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Abstract

Calcium oxide and silicon oxide are combined to form calcium silicate. Since calcium silicate materials offer tuneable
physical, chemical, mechanical, and optical characteristics, these materials have found uses in various applications such as
luminescence, batteries, bioimaging, supercapacitors, and concrete materials. In the majority of applications, high-purity
calcium silicate is produced from chemical precursors such as calcium/silicate oxides or nitrites, even though this method
could be expensive, environmentally harmful, and non-biocompatible. As an alternative, natural calcium and silica from
biomass are usually economical and abundant, yet they contain impurities but sometimes the trace impurities influence the
properties of material in positive ways. Silica can be extracted from wheat husk, rice husk, and sugarcane bagasse, which
are frequently dumped in rivers, ponds, and other water bodies, contributing to ecological and health problems, likewise,
calcium oxide can be extracted from eggshells, marble waste, snail shell. The trash may recycle or utilized to create market-
able, value-added items with significant ecological and financial benefits rather than being dumped. The purpose of this
review paper is to discuss the composition, processing, and applications of calcium silicate derivatives. The analysis shows
that calcium silicate derivatives have enormous potential for using waste as a replacement of organic precursor materials.

Keywords Recycling waste - Environmentally friendly - Calcium silicate - Green synthesis - Food waste - Industrial waste -
Agricultural waste

Abbreviations CCS Chemical calcium silicate

CS Calcium Silicate OPL Oil palm leaves

FA Fly Ash TEOS  Tetraethyl orthosilicate

GGBS  Ground Granulated Blast furnace slag SBF Simulated body fluid

GDP Gross domestic product CPC Calcium phosphate cement
USDA  United States Department of Agriculture HA Hydroxyapatite

Si02 Silica BTE Bone tissue engineering

ES Eggshells FDA Food and Drug Administration
CaCO3 Calcium carbonate CSH Calcium silicate hydrate

ucCcC Unburnt carbon content MCS Mesoporous calcium silicate
HC1 Hydrochloric acid LEDs  Light-emitting diodes

HF Hydrogen fluoride acid PGMS  Propylene glycol modified silane
HNO3  Nitric acid PL Photoluminescence

H2S04 Sulfuric acid
SCBA  Self-compacting concrete

CTAB  Cetyltrimethylammonium bromide 1 Introduction
NCS Natural calcium silicate
Calcium silicates (CS) and their derivatives have been exten-
54 P. Abdul Azeem sively used in various applications such as luminescence,
drazeem2002 @nitw.ac.in optical sensors [1], solar cell, bioimaging agents [2], drug

delivery, and tissue engineering [3]. CS materials offer
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bioactive behavior means when implanted in the body, the
material forms a layer of hydroxyapatite [4]. CS in bone
tissue engineering offers a promising approach to promote
bone regeneration, repair bone defects, and enhance the inte-
gration of implants with natural bone. CS nanoparticles can
be used as drug delivery vehicles for targeted drug delivery
because it is a low-density material [5]. Functionalization of
these nanoparticles with targeting moieties, such as antibod-
ies or peptides, allows for precise targeting of cancer cells or
diseased tissues. Once the nanoparticles reach the target site,
the drug can be released to provide localized treatment [6].
Also it holds a great potential for addressing environmental
challenges and harnessing renewable energy sources through
the utilization of light energy for various chemical processes.
These materials exhibit photo catalytic activity, excellent
stability, durability, and possess a wide band gap that allows
them to absorb light in the ultraviolet (UV) region of the
electromagnetic spectrum [7]. The combination of its photo
catalytic properties, stability, wide band gap, low toxicity,
and versatility makes CS a useful material in photo catalyst
applications. Moreover, CS and its derivatives are also used
in sensing applications such as gas sensors. Due to the high
surface area of the material it provides a large active surface
for gas interactions [8]. According to reports, the utilization
of CS nanosheets has been introduced to create gas sensors
with exceptional stability in different humidity conditions
[9]. Due to the hygroscopic properties of CS nanosheets,
they possess the ability to selectively trap water molecules
within their structure. This unique characteristic allows
for the adsorption of target gas molecules onto the active
material surface without any interference from the water
molecules. Moreover, the two-dimensional arrangement
of CS nanosheets offers a remarkable surface-to-volume
ratio, thereby maximizing the capacity for adsorbing water
molecules onto their surfaces [10]. Furthermore, they are
utilized as host materials in luminescence applications due
to their low phonon energy, good chemical stability, high
transparency to visible light, and ability to accommodate
different activator ions [11]. CS exhibits high luminescence
efficiency when it is doped with some rare-earth ions. They
can exhibit strong and tunable emission in a wide range of
colors, depending on the choice of activated ion. The emis-
sion can span from the visible to the near-infrared region of
the electromagnetic spectrum. Additionally, CS has good
thermal stability and can withstand high temperatures,
making it suitable for applications where heat resistance is
required. It occupies a prime position in display and forensic
applications due to its facile synthesis and optimized proper-
ties like chemical stability, thermal stability, mechanical sta-
bility, and optoelectronic [12, 13].Each day, we come across
a diverse array of agricultural, food, and industrial products
that serve our needs and make our lives easier. Agricultural
activities contribute significantly to the Gross Domestic
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Product (GDP) of many countries. This includes not only the
direct output of crops and livestock but also the various sup-
porting industries such as equipment manufacturing, food
processing, transportation, and distribution. Furthermore,
industries such as steel, mineral processing, paper, and pulp
also play a vital role in shaping human existence and well-
being [14]. These two categories of industries are responsi-
ble for meeting our everyday needs. The development and
advancement of industries are key indicators of a country's
progress. However, a significant drawback associated with
these industries is the production of millions of tonnes of
by-products on a daily basis worldwide [15]. So, utiliz-
ing waste material is a major problem all across the world.
The increasing global population is driving the demand for
industrialization to meet the needs of people. However, this
industrialization comes at a cost to the ecosystem, result-
ing in the generation of excessive waste and environmental
pollution [16]. Traditionally, there is increasing interest in
using bio-waste-derived ceramic, phosphor material [17,
18]. Opting for biowaste is a sustainable and cost-effective
process as it utilizes waste materials that would otherwise
be disposed of in landfills or incinerated and it is a cost-
effective process as the raw materials are readily available
and inexpensive [19]. The primary focus of researchers lies
in biowaste-derived CS, as they have observed more pro-
nounced improvements in both the material's structural and
optical characteristics compared to those derived through
chemical processes [20]. Bio-waste materials also enhanced
the chemical stability of the prepared material due to the
presence of organic components in the biowaste, which can
form stable complexes with heavy metals and prevent their
leaching. The biomass CS can be produced by the combi-
nation of calcium source and silica source extracted from
the waste material. As silicon oxide and calcium oxide are
the major elements found in the earth’s crust. Indeed, waste
materials such as eggshells and seashells are rich sources of
calcium carbonate, a compound found abundantly in nature
[21]. Likewise, rice husk, coconut husk, sugarcane bagasse,
peanut shell, bamboo leaves, and many more waste mate-
rials are abundant sources of silicon oxide [22] as shown
in Fig. 1, and are utilized in the extraction of useful com-
ponents for various applications and purposes. Industrial
wastes such as fly ash (FA) and ground granulated blast fur-
nace slag (GGBS) are the excess waste generated from the
iron and steel industry respectively. In thermal power plants,
the by-product obtained after the coal burning is named FA
[23]. In India, 196 million tonnes of FA are generated every
year [24]. Typically, such waste is often indiscriminately
dumped in open areas or water resources. As temperatures
rise, the lightweight waste becomes airborne and can enter
the human body through the respiratory system, impacting
not only humans but also animals, birds, and aquatic spe-
cies [25]. From 1937 onwards, FA is used in the cement
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Fig. 1 Different types of waste are generated from food, agricultural,
and industrial sources

industries usually in concrete and brick production because
of its significant properties like porosity, lightweight, high
surface area, and low bulk density [26].

Mostly FA is used as a catalyst in various applications to
reduce the cost of raw materials and production costs. The
second industrial waste is GGBS, which is obtained from
the iron and steel industry. During the production of iron
and steel making, quenching molten slag comes out from the
blast furnace which is further dried and ground into a fine
powder named as GGBS [27]. The obtained slag is a rich
source of calcium silicate hydrates, which is used in cement
production or concrete production to enhance the strength
and durability of the cement [28]. Apart from industrial

waste and food waste, agricultural waste also creates envi-
ronmental problems. The food and agricultural waste are
bio-degradable waste, but the degradation process is lengthy
and it requires a lot of land area [29]. The most abundant
amount of waste generated is rice husk. Rice husk is a major
amount of waste generated from the rice crop. According to
the United States Department of Agriculture (USDA), the
global rice production for the 2019/2020 period was pro-
jected to be approximately 499.31 million metric tons. In
the previous year, 2018/2019, the production stood at 499.37
million metric tons (World agricultural production, 2020).
It is estimated that during the milling process of rice, each
kilogram of rice would yield approximately 0.28 kg of rice
husk [30]. Consequently, a substantial quantity of rice husk
is generated. However, due to the lack of effective utiliza-
tion methods, this husk is often burned or left to become
airborne, resulting in environmental pollution. Farmers
typically aim to clear their fields quickly after the harvest
to prepare for the next crop. Unfortunately, the natural deg-
radation process of agricultural waste is time-consuming.
As a result, and due to limited waste management options
and high costs, burning the crop residue remains the only
viable choice for many farmers. This practice contributes
to air pollution and has adverse effects on the climate [31].
Rice husk chemical composition contains a major amount
of silica (SiO,) as shown in Table 1 and a global pie chart of
the different waste produced annually in different countries
is shown in Fig. 2.

