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Abstract

Within the context of a circular economy, the recycling or valorisation of eggshells, which are typically discarded in landfills,
represents an opportunity. The primary compound in eggshells is calcium carbonate (CaCOs3), which can be decomposed into
calcium oxide (CaO) by calcination. This study examined the calcination conditions (temperature and contact time) for the
optimum CaCOs decomposition rate. The eggshell samples were pre-treated to eliminate dirt and unnecessary biological
substance, ground into powder and sieved. The primary physical and chemical characteristics of eggshell powder were studied,
including colour changes, mass loss, bulk density, moisture content, pH, thermal properties, and identification of chemical bonds
and compounds in a molecule. This study evaluated the physical and chemical properties of the synthesised CaCOs from
eggshells, moisture content, bulk density, pH, FTIR, and XRD. The results showed significant differences in the samples' colour
transition at various temperatures and contact times based on the physical observation. The TGA analysis showed that eggshell
powder decomposed at a temperature range of 600900 °C. The FTIR results reported that for the calcine samples, the grey
powder consists of CaCOs, while the solid white powder consists of metal oxide content. Similar seven diffraction peaks were
observed in the XRD analysis for calcination at 900 °C and industrial CaO (32.25, 37.41, 53.92, 64.18, 67.41, 79.70, and 88.58).
The eggshell powder calcined at the temperature of 900 °C and contact time of 3 h was identified as an ideal condition for the
decomposition of raw eggshell powder based on FTIR and XRD analyses. Both results showed that CaO corresponded to the
wavelength spectrum and diffraction analysis of the sample.
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Abstrak
Dalam konteks ekonomi kitaran, terdapat peluang untuk mengitar semula kulit telur yang biasanya dibuang di tempat
pembuangan sampah. Sebatian utama dalam kulit telur ialah kalsium karbonat dan ia boleh diuraikan kepada kalsium oksida
melalui proses pengkalsinan. Kajian ini dilakukan untuk mengkaji keadaan kalsinasi (suhu dan masa pembakaran) yang sesuai
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bagi kadar penguraian kalsium karbonat yang optimum. Sampel kulit telur diproses terlebih dahulu untuk membuang kotoran
dan sisa biologi yang tidak diperlukan dan seterusnya dikisar menjadi serbuk serta diayak. Ciri-ciri fizikal dan kimia utama
serbuk kulit telur seperti perubahan warna, kehilangan jisim, ketumpatan, kandungan lembapan, pH, sifat terma, dan mengenal
pasti ikatan kimia dan sebatian dalam molekul telah dikaji. Untuk mengkaji ciri-ciri fizikal dan kimia sintesis kalsium karbonat
daripada kulit telur, ujian kandungan lembapan, ketumpatan pukal, pH, FTIR, and XRD dilaksanakan. Daripada pemerhatian
fizikal, hasil menunjukkan terdapat perbezaan dalam perubahan warna sampel pada pelbagai suhu dan masa pembakaran.
Analisis TGA menunjukkan serbuk kulit telur terurai pada julat suhu 600°C hingga 900°C. Hasil FTIR melaporkan bahawa
warna kelabu sampel terkalsin terdiri daripada kalsium karbonat sementara serbuk putih terdiri daripada kandungan oksida
logam. Terdapat tujuh puncak difraksi yang serupa yang dilaporkan dalam analisis XRD untuk kalsinasi pada suhu 900 °C dan
kalsium oksida (32.25, 37.41, 53.92, 64.18, 67.41, 79.70, dan 88.58). Pengkalsinan serbuk kulit telur pada suhu 900 °C selama 3
jam dikenal pasti sebagai keadaan yang sesuai untuk penguraian serbuk kulit telur mentah berdasarkan analisis FTIR dan XRD.

Kedua-dua hasil menunjukkan terdapat kalsium oksida berdasarkan spektrum gelombang dan analisis difraksi sampel.

