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Abstract: Calcium-silicate-based ceramic composites with different CaO/SiO2 weight ratios
(10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20, and 90/10) have been prepared
from chicken eggshells and silica gel using attrition milling for 3 h in wet conditions
and conventional pressing–heat treatment in the air at 800 ◦C for 1 h. The effect of the
CaO/SiO2 weight ratio and the calcination period of the eggshells on the microstructural
features including apparent density, phase evolution, and morphological properties were
investigated. The phase transformation of the powder mixtures after attrition milling for
3 h in ethanol with powder/ball milling mass ratio of 0.0996 (110/1104.7) revealed to
have calcium hydroxide (Ca(OH)2) as a dominate phase, which was observed to increase
with the increase in calcium oxide (CaO) amount in the powder mixtures. The phase
transformation of ceramic samples after heat treatment at 800 ◦C for 1 h, on the other
hand, showed different phases depending on the CaO/SiO2 weight ratio. The results also
show a linear relationship between the CaO/SiO2 weight ratio and apparent density when
the CaO/SiO2 ratio increase from 0.11 (10/90) to 0.67 (40/60) due to the densification
of ceramics. An inversely proportional relationship was found between CaO/SiO2 and
density when the CaO/SiO2 weight ratio increased from 0.67 (40/60) to 9 (90/10).

Keywords: eggshell; silica gel; calcium silicates; milling; calcination

1. Introduction
Bone defects present a significant challenge in orthopedic and oral–maxillofacial spe-

cialties. These defects can arise from a variety of congenital or acquired conditions [1,2].
Congenital bone defects are typically caused by bone dysplasia (for example, zygomatic
hypoplasia in Treacher Collins syndrome (TCS)) [1]. Acquired bone defects, on the other
hand, are frequently the result of trauma, infection, tumor, or surgical resection [1]. Osteode-
generative diseases, including osteoarthrosis, also contribute to bone loss in weight-bearing
areas over time [1]. Despite the capacity of bone to auto-repair and auto-regenerate, the
healing process remains affected by a number of clinical and biological challenges rep-
resented in size, location, surrounding environment, and immune response [1,3]. Over
the last 200 years, autogenous, allogenic, and xenogeneic bone grafting have been the
primary approach used in treating bone defects [1,3,4]. Autologous bone grafting remains
the gold standard in treating these kind of defects due to the advantage of zero immune
rejection, since the patient’s own tissue serves as the main source of host bone. However,
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there are significant drawbacks to this procedure, such as limited access to materials and
surgical complications [3–7]. The risk of bleeding, infection, and fracture in the donor
location is also very high, as clinical studies have demonstrated [1,3–8]. Even though
allogeneic and xenogeneic bone transplants are extensively accessible, their broad use is
restricted by a number of issues, including immunogenicity, infection, and rejection [1,4,7].
As a result, they cannot be widely used in clinical practice [4]. Bioceramic materials were
developed to tackle the aforementioned problems [2,4,8,9]. In the last two decades, a new
generation of bioceramic materials, such as calcium phosphate and calcium sulfate, has
emerged [2,4,8–10]. Calcium phosphate has high compositional similarity to human bone,
which theoretically provides good biocompatibility. However, its clinical applications are
limited by drawbacks, such as low mechanical strength and a lengthy cure time [2,4,8,11].
On the other hand, calcium sulfate has low strength, high brittleness, rapid dissolution,
and a growth rate incompatible with bone tissue, despite its benefits of self-curing and in
situ molding [4]. Furthermore, the acidic environment that results from its dissolution is
unfavorable to cell proliferation. As result, both calcium sulfate and calcium phosphate are
not ideal for bone grafting [4].

Calcium (Ca) and silicon (Si) are considered as the most important elements needed in
the early phases of bone mineralization, growth, and development [12]. These therapeutic
inorganic ions can also function as network modifiers in the development of potential
bone replacements [12]. Calcium-silicate-based materials have been highlighted as po-
tential bioactive materials for bone tissue regeneration owing to their osseointegration
properties [13]. In general, these materials have the ability of inducing apatite forma-
tion on the surface upon implantation while they are connected to biological fluids (SBF,
saliva) [3,7,8,10–20], not only in the form of ceramics [3,8,12] but also in the form of pow-
ders [3,8,12] and ceramic coatings [3]. Materials based on CS can release Si4+ and Ca2+

