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This study investigates the effects of calcination temperature and
holding time on the structural properties of calcia (CaO) powders. The
raw material used in this study is chicken eggshell waste, which was
cleaned, dried, ground, and sieved for uniform particle size. The
synthesis of calcia powder was performed by calcining the powder at
900 °C and 1000 <C for 5, 10, and 15 hours. XRD, BET, and SEM
analyses were employed to evaluate crystal structure, textural
properties, and microstructure of the calcined powders. The Rietveld
analysis reveals the identified crystalline phases were calcia up to 95.6
mol % and calcium hydroxide as secondary phase. Results indicate that
higher calcination temperatures and extended holding times increase
particle size and reduce BET surface area, significantly altering pore
size distribution. Specifically, elevated temperatures promote
sintering and grain growth, leading to smaller average pore radii and
decreased total pore volume. The BET surface area ranges from 7.431
m?/q to 1.772 m?/g for samples calcined at 900 C and from 3.202 m%/g
to 0.711 m?%g for samples calcined at 1000 C. Correspondingly, the
average particle radius increases from 183.51 nm to 769.55 nm at 900
C and from 425.83 nm to 1918.10 nm at 1000 °C as the holding time
extends. BJH analysis reveals that longer holding times broaden pore
size distribution due to the merging of smaller pores.
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Introduction

The structural characteristics of calcium oxide (CaO) powders, commonly referred to as calcia,
derived from calcium-rich precursors such as eggshell biowaste, have garnered considerable
interest due to their broad range of applications in fields such as catalysis [1], anti-microbial
ceramics [2], environmental remediation [3], [4], etc. The ability to control these structural
characteristics through precise manipulation of synthesis parameters is crucial for enhancing
the performance and functionality of calcia-based materials.

Calcination, a thermal treatment process involving the heating of materials in the presence of
air, plays a pivotal role in determining the final properties of calcia powders. Key parameters
of the calcination process, specifically temperature and holding time, significantly impact
structural properties such as the phase composition, lattice parameters, crystallinity, textural
properties (including average pore radius, total pore volume, surface area, average particle
radius, and pore radius distribution), and microstructure of the resulting ceramic materials
[5], [6]. Understanding the effects of these parameters is essential for optimizing the synthesis
process to produce calcia powders from eggshell biowaste, a readily available and sustainable
raw material.

Previous studies [7] on the synthesis of calcium oxide (CaO) have highlighted significant
challenges that impact the quality and applicability of the final product. One of the primary
issues is the sensitivity of the synthesis process to variations in calcination temperature and
holding time, which play a crucial role in determining key structural properties such as
particle size, pore distribution, and crystallinity. These variations can lead to inconsistencies
in product performance, particularly in applications requiring precise control over material
properties. Other previous studies have demonstrated the potential of eggshells as a
sustainable source of calcia. For example, recent research by Prayitno et al [8] and Alobaidi et
al [9] have shown that calcination of eggshells at high temperatures results in the formation of
calcia. However, these studies primarily focused on single temperature and holding time
conditions, leaving a gap in the understanding of the combined effects of varying calcination
temperatures and holding times on the structural characteristics of calcia powders. In addition
to eggshell biowaste, other calcium-rich biowaste materials have been investigated for the
synthesis of calcia. For instance, eggshells, seashells and bones have been explored as
alternative sources. The studies by Ling et al [10] highlight that these biowastes can be
effectively converted into calcia through several synthesis methods, with each type of biowaste
exhibiting unique structural properties depending on the process conditions.