In the food industry, major waste is generated from eggs.
Eggshells (ES) are the hard outer covering of the eggs and
it is composed mainly of calcium carbonate, which gives
protection to the embryo inside the egg [32]. Decomposing
of ES creates various issues such as taking a long time to
decompose in landfills due to calcium carbonate compo-
sition, and it takes several years for proper decomposition
[21]. Furthermore, improper disposal of ES, such as being

Table 1 Chemical composition of the waste generated from the food, agricultural and industrial sources

Chemical Composition (%)

Oxide Compounds Rice husk Eggshell Sugarcane  Snail Shell Coconut Husk Peanut Shell Fly Ash GGBS
Bagasse
Calcium oxide (CaO) 0.49 92.823 2.8 97.14 4.98 11.23 2.9 45.8
Silicon dioxide (SiO,) 93.0 0.363 73 0.628 37.97 41.42 63.1 30.1
Strontium oxide (SrO) - 0.246 - 0.457 - - - -
Iron oxide (Fe,05) 0.13 - 6.3 0.409 15.48 12.60 6.5 5.7
Sodium oxide (Na,O) 0.02 - 1.1 0.336 0.95 1.02 - 0.2
Manganese oxide (MnO) - - - 0.308 0.81 0.23 - -
Potassium oxide (K,0) 1.03 0.311 24 0.212 0.83 11.89 1.1 1.2
Aluminium oxide (Al,05) 0.20 0.238 6.7 0.180 24.12 11.75 233 13.4
Magnesium oxide (MgO) 0.73 1.179 32 0.152 1.89 3.51 1.2 6.1
Chromium oxide (Cr,05) - - - 0.083 - - - -
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Fig.2 Global pie chart of (a) eggshell (b) rice husk (c) sugarcane bagasse (d) sea shell (e) peanut shell (f) coconut husk produced annually in

different countries

discarded in standard household waste, can contribute to the
emission of greenhouse gases like methane, carbon diox-
ide, and nitrous oxide [33]. So, various issues like landfill,
availability, odour insects, abrasiveness, climate change, and
global warming make ES as a waste product. Globally egg
production up to 2017 is 80 million metric tons per year
[34]. In egg production, India is the third-largest producer
in the world. Over the last many years, ES are utilized to
generate various valuable products by incorporating them
with commercial products due to their impressive chemical
and physical properties like high thermal stability, mechani-
cal properties, flame resistance, and many more. It contains
a high amount of calcium carbonate (CaCO;) and it is eas-
ily available in bulk amounts, lightweight, and eco-friendly.

Another major waste originating from the agricultural
industry is sugarcane bagasse. After the extraction of juices
from the sugarcane for sugar manufacture, the left behind
the product is sugarcane bagasse. Bagasse is a renewable
resource that can be used as a biofuel and as a raw mate-
rial in the making of paper, board, and other products [35].
There are various ways to properly dispose of bagasse, such
as using it for composting, as a soil amendment, or as animal
feed. It is available in abundant and can provide a sustainable
source of energy and materials, but can create waste and pol-
lute the environment if not managed properly [36]. But some
farmers burnt the bagasse, which will create environmental
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pollution because the low-temperature burning can release
harmful pollutants such as sulphur dioxide, nitrogen oxides,
and particulate matter [37]. Sugarcane is grown in a major
area across many countries like Brazil, India, Australia, and
South Africa. Yearly, India only produces 40 million metric
tonnes of bagasse and it contains a major amount of silica
oxide in it with other trace elements [38]. One more waste
is coconut husk, which is an outer covering of coconut fruit.
It is a tough, fibrous material that surrounds the inner flesh
of the coconut. The fibrous layer of coconut is the meso-
carp and the smooth layer is known as the exocarp. When
the coconut husk is heated at a higher temperature it can
convert into silica. India is the largest coconut-producing
country in the world [39]. According to the 2020 survey by
the food and agriculture organization of the United Nations,
India produced around 21.3 billion coconuts, which is more
than 20% of the world’s total coconut production. Indone-
sia, Philippines, Vietnam, Sri Lanka, Thailand, and Mexico
also produce a major amount of coconut. A peanut shell is
the outer covering of the peanut. The shell of a peanut is
not typically eaten, as it is difficult to digest and does not
have any nutritional value. Some people can be allergic to
peanuts and even handling the shell can trigger an allergic
reaction in some individuals [40]. However, there are a vari-
ety of uses for shells, such as animal feed or a fuel source.
They can be used as a soil amendment in gardening as they
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help to improve soil structure and retain moisture. India is
the top five producers of peanuts in the world. According
to the United States Department of Agriculture, India pro-
duced approximately 7.9 million metric tons of peanuts in
the 2020-2021 season. Globally, an estimated 47 million
metric tons are produced annually. Apart from other waste,
seashell pollution is a major concern all over the world. Sea-
shell buildup in natural settings has a detrimental effect on
the ecosystem, wildlife, and even human health [41]. The
causes of seashell pollution are varied, including commer-
cial collection, waste disposal, and unsustainable fishing.
The accumulation of seashells on beaches and in oceans
can lead to changes in the composition of soil and sand,
physical barriers to animal movement, and the absorption
of pollutants and chemicals by seashells [42]. To mitigate
seashell pollution, it is important to adopt sustainable prac-
tices and promote awareness of the ecological importance
of seashells. As all the above-mentioned waste contained
either a major amount of calcium oxide or silicon oxide.
Apart from calcium oxide and silicon oxide, the waste mate-
rials also contain a trace number of other impurities such as
titanium oxide, magnesium oxide, iron oxide, manganese
oxide, aluminum oxide, etc. The chemical composition of
the various waste materials obtained from the food indus-
try, agricultural industry, and industrialization as shown
in Table 1. These trace elements can be removed by the
various synthesis techniques to obtain a pure material, but
sometimes their presence also influences the properties of
the synthesized material. By combining these silica and cal-
cium sources, calcium silicate and its derivatives (diopside,
akermanite) can be synthesized. Comparatively, the usage of
biomass in material synthesis and the biomedical industry is
less compared to synthetic precursor use because of the less
knowledge about the enhancement in the properties by using
the biomass. Some of the steps have already been taken by
the researchers to find a better use of the above-mentioned
toxic waste but proper and effective utilization is still a chal-
lenge for researchers.

In this review, our primary focus revolves around the fol-
lowing objectives:

(i) Reducing environmental pollution by converting waste
materials into valuable resources.

(i) Thoroughly investigating multiple extraction methods
to obtain calcium oxide and silicon oxide from recycled
waste materials, with a focus on optimizing extraction
yield.

(iii) Exploring the extraction process of calcium silicate and
its derivatives from different sources of calcium oxide
and silicon oxide.

(iv) Examining the diverse applications of calcium silicate
and its derivatives, encompassing drug delivery, lumi-
nescence, and tissue engineering.

(v) Analysing the influence of waste materials on the opti-
cal, electrical, and hardness properties of the prepared
materials.

2 Calcium and Silica Extraction
from Biomass

2.1 Calcium Extraction from Eggshells

Eggshells consist of about 10-11% weight of the total weight
of the egg. It is primarily composed of calcium carbonate.
Most of the studies concluded that in eggshells 96-97% of
calcium carbonate or calcite is present and the rest 3—4% is
organic matter such as X collagen, sulfated polysaccharides,
and other protein [43]. There are several reports available on
pure calcium extraction using eggshells and still research is
going on to improve the purity of the final product. Various
literature showed that initially, for removing the impurities
or dirt, eggshells firstly wash with plain water. After that,
for removing the thin organic membrane, the eggshells are
put in the boiling waste for some time [34]. Some research-
ers reported that for removing the organic membrane, it is
better to dip eggshells sometimes in a dilute acid solution.
In addition, to remove the moisture, keep the shells in a hot
air oven for overnight or placed them in sunlight. Heating
CaCO; at high temperatures leads to the formation of cal-
cium oxide and the release of carbon dioxide. Some reports
showed that before going for high-temperature calcination,
it is good to heat the shells at approx. 450 °C temperature
for 2-3 h to remove the organic residues. Thongthai Witoon
et al. [44] proposed a method involving the proper clean-
ing of eggshells followed by calcination at 900 °C under a
nitrogen atmosphere. This process resulted in the formation
of calcium oxide with a purity of 97.42%. XRD analysis
revealed that the intensity of peaks for the commercially
available CaCOj; was higher compared to the calcined egg-
shell. This implies that the CaO crystals in commercially
available CaCO; were larger in size compared to those in
the calcined eggshell. A comparative analysis between the
calcined eggshell and commercially available CaCO; was
conducted across the relative pressure range of 0.2 to 0.8.
The findings indicated that the amount of gas adsorbed by
the calcined eggshell was inferior to that of the commer-
cially available CaCOj after calcination. This suggests that
the commercially available CaCO; possessed a greater num-
ber of mesopores and a higher BET surface area. However,
this trend reversed at relative pressures surpassing 0.85,
implying that the calcined eggshell had a higher proportion
of macropores.

Further inquiry unveiled that the calcined eggshell dem-
onstrated a substantial capacity for CO, capture due to its
carbonation conversion capability. This positions it as a
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fitting CO, sorbent, attributed to the smaller CaO particle
size, which provides an expanded exposed surface area for
the surface interaction with CO,.