into the human body which contribute to various beneficial effects [4,10]. Ca2+ acts as a
stimulator of the proliferation and differentiation of osteoblasts and osteoclasts, regulator
of osteogenesis by encouraging new angiogenesis at bone defects, promoter of growth
factor release, densifier of bone, and inhibitor of osteoporosis [2–4]. Meanwhile, Si4+ plays
a role in controlling the osteogenic differentiation of bone marrow mesenchymal stem cells
and takes part in the mineralization process of early new bone formation [3,4,10,21]. The
structure of calcium silicates determines the biological behavior that can be manipulated
by different factors such as sintering temperature, precursors, composition, porosity, and
fabrication method [3,22–24]. The CaO/SiO2 ratio plays a significant role in identifying
several calcium silicate composites. Among all of them CaSiO3, Ca2SiO4, and Ca3SiO5 are
the most extensively studied composites [3,15,24,25]. Wollastonite (β-CaSiO3) presents low-
temperature modification not surpassing 1125 ◦C, while pseudo-wollastonite (α-CaSiO3)
forms at high temperatures surpassing 1125–1436 ◦C [3,10,24–26]. Kaou et al. [24] have
reported the possibility of preparing pseudo-wollastonite at 800 ◦C from eggshell and silica
gel [24]. Dicalcium silicate has five different phases denoted as the following: γ phase,
stable at room temperature; β phase, is not thermodynamically stable; and α, α’L, and α’H
phases (stable at high temperature) [3,24,25]. Tricalcium silicate is a stable phase that can
be found only between 1250 ◦C and 1900 ◦C, noting that above 1900 ◦C, this phase will
decompose to Ca2SiO4 and calcium oxide [3,24,25].

Calcium silicate can be prepared by different methods, including the solid-state reac-
tion [15,22–24], hydrothermal technique [23], and sol-gel method [14,22,23]. The solid-state
reaction is considered as a traditional approach since it is less expensive, non-toxic, solvent-
free, waste-free, and environmentally favorable compared to the chemical method [27].
The solid-state reaction was used to synthesize calcium silicate mostly from agricultural
waste, industrial waste, and natural resources [27]. A variety of precursors were inves-
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tigated for the preparation of calcium silicates using the aforementioned sources [15,27].
Silica sources include rice husk ash [15,26–28]; snail shells [27], sources of calcium such
as eggshells [15,24,28,29], diatomite [30] and additionally, avian eggshells [31] are used to
prepare calcium silicates.

Researchers are increasingly focused on developing innovative processes to prepare
a variety of biomaterials for biomedical applications using biowastes instead of costly
synthetic reagents and hazardous chemicals [15]. Biowastes have piqued the interest of
researchers in transforming them into valuable biomaterials due to their natural origin
and low costs [15]. One type of agricultural waste that is released from food processing
enterprises in large quantities is eggshell waste [31–36]. It was reported that food-related
companies generate around million tons of eggshell waste per day [15]. The Environmental
Protection Agency has listed eggshell waste as the 15th most significant pollution issue
facing the food industry [32–35]. When eggshells are not properly disposed of in designated
areas, they are considered a major cause of environmental pollution, posing health risks
later owing to fungal growth on these eggshells [35,36]. Furthermore, improper waste
disposal puts not only human existence at risk but also the survival of other eco-system
components (like plants and animals) [35,36]. This massive amount of waste eggshell
produced is generally dumped in landfills, which are already beyond their capacity [35].
Many landfill owners avoid eggshells due to their protein-rich membranous component,
which attracts rats and other vermin [35]. Eggshells should be considered extremely
sophisticated composite materials even if they are considered food industry waste [32,35].
Creating valuable commodities from waste is vital for sustainable development in this era
of ever-increasing attempts to turn waste into wealth and decrease the cost of preparing
composites [35]. The goal should be to recycle and reuse waste materials while focusing
efforts on producing high-value materials [32].

Eggshells, in particular, have been highlighted as a valuable material for biological
and pharmaceutical applications due to their high biological activity [32]. Natural eggshells
were reported to comprise porous composite materials formed from CaCO3 minerals and
biomolecules that are arranged in a hierarchical structure [37]. Calcium carbonate (CaCO3)
presents 94% from the eggshell composition [15], which can be converted to calcium oxide
(CaO) via the calcination process [24,29]:

CaCO3
900 ◦C→ CaO + CO2

The release of Ca2+ ions provides an environment that is favorable for the regeneration
of new bone [37]. In addition, it was reported by several works that the eggshell also consists
of 1% magnesium carbonate, 1% calcium phosphate, and 4% organic matter [15,33]. During
the thermal degradation of the eggshell at 900 ◦C, trace elements represented by magnesium
(Mg), sodium (Na), strontium (Sr), and potassium (P) can be detected [24,29,37,38]. These
trace elements have a significant impact on the promotion of osteogenesis and angiogenesis
as is reported in the literature [28]. Calcium silicates prepared from biowaste [39] such as
eggshell and rice husk showed good biological behavior compared to those prepared from
synthetic raw materials such as TEOS and Ca(NO3)2.4H2O. Srinath Palakurthy et al. [28]
carried out a comparative study on the in vitro behavior of calcium silicate ceramics
synthesized from synthetic precursors (TEOS and Ca(NO3)2.4H2O) and biowaste resources
(specifically rice husk and eggshell) as SiO2 and CaO sources, respectively (named CCS and
NCS, respectively). It was demonstrated that NCS has a lower crystallization temperature
(772 ◦C) than CCS (870 ◦C). Furthermore, NCS ceramics exhibited more hydroxyapatite
mineralization and a lower dissolution rate than CCS ceramics. Antimicrobial assays
revealed that NCS samples have a considerable zone of inhibition against Escherichia coli
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and Staphylococcus aureus, confirming that CaSiO3 derived from RHA and eggshell can
prevent bacteria from adhering to the surface. In addition, cell culture studies demonstrated
that NCS ceramics are cytocompatible with MG-63 cells and considerably enhance cell
growth [28].

The current study aims to replace the synthetic starting materials with biowaste to
synthesize and investigate calcium-silicate-based bioceramics with different weight ratios.
As precursors, calcium oxide was extracted by thermal decomposition of chicken eggshell
waste in the air at 900 ◦C for 7–12 h, and the silica powder was prepared by the intensive
ball milling of the commercial reagent silica gel.

2. Results and Discussions
2.1. Morphological and Structural Investigation of Raw Materials

The eggshells were calcinated at 900 ◦C for 7–12 h. Their morphological investiga-
tions showed a regular micrometer-sized morphology of the connected spherical particles
(Figure 1a,b) as we have discussed in details in our previous publications [24,29]. Compar-
ing eggshells calcinated for 7 h to 12 h, the morphology of the connected spherical particles
of the heat-treated eggshells for 12 h seemed to be smaller, more organized, and uniform.
On the other hand, the silica gel milled for 3 h was revealed to have a coarse morphology
with uniform geometry and grain size (Figure 1c) as was mentioned several times in our
publications [24,29].
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The XRD patterns of the raw materials were shown in Figure 2. The results showed
that the eggshells calcinated at 900 ◦C for both 7 h and 12 h have same phases: fcc CaO and
hex Ca(OH)2. The detection of Ca(OH)2 phase could be justified by the transformation of
CaO to Ca(OH)2 upon the absorption of the moisture from the atmosphere:

CaO + H2O → Ca(OH)2

as was reported several times in our works [24,29] and in the literature as well [40,41].
An identical match in the lines of the fcc CaO phase (JCP2: 01-082-1690) was observed at
2θ = 32.243◦, 37.402◦, 53.929◦, 64.242◦, and 67.469◦ corresponding to the diffracted planes
(111), (200), (220), (311), and (222), respectively. The solely difference can be observed in
the intensity of the peaks. The peaks at 2θ = 32.243◦, 37.402◦, 53.929◦, and 67.469◦ seemed
to be more intense for the eggshells calcinated for 7 h compared to those calcinated for
12 h. The hex Ca(OH)2 phase (JCP2: 00-044-1481) was detected at 2θ = 18.008◦, 34.102◦,
47.121◦, and 50.813◦, which corresponds to the diffracted planes (001), (101), (102), and
(110) for eggshells calcinated for 12 h, and at 2θ = 18.008◦, 34.102◦, and 50.813◦ for those
calcinated for 7 h (Figure 2). On the contrary, a fully amorphous material was demonstrated
for the milled silica gel for 3 h. The difference in the long heat treatment hours of the
calcinated eggshells did not cause any phase change (Figure 2) but did affect the regular
micrometer-sized morphology of the spherical particles (Figure 1a,b).
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Figure 2. X-ray diffraction patterns of starting materials.

