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Abstract
In the current study, a biowaste, chicken eggshell, was used with commercial 
silica powder as a raw material resource for synthesizing porous bioceramic, 
larnite, granules with a solid-state reaction method. This study was carried out 
in two primary stages. In the first step, spherical structures were obtained using 
a facile spherical salt bead production technique developed by Jinnapat and 
Kennedy. Powdered chicken eggshells and commercial silica powder were 
used as the inorganic starting materials to produce the spherical structures. 
After the shaping procedure, it was determined that spherical granules with a 
broad range of granule sizes, ranging from less than 2 mm to the micrometer 
level, were achieved. Then, in the second step, a high-temperature heat 
treatment was carried out to produce porous larnite granules. Performed XRD 
analysis revealed that the phase purity of the larnite phase was achieved at 
the high-temperature heat treatment done at 1250°C for 2 hours. However, 
it was observed that after sintering, the size of the ceramic granules slightly 
increased, losing their general spherical shape by sticking to each other 
during the sintering process. Microstructure investigations of the larnite 
granules revealed a fine, homogenous microstructure with a bimodal porosity 
distribution. The coarse porosity between the fine larnite particle clusters was 
determined to reach up to 15-20 μm.
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Introduction 
Calcium silicate ceramics are used as a biomaterial 
owing to their excellent characteristics such as 
biocompatibility, bioactivity and biodegradability.1-3 
Calcium silicate ceramics are mostly used in 
dentistry, orthopaedics, drug delivery systems, 
and tissue engineering.3-6 They are also utilized 

in cosmetic formulations as absorbent, opacifying 
agent, and bulking agent.7 Calcium silicate 
ceramics are especially preferred in dental and 
orthopaedic applications due to their high bioactivity, 
biodegradable nature and excellent osteoconductive 
properties.8 
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More than a few million bone graft surgeries are 
carried out across the globe to treat bone defects 
caused by disease or trauma each year. 9,10 Calcium 
silicate based materials release Ca+2 and Si+4 ions in 
the microenvironment and thus promote formation of 
new bone tissues.11,12 They induce cellular adhesion, 
promote division and differentiation of bone marrow 
mesenchymal stem cells.1,2 Also Si+4 ions contribute 
upregulation of angiogenic gene expression. Upon 
contact with water and environmental fluids, calcium 
silicate materials undergo a reaction that leads to 
the formation of calcium hydroxide. This reaction 
releases calcium and hydroxyl ions and promotes the 
development of bone-like apatite on their surfaces 
within the clinical environment. Apatite development 
on the surface of the material improves bonding of 
the material with the host bone tissue. In spite of 
these remarkable features, the use of calcium silicate 
ceramics in biomedical applications is hindered by 
various drawbacks including its brittleness, low 
strength, and rapid degradation. These limitations 
not only impede cell growth due to high pH levels, 
but also cause early bone decay before it can fully 
heal. One approach for enhancing the mechanical 
and biomedical characteristics of calcium silicate 
ceramics is incorporating with different ions (e.g. 
magnesium, silicon, zinc, and titanium). Recently 
using doped calcium silicate ceramics has sparked 
significant interest as a potential candidate for 
treating bone defects.8 Production of hybrid 
composites using ceramics or polymers is another 
approach to enhance mechanical characteristics of 
calcium silicate ceramics.

Calcium silicate materials have emerged as a 
popular choice for drug carriers due to their high drug 
loading capabilities, pH-responsive drug release and 
desirable drug release characteristics.7,13,14 Calcium 
silicate based cements and calcium silicate based 
sealers are other examples of calcium silicate 
based materials.15,16 The utilization of calcium 
silicate based cements is a common practice in 
endodontic procedures that aim to regenerate pulp 
and repair damaged hard tissue, including pulp 
capping, apexification, and perforation repair.16 The 
characteristics of calcium silicate based cements 
such as good biocompatibility, sealing properties 
and ability to interact with tissues contribute to 
their usefulness in the aforementioned dental 
applications.16