In this study, we address these limitations by systematically optimizing the calcination
parameters, focusing on temperature and holding time, to achieve a more efficient
transformation of eggshell waste into CaO powders. By refining these conditions, our
research aims to produce CaO with enhanced structural properties, such as higher purity
levels, consistent particle size, and improved porosity, which are essential for its application
in various fields, including catalysis, environmental remediation, and biomedical uses. This
approach not only improves the quality of the final product but also contributes to sustainable
waste management by valorizing eggshell waste as a valuable raw material. Despite the
extensive body of research on the synthesis and characterization of calcia powders from
various biowaste materials, a comprehensive study focusing on the effects of specific
calcination temperatures and holding times on their structural characteristics remains
limited. This study aims to fill this gap by systematically investigating the impact of two
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calcination temperatures (900 °C and 1000 °C) and three holding times (5, 10, and 15 hours)
on the structural attributes of calcia powders synthesized from eggshell biowaste. Using
advanced characterization techniques such as X-ray diffraction (XRD) for phase composition
and lattice parameters, scanning electron microscopy (SEM) for microstructural analysis, and
Brunauer-Emmett-Teller (BET) surface area analysis for textural properties, this research
provides a detailed understanding of how calcination parameters influence the structural
characteristics of calcia powders. The findings from this study will contribute to the
optimization of calcination processes, thereby enhancing the application potential of calcia
powders derived from sustainable biowaste sources.

Experimental Method

This study utilized chicken eggshells collected from household waste as the primary material.
Chicken eggshells were chosen due to their abundant availability and ease of acquisition as a
byproduct of daily household consumption. Using household waste as a raw material aligns
with efforts to reduce waste and utilize available resources more efficiently. The eggshells
were cleaned thoroughly with deionized water to remove any organic residues and then
dried at 100 °C for 24 hours. The dried eggshells were then ground into fine powder using a
mechanical grinder and sieved to obtain a uniform particle size distribution. The synthesis of
calcia powder was carried out through a calcination process. The ground eggshell powder
was subjected to calcination in a muffle furnace with two different calcination temperatures:
900 °C and 1000 °C. For each temperature, three different holding times were tested: 5 hours,
10 hours, and 15 hours. The calcination process involved heating the samples at a controlled
rate of 10 °C per minute until the desired temperature was reached, followed by maintaining
the temperature for the specified holding time. After the holding period, the furnace was
allowed to cool naturally to room temperature.

The phase composition and crystal lattice parameters of the calcined powders were
determined using X-ray diffraction (XRD) analysis. The XRD patterns were obtained using a
Bruker D8 Advanced X-ray diffractometer with Cu-Ka radiation (\ = 1.5406 A) over a 20
range of 5 to 120° at a scanning rate of 0.02° per second. The Rietveld method was employed
using Match! and Rietica software to refine the XRD data and extract detailed information on
phase composition and lattice parameters [11], [12]. The textural properties of the calcined
powders were determined using a BET Surface Area & Pore Size Analyzer (NOVATouch
LX4). The samples were degassed at 300 °C for 3 hours prior to analysis to remove any
adsorbed moisture and gases. Nitrogen adsorption-desorption isotherms were obtained at
liquid nitrogen temperature (77 K), and the surface area was calculated using the Brunauer-
Emmett-Teller (BET) method. The pore size distribution was derived from the adsorption
branch of the isotherm using the Barrett-Joyner-Halenda (BJH) method. The microstructural
characteristics of the calcined powders were examined using scanning electron microscopy
(SEM). The samples were mounted on aluminum stubs and coated with a thin layer of gold
to enhance conductivity. SEM images were captured using a Phenom X5 Pro scanning
electron microscope operating at an accelerating voltage of 15 kV. The microstructural
analysis provided insights into the morphology of the calcined powders.
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Result and Discussion
Crystal Structure Analysis

The XRD patterns presented in Figures 1 and 2 depict the diffraction profiles of calcined
chicken eggshell powders subjected to varying holding times of 5, 10, and 15 hours at
temperatures of 900 °C and 1000 °C. The qualitative phase analysis conducted on these
patterns has identified the primary phase as calcia (calcium oxide, CaO, COD No. 1-011-095),
which crystallizes in the space group Fm-3m. This indicates that calcium oxide is the dominant
crystalline phase present after the calcination process under the specified conditions. In
addition to the primary calcia phase, a secondary phase was detected, characterized by smaller
peaks in the XRD patterns. This secondary phase has been identified as calcium hydroxide
(Ca(OH),2, COD No. 9-000-113, space group P-3m1l). The presence of calcium hydroxide
suggests that some of the calcium oxide may have reacted with atmospheric moisture during
sample preparation or handling, forming the hydroxide phase.
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Figure 1. X-ray diffraction patten (Cu-Ka) of calcia powders
calcined at 900 °C with variation of holding time for 5, 10, and 15
hours
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Figure 2. X-ray diffraction patten (Cu-Ka) of calcia powders calcined at 1000 °C with
variation of holding time for 5, 10, and 15 hours