Kata kunci: kalsium karbonat, kalsium oksida, kulit telur, kalsinasi

Introduction

Poultry egg is a cost-effective food source due to its
high protein and nutritional content [1]. The egg from a
chicken or hen (Gallus gallus domesticus, Linnaeus,
1758) is now a global mass-production industry. Quail,
duck, goose, turkey, and ostrich eggs are popular
choices. Both white and yellow yolks contain aqua,
protein, glucose, fat, and ash, but the proportions of
these components differ in every egg breed [2].
Essential lipids, proteins, minerals, and low-calorie
sources are also found in eggs. Egg products are
utilised in various food industrial applications,
including thickening, binding, leavening, glazing, and
garnishing [3]. A three-layered structure makes up an
eggshell: cuticle, spongeous, and lamellar layers. The
cuticle layer is the outermost layer, mainly made up of
proteins. Protein fibres coupled to calcium carbonate
(CaCO0s) crystals form a matrix made up of spongey
and lamellar layers. CaCOs accounts for 94% of the
eggshell, followed by calcium phosphate (1%),
magnesium carbonate (1%), and organic matter (4%)
[4]. The eggshell and albumen are two thin eggshell
membranes primarily of collagen, alkynes, alkanes,
amines, protein amides, and carboxylic acids [5].

Approximately 8 million tons of eggshell wastes are
produced annually worldwide [6]. Meanwhile, in
Malaysia, 70,686 tons of eggshell waste are produced
by various industries [7]. Eggshell waste is listed in the
European Union regulation as hazardous waste, and
this regulation leads to elevated costs of disposal
management [8-11]. In America, companies spend

millions of dollars annually to dispose of eggshells in
landfills, and the capacity is reached by the fillings
[12]. The majority of eggshells are usually disposed to
landfills without being treated as eggshells are
considered unusable and have no commercial value
[13]. However, there have been many studies utilising
eggshells in various applications, such as agricultural
green chemicals [13, 14, 15], a low-cost catalyst for
biodiesel production [16], biofilter in wastewater
treatment [17], construction materials [18, 19, 20],
biomedical [21], health supplements [22], and craft
[23, 24]. [25] studied the effects of eggshell powder as
a supplementary material to produce recycled paper.

Various researchers have studied calcined eggshell
powder (CESP) waste as a source of calcium oxide
(Ca0). [26] studied calcined eggshells as a catalyst in
biodiesel production, [27] reported the characterisation
of nano-CaO based on eggshell waste, [28] studied the
CaO sorbents from chicken eggshells for enhanced
carbon dioxide (COy) capture, [29] utilised calcined
eggshells to formulate mortar for building restoration,
[30] studied the effects of calcined eggshells as
biomaterials for the preparation of linear low-density
polyethene, [31] examined the effects of calcined
eggshell catalyst in the transesterification of waste
cooking oil, and [32] identified the
thermoluminescence properties of CaO powder
obtained from chicken eggshells.

The calcination process can decompose CaCO3 to CaO.
Calcination is a technique for extracting volatile
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chemicals from solids by heating them to a high
temperature, oxidising a portion of the mass, or making
them brittle [33]. Calcination is frequently thought of
as a purifying method. CaCOs; is calcined using two
methods: combustion with COj/oxygen gas (O2) or
steam [34]. The process produces a completely
decomposed substance depending on the temperature
selected. CaCOs; completely decomposed at the
temperature range of 500-900 °C [35]. Research by
[36] identified that seashell calcination at the
temperature of 800 °C produced a higher amount of
CaO based on Fourier transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and
thermal gravimetric analysis (TGA) tests. Although
seashells and eggshells are made of CaCOs, their
structure is different. It can be seen through their
surface morphology. According to [37], the SEM
image for seashell (cockle) is platy-shaped. On the
other hand, the eggshell is porous and fibril [38].
Furthermore, based on the TGA result, the thermal
decomposition of ESP and seashell varied. [39]
established that the decomposition of raw eggshell
powder (RESP) was in the range of 600-850 °C, while
according to [40], the decomposition of cockle was in
the range of 500700 °C. [41] indicated that calcination
was highly dependent on temperature, heating rate, and
particle size. [39] identified no significant differences
in the weight variation of eggshell powder samples
during calcination. It was observed that the optimum
operating conditions for the decomposition of CaCOs3
samples were 900 °C with a heating rate of 20 °C/min
and particle size of 0.3 mm. Therefore, it is established

Pre-treated eggshells

that the best temperature for CaCOs calcination is
800 °C and above.

Researchers have recently studied CaO derived from
eggshells for new green chemistry and catalyst by
reducing dependence on limestone. However,
variations in calcination temperatures and contact
hours have been reported. Therefore, this study aimed
at finding the ideal conditions in the calcination
process for converting CaCOs from chicken eggshells
to CaO. The experiments were conducted based on two
parameters: contact time (h) and temperature (°C). The
primary physical and chemical characteristics of
eggshell powder were studied, including colour
changes, mass loss, bulk density, moisture content, pH
value, thermal properties, and identification of
chemical bonds and compounds in a molecule.

