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Abstract: Eggshell waste has been developed as a viable choice for biomaterials in bone
regeneration. In this study, eggshell waste was subjected to calcination at 600°C, 700°C, 800°C and
900°C for 4 hours, resulting in the complete conversion of calcium carbonate (CaCOs) into calcium
oxide (CaO) powder. Using Scanning Electron Microscopy (SEM) and Image J software, mean
particle size powders and hardness values via Vickers-microhardness were investigated. Notably,
powder calcined at 900°C has the highest mean hardness value due to powder densifications with
narrow pore size. Therefore, CaO as a source of calcium ions indicates its potential use in biomedical

applications.
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1. Introduction

The core foundation of researchers and scholars in this
millennium is to develop efficient ecosystems and
sustainable environments that are safe for humans and
other living things on Earth. Making something useful out
of waste, particularly from daily life and the food industry,
seems impossible and of little value"-?->. Wastes should
be recycled, repurposed, and used to create added-value
products when considering sustainable development.
Thus, exploration through research in materials science,
especially in the field of waste material, has become a
serious issue and has led the researcher to the point that
waste from daily domestic use and the food processing
industry can be transformed and converted into some
helpful product and yet seems to be achievable?. In the
same context, eggshells are generally known as one of the
most significant contributors to agricultural waste,
capable of constituting environmental problems and
pollution as it contributes to 250,000 tons annually
worldwide in dumping areas’®-”. The efficacy of
converting eggshells to productive use becomes worth
adopting in the ever-increasing initiatives to convert waste
into a high-value product.

Eggs are typical in many items, including desserts, fast
food, and regular meals. The production of eggshells,
regarded as waste in the industry, occurs during the
production of chicken eggs®. In addition, eggshell waste
must be disposed of in landfills without being processed
because it has no commercial value. As a result, public

health and environmental contamination are hazardous.
Because eggshells are part of solid waste, a high output of
eggshell trash may increase solid waste production in
landfills"'?. In the year 2012, Malaysia produced around
642 600 tonnes of eggs. The shell accounts for about 11%
of the overall weight. The shell represents 11% of the
entire weight, equating to 70,686 tonnes of garbage
created annually'"'?:'3 It is anticipated that more
eggshell trash will be produced each year, endangering the
environment.

Eggshells primarily consist of calcium carbonate
(CaCO:s3), present in its elemental composition. An
eggshell is made up of 94% CaCOs or also known as
calcite form, 1% magnesium carbonate (MgCOs), 1%
calcium phosphate (Casz(POs4):), and 4% organic
material ¥-15:19_  After some research, eggshells are
helpful for many applications such as biodiesel catalyst'?,
adsorbent to remove chromium'®, reinforcement in
fabricating the aluminium-based composite material'®,
and calcium precursor in calcium phosphate (CaP)
production??.

Through the calcination process, CaCO3 from eggshells
can be changed into calcium oxide (CaO). Eggshells CaO
is the active phase, and temperatures above 800°C are
required for proper calcination?”). Obtaining CaO is
crucial because it serves as a raw material for producing
CaP or hydroxyapatite, which will then be synthesised
using various synthesis techniques to manufacture
scaffolds or  satisfy any other biomedical
requirement?%22-23:24),
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The problem of the high volume of eggshell waste at
dumping areas has led this research to convert eggshell
waste to valuable material. Rather than buying CaO from
the market, it is cheaper and can help to reduce the volume
of eggshell waste in the dumping areas. Besides, soil and
air pollution can be reduced due to the high volume of
trash being dumped. This research focused on calcifying
chicken eggshells at different temperatures as the primary
source of CaCO; to become CaO. The relationship
between calcination temperature and the materials'
physical, mechanical and morphological properties was
studied to find the most suitable temperature to produce
CaO powder for application in CaP production.

2. Methods

2.1 Sample preparation

The eggshell waste (EW) was obtained from the Chilli
Cafe at Kolej Kediaman Tun Dr Ismail (KKTDI) UTHM.
After collecting the material, the eggshell was washed
thoroughly using tap water. The eggshell was then boiled
for 30 minutes in deionized water. It is then crushed into
tiny flakes and dried for four hours at 100°C in the oven,
as shown in Fig. 1.

Fig. 1: Crushed EW.

Each of the samples weighed approximately 30 g
respectively before calcined. The dry EW was subjected
to a 4 hours calcination process at four different
temperatures (600°C, 700°C, 800°C, and 900°C), with the
standard temperature increment and decrement profile.
Next, the uncalcined and all calcined samples were

crushed into small flakes using an electric grinder. The
sample was sieved in size of < 40um as shown in Fig. 2.
To prevent a reaction from carbon dioxide (CO) and
humidity in the air, and all samples were kept in drying
boxes.

——

Fig. 2: EW after calcination and sieving process.