Both phases, calcium oxide and calcium hydroxide, were consistently observed across all
samples regardless of the calcination temperature (900 °C and 1000 °C) and the holding time
variations (5, 10, and 15 hours). This consistent presence indicates that the formation of these
phases is robust under the given experimental conditions. The dominant peaks corresponding
to calcium oxide imply that the primary thermal decomposition product of the eggshells is
calcium oxide, while the secondary peaks for calcium hydroxide suggest a minor hydration
reaction. A detailed explanation to elucidate the phase formation mechanism in calcined
eggshell powder and the influence of calcination parameters will be provided subsequently.

The formation of calcia from calcium carbonate (CaCO3) in eggshells through calcination at a
temperature of 900 and 1000 °C involves a thermal decomposition reaction. Initially, as the
temperature increases, the eggshells lose moisture and any organic materials present at
approximately 692 °C [13]. Calcium carbonate was converted into calcia at 690 and 850 °C, the
thermal energy provided is sufficient to break the chemical bonds in calcium carbonate,
resulting in the formation of calcia and the release of carbon dioxide (CO,) gas then completely
regenerated at 1000 °C [14]. This decomposition reaction can be represented by the Eq. (1).

CaC0; - Ca0 + CO0, 1)

During calcination, significant structural changes occur within the eggshells. The release of
carbon dioxide gas creates voids in the material, leading to the development of a porous
structure in the resulting calcia. This increased porosity enhances the reactivity of the calcia,
making it more suitable for various industrial applications [15]. The kinetics of this
decomposition reaction are influenced by factors such as temperature, particle size, and the
presence of impurities [16], [17]. At high temperature, the reaction rate is high enough to
ensure the complete decomposition of calcium carbonate. Smaller particle sizes decompose
more rapidly due to their larger surface area, which facilitates the reaction. The final product
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of this calcination process is calcium oxide, a white and highly reactive powder. The purity
and reactivity of the calcia depend on the thoroughness of the calcination process and the
extent to which impurities are removed. Proper control of the calcination temperature and
duration is crucial to obtaining high-purity calcia.

At the calcination temperature of 900 and 1000 °C, along with the formation of calcia, calcium
hydroxide can also form. This occurs due to the interaction between the calcia produced and
any available moisture or water vapor in the atmosphere or within the material being calcined.
The mechanism of calcium hydroxide formation involves a hydration reaction represented by
the Eq. (2).

Ca0 + H,0 — Ca(OH), (2)

During the calcination process, especially at temperatures around 1000 °C, calcia is very
reactive and readily reacts with water molecules to form calcium hydroxide. This reaction is
exothermic, meaning it releases heat as the calcia reacts with water vapor or moisture. The
formation of calcium hydroxide alters the chemical composition of the material and influences
its properties. The presence of calcium hydroxide alongside calcia after calcination indicates
that hydration has occurred due to the exposure of calcia to moisture. This hydration process
can affect the material's stability, reactivity, and applications [18]. In industrial settings,
controlling moisture levels during and after calcination is crucial to regulate the formation of
calcium hydroxide and optimize the desired properties of the final product, whether it be
calcia, calcium hydroxide, or a mixture of both. Thus, at 900 and 1000 °C, while calcia is
primarily formed from calcium carbonate during calcination, the presence of water vapor or
moisture can lead to concurrent formation of calcium hydroxide through a straightforward
hydration reaction with calcia.