Dikshita Nath et al. [45] derived CaO from eggshells
and tested it for antibacterial activity. It was observed that
the optimum calcination temperature for the formation
of calcium oxide is 900 °C. The pictorial representation
of the synthesis process is shown in Fig. 3(a). Duncan
Cree et al. [46] heated eggshells (ES) and eggshell powder
(ESP) at different temperatures (20 °C, 150 °C, 300 °C,
450 °C, 600 °C) to check the heated mortar specimens.
At 20 °C, both ES and ESP are white in colour, at 150 °C
both turn into pale yellow, at 300 °C they changed into
light brown it shows that organic membrane begins to
breakdown/decompose, at 450 °C and 600 °C dark gray
colour observed. They conclude that little organic mem-
brane is remaining after calcination at 600 °C. Krishna
Kumar Jaiswal et al. [47] synthesized calcium oxide with
crystallite size ~55 nm from chicken eggshells for pho-
tocatalytic application. At first, they cleaned eggshells
with hot distilled water to remove the fleshy, gelatinous
matter and then dried it in a hot air oven at 105 °C for
overnight. Then dried eggshell was crushed into a fine
powder and calcinated at 900 °C for 3 h with a high heat-
ing rate of 15 °C/min and observed that the crystallinity
of CaO enhances as the calcination temperature increases.

(a) Remove the inner membranes.
atached to the egeshell

Pre-treatment »
(Washing & Purifying) w
Dricd ut room tempersture aftcr
crushing it into small picees l

Raasting of pasder

Calcinated calcium
oxide powder

(b)
Calcination at
900 °C for 2 hrs
Ca0O
Add 1% HC1 SmlCaClyadd 1 M Calcination at
T solution Na,CO, 5 ml stir 2 hr 900 °C for 2 hrs
| o .o ..
& e o *
- I = .° )
CaCl, CaCO, Ca0O
Eggshell Add 1% HC1 5ml CaCladd 1 M Calcination at
solution NaOH § ml stir 2 hr 900 °C for 2 hrs
Y —— . o -
. .
- * e
Ca(OH), Ca0

Cacl,

Fig.3 Extraction of calcium oxide using eggshell (a) Thermal heat
treatment method (b) sol-gel method of synthesis. [53] (¢) FE-SEM
image of an eggshell with different magnification (d) FE-SEM image
of inner part of eggshell (e) Crushed eggshells powder FE-SEM
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Waseem Ahmad et al. [48] conducted characterization
of the outer and inner layers of the raw eggshell, along
with powdered eggshell, utilizing FE-SEM, as depicted
in Fig. 3(c-d). As illustrated in Fig. 3(c), the surface of
the eggshell's exterior presents a smooth texture punctu-
ated by cracks. Figure 3(e) depicts the section of the egg-
shell that makes up the outer shell, and it demonstrates the
protein's fibrous network design, which is very porous in
nature. The porous nature of raw eggshells is depicted in
Fig. 3(f-g). It was observed that the BET surface area of
raw eggshell is 0.56m?/g and the surface area increase as
the calcination temperature increases up to 1000 °C, after
that the surface area start decreasing due to the sinter-
ing effect. The best adsorption capacity of SO, and H,S
was recorded as 11.68 mg/g and 7.96 mg/g respectively
using eggshells calcinated at 900 °C. Reta G. Jalu et al.
[49] prepared calcium oxide nanoparticles from eggshells
using the sol-gel method of synthesis to overcome the
high-temperature synthesis technique. The steps involved
in the sol-gel process are shown in the Egs. (1-3). Ini-
tially the raw eggshell powder contains calcium carbonate
treated with aqueous HCI for making the uniform solution
of metallic salt. After that, sol was formed by alkaline
hydrolysis reaction and formation of metal hydroxide takes
place. And lastly, calcined the dried powder at 900 °C for
1 h using a muffle furnace.

r

(d)

image. Reproduced with permission. [48] (f) SEM of calcinated egg-
shell powder at 600 °C temperature (g) SEM image of eggshells cal-
cinated at 900 °C. [180]
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CaCO;(s) + 2HCl(aq) — CaCl,(aq) + H,O() + CO,4(g)

(H
CaCl,(aq) + 2Na(OH),(aq) — Ca(OH),(s) + 2NaCl(aq)

(2)
Ca(OH),(s) + A — CaO(s) + H,O(]) 3)

The synthesis of calcium oxide particles from hen egg-
shells offers a solution to the limitations associated with
bulk materials, as it demonstrates improved performance
characterized by a higher surface area-to-volume ratio. This
characteristic imparts size-dependent properties, such as
an increased adsorption tendency, making it beneficial for
large-volume wastewater treatment systems. The develop-
ment of a porous structure significantly improves the perfor-
mance of the synthesised calcium oxide particles. During the
calcination of Ca(OH),, this structure is created as a result
of the release of CO, and H,O from the internal structure.
Ebrahim Fayyazi et al. [50] prepared CaO catalyst derived
from chicken eggshells for biodiesel production. To obtain
active CaQ, the researchers prepared the material at a tem-
perature of 900 °C. To prevent contamination from CO, or
water moisture, the calcined samples were removed from
the furnace before reaching room temperature and imme-
diately placed in a sealed glass desiccator. This ensured the
preservation of the sample's integrity and minimized any
undesired reactions or influences from the surrounding envi-
ronment. Minglong Zhang et al. [51] conducted a synthesis
of bio nano CaO by employing tea decoction to reduce the
extracted CaO from chicken eggshell. This unique approach
aimed to produce bio nano CaO with potential applications
as a catalyst. The presence of oxygen anions on the surface
of CaO plays a crucial role in its catalytic effects, particu-
larly in transesterification reactions. CaO nanoparticles were
synthesized by Lulit Habte et al. [52] using eggshell as a
precursor, and the size reduction process was accomplished
through the sol-gel method.

The resulting nanoparticles exhibited a mean particle size
of 198 nm and displayed a spherical morphology. During the
sol—gel process, the condensation reaction led to the forma-
tion of small-sized particles interconnected with each other,
creating a rigid and highly crystalline inorganic network
within the liquid. To enhance crystallinity, a slow addition of
NaOH was employed, which promoted a low rate of nuclea-
tion and facilitated the subsequent precipitation of Ca(OH),
layers on top of one another, resulting in the formation of
a highly crystalline gel. This step contributed to improving
the overall crystalline structure and quality of the CaO nano-
particles. Shu-Ling Hsieh et al. [53] prepared CaO using
eggshells for CO, gas adsorption. The method of synthesis
is shown in Fig. 3(b). In addition, the researchers employed
various modifiers, including amino-based polymers such as
tris(hydroxymethyl)aminomethane (Tris), polyethylenimine

(PEI), and polydopamine (PDA), to investigate their effects
on the particle size and configuration of CaO particles. The
pyrolysis of PDA resulted in the formation of relatively large
pores. This can be attributed to the unique properties of
PDA, which contribute to the creation of larger void spaces
during the calcination process. Conversely, PEI possesses a
long carbon chain structure that occupies a relatively small
volume. As a result, the generated pores after calcination
using PEI as a modifier are relatively small. This indicates
that the size and configuration of the CaO particles can be
controlled by the choice of modifier, leading to variations in
pore size and overall particle characteristics.

2.2 Calcium Extraction from Sea Shells

A seashell is a hard, protective outer layer of the animal that
lives in the sea. Seashell contains several layers of different
microstructure having different mechanical properties. It
involved a wide variety of different seashells such as mus-
sels, cockles, scallops, and snail shells. These shells are a
rich source of calcium carbonate. The synthesis of calcium
oxide from sea shells is the same as eggshells the only differ-
ence in its calcination temperature. Sasiprapha Kaewdaeng
et al. [54] used calcium oxide synthesized from river snail
shell ash as a catalyst in the transesterification process for
biodiesel production. In this research, calcium oxide was
derived from the calcined river snail shell at designated
temperatures (700, 800, and 900 °C) for 4 h, in a static air
condition. This study identified the ideal calcination tem-
perature as 800 °C. Utilizing snail shells as a catalyst in the
reaction serves to reduce the overall expenses of biodiesel
production. Moreover, this approach is linked to the capacity
for recycling natural mineral resources, culminating in an
ecologically mindful and sustainable process. Okorie Agwu
et al. [55] showed the flowchart of the synthesis process of
calcium oxide from seashells as shown in Fig. 4(a). Further-
more, it was noted that for every 1 kg of seashell subjected to
calcination, a yield of 500 g (equivalent to 50% by weight) of
powder was obtained. This observation aligns with the find-
ings of Chilakala et al. [56], who reported that oyster, clam,
conch, scallop, and abalone shells experienced an average
weight loss of 44-46% due to the release of CO, gas during
calcination.

