, oxidation, and phase
transformation. The XRD pattern of synthesised calcium monosilicate ceramics is shown in Figure
4. The result clearly shows that all the studied formulations have a similar pattern phase
transformation, and the intensity peak increases with increasing temperature. The increase of the
intensity peak indicates that the temperature affects the crystallization reaction during the
sintering process and leads to higher densification of the sample with accompanying
morphological changes. When the temperature increases to 1250°C, the main crystalline phase is
pseudowollastonite (ICSD 98-005-2598), which is in the monoclinic phase with the following unit
cell: a – 6.8390; b – 11.8700; c – 19.6310; α = 90.000; β = 90.000; and γ = 90.00. Moreover, other
phases of SiO2 also exist in different types of minerals, namely cristobalite beta high (ICSD 98006-1840), cristobalite beta low (ICSD 98-006-0930), cristobalite beta low (98-003-4651)) and
cristobalite beta high (ICSD 98-006-1839), relative to 1100°C, 1150°C, 1200°C and 1250°C.
Besides, a small amount of larnite, Ca2SiO4 and carbon was also traced at 1100°C, 1200°C, and
1250°C.
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Figure 4. XRD result of sintered samples at different sintering temperatures

The XRD intensity peaks increase with sintering temperature is related to the morphological
change, which is caused by the collapse of the mineralized framework and the sample's shrinkage,
thereby leading to densification [21]. The statement is supported by density measurement. The
empirical result of bulk density for the sintered calcium silicates increased with sintering
temperature, as shown in Figure 5. The bulk density is 1.260 g/cm3, 1.260 g/cm3, 1.294 g/cm3
and 1.375 g/cm3 for 1100°C, 1150°C, 1200°C and 1250°C, respectively, which is in agreement
with the results of XRD. It is thus concluded that the highest density was reached at a temperature
of 1250°C. Despite the rise in bulk density, only 62.5% densification was attained at 1250°C. The
density is just 47% that of natural calcium silicate (2.91 g/cm 3). Figure 5 also clearly shows that
the shrinkage rate of the samples also increased with the sintering temperature. The pellet
thickness decreases with the sintering temperatures due to the shrinkage, and such phenomena
generally occurred during the high-temperature sintering [22, 23]. Also, the percentage of
porosity is 47.2%, 47.2%, 44.1% and 37.5% for 1100℃, 1150℃, 1200℃ and 1250℃, respectively.
In short, the higher the shrinkage rate, the lower the porosity percentage and the greater the
densification percentage. However, more research is needed to increase densification. It is due to
high densification can directly improve mechanical properties such as hardness and strength,
making it suitable for industrial applications.
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Figure 5. The effect of sintering temperatures on density and shrinkage.

Sintering is a process to provide the energy to the ceramic powder particle to bond together to
remove the porosity from compaction stages resulting in a crystalline structure. The morphology
of calcium monosilicate samples sintered at different temperatures was examined, and SEM
micrographs of the sample surfaces are shown in Figure 6. Micrographs for all the sintered
samples show that the grains with irregular morphology are non-uniformly distributed with
multiple grain boundaries and porous microstructure. These characteristics in microstructure
are governed due to the matter transportation mechanism during the solid-state reaction [24].
According to Figure 6a(i), the 1100°C pellet shows that the sample consists of well-necked
particles with a wide size distribution. It is because the used powder was simply grounded by
pestle and mortar without further control on particle size. The microstructure changes slightly
for subsequent calcium monosilicate sintering at higher temperatures as the size distribution
becomes narrow, and it forms a larger void distance around the grain boundaries and grain
growth. As the sintering temperature increases to 1250°C, the microstructure develops a greater
interlocking structure in three dimensions to form larger clusters and more consolidated. In other
words, the pellet has formed a bulk structure with a higher density compared to the pellets
sintered at 1100°C. The particle shape of the sample was destroyed when sintered at 1250°C. This
leads to a significant decrease in the specific area and particle interfaces that can provide
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transport pathways for ionic conduction [25]. Also, the void distances widen around the grain
boundaries hindering the flow of charge carriers by reducing the conduction path [26, 27]. Such
structural proves the decrease in electrical conductivity as the trapped charge density increases.
Besides, the morphological changes caused by sintering are accompanied by a change in phase
composition, as discussed in X-ray diffraction data analysis [21].
The energy dispersive X-ray (EDX) analysis was employed over the surface area of the sintered
sample at 1250°C. Figure 7 depicts the EDX line spectrum of the light and dark area on the surface
of the corresponding SEM image. Both spectrums highlight the presence of silicon (Si), calcium
(Ca), oxygen (O), and carbon (C) residing on the surface. These results are also in agreement with
chemical composition and XRD patterns. Within the detection limit of EDX, we do not observe any
metal clustering in the sample.
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Figure 6. The morphology of sintered CaSiO3 samples with X2000 magnification at (a)i) 1100°C, (b)i)
1150°C, (c)i) 1200°C (d)i) 1250°C, and with X500 magnification at (a)ii) 1100°C, (b)ii) 1150°C, (c)ii)
1200°C, (d)ii) 1250°C.