2.2. Structural Study and Phase Composition of Starting Powder Mixtures

The mixtures milled via the attrition milling process showed a finer granular structure
and coarser morphology (Figure 3). In addition to the coarse morphology, the compositions
20C80S and 30C70S exhibited the presence of fiber-like particles (Figure 3b,c). The highly
efficient attrition milling of the powder mixtures for 3 h has a significant impact on the
homogenization of SiO2 particles in the CaO powder (Figure 3), and on the morphology



Inorganics 2025, 13, 43 6 of 20

of the grains as well. This is especially the case for the morphology of the raw materials
(Figure 1) where the connected spherical particles morphology has disappeared due to
the milling, as is clearly shown in the SEM micrographs (Figure 1a,b and Figure 3) and
mentioned as well in our previous publications [24,29].
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Figure 3. SEM micrographs of powder mixtures: (a) 10C90S, (b) 20C80S, (c) 30C70S, (d) 40C60S–7h,
(e) 40C60S, (f) 50C50S, (g) 60C40S, (h) 70C30S, (i) 80C20S, and (j) 90C10S.

The phase evolution of the powder mixtures with an initial CaO/SiO2 ratio that ranges
from 10/90 to 90/10 is presented in Figure 4. The comparison study of the XRD patterns
of the mixtures confirmed that the hex Ca(OH)2 (JCP2: 00-044-1481) was observed in all
cases with main lines at 2θ = 18.008◦, 28.672◦, 34.102◦, 47.121◦, 50.813◦, 54.358◦, 59.426◦,
62.634◦, and 64.233◦, which correspond to the diffracted planes: (001), (100), (101), (102),
(110), (111), (200), and (201), respectively. The phase evolution is strongly dependent on the
CaO/SiO2 ratio, where the intensity of the peaks was observed to increase with the increase
in CaO/Ca(OH)2 weight in the mixed powders. The milling process induced a minor phase
change in the mixture 90C10S, where a monoclinic Ca2SiO4 (JCP2: 00-033-0302) phase was
detected around 2θ = 29.268◦ corresponding to the diffracted plane (211). On the contrary,
the mixed powders with high SiO2 content resulted in fully amorphous compositions
(10C90S and 20C80S).



Inorganics 2025, 13, 43 8 of 20Inorganics 2024, 12, x FOR PEER REVIEW 8 of 21 
 

 

 

Figure 4. Phase evolution of the powder mixtures after milling in ethanol for 3 h. 

2.3. Investigation of Density and Structural Properties of Ca-Si-Based Ceramics 

The CaO/SiO2 ratio has a significant role in controlling the morphology and the mi-
crostructure of calcium silicate ceramics, as presented below. Figure 5 shows the micro-
graphs of the fracture surface of the specimens with different CaO/SiO2 ratios. The com-
position 10C90S exhibited a granular and fine structure (Figure 5a). An increase in the 
calcium oxide content resulted in a morphology quite comparable (20C80S, Figure 5b, and 
30C70S, Figure 5c) to the composition 10C90S with the presence of some melting points in 
the microstructure of the composition 20C80S as shown in Figure 5b. A highly melted and 
densified microstructure with the presence of some pores on the surface of the composi-
tion 40C60S was observed, as shown in Figure 5d,e, and discussed as well in our previous 
publication [24]. The composition 40C60Sˍ7h was prepared for the purpose of comparison 
with the composition 40C60S in order to investigate the effect of the heat treatment hours 
of the calcinated eggshells on the final outcome. The calcination period did not cause any 
change to the morphology of 40C60S (Figure 5e) compared to the composite 40C60Sˍ7h 
(Figure 5d). The increase in the calcium oxide content to 50 wt.% resulted in a partially 
melted and densified microstructure as is shown in Figure 5f and reported previously as 
well in [24]. With the increase in the calcium oxide amount to 60 wt.%, the partially den-
sified and melted microstructure started to disappear, as we can see the presence of some 
agglomerated melted particles left in some places in the microstructure of the composition 
60C40S (Figure 5g). In the case of the composition 70C30S, a coarse morphology with 
sharp particles was observed (Figure 5h). A coarse morphology with porous microstruc-
ture was demonstrated with the increase in the calcium oxide content in the composition 
(80C20S, Figure 5i, and 90C10S, Figure 5j). 

Figure 4. Phase evolution of the powder mixtures after milling in ethanol for 3 h.