Onyelowe and Onuoha (2016) also recorded similar
results, noting that approximately 40.5% of the weight of
snail shell was lost upon calcination. Similarly, Correia et al.
[57] reported a weight loss of 40.4% for quail eggshells
within the temperature range of 550—875 °C. This weight
loss occurred as the shells underwent decomposition, tran-
sitioning from calcium carbonate to calcium oxide. Vivek
and Sophia [58] provided a more detailed explanation for
the weight loss observed during the calcination of egg and
conch shells, identifying two distinct weight loss modes at
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Fig.4 (a) Flowchart for the obtaining of calcium carbonate and calcium oxide from sea shells. [55] SEM image of (b) mussel shell (¢) cockle

shell (d) scallop shell calcinated at 1000 degree celsius. [61]

specific temperature ranges. The first mode was character-
ized by a gradual and slow weight loss, occurring within the
temperature range of 100-600 °C. This initial weight loss
was attributed to the expulsion of water molecules and car-
bon oxide from the shells. The second mode was marked by
arapid weight loss, taking place between 600—800 °C. It was
proposed that this sudden decrease in weight was primar-
ily caused by the release of carbon oxide from the carbon-
ates present within the shell structure. In a study conducted
by Panu Leelatawonchai et al. [59], the extraction of cal-
cium oxide from golden apple snail shells was investigated.
The researchers observed that at a calcination temperature
of 700 °C, the transformation of CaCOj; phase into CaO
began. Over increasing calcination time, the peak intensities
of the CaCO; phase decreased, while the peak intensities
of the CaO phase increased. Based on their findings, the
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researchers concluded that a complete phase transformation
from CaCOj; to CaO occurred after one hour of calcination
at 800 °C. In a study conducted by Ikbal Bahar Laskar et al.
[60], calcium oxide catalysts were derived from snail shells
for biodiesel production. Initially, the snail shells underwent
a sequence of drying and grinding stages. Subsequently, they
were subjected to calcination within a muffle furnace for
a duration of 4 h, spanning a temperature spectrum from
400 °C to 1000 °C. Following the calcination process, the
resultant catalyst was meticulously placed in a desiccator
to shield it from air exposure. The research findings indi-
cated that when exposed to a temperature of 1000 °C, a
remarkably pure form of calcium oxide, with a purity level
as high as 97.14%, was attained. Furthermore, the research-
ers noted that calcination at 900 °C led to the creation of
unevenly sized semi-spherical particles characterized by
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porous exteriors. The presence of this porosity on the cata-
lyst's surface played a substantial role in augmenting the
BET surface area, thus significantly elevating its catalytic
efficiency. Achanai Buasri et al. [61] synthesized calcium
oxide using a variety of shells such as mussel, cockle, and
scallop shells by simple calcination method at a calcina-
tion temperature ranging from 700 °C to 1000 °C for 4 h
holding time. The derived calcium oxide from the mussels,
cockles, and scallops gives purity of 98.367%, 99.170%,
and 97.529% respectively, and the SEM images of all three
shells are shown in Fig. 4(b-d). All the shells showed almost
the same kind of morphology as observed by SEM. The
calcined waste shells were irregular in shape, and some of
them bonded together as aggregates. According to the BET
analysis, the mussel shell exhibited notable distinctions in
surface area (89.91 m2/g) and pore volume (0.130 cm3/g)
in contrast to the cockle and scallop shells (which recorded
values of 59.87 and 74.96 m*/g; 0.087 and 0.097 cm%/g,
respectively). In a notable study conducted by Reddy et al.
[62], revealed that employing a 20 nm-sized CaO catalyst
with a surface area of 90 m%g could yield an impressively

high biodiesel rate of 99% at ambient temperature. This out-
come was contrasted with the usage of a commercial CaO
catalyst, which possessed a markedly smaller surface area
of 1 m?%/g, leading to a considerably diminished yield of 2%.

2.3 Silica Extraction from Rice Husk

Rice husk is a major source of silica production. When rice
husk is burnt, it produces rice husk ash. Rice husk ash is
an environmental waste, which contains 60-80% of amor-
phous silica depending upon the type of rice. There are
various methods reported for the extraction of silica from
rice husk as shown in Fig. 5(a): (i) Acid leaching method:
this method involves treating rice husk ash with any one
of acids HCl, H,SO,, and HNO; to dissolve the silica. The
silica is then precipitated by adding a base such as sodium
hydroxide (ii) Alkali fusion method: in this method, rice
husk is mixed with a strong base such as sodium hydrox-
ide and heated at high temperatures to form a molten mass.
The molten mass is then cooled and dissolved in water to
extract the silica (iii) Sol-gel method: this method involves

(a)
g s , NGt hS
O A&
B A R o
RlcclHusk
! -
Thermal treatment (500°C - 800 °C) Chemical treatment
! : ’ o
Furnace Reactor  Alkaline treatment Acid leaching treatment
! ! 1 !
Electric/ Fixed bed Inclined step-  Cyclone
muffle furnace grate furnace  furnace
furnace { 1
Fluidized Rotary
| | | bed reactor Kiln Heated at Heated at
\ 1100°C - 1200°C 500°C - 900°C
Amorphous Silica l l
Amorphous Silica Crystalline Silica Amorphous Silica

grinding
— sRice husk powder — 5 Rice husk ash

RHA)
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synthesis
— > Mesoporous
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Fig.5 (a) Various method of synthesis for the extraction of silica from rice husk [181] (b) Different physical transformations occurred during

the conversion of rice husk into silica nanoparticle. [67]
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dissolving the rice husk ash in an acid solution to form a
sol. The sol is then heated to form a gel, which is dried and
calcined to obtain pure silica. Each of these methods has its
own advantages and disadvantages in terms of efficiency,
cost, and environmental impact. The choice of method will
depend on the specific requirements of the application and
the availability of resources. In the process of generating
bio-silica from rice husk via the hydrothermal method,
steam is commonly employed within a pressure spectrum
of 50 to 250 bar, alongside temperatures spanning from 200
to 400 °C. [63] This process includes biomass fragmentation
and thermal decomposition, resulting in the generation of
predominantly liquid products and hydrochar. The hydrochar
still retains silica content, which can be further extracted.
However, this particular route has certain drawbacks that
limit its attractiveness. The operation requires a significant
amount of energy, while the energy produced is relatively
low. Additionally, the ash obtained from the process contains
a high proportion of unburnt carbon content (UCC) due to
incomplete oxidation. These factors contribute to the down-
stream processing of the product being costly. Ji Yeon Park
et al. [64] prepared biocompatible silica nanoparticles from
three different routes such as combustion, acid leaching, and
alkali extraction. In the combustion process, they did direct
calcination of rice husk at 900 °C temperature. In the acid-
leaching process, firstly treated with H,SO, and then dried
and calcinated at 900 °C. In the alkali extraction process, ini-
tially, rice husk was treated with NaOH solution and during
the reaction, silica dissolved into the solution, and the liquid
friction was filtered out with filter paper. The second step
is to adjust the pH neutral by adding acetic acid, and silica
nanoparticle precipitate. Again, calcinated at 900 °C fol-
lowed by drying. During the bio-compatibility assay, it was
observed that the acid-leached nanoparticles (NPs) exhibited
higher toxicity compared to the alkali-extracted NPs, despite
being purer in composition. The toxicity of the combustion
and acid-leached NPs is attributed to the generation of oxi-
dative radicals, which can potentially cause DNA damage
[65]. They conclude that the alkali extraction process is the
most effective method to increase the biocompatibility of the
material. Ikram Ul Hagq et al. [66] studied the effect of NaOH
concentration, the effect of extraction time, and the effect of
the ratio (Moles of NaOH/Grams of RHA) under various
reflux conditions on the extraction of silica. They followed
the sol-gel method of synthesis by treating rice husk ash
with aqueous NaOH for various time periods and later acidi-
fied with H,SO, to form a white gelation. They reported that
the silica yield is negligible at 0.4 mol/L of NaOH concen-
tration and it continuously increases up to 1 mol/L after that
it becomes saturated. Additionally, the researchers exam-
ined the extraction time and noted that the percentage yield
of the extracted silica increased as the extraction time was
prolonged, up to a duration of 90 min. However, beyond this
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point, the yield of silica remained relatively constant and did
not show significant further increase with longer extraction
times. Deivaseeno Dorairaj et al. [67] utilized an alkaline
extraction (NaOH) followed by acid precipitation method to
treat rice husk and obtain high-purity rice husk ash (RHA)
with a silica content exceeding 98% by weight. The sol-gel
synthesis technique was employed for this purpose. In this
process, the alkaline extraction of rice husk resulted in the
dissolution of silica in an alkaline medium with a pH level
above 10, forming a sodium silicate solution with a pH level
exceeding 12. The subsequent hydrolysis and condensation
reactions occurred simultaneously, leading to the transfor-
mation of the sodium silicate sol into a polymeric gel net-
work. During this transformation, hydrochloric acid (HCl)
acted as a catalyst, facilitating the precipitation of silica from
the gel network [68]. In their findings, it was determined that
the average pore size of the synthesized silica nanoparticles
was 8.5 nm, indicating that they possessed a mesoporous
structure. The BET specific surface area was measured to
be 300.2015 m?/g, and the pore volume was found to be
0.659078 cm?/g. These parameters highlight the porous
nature of the nanoparticles.