Analysis of the X-ray diffraction (XRD) patterns in Figures 3 and 4 shows that the diffraction
peaks at 20 positions around 32.0° and 32.5°, which are related to the crystallinity of calcia, do
not experience significant changes in width despite variations in calcination temperature and
time. Peak broadening in X-ray diffraction generally reflects the crystallite size; a wider peak
indicates smaller crystallites, and vice versa. In this context, the unchanged peak width
indicates that the crystallite size of calcia remains constant over the range of calcination
temperatures and times tested. This finding is consistent with previous studies showing that
calcination temperature and time affect crystallite size. For example, studies on geikielite
powder showed that increasing the calcination temperature tended to increase the average
crystallite size. The smallest average crystallite size of 18 nm was obtained at 600 °C for 4 hours,
while the largest size was 189 nm at 800 °C [19]. However, in our qualitative study,
temperature variations up to 1000 °C and holding times up to 15 hours did not result in
significant changes in the calcia crystallite size, as indicated by the unchanged XRD peak
widths. This crystallite size stability may be due to several factors [20]. First, the chemical
composition and intrinsic properties of the original material, such as eggshell, may hinder
crystallite growth during calcination. Second, the calcination conditions used may not have
reached the threshold required to trigger further crystallite growth. In addition, the presence
of impurities or other compounds in the original material may inhibit the ion diffusion
required for crystallite growth. A thorough understanding of the effect of calcination
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parameters on the calcia crystallite size is essential, especially in applications that require
specific material properties. By knowing that within the range of tested parameters the
crystallite size remains stable, researchers and practitioners can design a more efficient
calcination process that suits the needs of a particular application. For further modification, it
may be necessary to consider additional parameters or other treatments that can affect the size
and properties of calcia crystallites.
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Figure 3. XRD peak broadening details of the calcined calcia powders with variation of
calcination holding time

However, the calcination temperature and holding time do influence the ratio of the peak
heights of calcia and calcium hydroxide. Specifically, as the holding time increases, there is a
noticeable decrease in the peak height of calcium hydroxide. This reduction in peak height
indicates a decrease in the phase composition of calcium hydroxide, suggesting that prolonged
exposure to high temperatures reduces its presence. This may be due to the dehydration of
calcium hydroxide or its further transformation into other phases. Conversely, increasing the
calcination temperature results in a higher peak height of calcium hydroxide, indicating an
increase in its phase composition. This implies that higher temperatures promote the
formation or stabilization of calcium hydroxide, possibly due to enhanced reactivity of calcia
with atmospheric moisture during the cooling process or post-calcination handling.
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These observations suggest that while the crystallite size of calcia remains stable, the phase
composition and relative abundance of calcium hydroxide are significantly influenced by both
calcination temperature and holding time. The results imply that the reactivity of calcia to form
calcium hydroxide is modulated by these calcination parameters. Higher temperatures may
increase the reactivity, leading to more calcium hydroxide formation, while longer holding
times may decrease its presence, likely due to prolonged thermal treatment reducing the
amount of calcium hydroxide through dehydration or transformation into other phases [21].

Quantitative phase analyses of the XRD data, conducted using the Rietveld-based Rietica
software, determined the relative mole fractions of the phases for all samples, as detailed in
Table 1. At a calcination temperature of 900 and 1000°C and varying holding times (5, 10, and
15 hours), the calcium carbonate is completely decomposed, leading to the formation of calcia.
The composition of calcia formed is up to 95.59% and 93.75% and by mole, respectively. These
results demonstrate that a longer holding time results in higher purity of calcia, irrespective of
the calcination temperature. This occurs because the extended holding time allows for a more
complete transformation of calcium carbonate into calcia, reducing the presence of secondary
phases like calcium hydroxide. As holding time increases, the interactions between calcia and
moisture are minimized, thereby suppressing the hydration process and resulting in minimal
formation of calcium hydroxide. In practice, controlling both the calcination temperature and
holding time is crucial for optimizing the purity of calcia and managing the hydration process.
Higher calcination temperatures and longer holding times both contribute to the increased
purity of calcia by enhancing the decomposition of calcium carbonate and reducing the
likelihood of hydration. This dual approach ensures that the final product has a higher calcia
content with minimal calcium hydroxide impurities, thereby improving the material’s overall
quality and suitability for various applications.

Table 1. Rietveld-derived phase composition and lattice parameters (volume cell) of the
calcined powders (referred to Figures 1 and 2) using Rietica software. Numbers in
parentheses represent estimated standard deviation to associated average value at its
least significant level.