For sample preparation, 2 g of each powdered sample
(uncalcined EW, 600°C, 700°C, 800°C, and 900°C) were
weighed and mixed with 6 drops of Polyethylene Glycol
(PEG). This mixing process continued until all the binding
solutions had been incorporated. The mixed powder was
poured into 13 mm diameter of molds. Then, the powder
was compressed at 5 tons for 1 min. The process was
repeated 5 times for 5 samples. The sample after
compaction is shown in Fig. 3.

Fig. 3: Sample after compaction.

Summary of sample preparation is shown in Fig 4.
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‘ Dry eggshell ‘

‘ Wash-eggshell ‘

Pressure

:

Fig. 4: Hllustration of sample preparation

2.2 Porosity and density test

Pellets for all samples were weighed to record their dry
weight. After that, all pellets were soaked in boiling water.
Approximately 1000 ml of distilled water was filled into
a 1000 ml beaker and placed under the heater (HP-16055).
The distilled water was boiled until reaching a bubbling
state, and the samples were ready to boil into the beaker,
as shown in Fig. 5. The boiling process took 2 hours
before the soaking process for 14 hours.

Fig. 5: Boiling process.

After 12 hours of soaking, the pellets were weighed.
The first weighting stage was measuring the pellet's
suspended mass immersed in the water. The data was
collected for suspended mass. The pellet was taken out
from the water and dried using filter paper. Then, the pellet
was weighed again to measure the wet mass.

A water immersion method based on Archimedes'
principle was used to calculate the overall porosity,
density, and open porosity of the calcined samples using
the following equation where Py, is the sample’s volume
fraction of open porosity, M. is the sample’s mass after
soaking in water, Mgy, is the sample dry mass, Msuspended 1S
the sample’s mass after soaking in water, Poveran is the
sample’s volume fraction of overall porosity (vol. percent),
and p is density. The analytical balance (XS64 Mettler
Toledo) was used to make this measurement.

‘ Calcined ‘ ‘ Compaction
Myet—Mdry

Popen = — o2 — 1
open Mwet—Msyspended ( )
Poveran = (1 -—r - ) X 100% 2)

Ptheoretical
M X p

_ dry water (3)

Mwet—Msyspended

2.3 Particle size analysis

The apparent size and morphologies of the powder
samples were examined under Scanning Electron
Microscopy (SEM) (SEM-Hitachi Ul510) with 3000 X
magnification by utilising a scale of 10 pym and an
accelerating voltage of 15 kV. To make a conductive layer
and decrease the sample's charging, all samples were
double-coated with gold using a sputter coater.

For particle size distribution analysis, ImageJ software,
a freeware Java-based Image Processing software, was
utilized in this study. It is faster and more precise, and the
image quality of the processing is good. Image Processing
via image SEM may measure various size and form
metrics, such as size distribution, perimeter, ferret
diameter, and circularity.

2.4 Hardness test

Vickers hardness (HV) testing used the INNOVATEST
Falcon 500) microhardness tester. The indentation was
observed under 40 X magnifications. HV was measured to
investigate the effects of indentation load and time on the
hardness values. With an indentation load of 245.2 mN
and a range of indentation times from 1 to 10 s, the
indentation was performed. For improved repeatability,
each test indentation was repeated five times. SEM image
with a scale of 10 um was used to analyze the size of the
diamond shape after the indentation process.

3. Results and Discussion

3.1 Porosity and density analysis

In porous materials, the shape of the pores is influenced
by the original shape of the powder particle. The powder's
particle size and shape influence the green density and
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pore size distribution. The term “green density” refers to
the volume of solid material divided by the total volume
of the powder compact before sintering or after
calcination®. Green bodies of fine particles typically
have pore structures with pore diameters that match the
calcination temperature and the size of the agglomerated
particles. After calcination, the pores between primary
particles may close up during the compaction process,
while the pores between agglomerates continue to exist. It
was found that it is possible to calculate the relative
density of the porous eggshell ceramic samples. Table 1
displays the precise open pore volume and total pore
volume of the reference sample of EW and all the calcined
samples. It was observable that uncalcined EW had a
specific pore volume for open porosity that was much
higher (0.27 vol%) than that of calcined EW due to the
larger pore diameter of EW; thus, it has a higher specific
pore volume. However, the specific pore volume of
calcined EW decreased at 600°C, 700°C, 800°C, and
900°C.

Table 1. Open and total pore volume and green density of EW

samples.