Figure 5(b) illustrates the different physical transfor-
mations that occurred during the conversion of rice husk
into white mesoporous silica nanoparticles. According to
Real et al. [69], it was found that performing acid leaching
on rice husks prior to burning resulted in the production
of silica powder with a significant surface area. However,
when the acid leaching stage was conducted after the com-
bustion process, the resulting silica surface area was not as
high. Kalapathy et al. [70] employed a sequential extrac-
tion method to obtain silica from rice husks. The proce-
dure started with a leaching stage to remove impurities,
then the silica was dissolved by adding NaOH, creating a
sodium silicate solution. Afterwards, the sodium silicate
solution was treated with hydrochloric acid (HCI) to pre-
cipitate the silica. The precipitated silica was then dried at
a temperature of 800 °C for a duration of 12 h, resulting
in silica with an approximate purity of 91%. However, 4%
of the sodium impurities were still present in the extracted
silica, necessitating a washing step to bring the sodium
concentration down to less than 0.10%. Unfortunately, this
supplementary washing process extends the overall pro-
cedure and reduces its efficiency. To tackle this problem,
Kalapathy et al. [71] developed a method aimed at reducing
sodium impurities in extracted silica without the need for
additional washing steps. In their previous research, they
found that when obtaining silica at an alkaline pH, a wash-
ing stage was required after drying the aqua gel. However,
their newly devised method, described in this study, elimi-
nated the necessity for such washing steps. The goal of the
study was to synthesise sodium silicate as silica at pH 4
by adding sodium silicate to a solution that also contained
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hydrochloric acid, oxalic acid, or citric acid. They examined
the purity of the silica made at pH 4 to that produced at pH
7, which was accomplished by mixing an acid solution with
a sodium silicate solution. The findings revealed that at pH
4, gelation occurred at a slower rate, allowing for the rapid
diffusion of sodium ions out of the gel matrix. As a result,
the silica extracted at pH 4 exhibited lower sodium content
compared to that extracted at pH 7, where rapid gelation
trapped sodium ions within the gel matrix. Furthermore,
compared to silica precipitated with hydrochloric acid, silica
deposited using citric and oxalic acids to create sodium sili-
cate resulted in lower sodium levels. The different particle
sizes of the sodium salt were thought to be the cause of this
variation. Due to the sodium chloride's small size, it was
able to adhere to the surface of microporous silica, mak-
ing it difficult to wash away and raising the sodium levels.
Silica obtained within the pH range of 4 to 7 demonstrated
a purity range of 89-91% with an average water content of
2.30%. According to Liou et al. [72], the surface area of
the extracted silica is significantly influenced by the acid
treatment method employed. The study investigated the
precipitation of silica in a sodium silicate solution using
hydrochloric acid (HCI), sulfuric acid (H,SO,), oxalate acid
(C,H,0,), and citric acid (CcHgO,). The findings revealed
that the silica precipitated with citric acid exhibited the low-
est surface area, while silica obtained through sulfuric acid
or oxalic acid precipitation showed an increase in surface
area. The maximum surface area was observed when silica
was precipitated using hydrochloric acid. The acid sequence,
ranked from the largest to the smallest surface area, was
HCl, H,SO,, C,H,0,, and CcHgO,. The size of the salt used
played a role in the trapping of the salt within the gel matrix,
which hindered its removal during washing and resulted in
reduced surface area coverage. Thus, hydrochloric acid was
identified as the optimal acid for silica precipitation. The
study also investigated the effect of gelation pH variations
from 1 to 11 on the surface area of the silica. The surface
area of the silica exhibited a strong dependence on pH,
with decreasing pH leading to an increase in surface area.
Gelation did not occur at pH values below 3, and at pH
3, solid settling commenced while gel formation was slow.
The optimum yield was achieved at a pH level of approxi-
mately 7, with pH values exceeding 8 causing unstable gel
formation and partial dissolution. The gel almost entirely
dissolved at pH 11. Additionally, the porosity and particle
size of the resulting silica were significantly influenced by
the gelation's pH. Due to the promotion of polycondensation
reactions aided by OH- during the gel formation process,
increasing pH from 3 to 7 resulted in larger particle size and
increased porosity. In acidic conditions, reducing the pH of
gelation converted siloxane bonds (Si—O-Si) to silanol bonds
(Si—OH), leading to slower gel formation. In such cases, the
silica consisted of smaller primary particles, resulting in a

larger surface area. In summary, the formation of surface
silanol and siloxane bonds contributed to the repulsion of
particles, leading to an increase in electrostatic repulsion
[73]. The catalytic effect on charged particles promotes
their further growth, leading to an augmented particle size
as pH increases. Consequently, this phenomenon induces an
increase in porosity and a decrease in the surface area of the
sample. Pa and Kein [74] tested different acid concentrations
(0.1, 0.5, and 1 mol/L), leaching times (1-3 h), and leaching
temperatures (70, 80, and 90 °C) in an effort to determine
how well rice husks would react to the use of oxalic acid.
The leached rice husks were then calcined for three hours at
800 °C. As a result, with higher acid concentration, longer
leaching time, and higher leaching temperature, the silica
content in the ash increased from 92.4% to 99.3%. Further-
more, when rice husks were subjected to acid leaching using
2 mol/L HCI at 90 °C before calcination at 700 °C, the silica
content in the ash reached 99.74%. Similarly, Mehdinia [75]
employed a method involving the use of 3% HCI and H,SO,
for acid leaching of rice husks at 105 °C for 2 h. The leached
rice husks were subsequently calcined at 800 °C for 4 h. In
this process, the silica content in the resulting ash was deter-
mined to be 94.24%. Bakar et al. [76] conducted a study to
investigate the effect of acid leaching on the silica content
and surface area of rice husk ash produced through calcina-
tion at temperatures ranging from 500 °C to 900 °C. With-
out acid leaching, the silica purity and surface area were
found to be 95.77% and 118 m?/g, respectively. However,
with HCI and H,SO, leaching, the silica purity increased
t0 99.08% and 99.58%, while the surface area increased to
218 m?/g and 208 m?/g, respectively. Wenwen Guo et al.
[77] presented a straightforward and effective heat treatment
method combined with acid leaching for extracting silica
from rice husk. They determined that the optimal calcination
temperature was 600 °C, with a holding time of 3 h, which
successfully eliminated the organic matter present in the rice
husk. This process yielded a purity of 99.45% with a 21.7%
extraction yield. In another study, Ghosh and Bhatta cherjee
utilized H,SO, for acid leaching, followed by extraction at
NaOH concentrations of 0.5, 1, and 1.5 mol/L for 1 h. They
achieved a silica recovery rate ranging from 95 to 98% with
a surface area of 150-200 m?/g.

2.4 Silica Extraction from Sugarcane Bagasse

Bagasse, despite being categorized as waste, holds signifi-
cant potential as a sustainable and environmentally friendly
resource, offering valuable contributions to sustainable
development and technological advancements. Both sugar-
cane bagasse and rice husk contain significant amounts of
silica but the extraction of silica from sugarcane bagasse is
a complex process that requires careful handling of chemi-
cals and equipment because the chemical composition of
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the sugarcane bagasse is more complex than rice husk [78].
It contains a variety of organic and inorganic compounds,
including lignin, hemicellulose, and cellulose, which can
interfere with the extraction process. Sugarcane bagasse
particles are generally larger than rice husk particles, which
makes it more difficult to extract silica. Larger particles
require more energy and time to break down and extract
the silica. It typically requires pre-treatment and more
aggressive acid conditions to remove impurities and other
unwanted materials. But still, various reports are avail-
able for the synthesis of silica from sugarcane bagasse. To
remove the residual metallic impurities, researchers follow
pre-treatment method such as acid leaching due to it being
a cost-effective and faster breakdown of complex composi-
tions make it an efficient method. Acid leaching is required
to remove the high impurity content and retain the biogenic
structure of silica with high purity. According to Wort-
hanakul et al., the silica content composition of SCBA is
approximately 89.04%. In a separate study by Baharudin and
Santhanam [79], SCBA was subjected to controlled tempera-
ture pyrolysis at 600 °C for 4 h, resulting in a SiO, content
of approximately 70.97%. Additionally, Drummond et al.
(1996) compared the yield of silica from different prepara-
tions of sugarcane bagasse ash: natural burning (SCBA-NB)
and laboratory burning (SCBA-LP) at 700 °C in a muffle
furnace for two hours, followed by alkaline extraction. The
study showed a slightly different yield, with approximately
94.47% silica obtained from natural burning and 96.93%
silica obtained from laboratory burning. Among the vari-
ous acids investigated for leaching self-compacting con-
crete (SCBA), sulfuric acid (H,SO,) is the most widely
utilized leaching agent. However, alternative acids, includ-
ing hydrochloric acid (HCI), hydrogen fluoride acid (HF),
nitric acid (HNOs;), and phosphoric acid (H;PO,), have also
been explored for this purpose. Norsuraya et al. [80] reported
that the silica content in sugarcane bagasse composition was
53.1% prior to HCl acid leaching. However, after undergoing
leaching with HCI, the silica content increased significantly
to 88.13%. Additionally, Luyza Bortolotto Teixeira et al. [81]
explored three distinct routes for synthesizing silica from
sugarcane bagasse. In Route A, bagasse ash was directly
subjected to calcination without any pre-treatment. As the
temperature increased from 500 °C to 700 °C, the obtained
purity ranged between 43.6% and 52.1%. On the other hand,
Route B and Route C involved pre-treatments such as acid
leaching or thermal treatment. In a different study conducted
by G. Falk et al. [22], silica nanoparticles were synthesized
using two different methods: the sol-gel method (method 1)
and thermal treatment (method 2), followed by acid leaching
with leached sugarcane bagasse. Thermogravimetric analy-
sis (TG/DTA) indicated that method 1 exhibited a higher
mass loss compared to method 2. The specific surface area
values obtained through the BET method were 124.89 m?/g
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for the silica prepared using method 1 and 8.28 m?/g for the
silica prepared using method 2, with respective pore diam-
eters of 14 nm and 2 nm. Notably, the material prepared via
the sol—gel method demonstrated superior results in terms
of specific surface area, porosity, pore volume, and average
pore diameter compared to the material obtained through
direct calcination. Consequently, the materials obtained
using method 1 (sol—gel) exhibit greater potential for utili-
zation as adsorbent materials. S. Rovani et al. [82] success-
fully prepared silica nanoparticles with a remarkable purity
exceeding 99%. They employed cetyltrimethylammonium
bromide (CTAB) as a stabilizer and size controller to regu-
late the particle size. The synthesis process involved pre-
treatment with HCI and NaOH to form a Na,SiO; solution.
The silica nanoparticles that emerged demonstrated excep-
tional purity and showcased dimensions spanning from a
few micrometers to under 20 nm. Furthermore, they featured
a distinct surface area of 131 m?%/g. In a study by Vaibhav
et al. [83], they successfully produced 98% pure silica from
waste materials through alkali/acid treatment. Initially, the
waste materials underwent moisture removal on a hot plate
and were sintered at 900 °C for 7 h. The resulting sintered
powder was then subjected to a two-step treatment process.
First, it was treated with 1 M NaOH to form sodium silicate,
and then with 6 M H,SO, (maintaining a pH of 11.8) to pre-
cipitate silica. Following the acid extraction process, a high
purity of 98% (wt%) SiO, was achieved, with yields of 78%
from rice husk, 71% from sugarcane bagasse, and 52% from
bamboo leaves. In a separate study, bagasse dissolution was
carried out using alkaline NaOH, followed by precipitation
with sulfuric acid. Analysis using energy-dispersive X-ray
spectroscopy (EDAX) revealed the presence of impurities
such as potassium, calcium, and magnesium, resulting in
77% pure silica. Additionally, the researchers investigated
the silica content in bagasse through thermal treatment at
different temperatures: 500 °C, 600 °C, and 700 °C. As
a result, ash with purities of 12.65%, 10.89%, and 9.95%
respectively, were obtained. XRF analysis revealed that the
silica levels in the bagasse ash increased in a sequential
order corresponding to the experimental temperatures, with
values of 76.168%, 76.292%, and 77.286%, respectively. In
their study, Prinya Chindaprasirt et al. [84] carried out the
dispersion of sugarcane ash in 1 M NaOH, using different
ash-to-base ratios of 1:5, 1:8, and 1:10 (w/v). The resulting
mixture was heated to 90 +5 °C and stirred using a magnetic
stirrer for 1 h. Subsequently, the mixture was allowed to cool
to room temperature. The ash residue was then separated
through filtration, and the filter cake was washed with hot
water, using a volume twice that of the NaOH solution used.
The resulting filtrate contained sodium silicate, along with
the washing water. To adjust the pH to 7, 2.5 M HCl was
added to the filtrate, and the mixture was left to age at room
temperature for 24 h to allow for silica maturation. The silica
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was then filtered and washed with hot water before being
dried at 100+ 5 °C for 5 h.