Phase Composition (mol%) Lattice Parameters of
Sample Calcia Calcium Calcia

hydroxide a=b=c (A)
C900-5h 90.39 (2) 9.61 (1) 4.8102 (1)
C900-10h 92.11 (2) 7.89 (1) 4.8103 (2)
C900-15h 95.59 (3) 441 (2) 4.8106 (2)
C1000-5h 87.56 (4) 12.44 (1) 4.8104 (2)
C1000-10h 89.53 (2) 10.47 (1) 4.8104 (2)
C1000-15h 93.75 (4) 6.25 (1) 4.8106 (2)

The stability of crystal lattice parameters in calcia during variations in calcination holding time
is typically observed due to the nature of the crystal structure itself. Calcia crystallizes in a
cubic crystal system with a rock salt structure (often referred to as face-centered cubic, FCC).
This crystal structure is inherently stable, with well-defined lattice parameters that remain
consistent under different calcination conditions, including temperature and holding time
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variations. Changes in calcination conditions primarily affect the crystallite size and degree of
crystallinity rather than the fundamental lattice parameters [22].

Textural Structure Analysis

Adsorption-desorption isotherm curves for the studied calcined calcia powders are presented
in Figure 5. When the amount of N, adsorbed was plotted against the relative pressure, all
calcia-based samples exhibited IUPAC-classified BET type-IVa isotherms, indicating the
presence of mesoporous materials with pore sizes ranging from 2 to 50 nanometers [14]. These
isotherms provide valuable information about the pore structure and adsorption behavior of
the material. Type-IVa isotherms exhibit a sigmoidal shape with three distinct regions [23]. At
low relative pressures (P/P, < 0.1), monolayer adsorption of nitrogen molecules occurs on the
surface of the material. At intermediate relative pressures (0.1 < P/P, < 0.3), multilayer
adsorption takes place, where multiple layers of nitrogen molecules accumulate. At higher
relative pressures (P/P, > 0.3), capillary condensation begins within the mesopores, leading to
a steep increase in the amount of adsorbed nitrogen. The desorption branch of the isotherm
does not follow the same path as the adsorption branch, resulting in a hysteresis loop. This
discrepancy is due to the delayed evaporation of nitrogen from the mesopores during
desorption, influenced by the pore structure and connectivity. The presence of a hysteresis
loop at higher relative pressures during desorption is a key feature of type-IVa isotherms,
indicative of capillary condensation within the mesopores and often classified according to its
shape.

Additionally, the N, adsorption-desorption isotherm measurements showed IUPAC-
classified H3 type hysteresis loops [24]. These loops are typically associated with materials
exhibiting non-rigid aggregates of plate-like particles or slit-shaped pores. The H3 hysteresis
loop does not exhibit a limiting adsorption at high relative pressures, indicating the presence
of mesopores. It is typically found in the middle to high relative pressure range (P/Py). This
loop is linked to slit-like or plate-like pores where capillary condensation occurs, with the
desorption process not following the same path as adsorption due to the complex pore
structure and connectivity. The hysteresis results from the different mechanisms of adsorption
and desorption in mesopores, where adsorption involves the filling of mesopores by capillary
condensation, and desorption may involve evaporation from smaller pores first, followed by
larger pores.

The surface area of the calcined samples is determined using the Brunauer-Emmett-Teller
(BET) theory by the adsorption technique. Nitrogen molecules act as adsorbates, forming a
layer around the pores and surfaces of the samples to assess their surface area and porosity
[25]. Detailed surface characteristics were analyzed using BET characterization to estimate the
specific surface area of calcia powders, as summarized in Table 2. The calcination holding time
has a significant impact on the structural properties of calcined materials, including average
pore radius, total pore volume, BET surface area, and average particle radius. Prolonged
calcination generally leads to an increase in the average pore radius. This is because extended
heating allows for the growth and merging of smaller pores into larger ones [26]. Conversely,
shorter calcination times tend to preserve smaller pore sizes since there is less time for
significant pore growth. Furthermore, the total pore volume can either increase or decrease
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with varying calcination holding times. Initially, as volatile components are removed during
calcination, the total pore volume might increase. However, with extended holding times, the
total pore volume often decreases, where pores collapse or merge, thus reducing the overall
pore volume.
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Figure 5. N> adsorption-desorption isotherms of the calcined calcia powders with variation
of calcination temperature and holding time (red line: desorption, black line: adsorption)