Figure 7. EDX spectrum from a (a) light and (b) dark area of the sample sintered at 1250°C.

Impedance analysis is a valuable tool to reveal the electrical conducting nature properties of
samples, for instance, the impact of grain, grain boundary parameters, and also electrode effect
or interfaces effect of the sample through separate capacitive and resistive contributions arising
from grains, grain-boundaries and electrode-specimen interface. The complex impedance Z* of
the network is defined as:
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Z*(ꞷ) = Z’(ω) – jZ”(ω)

(5)

Where Z’ is the real part and Z’’ the imaginary part of the complex impedance.
Figure 8 shows the Nyquist plots of the pellets sintered at different temperatures. As seen from
the figure, the center of the semicircle is depressed below the real axis of impedance due to
defects, structural stresses and distributed elements present in the system [28], indicating a nonDebye in nature [29, 30]. Besides, the absence of a tail in the low-frequency range indicates no
ion blocking electrode. Generally, the first semicircle at high frequencies could be due to the
contribution of grains to the electrical resistivity, and the other at lower frequencies could be due
to the contribution of grain boundaries. However, the Nyquist plots for these samples show a
single arc, indicating the contributions from grains and grain boundaries cannot be distinguished.
This implied that the sample is electrical homogeneous [31], and the single arc was ascribed to
the resistive grain boundaries. The grain boundary resistance (Rgb) increased with increasing
sintering temperature is abnormal. It may be attributed to the co-effect of the grain size and pore,
which are two competing factors that could affect the grain boundary resistance. As seen in the
SEM images, both the grain size and void were enlarged when the sintering temperature
increased. As the voids distance exists between the grain boundaries becomes widened could
raise the energy barrier for charge transfer [32] and thus increase the grain boundary resistance.
Hence, the voids distance is the dominant factor for the grain boundary resistance in which
caused the grain boundary resistance to vary with the sintering temperature abnormally [33].
This anomaly trend is similar to the other report in the literature [28, 33, 34]. It is observed that
the summit frequency, fmax of the dominant arc decreases with increasing sintering temperature.
The change of summit frequency with sintering temperature has been reported elsewhere [35,
36, 37].
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Figure 8. Nyquist plots under 300°C for calcium monosilicate sintered at different temperatures.

Figure 9 shows an alternate representation of the impedance as Z′ versus Z″/f to reveal the onset
of the bulk and/or electrode terms when the Nyquist plot is dominated mainly by very resistive
grain boundaries [32, 38]. From the entire impedance plot, the contribution of grain resistance
(Rg), grain boundary resistance (Rgb) and electrode resistance (Rel) of the samples is observed for
different sintering temperatures. There is a weak contribution in the grain region as compared to
the grain boundary region. It is because ceramic materials generally have higher grain boundary
resistance than grains due to the segregation of point defects at grain boundaries.
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Figure 9. Alternate representations of impedance spectra under 300°C for calcium monosilicate sintered
at different temperatures.

The real impedance spectrum Z’ as a function of the frequency and sintering temperatures is
plotted in Figure 10 for calcium monosilicates at 300°C. At low frequencies, the amplitude of Z’
increases with increasing sintering temperatures mainly due to a decrease in the mobility of
charge carriers and an increase in the density of trapped charges [39]. Such behaviour leads to a
decrease in conductivity. This is because at higher sintering temperatures, the size of highresistive particles increases and the density of the disordered low-resistive boundary decreases,
which results in the overall enhancement of the resistive properties of the samples. In contrast,
lower-temperature sintered samples have a larger number of disordered low-resistive particle
boundaries and defects. This causes the charge carriers across the lattice of lower temperature
sintered samples, thereby providing higher conduction and lower impedance, i.e., poor resistive
nature of the samples sintered at lower temperatures [40]. In short, a larger value of impedance
at a lower frequency suggests an essential role of boundaries in governing the electrical
properties of the sintered ceramics. Figure 10 also shows that the Z’ values merge and form a
plateau-like behaviour for all temperatures onset of 1 kHz, indicating the increase in conductivity
of the material. The low-frequency dispersion behaviour indicates the release of space charge
polarization [41].

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

Figure 10. Variation of the real part (Z′) of impedance with frequency under 300°C for calcium
monosilicate ceramics sintered at different temperatures.