In this study, chicken eggshells and silica are used 
to produce larnite bioceramic. The Environmental 
Protection Agency has listed eggshell waste as the 
food sector’s 15th most significant pollution issue.17 
The sustainable utilization of natural resources is of 
utmost importance for safeguarding the environment. 
It is imperative that we convert the waste produced 
by these resources into high-value products, thereby 
mitigating their impact on the environment while 
also promoting economic growth. We must take 
proactive steps to adopt resource-efficient practices 
that can help us achieve a cleaner and healthier 
planet. Recently eggshells are investigated as a 
very valuable waste to be used in various fields 
such as biodiesel production,18,19 hydroxyapatite 
synthesis,20,21 catalytic applications,22 and calcium 
silicate synthesis.23-25 In the literature, there are many 
studies on the synthesis of various calcium silicate 
ceramics using natural wastes such as eggshells,23-25 
sea shells,26 and rice husks.24 Choudhary et al. 
24 used rice husk as a silica source and eggshell 
as a calcium oxide source to produce calcium 
silicate bioceramics. Choudhary et al.24 synthesized 
wollastonite at 1100°C and the optimal calcination 
temperature for forsterite was found to be 1300°C. 
Kaou et al.23 used spark plasma sintering (SPS) 
to produce calcium silicate ceramic using chicken 
eggshell and silica gel as the starting raw materials. 

The two essential objectives of the current study are 
(i) to synthesize calcium silicate by using eggshell 
and silica starting materials and (ii) to apply a facile 
spherical salt bead production technique developed 
by Jinnapat and Kennedy27 for the production of 
porous larnite granules.

Material and Method 
Calcium silicate porous bioceramic granules were 
produced using chicken eggshells and silica (Esan, 
Türkiye). Waste chicken eggshells were supplied 
from a local restaurant in Bursa. Eggshells were 
washed and mechanically cleaned, and the inner 
tissues of the eggshells were removed and then 
dried in an oven. Then, the eggshells were ground 
with a disc mill at 1000 rpm for 3 minutes to achieve 
fine eggshell powder. Silica powder was milled in a 
planetary ball mill in an aqueous environment at 300 
rpm for four hours to decrease the particle size of 
the starting silica powder. After planetary ball milling, 
the sample was dried in an oven. 
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Eggshell powder and silica-containing mixture (EPS) 
was milled in a planetary ball mill in an aqueous 
environment at 300 rpm for one hour to achieve 
homogenous mixture of the desired calcium silicate 
ceramic composition at a stoichiometric ratio. After 
attaining a homogenous slurry via an aqueous milling 
procedure, the slurry was dried in an oven. The dried 
sample was ground in an agate mortar to achieve 

a relatively fine and homogeneous powder mixture. 
Bioceramic granule production was performed 
using the novel process  (Fig. 1) that Jinnapat and 
Kennedy 27 developed to produce spherical salt 
beads, with minor revisions. In the current study, 
EPS was used instead of salt, and the applied 
sintering procedure was changed accordingly to 
achieve the desired calcium silicate phase content.

Fig. 1: Flow chart for the novel process that Jinnapat and Kennedy27 developed to produce 
spherical salt beads

Green ceramic granules were sintered at 1250°C 
for 2 hours with a heating and cooling rate of 5°C/
min at atmospheric conditions. Microstructural 
investigation of the samples were carried out with a 
scanning electron microscope (SEM, Zeiss/Gemini 
300). Phase content of the raw chicken eggshell 
and sintered ceramic granules were performed with 
X-ray diffraction (XRD, Bruker D8) using Cu−Kα 
radiation (λ=1.5406Å). Infrared transmission spectra 
of the eggshells powder was recorded by an FT-IR 
spectrometer (Thermo Scientific Nicolet IS50, USA) 

in the wave number range of 400 to 4000 cm−1 with 
2 cm−1 resolution.

Results and Discussion
Scanning electron microscopy images of the milled 
silica powder are given in Fig. 2. It was determined 
that the particle size of the obtained silica powder 
was smaller than 10 μm after planetary ball milling 
of the coarse silica powders. It was observed that 
generally, a homogenous and relatively wide particle 
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size distribution, approximately 10 μm to < 150 nm, 
was achieved after wet milling.