The BET surface area usually decreases with longer calcination holding times [27],
[28]. This reduction occurs because prolonged heating promotes grain growth and
pore collapse, which reduces the surface area. In contrast, shorter calcination times
help maintain a higher BET surface area since the pore structure remains relatively
intact, retaining the high surface area characteristic of mesoporous materials.
Similarly, the average particle radius increases with longer calcination holding times
due to grain growth. Prolonged heating allows particles to coalesce and grow larger
[26]. On the other hand, shorter calcination times result in smaller average particle
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radii as the particles do not have sufficient time to grow significantly, thus retaining
their finer sizes. In summary, optimizing the calcination holding time is crucial to
achieve desired structural properties in calcined materials. Longer calcination times
tend to increase the average pore and particle sizes while decreasing the BET surface
area and potentially reducing total pore volume due to sintering effects. Shorter
calcination times generally preserve smaller pore and particle sizes, higher surface
areas, and higher total pore volumes by minimizing sintering and growth processes.

Table 2 Average pore size, total pore volume, surface area, and average particle size
summary using BET-Multi-point method

Avere}ge Total pore BET surface area  Average particle

Sample pore radius volume (m2/g) radius (nm)
(nm) x102 (cc/ g) &

C900-5h 6.456 1.335 7431 183.51
C900-10h 7.293 1.748 4.293 317.61
C900-15h 12.719 0.562 1.772 769.55
C1000-5h 1.108 2.399 3.132 435.44
C1000-10h 8.416 1.566 3.202 425.83
C1000-15h 15.795 1.127 0.711 1918.10

Calcination temperature has a notable impact on the average pore radius of the calcined
samples at 900 and 1000 °C. As the temperature increases, enhanced sintering and grain
growth tend to reduce the average pore radius. The thermal energy at higher temperatures
facilitates the diffusion of atoms, leading to the closure of smaller pores and coarsening of the
pore structure [26]. This reduction in average pore radius is particularly evident in porous
materials where maintaining an optimal pore size is crucial for applications such as catalysis
and adsorption. However, the specific effect on pore radius can vary depending on the
material and the initial pore structure.

The total pore volume generally decreases with increasing calcination temperature. Higher
temperatures promote the densification of the material through sintering, which reduces the
overall porosity [11]. This densification process decreases the number of open pores, thereby
reducing the total pore volume. Additionally, the decomposition of volatile components and
burnout of organic templates at higher temperatures can further reduce pore volume.
Maintaining an appropriate total pore volume is essential for applications that rely on high
porosity, such as filtration and gas storage.

The BET surface area, which measures the specific surface area of a material, is also influenced
by calcination temperature. Generally, as calcination temperature increases, the BET surface
area decreases. This reduction occurs because higher temperatures cause sintering and grain
growth, leading to a decrease in the surface area exposed by smaller pores [26]. The closure of
mesopores at elevated temperatures contributes to this decline in surface area. Calcination
temperature has a direct impact on the average particle radius as well. As the temperature
increases, particles tend to grow larger due to the increased mobility of atoms and the
coalescence of smaller particles [11]. This growth is a result of heating, where smaller particles
merge to form larger ones, leading to an increase in the average particle radius. The rate of
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particle growth depends on the material and the specific calcination conditions [29]. Control
over particle size is crucial for applications that require specific particle size distributions, such
as in pharmaceuticals and nanotechnology.

BJH (Barrett, Joyner, and Halenda) analysis is used to assess the distribution of pore sizes in
calcined calcia powders, see Figure 6. These powders generally exhibit irregular pore-size
distributions, typically showing a unimodal distribution in the small mesopore range (<10
nm). The calcination holding time significantly influences the pore size distribution. Longer
holding times tend to broaden the pore size distribution due to the growth and merging of
smaller pores into larger ones [29]. This can lead to a more heterogeneous distribution as
smaller pores coalesce into larger mesopores. Conversely, shorter holding times help maintain
a narrower pore size distribution by preserving the original smaller pore sizes and minimizing
the coalescence and growth processes. Thus, optimizing the calcination holding time is crucial
to achieving the desired pore size distribution, with longer times potentially resulting in a
wider range of pore sizes and shorter times maintaining a more uniform, unimodal
distribution in the smaller mesopore range.