Materials and Methods

Raw materials

Chicken eggshells were collected from local food truck
vendors. The eggshells were instantly washed with
gentle soap and tap water after being collected as
preparation for cleaning treatment. The eggshells were
boiled for 30 min [42]. This process is vital to avoid
biological contamination and decaying of the eggshells.
Next, the eggshells were cleaned by running tap water,
air-dried for 24 h at room temperature, and stored in a
dark-coloured container [43, 44]. The chicken eggshell
samples were ground using an electrical powder
grinder (SY-25) 2,000 W to obtain RESP. Then, the
RESP was sieved with a 500-um mesh to eliminate
granular sizes. Figure 1 shows the pre-treated eggshells
and ground eggshell powder.
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Raw eggshell powder

Figure 1. Preparation of chicken eggshells samples
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Material’'s thermal stability and the fraction of
volatile components - Thermogravimetric analysis
TGA was performed using a Shimadzu TGA-50
thermobalance. In this study, approximately 8 g of
eggshell powder was heated at 50-950 °C in a nitrogen
atmosphere with a flow rate of 20 mL/min and a
heating rate of 25 °C/min [45].

Calcination of chicken eggshell
The eggshell powder samples were placed in closed
porcelain crucibles and calcined in a chamber furnace

(Carbolite ELF 11/14B) according to the eight
experiment sets as shown in Table 1. Two parameters
were varied to examine the calcination process (i.e.,
temperature (°C) and contact time (h)) with a constant
weight RESP (i.e., 20 g). Each calcination protocol was
done in triplicates. To avoid a reaction with moisture
and atmospheric air, the CESP was stored in flasks and
placed atop a desiccator after calcination [46].

Table 1. Calcination parameters

Parameter
No.  Sample Code Temperature Contact Time
(°C) (hour)
1 CESP Teoo-3 600 3
2 CESP Te00-4 600 4
3 CESP T7o0-3 700 3
4 CESP T700-2 700 4
5 CESP Tsoo-3 800 3
6 CESP Tso0-4 800 4
7 CESP Too0-3 900 3
8 CESP Too0-4 900 4

Results and Discussion
Thermogravimetric analysis
TGA is carried out to determine the thermal stability of
a material and its fraction of volatile components by
monitoring the weight change that occurs as a sample
is heated at a constant rate. Based on Figure 2, four
reaction steps occurred in this experiment.

The first step showed that 1.13% mass decreased at
midpoint 84.23 °C. The temperature range at step 1 can
be considered as eliminating moisture of the sample.

[48] supported this statement, stating that biomass
drying is conducted in the range of 40-200 °C.
Referring to [49], the slight decrease of mass in the
second step was due to the decomposition of organic
matter in the range of 200 - 600 °C. The RESP started
to decompose from CaCOsto CaO and released CO; at
600 °C and ended at 850 °C in step 3. A slight mass
loss in step 4 at 950 °C can be referred to as the end of
the reaction.
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Figure 2. Thermogravimetric analysis of RESP

Calcination process

Calcination is the process of decomposing CaCOs by
burning the compound at high temperatures. The
catalysts were completely decomposed at the
temperature range of 500-900 °C [39]. The optimum
temperature for the calcination of CaCOs; from cockle
shell was 900 °C for 2 h with a particle size of 0.3 mm
under inert conditions [41]. [13] supported this
statement and reported that the suitable temperature
and time for complete decomposition in the calcination
of CaCOs from duck eggshells were 900 °C and 1 h,
respectively. [50] and [40] argued that calcite fully
decomposed to form CaO at 800 °C. Based on these
studies, three conditions may affect the calcination
process. In this study, CaO is derived from eggshell
powder, as shown in Equation 3.