Scanning electron microscopy images of the ground 
eggshells powder are given in Fig. 3. Dry ground 
eggshells powder particle size distribution was 

approximately 150 μm to < 100-150 nm (Fig. 3). 
It was determined that the average particle size 
and distribution of the powdered eggshells are 
significantly coarser and wider when compared with 
the milled silica powder.

Fig. 2: SEM images of the milled silica powder at (a) 1kX, (b) 5kX, and (c) 10kX
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The X-ray diffraction pattern of the powdered chicken 
eggshell given in Fig. 4 revealed the existence of 
only a calcite phase in the structure. In previous 
studies, similar results were reported for the phase 
analysis of the untreated eggshells.24,28,29 Choudhary 
et al.24 produced calcium silicate bioceramics using 
rice husk as a silica source and eggshell as a 
calcium oxide source, and they reported that the 
CaCO3 phase was the only phase that existed in 
the grounded eggshell sample. The same phase 
content for the eggshell was reported by Engin et al.28 
They investigated the effect of temperature on the 

Fig. 3. SEM images of the powdered eggshells at (a) 100X, (b) 1kX, and (c) 10kX

Fig. 4: XRD pattern of the powdered eggshell

structure of the eggshells and determined that the 
eggshells almost completely decomposed when the 
heat treatment was carried out at 900o for 1 hour.28

Kaou et al.23 used SPS to produce calcium silicate 
ceramic using chicken eggshell and silica gel as 
the starting raw materials. They reported that 1408, 
873, and 712 cm-1 were the major absorption peaks23 
in the FTIR analysis of the raw chicken eggshell 
sample, which are very close to the determined 
wavenumbers in this study (Fig. 5). In the current 
research, FTIR analysis of the dried eggshell 
powder revealed that 1409, 872, and 712 cm-1 are 
the major absorption peaks (Fig. 5). These three 
absorption peaks indicated asymmetric stretch, out-
of-plane bend, and in-plane bend vibration modes, 
respectively, for CO2

−3 molecules which exist in the 
structure of calcium carbonate. Hossain et al.30 
carried out crystallographic investigation of the waste 
eggshells and they reported similar FTIR results. 
They reported that the wavenumber of 710 (ν4 in-
plane bend) and 875 cm-1 (ν2 out-of-plane bend) 
peaks have appeared for the existence of calcium 
carbonate phase.30 It is reported that these two peaks 
are significant for quantitatively estimating calcium 
carbonate amount in a mixture.30,31 Characterization 
of the eggshell powders using XRD (Fig. 4) and FTIR 
(Fig. 5) analysis confirmed the calcium carbonate 
phase as the primary content in the eggshell 
powders as reported in the literature.28,32

Fig. 6 shows macroscopic images of the green 
granules and sintered ceramic granules. The green 
granules, which were produced using Jinnapat and 
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Kennedy’s process,27 are spherical in shape and 
exhibit a broad range of bead sizes, ranging from 
less than 2 mm to the micrometer level (Fig. 6-a). 
After sintering at 1250oC for 2 hours, the organic 
content of the beads was completely removed, and 

the size of the ceramic beads slightly increased, 
losing their general spherical shape by sticking to 
each other during the sintering process (Fig. 6-b). 
Thus, the sintered beads were called as granules.

Fig. 5: FTIR spectrum of the powdered eggshells

Fig. 6: Macroscopic images of the (a) green ceramic granules produced according to the process 
developed by Jinnapat and Kennedy27 and (b) sintered ceramic granules
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Engin et al.28 studied the effect of the applied 
heat treatment temperature on the phase content 
of the eggshells. Their XRD analysis revealed 
that when the applied heat temperature reached 
700°C and heat treated the eggshells for 1 hour at 
this temperature, CaO formation was determined 
according to the reaction (1) given below. They 
reported that the amount of CaO formation increases 
when the temperature increases, whereas the 
calcium carbonate phase content decreases after 
700°C. They reported that the eggshells almost 
completely decomposed at 900° for 1 hour, and CaO 
formation was completed.