Temperature | Poverall Popen Green
°C) (vol%) (vol%) density, pc

(g/cm?)
Uncalcined 29.6420 0.2688 +2.5113
600 2.5643 0.1726 +2.1526
700 4.6037 0.1371 +2.1526
800 13.3931 0.1336 +2.1526
900 14.0342 0.0972 +2.1526

Based on Fig. 6, the graph’s trend indicates that the
porosity line drastically drops from 600°C to 700°C and
then gradually drops to 800°C. Then, from 800°C to
900°C, the line sharply dropped. These lines trend was
anticipated because; using PEG as a binder would
unfavorably intact the particle to give a minuscule size of
pore area of the sample, and the homogeneous size of
particle that existed less than 10 pm influences the particle
composition to become more rigid and reduces the open
gap between particles due to thermal decomposition upon
higher temperature. The specific surface area and pore
volume shrank as the calcination temperature rose?%-272%.
The most significant specific open pore volume of EW
produced at 600°C (0.17 vol%) was around two times
lower than that of uncalcined EW (0.26 vol%). The bigger
CaCOs pore sizes were used to accommodate the size of
the eggshell's natural pores and, more critically, the spaces
between the calcined EW matrices.

2.20
0.30 —— Porosity 215
0.28- = Density | [ “
026{ ° a F2.10
q 0.24- L 2,055
g gig : 2009
2 e L1.95 >
® e 190 &
< 812 ™ 1.85 g
0.12 ¢ \ 1 1.80
0.10- Y 176
0.08 '

Uncalcined 600 700 800 900
Temperature (°C)

Fig. 6: Porosity density vs calcination temperature graph.

Next, the density value of both samples revealed that
uncalcined EW has a lower density than calcined. EW
samples. It is caused by the uniform size and shape of the
particles and compositional arrangement. More pores are
often produced when a particle has a higher specific
surface area. It demonstrates that for calcined EW, the
density increased from 600°C to 900°C, as seen by the
density trend line in Fig. 6. According to the graph, the
line rose steadily starting at 600°C and then abruptly
peaked at 800°C before gradually raised as it approaches
900°C. Besides, EW did not wholly decompose to CaO
after calcination at 600°C, instead producing a mixed
catalyst with CaCOs as the peak existence of XRD
revealed in the previous study!. Small CaO and larger
CaCQ;j particles combine to form a finer composition that
can close small gaps and create pores that are fewer than
50 nm in size. However, 900°C homogenous size particles
are around 10 pm less dense than 600°C-sized particles.
When comparing samples' relative density (RD), all
calcined pellet shows significantly higher RD value
contrary to uncalcined EW pellet. The highest RD value
was 97.4357% at 900°C calcination temperature, while
the lowest RD value recorded at uncalcined EW pellet was
70.3580%. It suggests that a more significant temperature
causes a higher RD value. Thus, pellets that undergo
calcination tend to get denser.

3.2 Particle size analysis

The apparent size and morphologies of both uncalcined
and calcined EW before compaction (BC) and after
compaction (AC) samples were analyzed. Fig. 7 (a) to (e)
shows all samples before compaction that are in powder
form and have a surface with unevenly shaped rock-like
particles, which is similarly related to our earlier work?.
The uncalcined EW (Fig. 7 a), composed of microscopic
particles of CaCOs, was found surrounding rock-shaped
particles with flat and asymmetrical surfaces, showing
that the size of the uncalcined sample was not uniform.
This concrete stone-like shape was observed as
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calcination temperature increased up to 700°C, where the
physical surface of the structural composition was uneven
and appeared to have wholly degenerated into disorder.
The shape of the powder gradually changes as the edges
become more rounded, starting at a calcination
temperature of 800°C and the highest calcination
temperature of 900°C; the shape of the powder changed
due to heat treatment to an interconnected skeleton shape

| IO TN Bl 72 T Y O
10.0um

from irregular flakes. According to the surface
morphology of the sample after compaction, the
disappearance of the grain boundary in Fig. 7 (a') to (e")
starting from the uncalcined EW is primarily due to the
powder’s mean size decreasing with the calcination
temperature and the aid of the PEG binder used during the
compaction process.

| O O PR 7 R O O
10.0um
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Fig. 8.: Mean size vs calcination temperature graph.

Using Image J, it is possible to see how thermal
decomposition affects the mean size of CaO and EW.
Uncalcined EW has a mean size slightly below calcined
powder at 600°C, which is 133.92+912um. The mean size
of CaO produced from calcinations at 600°C and 700°C is
136.91+19.51pm and 134.64+12.33um respectively.
Eggshells were calcined at 800°C and 900°C respectively,
and the results showed that the mean size was
132.41+14.31pm and 129.25+11.68um. The trend graph

R ]
10.0um

LU O

=N o : v 10.0um
Fig. 7: SEM images of sample; a) uncalcined EW BC; a') uncalcined EW AC; b) 600°C BC; b") 600°C AC; ¢) 700°C BC; ¢')
700°C AC; d) 800°C BC; d') 800°C AC; e) 900°C BC; ¢") 900°C AC.