2.3. Investigation of Density and Structural Properties of Ca-Si-Based Ceramics

The CaO/SiO2 ratio has a significant role in controlling the morphology and the
microstructure of calcium silicate ceramics, as presented below. Figure 5 shows the mi-
crographs of the fracture surface of the specimens with different CaO/SiO2 ratios. The
composition 10C90S exhibited a granular and fine structure (Figure 5a). An increase in the
calcium oxide content resulted in a morphology quite comparable (20C80S, Figure 5b, and
30C70S, Figure 5c) to the composition 10C90S with the presence of some melting points in
the microstructure of the composition 20C80S as shown in Figure 5b. A highly melted and
densified microstructure with the presence of some pores on the surface of the composition
40C60S was observed, as shown in Figure 5d,e, and discussed as well in our previous
publication [24]. The composition 40C60S–7h was prepared for the purpose of comparison
with the composition 40C60S in order to investigate the effect of the heat treatment hours
of the calcinated eggshells on the final outcome. The calcination period did not cause any
change to the morphology of 40C60S (Figure 5e) compared to the composite 40C60S–7h
(Figure 5d). The increase in the calcium oxide content to 50 wt.% resulted in a partially
melted and densified microstructure as is shown in Figure 5f and reported previously as
well in [24]. With the increase in the calcium oxide amount to 60 wt.%, the partially densi-
fied and melted microstructure started to disappear, as we can see the presence of some
agglomerated melted particles left in some places in the microstructure of the composition
60C40S (Figure 5g). In the case of the composition 70C30S, a coarse morphology with sharp
particles was observed (Figure 5h). A coarse morphology with porous microstructure was
demonstrated with the increase in the calcium oxide content in the composition (80C20S,
Figure 5i, and 90C10S, Figure 5j).
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The comparative phase analysis of the CaO-SiO2 based composites with different 
CaO/SiO2 weight ratios prepared via the conventional approach has been carried out to 
investigate the phase evolution related to CaO/SiO2 ratios (Figure 6). The composition 
10C90S with high SiO2 content resulted in amorphous phase. An increase in the calcium 
oxide amount to 20 wt.% (composition 20C80S) leads to minor crystallization as it can be 
seen by the appearance of some peaks that could be attributed to pseudo-wollastonite (α-
Ca3(Si3O9), JCP2: 01-074-0874). With the increase in the CaO/SiO2 weight ratio from 0.25 
(20/80) to 0.67 (40/60), the crystallization into pseudo-wollastonite will occur (composi-
tions: 30C70S and 40C60S). The calcination period of the eggshells did not cause any phase 
change, as shown in Figure 6. An identical match of the XRD patterns of the compositions 
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The comparative phase analysis of the CaO-SiO2 based composites with different
CaO/SiO2 weight ratios prepared via the conventional approach has been carried out to
investigate the phase evolution related to CaO/SiO2 ratios (Figure 6). The composition
10C90S with high SiO2 content resulted in amorphous phase. An increase in the calcium
oxide amount to 20 wt.% (composition 20C80S) leads to minor crystallization as it can be
seen by the appearance of some peaks that could be attributed to pseudo-wollastonite
(α-Ca3(Si3O9), JCP2: 01-074-0874). With the increase in the CaO/SiO2 weight ratio from
0.25 (20/80) to 0.67 (40/60), the crystallization into pseudo-wollastonite will occur (com-
positions: 30C70S and 40C60S). The calcination period of the eggshells did not cause any
phase change, as shown in Figure 6. An identical match of the XRD patterns of the com-
positions 40C60S–7h and 40C60S was observed. An increase in the Ca(OH)2 to 50 wt.%
caused the crystallization in pseudo-wollastonite (α-Ca3(Si3O9), wollastonite (CaSiO3, JCP2:
00-042-0547), and triclinic Ca3(SiO4)O (JCP2: 01-070-1846). As previously noted in our
studies [24,29], the Ca(OH)2/SiO2 ratio has a significant impact on phase evolution. It
was confirmed that monoclinic Ca2SiO4 (JCP2: 00-033-0302) is the dominant phase in the
composition 60C40S. The minor phase could be attributed to pseudo-wollastonite. In the
case of the composition 70C30S, a phase transformation was observed. The main lines
could be associated to triclinic Ca3(SiO4)O or monoclinic Ca2SiO4 as both of them share the
same area of 2θ. The hex Ca(OH)2 (JCP2: 00-44-1481) was also detected. With the increase
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in the calcium oxide amount, the hex Ca(OH)2 (JCP2: 01-072-0156) is detected and the
minority crystalize into monoclinic Ca2SiO4.
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Figure 6. XRD patterns of CaO-SiO2 based ceramics with different CaO/SiO2 ratios after firing at
800 ◦C for 1 h.