2.5 Silica Extraction from Coconut Husk

The coconut husk is a highly rough exterior shell of a coco-
nut. It contains a high amount of lignin and phenolic content
which is why the husk is very elastic and durable in nature.
Coconut husks are versatile and sustainable material with a
wide range of uses as a biofuel and can be burned to produce
energy. Coconut husks contain high levels of silica, par-
ticularly in the form of silicon dioxide (SiO,). Muhammad
Fahmi Anuar et. al [85]. explored the waste coconut husk to
extract silica using two different methods (i) acid treatment
(ii) alkali treatment. In the acid treatment method, the coco-
nut husk ash was leached with sulphuric acid at 50 °C tem-
perature and dried in a hot air oven to get powdered silica.
In the second method, the coconut husk ash was treated with
2.5 N NaOH to obtain a sodium silicate solution. After filtra-
tion, the sodium silicate solution was treated with sulphuric
acid to get white precipitated silica by adjusting the pH of
the solution. They conclude that after the chemical treat-
ment, the percentage of silica obtained effectively increased
from 9.24% to 91.76%. The FE-SEM image of the sample
prepared after various calcinated temperatures and after acid
treatment are shown in Fig. 6(a-d). M. Z. Norul Azlin et al.
[86] also reported silica extraction from coconut husk using
an acid treatment method with 5 N sulphuric acid and in
alkali treatment, ash was leached with 2.5 N NaOH followed
by 5 N sulphuric acid. They reported that after acid treat-
ment and alkali treatment, the yield comes out to be 61.92%
and 75.58% respectively.

3 Structural Properties of Calcium Silicate
Material

The general formula of calcium silicate is CaSiO5. Di-cal-
cium silicate and tri-calcium silicate with the basic formula
Ca,Si0, and Ca;SiOs respectively are also well-known
calcium silicates [87]. The theoretical composition of CaO
and SiO, in CaSiOj; is 48 wt % and 52 wt % respectively.
[88] Calcium silicate typically contains fewer toxic elements
like magnesium, iron, titanium oxide, and manganese due to
its natural formation process and the geological conditions
under which it is produced. CS is a contact metamorphic
deposit between limestones and igneous rocks with garnet,
diopside, calcite, and quartz as common constituents. It is
a polymorphic substance with two forms: at low tempera-
tures, it is found in a triclinic and monoclinic form known as
para-wollastonite (B wollastonite), and at high temperatures,
it exists in a pseudo-hexagonal form known as pseudo-wol-
lastonite (o wollastonite) [89, 90]. Usually, wollastonite is

found in a para-wollastonite state but at 1125 °C temperature
para-wollastonite is transformed into the pseudo-wollastonite
form [91]. Fig. 7 shows the wollastonite-1 T form along
with p-wollastonite and a-wollastonite. Wollastonite-1 T
and PB-wollastonite are closely related and occur together
because of their small structural energy difference but they
crystallize in triclinic and monoclinic structures respectively.
The p-wollastonite is a chain silicate and its structure con-
sists of an infinitely long single chain as shown in Fig. 7(c)
along the b-axis. The unit cell constant of wollastonite-1 T
is a=7.079, b=7.3309, c=7.938, a=103.41°, $=95.30°,
v=90.07 and space group P1, B-wollastonite belong to P21/a
space group and unit cell constant is a=15.409°, b=7.322°,
c=7.066°, a=y=90°, p=95.30, for a-wollastonite unit cell
constant is a=6.8394, b=11.8704, c=19.6313, a=y=90°,
B=90.667 with space group C2/c. [92]

4 Synthesis of Calcium Silicate and its
Derivatives

Various preparation techniques are available for the synthe-
sis of CS material, such as the co-precipitation method [93],
solid-state reaction technique [94], sol—gel method [95, 96],
hydrothermal process [97], ultrasonication technique, etc.
The solid-state reaction takes a long time and requires a high
calcination temperature because of limited diffusion during
the calcination but it is still the most used and important
method due to the occurrence of natural CaO and SiO, in
abundant form. While co-precipitation, sol—gel, and hydro-
thermal methods require less calcination temperature with
controlled morphology and homogenous composition.

The sol-gel synthesis techniques can opt for the various
nanostructure, especially metal oxide nanoparticles. In this
method, metal hydroxide reacts with either water or alcohol
to form the sol through continuous heating and stirring by
the hydrolysis process. After the transformation occurs from
the colloidal suspension of sol to the 3D interconnecting
network of gel [98]. Since the gel formed is wet there is a
proper way of drying the gel and getting the powder. If it
is an alcoholic solution then drying is done by burning the
alcohol. In this process, the size of the particle is controlled
by the precursor concentration, calcination temperature,
and the pH value of the solution [99]. The concentration of
precursor and dispersant in the sol—gel method also influ-
ences the size and shape of the nanoparticle. Spheroid shape
CS nanoparticle with an average grain size of 50-60 nm is
obtained by using the HNO,;, CH;COOH, H,0, and PEG200
as a dispersant. The reaction temperature and holding time
also contribute to controlling the homogenous shape and
size of the particles. Wet chemical synthesis technique is
more effective for the synthesis of selective surface struc-
ture, phases, shape, and size [100]. In this process we can
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Fig.6 FE-SEM of coconut husk ash calcinated at (a) 500 °C (b) 600 °C (c) 700 °C (d) after acid treatment. [182]

tuned the reaction kinetic and thermodynamic condition by
changing the pH value, calcination temperature, additives
or surfactant, heating and cooling rate, type of ligands, and
concentration of the substance to get the desired morphol-
ogy. The type of surfactant decides the particle size and
reduces the agglomeration in the solution [101]. CS nano-
particles with particle size 40 nm were prepared by con-
trolled addition of 0.5 mol sodium silicate to 0.5 mol cal-
cium nitrate tetrahydrate using the ammonia surfactant with
pH adjusted to 11.4 [102]. Mesoporous CS is synthesized
by wet chemical synthesis followed by an acid modifica-
tion technique to create meso-porosity. Hydrochloric acid
treatment was employed to adjust the pH of the solution
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and induce mesoporosity in CS particles, resulting in pore
diameters of up to 4-5 nm. The mesoporous structure was
achieved by subjecting the synthesized CS particles to acid
modification using hydrochloric acid at pH 7, 4.5, and 0.5.
As aresult of this acid modification, the BET specific aver-
age surface area significantly increased. Specifically, the
surface areas were enhanced to 221 m%/g, 333 m%/g, and
356 m%g at pH 7, 4.5, and 0.5, respectively, whereas the
unmodified CS particles exhibited a surface area of 65 m%*/g
[103]. CS nanowires of diameter 10-30 nm are synthesized
by the simple and cheap hydrothermal route without using
any template and surfactant. The hydrothermal method con-
trolling the morphology of the material requires either by
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Fig.7 Crystal structure of ( 3)
(a) Wollastonite-1 T (b)

Pseudo or a-Wollastonite (c)
Wollastonite-2 M (Para or
B-wollastonite). Small red
spheres represent oxygen atoms,
blue tetrahedra are (Si04)2- and
green polygons are Ca cation
sites

(c)

Wollastonite-2M (Para or B-Wollastonite)

low pressure or high pressure depending on the vapor pres-
sure of the main composition [104]. Growth time and tem-
perature also play an important role to optimize the diameter
of the nanowires. L.Z.Pei [105] showed that by decreasing
the hydrothermal temperature the diameter of the nanow-
ire decreases up to 20-100 nm. The hydrothermal reaction
was applied to synthesize f-CaSiO; nanowires. Xonotlite
nanowires, ranging in diameter from 50 to 100 nm, were suc-
cessfully synthesized by Li and Chang [106] using tetraethyl
orthosilicate (TEOS) and Ca(OH), as the precursors. The
hydrothermal method was employed, and in this process,
cetyltrimethylammonium bromide (CTAB) was utilized as
the template for nanowire formation. Tobermorite nanow-
ires, with a diameter of 20-30 nm, were synthesized by Lin
et al. [107] using a hydrothermal microemulsion method. By
subjecting xonotlite or tobermorite nanowires to calcination
at 800 °C, B-CaSiO; nanowires could be obtained. However,
these methods involved the use of templates or organic sol-
vents, which can be harmful to both health and the envi-
ronment. In an alternative approach, p-CaSiO; nanowires
were successfully synthesized from Ca(NO;), and Na,SiO;
as the starting materials, without the need for any templates
or surfactants. This method eliminates the use of harmful

substances and promotes a safer and more environmentally
friendly synthesis process [104]. Certainly, the inclusion of
additional templates, surfactants, Si** ions, or [NO;] in the
synthesis system undoubtedly leads to increased costs and
a more intricate purification process. Furthermore, it can
potentially result in a higher degree of pollution in the final
product, which is highly undesirable.