in Fig. 8 reveals that uncalcined EW means size with
600°C and 700°C only shows slightly different. It shows
that at both temperatures, no significant change in mean
size result, while when calcination temperature increase to
800°C and 900°C, the mean size of both powders for both
temperatures is lower than uncalcined EW. It shows that
high temperatures can reduce the mean size of EW rather
than temperatures below 800°C. For the trend in the graph,
from 600°C, the line gradually decreased until it started to
become mild at 800°C. After that, it begins to decrease
until it approaches 900°C gradually. However, the mean
size of CaO 1is not significantly affected by keeping
calcinations shorter than 4 hours. The crystalline size of
CaO produced from eggshell calcinations at 800°C and
900°C for less than 4 hours of holding time does not differ
significantly. Additionally, with increased calcination
temperature and holding time, it is evident that the volume
of particle sizes decreases" 229,

3.3 Hardness

Fig. 9 shows the impact of the indentation load (0.2542
mN) on the hardness of both calcined and uncalcined EW.
As the calcination temperature increased, the area of the
diamond that was dented also decreased from 34.9 pm?
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for uncalcined EW and 35.9 um? to 30.6 um? for 900°C
calcination temperature. The diamond shape shows
slightly different sizes for uncalcined, 600°C and 700°C
calcination temperatures. However, when the calcination
temperature increase to 800°C and 900°C, the size of the
diamond shows the most significant difference with

Area: 34.9 microns> 4

R AR = B B | IO Io;Jr;,]

Area: 34.2 microns® (4

10.0um

uncalcined EW. When the sample is denser and has a
higher hardness value, the visible dent in the diamond
form has shrunk. It revealed that powder densification
happens when pressure causes the holes between powder
particles to close and the particles to become denser.

. 2
Area: 35.9 microns® [

BT R g E PO O R W

10.0um

Area: 30.8 microns> 4

10.0um

Length: 30.6 microns (7

IS P Al TR A B TR B T
0.0um

Fig. 9: Visual indented image via Vickers-microhardness test of; a) uncalcined
EW; b)600°C; ¢)700°C; d)800°C; ¢)900°C.

According to Fig. 10, the hardness value also increases
as the calcination temperature rises from 600°C to 900°C.
The line began to rise dramatically at 600°C and continued

to do so until 700°C, after which it continued to rise
slowly until 900°C. The trend of mean hardness values
can be traced to creating CaO in significant quantities at
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higher calcination temperatures. The steadiest line in the
graph represents the amount of CaO that has decomposed.
The lowest mean hardness value was recorded at 0.4069
GPa, and the highest at a calcination temperature of 900°C
at 0.7607 GPa. The higher the calcination temperature, the
narrower the particle size and denser’”-! as mentioned in
morphological SEM analysis and porosity-density test.
Besides, when pressure is applied, the material
experiences plastic yielding at particle interactions, which
the stress-strain relationship may model. These
characteristics help to increase the precision of estimates
on how powder densifies in response to pressure and
temperature?.

0.8 07336 07807
07 0.6849

7‘;0.6-
o
90051
()]
©0.4-
=
@ 0.3
v
0.2
0.1

0.0
Uncalcined 600 700 800 900
Temperature (°C)

Fig. 10: Hardness vs calcination temperature graph.

Mechanical properties of samples investigated through
Vickers microhardness reveal that the denser samples
have the highest hardness value of 0.7607 GPa for powder
calcined at 900°C. The surface area of the diamond shape
dented also decreases as the sample becomes denser and
indicates the hardness of the sample. This statement is
supported by Fig 9, where the diamond shape size on the
sample decreases when the hardness increases. As the
hypothesis said, the smaller the diamond shape, the harder
the material. Therefore, due to the ease with which EW
may be obtained as a catalyst for use in biomedical
applications, the investigation of its properties in this
experiment was comparable to those of commercial CaO
and was thought capable of replacing those of commercial
CaO.

4. Conclusion

It was found that varying calcination temperatures
impacted the mechanical, microstructural, and physical
features of CaO made from eggshell waste. Due to thermal
breakdown, the complete conversion of CaCO; in
eggshell waste to CaO was achieved at the highest
calcination temperature. As the calcination temperature

increased, particle size changed from an irregular
concrete-like shape to more rounded edges of
interconnected skeleton shape. It is because the particle
size of calcined powder also decreases with the smallest
mean particle size recorded at 900°C of 129.25+11.68 pm.
Besides, the reduction in the mean particle size of CaO
powder throughout the calcination temperature also
contributes to the increase in density plus a reduction in
porosity due to the largest area of surface contact between
particles when forced applied during compaction. The
highest density was recorded at 2.0974 g/cm?, with minor
porosity of 0.097 vol% for eggshell waste calcined at
900°C. It implies that a higher temperature raises the RD
value, leading to a tendency for calcined pellets to become
denser.
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