The CaO/SiO2 ratio is considered an important factor that affects the properties of
the CaO-SiO2 composites. The apparent density and porosity of calcium-silicate-based
ceramics prepared via conventional pressing and heat treatment in the air for 1 h at 800 ◦C
using eggshells and silica gel as precursors are described in Figure 7. Their parameters
(weight, size) before and after heat treatment in the air and their real images are presented
in Table 1. Ten compositions were examined. It was reported that the values of the apparent
density of 10C90S, 20C80S, 30C70S, 40C60S–7h, 40C60S, 50C50S, and 60C40S compositions
are 1.509, 1.619, 1.801, 2.719, 2.639, 2.037, and 1.341 g/cm3, respectively. The apparent
porosity measurements were also conducted and reported as the following: 32.60%, 32.13%,
28.06%, 19.43%, and 54.78% for the compositions 10C90S, 20C80S, 30C70S, 50C50S, and
60C40S, respectively (Figure 7b). In the case of 40C60S–7h and 40C60S compositions,
almost no porosities were detected. It was demonstrated that the CaO/SiO2 ratio has
a significant influence on the densification of the CaO-SiO2 ceramics. It can be seen
from Figure 7a that the apparent density increased when the weight ratio of CaO/SiO2

increased from 0.11 (10/90) to 0.67 (40/60) corresponding to the CaO/SiO2 molar ratio
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from 0.119 to 0.714, and then subsequently decreased. The increase in the apparent density
values from 1.509 to 2.639/2.719 g/cm3 (for 40C60S/40C60S–7h compositions, respectively)
when the weight CaO/SiO2 ratio increases from 0.11 to 0.67 could be ascribed to the
densification of the composites due to the gradual diminishing of their pores. These
results are in good agreement with the apparent porosity values and the SEM micrographs
(Figure 5). The highest density value (Figure 7a), shrinkage in the dimensions, and mass
loss were associated with the composition 40C60S where the fully densified and melted
microstructure was observed (Figure 5d,e). The calcination duration of the eggshells caused
a slight change in the density of the final outcomes, where the composition 40C60S–7h
seemed to be more dense compared to the composition 40C60S.
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Table 1. Real images of CaO-SiO2 composites and their parameters (weight, size) before and after
heat treatment in the air at 800 ◦C for 1 h.

Composition
Code

Before the Heat Treatment in
the Air at 800 ◦C for 1 h

After the Heat Treatment in
the Air at 800 ◦C for 1 h Mass Loss ∆w(g) Mass Loss

in %

Shrinkage
in the Disc
Diameter
∆D (mm)

Shrinkage
(%)

Real Image
of Bioceramics

Weight (g) Diameter
(mm) Weight (g) Diameter

(mm)

40C60S–7h 0.9422 17.07 0.6915 12.80 −0.2507 25.07 −4.27 25.02
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similar results. The authors investigated the effect of varying CaO/SiO2 molar ratios (0, 0.4,
0.6, 0.8, 1.0, and 1.2) within the sustainable composites on the microstructural properties
using sodium waterglass from rice husk ash and commercial sodium waterglass as chemical
reagents [42]. It was reported that the apparent density values increased when the molar
ratio of CaO/SiO2 increased from 0 to 0.4 and then decreased [42]. The reduction in density
values could be attributed to the decrease in the specific surface area of microcomposites,
which hinders the depolymerization process [42]. Furthermore, several findings in the
literature reported that as the molar ratio of CaO/SiO2 increases, the specific surface area of
the C-S-H binder decreases [43]. Starting from the composition 50C50S, a linear relationship
was observed between CaO/SiO2 weight ratio and apparent density. In the case of the
SPS sintered 50C50S sample, a heat input of 800 ◦C resulted in the highest densification,
achieving the lowest porosity of ~6% and highest density of 2.6 g/cm3 [29], Figure 7. The
highest value of apparent porosity, 54.78%, was achieved with composition 60C40S. After
the composition 60C40S (starting from the composition 70C30S), the apparent density and
porosity measurements can no longer be performed due to high porosities (the presence of
many crack lines on the sample 70C30S and the foam structure for the compositions 80C20S
and 90C10S). In addition, the increase in the size of the specimens after the heat treatment
was due to the morphology and interconnected open porosities as shown in Table 1 and
previously mentioned for the composition 90C10S [24] as well in [43–47].