Recently CS derived from biomass is a cost-effective and
environmentally friendly concept. Rimruthai Phuttawong
et al. [108] employed a solid-state reaction method to syn-
thesize calcium silicate (CS) using rice husk and snail shell
(Pomacea canaliculata) as raw materials. Rice husk and snail
shells have high silica (SiO,) and calcium oxide (CaO) con-
tents, with percentages of 91.50% and 98.25%, respectively.
The researchers mixed the shell and rice husk powders in a
1:1 molar ratio and subjected them to milling for varying
durations to optimize the production of high-purity CS.
Through their optimization process, it was determined that
a milling time of 8 h, a calcination temperature of 1000 °C,
and a holding time of 2 h were suitable for the synthesis of
CS. Interestingly, the X-ray diffraction (XRD) pattern of CS
exhibited no change in structure with increasing milling
time. However, the intensity of the XRD peaks increased as
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the milling time prolonged, suggesting that the milling time
had no impact on the phase transformation of CS. The scan-
ning electron microscopy (SEM) analysis revealed that
higher calcination temperatures yielded smaller and more
uniform particles. The average particle size obtained was
less than 10 pm. F.H.G. Leite et al. [94] reported CS synthe-
sis using avian eggshells (source of calcium) and chamotte
(source of silica). They obtained a CS by using a molar ratio
of eggshells and chamotte is 1:1, 2 h milling time, and
1100 °C calcination temperature with a holding time of 24 h.
Along with CS, minor amounts of larnite and rankinite were
also observed in XRD characterizations. Heriyanto et al.
[17] proposed a method of synthesis of CS using 100% waste
materials. They reported that 75% of waste glass and 25% of
seashell combination gives better results at 1200 °C calcina-
tion temperature. Through an increase in temperature to
1200 °C, a pseudo-wollastonite material with a smoother
surface was successfully obtained, exhibiting an acicular
crystal structure at the fracture surface. As the processing
temperature was elevated, greater levels of shrinkage were
observed, accompanied by smoother surfaces. The measured
shrinkage values for the samples were 15%, 22%, and 28%,
respectively. The resulting calcium silicate exhibited a dis-
tinctive needle-shaped structure. Manmeet Kaur Chhina
et al. [109] derived samarium-doped di-calcium silicate from
agro-food waste using a solid-state reaction method. They
homogenized ground the stochiometric amounts of eggshell,
rice husk, and Sm,O; for 2 h in an agate mortar. Further they
did calcination at 1250 °C temperature for 4 h to obtain
phosphor material. The optical band gap of these phosphors
was determined to be within the range of 3.56-3.67 eV. In
addition to the samarium (Sm) photoluminescence (PL)
emission bands, the researchers also observed emission
bands from titanium (Ti) ions, which were present in the
agro-food waste used. The inclusion of TiO, in the Ca,SiO,
host made it optically active, resulting in a shift of the emis-
sion region of the phosphors towards a bluish-green hue.
Consequently, it can be concluded that the presence of agro-
food waste enhances the optical properties of the material,
offering improved performance in terms of its optical emis-
sion. In a comparative study conducted by Srinath Palakur-
thy et al. [110], the synthesis of calcium silicate ceramic
from biowaste resources was investigated using a sol—gel
method. Two different approaches were employed: (i) a
chemical route using calcium nitrate tetrahydrate
(Ca(NO3),-4H,0) and tetraethylorthosilicate (TEOS) as pre-
cursors, referred to as CCS, and (ii) a green synthesis route
utilizing rice husk and eggshells, referred to as NCS. The
in-vitro behavior of these materials was examined. Through
TG-DTA analysis, it was determined that the NCS exhibited
a lower crystalline temperature compared to the CCS. In
terms of in-vitro bioactivity, the results revealed that the
apatite crystals formed in the NCS route were densely
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packed and demonstrated a faster growth rate compared to
those in the CCS. Moreover, the peak intensities of the NCS
powder were slightly higher than those of the CCS, indicat-
ing a better level of crystallization for the calcium silicate
synthesized from rice husk ash (RHA) and eggshell materi-
als. The average crystallite size was calculated to be approxi-
mately 48.3 nm for NCS and 62.8 nm for CCS. Maroua H.
Kaou et al. [111] derived calcium silicate from the combina-
tion of eggshells and silica gel using a solid-state reaction
method of synthesis. An investigation was conducted to
examine the porosity and bioactive properties of different
CaO/Si0, ratios for potential use in bone reconstruction.
The study identified that a material composition consisting
of 40 wt.% CaO and 60 wt.% SiO,, sintered at 800 °C for
1 h, exhibited optimal characteristics. In this composition,
the formation of pseudo-wollastonite was observed, result-
ing in the lowest porosity and a high density of 2.6 g/cm>.
Furthermore, in the case of a composition comprising 50
wt.% CaO and 50 wt.% SiO,, a transition from pseudo-wol-
lastonite to wollastonite phase was detected. Elevated cal-
cium content resulted in heightened apparent porosity,
achieving a maximum purity of 19%. Furthermore, Yudha
S.S. et al. described the synthesis of calcium silicate deriva-
tives utilizing natural resources such as eggshell (ES) as a
calcium source and oil palm leaves (OPL) for silica. Through
a solid-state reaction, they successfully synthesized powder
materials containing calcium silicate derivatives, primarily
Ca,Si0,, with a minor presence of CaSiOj;. [112] The find-
ings of their study indicate that the concentration of the pre-
cursors plays a significant role in influencing the surface
morphology and crystallinity of the final powders, particu-
larly in relation to the irregularities observed in the microm-
eter-sized particles. Gaurav Sharma et al. [113] prepared CS
glass ceramic using agro-food waste via the melt-quenching
method followed by heat treatment at 900 °C for 10 h. They
mixed different wt.% of eggshells, rice husk, and sugarcane
leave ash powders followed by sintering at 900 °C for 10 h.
R. Reddappa et al. [114] studied the luminescence properties
of Er** doped di-calcium silicate synthesized from eggshells
and rice husks using a high-temperature solid-state tech-
nique. The decay curves of the emitting levels in the phos-
phors display a non-exponential nature across all concentra-
tions. This behavior can be attributed to the dipole—dipole
interaction occurring between the Er** ions. In the case of
Ca,Si0, phosphors, the lifetimes of the *S,, state of Er’*
ions were observed to decrease from 4 to 2.7 ps as the Er’*
content increased from 0.01 to 1.0 mol %. Further they syn-
thesized Ln** doped Ca,Si0, phosphors for solid state light-
ing [115]. J.P. Nayak et al. [116] also investigates the in-vitro
bioactivity and biodegradability of calcium silicate material
prepared using rice husk through a sol-gel route at 700 °C
calcination temperature for 2 h holding time. Their findings
revealed that the prepared material exhibited excellent
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bioactivity, as evidenced by the formation of a carbonated
hydroxyapatite phase during incubation. Hamisah Ismail
et al. [117] reported the preparation of nano-wollastonite
from rice husk ash and limestone using the sol-gel method.
They investigate that the period of the calcination process
must be controlled to get the appropriate grain size. They
observed that with a holding time of 1 h, nano-size grains
are obtained and by increasing the holding time to 2 h grain
sizes over 100 nm were found. So, to get the desired size of
grain we have to optimize the calcination temperature as
well as the holding time. In their study, Rajan Choudhary
et al. [118] synthesized a bioceramic material called calcium
magnesium silicate using eggshells as a calcium source. The
sol—gel method was employed for the synthesis process. To
create the requisite initial solutions, solutions of 1 M mag-
nesium nitrate and 3 M citric acid were produced using
deionized water. During the synthesis process, quantities of
20 ml of eggshell solution, 20 ml of magnesium nitrate solu-
tion, and 30 ml of citric acid solution were individually
drawn using pipettes from the previously prepared stock
solutions. Subsequently, these distinct solutions were com-
bined sequentially with 9 ml of tetraethyl orthosilicate
(TEOS) within a beaker. The pH of the resulting reaction
mixture was adjusted to 1 through the addition of concen-
trated nitric acid. Notably, nitric acid played a dual role
within the sol-gel combustion methodology: it both main-
tained the pH of the reaction mixture at a value of 1 and
facilitated the hydrolysis process of TEOS, leading to the
formation of silanol and ethyl alcohol. The researchers dis-
covered that when the sample was calcinated at 1200 °C for
6 h, the major phase observed was akermanite, with a minor
phase of merwinite also present. Hossein Mohammadi et al.
[119] prepared dense bulk calcium magnesium silicate using
cockleshells (Ca source), rice husk (Si source), and dolomite
as a magnesium source with a relative density of 93.50%.
They used a high-energy planetary ball milling technique to
mix cockleshells, rice husk, and dolomite in a 2:2:1 molar
ratio to get a pure calcium magnesium silicate single phase.
Shivani Punj et al. [120] used sustainable biomass wastes for
the preparation of bioactive CS glass. Sugarcane, eggshells,
and corn wastes are used as initial precursors for CS glass
by applying the melt quenching technique at 1550 °C tem-
perature. They found that the glasses derived from the bio-
waste show better bioactivity than mineral-derived glasses
due to the inherent porosity present in the bio-waste materi-
als. Senthil Kumar Venkatraman et al. [121] prepared mon-
ticellite and diopside materials from eggshell waste using a
combustion route. Diopside demonstrated phase purity at a
temperature of 900 °C, while monticellite achieved phase
purity at 1200 °C. Scanning electron microscopy (SEM)
analysis revealed distinct morphological characteristics for
each phase. Monticellite exhibited a beehive-like morphol-
ogy, whereas diopside displayed porous rock-like structures.