CaCO3 → CaO + CO2	 ...(1)

was done, obtained silica was reacted with raw 
eggshells at elevated temperatures to synthesize 
desired bioceramic products. The TG-DSC analysis 
revealed that diopside, wollastonite, and forsterite 
crystallization temperatures were determined as 
870°C, 883°C, and 980°C, respectively.24 It was 
reported that while the phase purity of the wollastonite 
phase was achieved at 1100°C. However, diopside 
and forsterite phases still contained some secondary 
phases even after applied calcination procedure at 
1250°C and 1300°C, respectively.24 In this study, 
larnite (Ca2SiO4) phase was achieved after heat 
treatment at 1250°C for 2 hours (Fig. 7). Performed 
XRD analysis revealed that larnite phase was the 
only phase existing in the system after the carried out 
high temperature heat treatment (Fig. 7). With twice 
the calcium concentration of wollastonite, larnite 
has been reported to possess better bioactivity than 
wollastonite.33,34

Scanning electron microscopy investigations of 
the larnite granules revealed a fine, homogenous 
microstructure with a bimodal porosity distribution 
(Fig. 8). It was determined that the coarse porosity 
between the fine particle clusters can reach up to 15-
20 μm. During the high-temperature heat treatment 
process, fine and coarse porosity formation took 
place with the removal of the organics used in the 
shaping step to achieve the granule morphology 
(Fig. 8). This microstructure was found to be fine 
and homogenous, with the particle clusters being 
evenly distributed. The presence of such a distinctive 
structure opens up opportunities for a wide range 
of scientific and industrial applications that demand 
high open porosity-containing materials.

Fig.7: XRD pattern of the sintered granules

Eggshells derived CaO can be used in various 
bioceramic synthesis such as calcium silicates 23-25 

and hydroxyapatite.20,21 Choudhary et al.24 used rice 
husk as a silica source and eggshells as a calcium 
oxide source to produce calcium silicate bioceramics 
such as diopside, forsterite, and wollastonite by 
utilizing a solid-state method. They extracted silica, 
a highly valuable resource, from rice husks through 
a series of chemical processes, starting with 
decomposing the rice husks in a furnace. After this 
step, an alkali treatment was applied. Then, an acid 
precipitation step was carried out. Once extraction 



8KALEMTAS et al., Mat. Sci. Res. India, Vol. 21(1), pg. 01-10 (2024)

Fig. 8: Fracture surface SEM images of 
sintered calcium silicate granules at various 
magnifications. (a) 500X, (b) 1kX, (c) 5kX and 

(d) 10kX

Conclusion

•	 The world’s natural resources are finite and 
are being depleted rapidly. Simultaneously, 
the amount of waste generated annually 

is increasing significantly. It is important to 
convert natural resource waste into high-
value products for efficient utilization of the 
resources and environmental protection.

•	 The Environmental Protection Agency has 
listed eggshell waste as the food sector’s 15th 

most significant pollution issue.17 Synthesis of 
bioceramics using eggshell waste can be an 
attractive solution for producing economical 
biomaterials in a green environment. 

•	 In this study, a biowaste, chicken eggshell, 
was used as a calcium oxide source instead 
of a synthetic commercial starting material 
with commercial silica powder to synthesize 
larnite bioceramic. 

•	 A stoichiometric calcium oxide/silica ratio was 
used to achieve desired ceramic product, 
larnite. 

•	 A facile spherical salt bead production 
technique developed by Jinnapat and 
Kennedy27 is successfully applied for the 
production of millimeter-sized porous larnite 
bioceramic granules. 

•	 XRD results revealed that larnite bioceramic 
synthesis by using eggshell and silica starting 
materials was achieved after applied heat 
treatment at 1250°C for 2 hours. 

•	 Microstructure investigations of the larnite 
granules revealed a fine, homogenous 
microstructure with a bimodal porosity 
distribution. The coarse porosity between the 
fine larnite particle clusters was determined 
to reach up to 15-20 μm.

•	 Porous larnite bioceramic granules can 
be used in various ceramic, polymer, and 
metal matrix composite systems to develop 
bioproducts such as composite scaffolds.
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