CaCO3) — CaOg) + COx) ()

The primary characteristics of CESP were studied and
recorded, including physical observation (colour
changes), moisture content, bulk density, and average
mass loss. Based on the TGA result in Figure 2, the
RESP decomposed in the temperature range of 600—
850 °C. Therefore, the range of calcination temperature
in this study was chosen from 600 °C to 900 °C. By
referring to Table 2, as the temperature increases, the
bulk density value decreases, and consequently, the

mass loss increases. From the result, it shows that
calcination temperature affected the reduction in mass
for eggshell powder. Different colour changes were
observed between uncalcined and calcined samples.
The colour of the uncalcined eggshell is light brown
based on its original colour. In comparison, a perfect
CESP should be solid white. Based on the result, low
calcination temperatures produced dark or grey colour,
whereas at high calcination temperatures, solid white
colour was obtained. More metal oxide (solid white
powder) was produced for higher calcination
temperatures. [51] stated that the higher temperature
would produce a higher amount of metal oxide and the
colour would become whiter. [41] established the
optimum temperature of 900 °C for CaCOs
decomposition. High temperatures are required for
CESP to produce perfect CaO. The dark powder
obtained at low temperatures indicates that eggshell
powder has not completely decomposed.

Compared to other manipulated variables, the samples
calcined at different contact times showed a massive
percentage of mass loss. This could be explained by the
longer calcination duration, which resulted in greater
mass loss [52]. The colour transition for different
contact times is presented in Table 2. Even though the
samples of eggshell powder were calcined at the same
temperature and weight, the calcination result was
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affected by the contact time. The formation of dark
grey powder at low contact time was due to a lack of
heat distribution. The grey powder at the inner part of
the sample showed that the heat was not well
distributed to the whole part of the sample. Therefore,
increasing the calcination period is one of the
significant ways to improve the formation of metal
oxide. [13] stated that higher temperature and longer
calcination time produced better CaO quality.

Moisture loss occurred during calcination, which
corresponds to the loss of water and/or gas of the
eggshell powder. In this study, the moisture loss
percentages of CESP in all conditions were too
insignificant, and therefore, could be ignored. [54]
stated that the decomposition of volatile materials (e.g.,
water and organic matter) occurred in the temperature
range of 30-400 °C. There were no changes in the
acidity of RESP and dark powder. Meanwhile, the
acidity for solid white powder changed to alkali.
Therefore, if the amount of dark powder is more

significant than solid white powder, the sample can be
considered as CaCOs.

The bulk density values of eggshell powder calcined
with different parameters are tabulated in Table 2. The
solid white powder of CESP Tggo-3 and CESP Tgoo-4
showed a softer and more refined texture. [13] reported
that calcination at 900 °C for 1 h reduced the particle
size of the samples. According to Equation 2, density is
inversely proportional to volume. The bulk density
decreased as the particle size increased [53]. The
volume depends on the particle size of the samples.

The pH of RESP changed to alkali when it was
calcined at high temperatures. The alkalinity value
increased as the temperature and contact time
increased. The samples of CESP7p.4 t0 CESPgpo-4
showed an alkaline pH value of 12.70-13.26,
indicating the presence of CaO. The result is correlated
with  previous findings, where the calcination
temperature of 700 °C produced sufficient CaO and
achieved the critical value of an alkaline solution [54].

Table 2. Calcination of ESP with different parameters

Mass Loss Moisture Bulk
Sample Physical Observation (%) Content Density pH
(%) (9/ml)
Uncalcined ( s N/A 0.451 2.47 7.00
CESP Te00-3 0.84 N/A 1.38 9.36
CESP Teo0-4 0.83 N/A 1.41 10.84
CESP T700-3 1.13 N/A 1.36 11.64
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Table 2 (cont’d). Calcination of ESP with different parameters

Mass Loss Moisture Bulk
Sample Physical Observation (%) Content Density pH
(%) (g/ml)
CESP T00-4 0.98 N/A 1.33 12.70
CESP Tsoo-3 2.19 N/A 1.38 12.67
CESP Tso0-4 2.99 N/A 1.33 12.85
CESP Too0-3 11.00 N/A 3.00 12.96
CESP Too0-4 11.43 N/A 3.33 13.26

Compounds identification

The FTIR analysis can be divided into three broad
regions. The first region is from 4000 cm? to
3000 cm™!, which represents hydrogen bonding. The
second region, which is from 3000 cm™ to 1500 cm"
! shows functional groups. Meanwhile, the third region
reveals the existence of biominerals. Based on physical
observation and pH values in Table 2, chemical
characterisation was conducted for the selected
samples of CESP T700.4, CESP T800.3, CESP T300.4,
CESP Tgoo-3, and CESP Tggo-4. Sufficient CaO content
produced from the calcination of eggshells will make
the pH value reach the critical value of 12.7 [56].
Therefore, the FTIR analysis identifies the functional
groups present in the eggshells calcined at 900 °C with
different contact times.