Figure 11 represents the electrical conductivity spectra of calcium monosilicate at 300°C in the
frequency range between 4 Hz and 5 MHz. It is clear from the plot that the range of low-frequency
conductivity plateau decreases with sintering temperature, while the temperature dependency is
less prominent in the high-frequency region. The conductivity increases throughout the
frequency range studied is a typical conduction mechanism observed in ceramic materials. The
conductivity is found to be frequency independent in the low-frequency regime indicating the
contributions of long-range transport. The AC electrical response in the intermediate-frequency
and high-frequency region denotes the grain boundary and grain effect, respectively [42]. As seen
in Figure 11, when the sintering temperature increases from 1100°C to 1250°C, the total
conductivity at 300°C increases about three orders of magnitude, reaching about 2.96 × 10−4 S/m
for the sample sintered at 1250°C. Overall, the conductivity values of these samples are almost at
the same level above 100 kHz, while the conductivity significantly decreases below 100 kHz as
the sintering temperature increases. The pellets sintered at 1250°C exhibited a lower value of 2.1
x 10-7 S/m, as compared with the sintering temperature of 1100°C.
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Figure 11. Frequency dependence of AC conductivity under 300°C for calcium monosilicate sintered at
different temperatures.

The decrease in conductivity is greatly affected by the grain boundary resistance (Rgb), which is
contributed by ionic transport across or along the interface area. It is well known that ionic
transport is closely related to the interface area and particle size [43]. The electrical conductivity
combined with the SEM result provided direct and strong evidence for interfacial conducting. It
can be seen from the SEM morphology that the pellet sintered at 1250°C shows the formation of
bulk structure and the reduction of interface area, and the voids distance around the grain
boundary become wider. Such behaviour provides a smaller defect distribution surface area,
resulting in fewer transport pathways in the structure and higher resistance to the transport of
charge carriers [26, 27]. Consequently, ionic conduction in the low-frequency range is reduced.
The conductivity performance gradually decreases with sintering temperatures is similar to the
work from [40, 43, 44].
The dc conductivity (σdc) calculated from fitting the Jonscher’s power law to the experimental
data was then used to calculate the activation energy of the conduction of calcium monosilicate
ceramics by using Arrhenius plot. Figure 12 shows an Arrhenius plot of pellets sintered at 1100°C
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to 1250°C to estimate the activation energy. The activation energy was calculated using Equation
(6):
σdc = σo exp(-Ea/KBT)

(6)

where σo is the pre-exponential factor, KB is the Boltzmann’s constant, and Ea is the electrical
activation energy of the conduction. The Arrhenius plot shows the linear relation from those
samples, disclosing that the mechanism of conduction does not change in the temperature range
of 200°C – 300°C. As seen in Figure 12, the pellet sintered at 1100°C attained the highest
conductivity performance and reached a maximum value of 6.37 x 10-7 S/m at 300°C. The high
conductivity may come from the grains with a broad size distribution, and intimate contact
possessed a larger interface region between particles which provided a greater pathway for
charge transfer. Thus, the interfacial ion conduction was promoted and resulted in good electrical
conductivity. Furthermore, the plots show that the activation energy is about 0.98 eV, 0.89 eV,
0.96 eV, and 0.78 eV for the samples sintered at 1100°C, 1150°C, 1200°C, and 1250°C,
respectively. The decrease in the activation energy is associated with reducing in the number of
grains due to densification. This causes the density of the disordered low-resistive boundary to
decrease upon grain growth. The decrease of activation energy with the increase of sintering
temperature has also been observed by [43, 45, 46, 47]. In short, the activation energy is subjected
to the microstructure and correlates with the sintering temperature.
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Figure 12. Arrhenius plots for the samples sintered at 1100°C − 1250°C.

4. CONCLUSION
Calcium monosilicate sintered body was successfully synthesised by mixing silica (SiO 2) and
calcium oxide (CaO) derived from rice husk and eggshell in a 1:1 molar ratio through solid-state
reaction. The empirical results show that as the sintering temperature increases, the phase
composition of the calcium silicate sinter has minor changes, and the compactness, porosity and
microstructure were also improved. It was observed that pseudo-wollastonite (α-wollastonite)
was composed during the sintering process, which has better densification and lower porosity
percentages. The SEM images indicate that high-temperature sintering significantly decreases the
specific area and particle interfaces, and broader porosity between grain boundaries results in
higher resistance for charge carriers transportation, thereby reducing the conductivity
performance. Therefore, interfacial ionic conduction plays a central role in the electrical
properties of calcium monosilicate ceramics. In addition, it is feasible to recycle these biological
wastes to produce calcium monosilicate ceramics and lead to economic and sustainable ceramic
production.
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