3. Materials and Methods
3.1. Preparation of Starting Materials and Calcium Silicate Powders with Different CaO/SiO2
Weight Ratios

The attrition milling process was used to prepare calcium silicate powders from silica
gel from desiccators and chicken eggshells as raw materials with initial CaO/SiO2 weight
ratio that ranges from 10/90 to 90/10 (see Table 3). The eggshells were initially collected
and washed with tap water. Thereafter, they were dried, broken by hand into small pieces,
and then subjected to heat treatment in the air. The calcination process of the eggshell was
performed at a high temperature of 900 ◦C for two different time regimes (heat treatment in
the air for 7 h and 12 h) to extract the calcium oxide (CaO) with low impurities. The silica
gel (SiO2, Chemolimpex, “A” quality 1–6 mm, Budapest, Hungary), on the other hand, was
subjected to intensive ball milling (Fritsch GmbH, Idar-Oberstein, Germany) for 3 h in dry
conditions using an alumina bowl (500 mL) and 10 balls of alumina. A highly efficient
attrition mill (Union Process type 01-HD/HDDM) equipped with zirconia agitator delta
discs and zirconia grinding media (zirconia balls, each one about 1 mm in diameter) in
a zirconia tank was used for homogenization of the SiO2 particles in the CaO powder at
2000 rpm in 100 g of ethanol for 3 h. The rotation speed was changed to 500 rpm in the last
half hour of milling upon the addition of 10 g of polyethylene glycol (PEG) to the powder
mixtures (Table 2). The resulted powder mixtures were then dried and passed through a
mesh with a size of 100 µm. Different CaO/SiO2 ratios were produced (Table 3).

Table 2. Components used to prepare calcium-silicate-based specimens and their roles.

Role Materials Weight (g)

CaO source Collected chicken eggshells See Table 1

SiO2 source silica gel (SiO2), Chemolimpex, “A” quality 1–6 mm,
Budapest, Hungary See Table 1

Pressing aid Polyethylene glycol (PEG), Arcos Organics 10
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Table 3. Different Ca-Si compositions and their notations.

No. Composition CaO (g)
Number of
Moles of

CaO (mol)
SiO2 (g)

Number of
Moles of

SiO2 (mol)

CaO/SiO2
Weight Ratio

CaO/SiO2
Molar Ratio

Code
(Composition Name)

1 10 wt.% CaO (12 h) + 90 wt.% SiO2 10 0.178 90 1.498 0.111 0.119 10C90S
2 20 wt.% CaO (12 h) + 80 wt.% SiO2 20 0.357 80 1.332 0.25 0.268 20C80S
3 30 wt.% CaO (12 h) + 70 wt.% SiO2 30 0.535 70 1.165 0.429 0.459 30C70S
4 40 wt.% CaO (7 h) + 60 wt.% SiO2 40 0.713 60 0.999 0.667 0.714 40C60S–7h
5 40 wt.% CaO (12 h) + 60 wt.% SiO2 40 0.713 60 0.999 0.667 0.714 40C60S
6 50 wt.% CaO (12 h) + 50 wt.% SiO2 50 0.892 50 0.832 1 1.072 50C50S
7 60 wt.% CaO (12 h) + 40 wt.% SiO2 60 1.069 40 0.666 1.5 1.607 60C40S
8 70 wt.% CaO (12 h) + 30 wt.% SiO2 70 1.248 30 0.499 2.333 2.500 70C30S
9 80 wt.% CaO (12 h) + 20 wt.% SiO2 80 1.427 20 0.333 4 4.286 80C20S
10 90 wt.% CaO (12 h) + 10 wt.% SiO2 90 1.605 10 0.166 9 9.643 90C10S

3.2. Preparation of Calcium Silicate Porous Ceramics

The preparation of the composites was assisted with pressing (Dr. Fritsch KG) in
dry conditions and heat treatment in the air for 1 h; a similar preparation process to our
previous work was adopted [24]. The powder mixtures were uniaxially pressed at 18 MPa
to obtain calcium silicate green discs ~ 17 mm in diameter. Subsequently, the green discs
were heat treated in the air at 800 ◦C for 1 h with a heating rate ~2 ◦C/min to obtain the
porous Ca-Si ceramics. Figure 8 summarizes the preparation process used in our work.
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porous ceramics.

As a further comparison, the calcium silicate ceramic 50C50S sintered by spark plasma
sintering in vacuum at 800 ◦C and 70 MPa mechanical pressure for 10 min holding time was
also shown. The sintering process has been performed with mini spark plasma sintering
(SPS-3T-3-MN, Shanghai Chen Hua Science Technology, Co., Ltd., Shanghai, China). A
pyrometer equipped with the SPS machine was used as a temperature monitor. After
sintering, the samples were cooled to room temperature.