Figure 3 below presents the FTIR spectra for CESP at
various temperatures and contact times. Small sharp
peaks were detected at 874 cm™ and 1417 cm? for
CESP T7oo.3, CESP T7oo.4, CESP Tgoo.s, and CESP Tsoo-
4. The bands at both wavelength indicated CaCOs in the
tested samples [55,56]. Another strong peak was
observed at 2516 cm™ due to the presence of CaCOs
[57]. According to [7], the observable peaks in the
range of 713-875 cm™ can be associated with the
presence of CaCOs. The observation by [58] for the
band at 1430 cm™ was attributed to the stretching
vibration of CaCO3. Meanwhile, the bands at 875 cm™
and 715 cm strongly corresponded to CaCOs [59].
The lowest band represents the weak band to indicate
CaCOs.
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Sharp peaks were observed at 707 cm™ and 709 cm™.
The wavenumber increased as the transmittance
increased intensely at the peak of 874 cm™. Both peaks
are associated with in-plane deformation and out-plane
deformation modes of eggshell powder in the presence
of CaCOs, as described by [7]. The sharp, strong band

detected at 1560 cm™ is attributed to the oxidation
process [60].

An amine group was present at the band of 1055 cm™.
According to [61], the presence of the functional
groups of amines and amides was observed due to the
chemical composition of fibrous proteins. As referred
to [62], CESP Tgpo-3 showed a medium-sized peak at
1052 cm corresponding to the stretching of both C-O
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in the C-OH bond. The peaks at 1424 cm™ and 1422
cm? indicated the presence of OH bonding. The
existence of hydroxide might be due to exposure to the
atmosphere during calcination [63]. Another significant
peak was detected at 2361 cm™ in regard to the
presence of O=C=0 bonds. The presence of O=C=0

bonds indicated the carbonation of CaO, as shown in
Equation 4 [64].

Ca(OH)? + CO, —» CaCO; + H,0 ()

4,000 3,500

D00 1,500

1.000 500

(b) CESP T004

(d) CESP Tago-4
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Figure 3. The FTIR spectra for CESP at different contact times and temperatures

The XRD analysis was carried out to identify CaO in
CESP at different temperatures. Figure 4 illustrates the
results of XRD analysis for RESP and CESP at 900 °C
(CESP Tono-3), 700 °C (CESP Trg0-3), and industrial
CaO as a reference. The intensity of CaCOj3 showed the
primary compound of RESP. The diffraction showed
both distinct components of CaO and CaCOj; for CESP
T700-3. Thus, the intensity of CaCO; decreased

decomposition of CaCOsz occurred, based on the
diffraction pattern (c). A similar study by [53] claimed
that CaO was absent at 700 °C. CESP Trpo-3 sShowed a
different peak pattern of CaO than CESP Tggo-3 and
industrial CaO. Meanwhile, CESP Tgpo-3 sShowed seven
diffraction peaks similar to the diffraction peaks of
industrial CaO. The simplified XRD analysis is shown
in Table 3.

compared to RESP. At 700 °C, incomplete
800
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Figure 4. XRD patterns of a) industrial CaO, b) ESP Tgoo-3, ) ESP Trg0-3, and d) RESP
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Table 3. X-ray diffraction results for CaO and CaCO3 from synthesised eggshell powder

Sample Compound Angle (20)
CESP T7003 CaCOs3 28.78 47.25 62.73 71.79 84.88 - -
CaO 29.52 47.67 60.84 77.45 84.02 - -
CESP Tgoo-3 CaO 32.25 37.41 53.92 64.18 67.41 79.70 88.58
Industrial CaO CaO 32.33 37.45 56.97 64.24 67.47 79.78 88.66
Conclusion 3. Laca, A, Paredes, B., Rendueles, M. and Diaz, M.

Different calcination temperatures and contact times
were applied in the calcination of eggshell waste to
decompose CaCO; into CaO. Based on physical
inspection, higher temperature and increased contact
time produced white powder, which was later
identified as CaO. Among the studied calcination
conditions, the best conditions were the temperature of
900 °C and the contact time of 3 h. The CaO
synthesized from eggshells can be used in various
applications, such as in the laboratory (gas absorber),
construction (lime putty and cement production), soil
stabiliser, medicinal purposes, and others. Hence, it is
believed that calcined chicken eggshells can be an
alternative source of CaO to reduce the dependency on
limestone resources.
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