In addition to holding time, calcination temperature also plays a crucial role in determining
the distribution of pore sizes. Higher calcination temperatures generally lead to a significant
alteration in the pore size distribution due to enhanced sintering and grain growth. As the
temperature increases, the thermal energy promotes the diffusion of atoms, causing the
smaller pores to merge and form larger pores [30]. This results in a shift of the pore size
distribution towards larger mesopores and macropores, making the distribution broader and
more heterogeneous. The increased temperature can also cause the collapse of some smaller
pores, further contributing to a more varied pore size distribution. Conversely, at lower
calcination temperatures, the sintering process is less pronounced, which helps preserve the
smaller pores and maintains a narrower pore size distribution. The lower thermal energy
limits the diffusion of atoms, thereby minimizing the coalescence of smaller pores into larger
ones. As a result, the pore size distribution remains more uniform and closer to the original
unimodal distribution in the smaller mesopore range.

In this study, the calcination parameters, such as temperature and holding time, significantly
influence the textural properties of calcia powders, including BET surface area, pore volume,
and pore size as previously described. These findings align with the general trend reported by
Chuakam et al. [31], who observed that bio-calcia products derived from calcination at 800 °C
for 4 hours exhibited BET surface areas in the range of 3.77-4.96 m2/ g, pore volumes between
0.010-0.027 cm3/g, and pore sizes ranging from 11.20-22.20 nm. Compared to Chuaka et al.
[31], our study demonstrates that higher calcination temperatures (900-1000 °C) and
prolonged holding times further reduce the BET surface area and pore volume while
increasing average pore radius, indicating the impact of sintering and grain growth during
prolonged calcination. These differences underscore the critical role of calcination parameters
in tailoring the textural properties of calcia, which can be optimized based on the desired
application.
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Figure 6. Pore radius distribution of the calcined calcia powders with variation of calcination
temperature and holding time

Microstructure Analysis

The SEM analysis of calcia powder calcined at various temperatures and holding times reveals
insights into how these factors influence its microstructure, see Figure 7 and 8. At 900 °C, the
microstructure of the calcia powder appearing irregular and less defined. In terms of particle
size, lower temperatures like 900 °C result in smaller and more dispersed particles, whereas at
1000 °C, the particles grow larger as the higher temperature facilitates coalescence and growth.
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Agglomeration also follows a similar trend; at 900 °C, the particles have insufficient energy to
bond strongly, leading to less agglomeration. Conversely, at 1000 °C, the enhanced particle
mobility causes significant agglomeration as particles cluster together. Calcination holding
time further influences these characteristics. With shorter holding times, such as 5 hours, the
microstructure remains less well-developed, and the particles are smaller and less uniform
due to insufficient growth time. As the holding time increases, the microstructure becomes
more defined, with larger and more uniform particles. Agglomeration also increases with
longer holding times, as particles have more time to interact and bond, leading to stronger
inter-particle bonding.

Figure 7. SEM figures of calcia powders calcined at 900 °C with variation of holding time for 5, 10, and
15 hours
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Figure 8. SEM figures of calcia powders calcined at 1000 °C with variation of holding time for 5, 10,
and 15 hours
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Conclusion

This manuscript explores the influence of calcination temperature and holding time on calcia
powders synthesized from chicken eggshell waste. Calcia powders were calcined at 900°C and
1000°C for 5, 10, and 15 hours. Results show that higher temperatures and extended holding
times significantly impact calcia powders' structural properties, enhancing sintering and grain
growth, reducing average pore radius and total pore volume, and decreasing BET surface area.
BJH analysis indicates that longer holding times broaden pore size distribution due to the
merging of smaller pores. SEM revealed more defined particles with significant agglomeration
at higher temperatures and longer holding times. This study underscores the importance of
optimizing calcination conditions to tailor calcia powders' structural properties for
applications, achieving desired balances between particle size, surface area, and pore size
distribution for enhanced functional performance in industrial contexts. Future research is
needed to optimize other calcination parameters, such as heating rate and alternative
calcination techniques to further optimize the structural properties of calcium powder.
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