3.3. Characterization Methods

The morphology and microstructures of raw materials and powder mixtures were
characterized by field emission scanning electron microscopy (LEO [ZEISS] 1540 XB,
Oberkochen, Germany field emission SEM). SEM micrographs were recorded at low and
high magnifications in secondary electron imaging mode, where an accelerating voltage of
1 kV was employed, and the working distance was 5.7 mm and 6 mm for silica gel milled
for 3 h and eggshells calcinated for 7 h, respectively, while a working distance in the range
of 5.1–5.2 mm was utilized for the compositions 10C90S, 40C60S, 50C50S, and 90C10S.
For the rest of the compositions, their micrographs were taken at different magnifications,
where an accelerating voltage of 2 kV was used, and the working distance was 6.2 mm and
in the range of 6.1–6.5 mm for eggshells calcinated for 12 h and compositions (40C(7h)60S,
20C80S, 30C70S, 60C40S, 70C30S, and 80C20S), respectively. Depending on magnifications
and compositions, the working distance was changed accordingly. The pressed and heat-
treated samples were investigated with a scanning electron microscope (SEM, Thermo
Scientific, Scios2, Waltham, MA, USA). Prior to the investigations, the samples were broken
and then coated with carbon films. As an exception for 80C20S and 90C10S specimens,
they were examined by field emission scanning electron microscope (LEO [ZEISS] 1540 XB)
without any prior preparation or coating. In addition, energy-dispersive X-ray spectroscope
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(Oxford Instrument EDS detector X-Max, Abingdon, UK) carrying out SEM was used to
examine the chemical compositions of base materials, powders, and Ca-Si ceramics.

Crystalline phases of mixed powders and composites were characterized using an
X-ray diffractometer (XRD, Bruker AXS D8) using Cu Kα radiation, equipped with a Göbel
mirror and a scintillation detector (Bruker AXS, Karlsruhe, Germany). The evaluation of
the diffraction patterns were performed by Diffrac.Eva V7 software.

Densities of calcium silicate ceramic composites were measured using Archimedes’
principle (Equations (1) and (2)). The specimens were immersed into water for at least
3 days in order to ensure the total filling of pores.

Aparent density =
wt. of dry sample

wt. of sample after soaking in water − wt. of soaked immersed sample
× ρwater (1)

where ρwater corresponds to water density at room temperature.
The apparent porosities of the specimens were also calculated according to the

Equation (2).

Apparent porosity =
wt. of soaked sample − wt. of dry sample

wt. of soaked sample − wt. of immersed sample
·100 (2)

4. Conclusions
Calcium-silicate-based composites with different CaO/SiO2 weight ratio contents

(10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20, and 90/10) were synthesized by
attrition milling and conventional pressing and heat treatment in the air at 800 ◦C for 1 h
using chicken eggshells and silica gel as precursors. A comparative study has been carried
out to investigate the effect of the CaO/SiO2 weight ratio on the density, morphology, and
structural properties of calcium silicate ceramics. The effect of the calcination duration on
the raw materials and the final ceramics properties was also studied. The CaO/SiO2 weight
ratio has a significant role in controlling the microstructure, phase evolution, and density
of the CaO-SiO2 composites. On the other hand, the calcination duration did not cause any
structural or phase change on the final outcomes but a slight change in the density values
was observed where the composition with calcinated eggshells for 7 h seemed to be denser
compared to 12 h. On the contrary, the morphology of the interconnected spherical particles
was effected by the calcination duration. A linear relationship was observed between the
apparent density and the CaO/SiO2 weight ratio; when the CaO/SiO2 ratio increased from
0.11 (10/90) to 0.67 (40/60), the density increased due to the densification of the ceramics.
The reduction in the density values started with the composition 50C50S that could be
ascribed to the decrease in the specific surface area of CaO-SiO2 composites. The highest
density was achieved with the fully melted and densified microstructure corresponding to
pseudo-wollastonite (40C60S). Following the composition 40C60S, the composition 50C50S
resulted in pseudo-wollastonite, wollastonite, and triclinic Ca3(SiO4)O with a density of
2.037 g/cm3 and porosity of 19.43%. These results were suggested as an optimum solution
to prepare calcium-silicate-based bioactive materials from biowastes to overcome the issues
regarding the high cost of manufacturing and diminish the chemical residuals remaining
from the fabrication process.
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