Naveen Subramaniam Vijayakumar et al. [122] reported the
conversion of biowaste into larnite (B-di-calcium silicate) by
the sol-gel method. They found a pure phase of larnite at
850 °C calcination temperature. So, there is huge literature
available on the synthesis of calcium silicate and its deriva-
tives by using food, agricultural, and industrial waste mate-
rial. Table 2 shows the literature available for the combina-
tion of different silica and calcium bio-waste for various
material synthesis.

5 Applications
5.1 Tissue Engineering

The biomedical applications of Calcium (Ca), silica (Si),
and magnesium (Mg) ions have garnered considerable atten-
tion. These ions play crucial roles in various biological pro-
cesses [123]. Calcium plays a crucial role in the regulation
of cellular responses to bioceramics, as well as in facilitat-
ing cell growth and promoting the differentiation of cells
into osteoblasts. In natural bone, calcium is present in the
active region and holds significance in both blood vessels
and bone growth [124]. Researchers indicates that by vary-
ing calcium concentrations there are having distinct effects:
low concentrations (2-4 mmol) are conducive to the prolif-
eration and differentiation of osteoblasts, medium concen-
trations (6—8 mmol) favor the development of the extracel-
lular matrix, while higher concentrations (> 10 mmol) have
been observed to be toxic to cells [125]. Extracellular cal-
cium serves a crucial biological function in the regulation
of bone restoration, operating independently of hormones
through the activation of cation-sensing receptors. Fur-
thermore, it has the capacity to enhance the effectiveness
of insulin-like growth factor, a key regulator of osteoblast
proliferation [126]. By stimulating cation-sensing receptors
and facilitating the actions of insulin-like growth factors,
extracellular calcium plays a significant role in promoting
the growth and proliferation of osteoblasts [127]. Silica,
however, plays a vital role in the process of bone calcifica-
tion, contributing to the enhancement of bone density and
the prevention of osteoporosis. Silicon (Si) has remarkable
benefits for the structure and function of bone tissue and
is closely linked to calcium in regulating bone metabolism
[128]. The mounting evidence suggests that silicon (Si)
exerts a positive influence on maintaining bone homeo-
stasis. Si is typically absorbed in the form of metasilicate,
which is widely distributed in connective tissue throughout
the body. Importantly, Si has the capacity to stimulate bone
formation, contributing to the overall health and strength
of the skeletal system [129]. Stimulation with silicon (Si)
in MG63 osteoblasts has demonstrated notable effects on
cell proliferation and significantly enhanced the expression
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of collagen type I genes. This enhancement is believed to
be a result of the activation of the extracellular signal-reg-
ulated kinases (ERK) pathway. The induction of the ERK
pathway is hypothesized to be responsible for the observed
cellular responses in terms of increased cell growth and
collagen synthesis in MG63 osteoblasts [130]. Promising
biomaterials known as bioceramics, including p-tricalcium
phosphate, wollastonite, diopside, akermanite, and others,
exhibit exceptional properties that make them biologically
compatible. These materials possess remarkable character-
istics such as corrosion resistance, resistance to bacterial
contamination, high compressive strength, and wear resist-
ance [129, 131, 132]. Ceramics possess the advantage of
being compatible with the internal environment of the body
due to their specific chemical composition and their ability
to dissolve into ionic components. This dissolution process
facilitates the release of bioactive ions, such as Ca** and
Mg?*, which trigger beneficial biological reactions within
the body. Simultaneously, ceramics also release low-toxicity
ions like A1+ and Zr**, which have minimal adverse effects
on body tissues [133]. The biodegradability of magnesium
(Mg) has garnered significant attention in the biomedical
field [134]. It has emerged as a promising material due to
its mechanical properties, resembling those of human bone
(density of 1.74 g/cm?® and elastic modulus of 41-45 GPa),
and its excellent biocompatibility. In addition to its structural
resemblance to bone, magnesium is also an essential nutri-
ent for maintaining human health. Magnesium alloys play
a supportive role in bone growth by promoting cell adhe-
sion to biomaterials and facilitating the differentiation and
biomineralization of osteoblasts. However, one characteristic

worth noting is the susceptibility of magnesium alloys to
corrosion in a physiological environment due to their active
chemical nature. Consequently, they gradually degrade over
time, resulting in the formation of magnesium hydroxide
[Mg(OH),] and hydrogen (H,). Importantly, the corrosion
products of magnesium alloys have been extensively studied
and proven to be non-toxic when compared to other metal
implants. These corrosion byproducts can be safely elimi-
nated from the body through the natural processes of human
metabolism. [135]

Consequently, both CS and its derivatives possess the
capacity to stimulate the formation of hydroxyapatite when
immersed in simulated body fluid (SBF). There are various
steps for the formation of a hydroxyapatite layer onto the
CS when immersed in SBF as mentioned in Fig. 8. Dur-
ing the initial stage, an exchange occurs between calcium
ions (Ca**) and hydrogen ions (H") in the simulated body
fluid (SBF) solution, resulting in the release of Ca** jons.
In this process, the dissolution of calcium (Ca) and silicon
(Si) follows an incongruent pattern, where there is a higher
preference for the release of Ca ions compared to Si ions
[136]. Consequently, a leached layer forms, characterized
by an abundance of silanol groups (=Si—OH). In the subse-
quent phase, the Ca** ions present in the SBF solution are
electrostatically attracted to the newly formed layer enriched
with silanol groups, which carry a negative charge. As the
Ca®* ions accumulate on the surface, the pH of the leached
solution rises due to the preferential dissolution of Ca** ions.
This elevated pH level enhances the state of supersaturation
in relation to apatite, facilitating the precipitation of apa-
tite. In the third step, the Ca>* ions adhere to the negatively

Fig.8 Schematic of apatite Step- 1 Step- 2
layer formation on calcium SBF SBF I
3 ncreased
silicate material after being kept Ion leaching .
supersaturation

in SBF solution

Calcium silicate

H 0{1 H \H
Si Y, Si /Sl
(4} (0}
Calcium silicate
Step-3 Step-4
SBF

Apatite layer

Calcium silicate
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charged surface decorated with silanol groups (=Si—OH),
driven by electrostatic attraction. Subsequently, phosphate
ions (PO,*/HPO,*") from the SBF solution adsorb onto the
Ca”" ions. This adsorption process leads to the formation of
a layer composed of apatite with a bone-like composition on
the surface of CaO-SiO,-based ceramics. [137]

In a study conducted by Junying Sun et al. [138], revealed
the positive impact of ionic products derived from a plasma-
sprayed dicalcium silicate coating on the proliferation and
differentiation of MG63 osteoblast-like cells. The dissolu-
tion products of the dicalcium silicate coating, in their ionic
form, demonstrated the ability to promote cell mineralization
and potentially enhance osteoblastic differentiation through
autocrine BMP2 signaling. This research highlights the
potential of utilizing dicalcium silicate coatings to facilitate
favorable cellular responses and support the development of
osteoblast-like cells. Miao Sun et al. [139] conducted a study
to examine the biological effectiveness of a bone cement
based on f-dicalcium silicate (B-C2S) in comparison to the
widely used calcium phosphate cement (CPC) in clinical set-
tings. The findings of their research clearly indicated that the
B-C2S composite exhibited superior characteristics, includ-
ing accelerated degradation, increased release of calcium
ions (Ca”") and silicon ions (Si*"), as well as the ability to
stimulate cell proliferation and enhance alkaline phosphatase
activity during in vitro experiments.

Based on their findings, the researchers reached the
conclusion that the f-C2S-based cement exhibits tremen-
dous potential as a bone implant for the purpose of bone
regeneration and repair. This conclusion is supported by the
remarkable biological performance demonstrated by the
cement, both in laboratory settings (in vitro) and within liv-
ing organisms (in vivo). In their research, Siriphannon et al.
[140] made an intriguing discovery regarding the surface of
pure CaSiO; ceramic. The researchers noted that the synthe-
sized ceramic demonstrated a faster rate of hydroxyapatite
(HA) formation compared to other biocompatible mate-
rials like apatite wollastonite A/W glass—ceramics and
various bioactive glass—ceramics. Through in vitro cell
culture assessments, it was observed that the wollastonite
ceramics exhibited the ability to facilitate the adherence of
osteoblast-like cells and bone marrow mesenchymal stem
cells. Furthermore, these ceramics displayed the potential to
enhance both cell proliferation and differentiation. In addi-
tion to their biological properties, wollastonite ceramics
showcased improved mechanical characteristics, including
higher fracture toughness and bending strength, when com-
pared to calcium phosphate ceramics. In a study conducted
by Weichang Xue et al. [141], a wollastonite coating was
prepared using the plasma spraying method. The researchers
aimed to investigate the bioactivity of this coating in vivo by
implanting it in different locations within a dog's body, such
as muscle, cortical bone, and marrow. The findings revealed
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that when implanted in the dog's muscles, the wollastonite
coating led to the formation of a bone-like apatite layer on
its surface. Similarly, when implanted in cortical bone, the
wollastonite coating promoted the extension and growth of
bone tissue while inhibiting the formation of fibrous tissue.
These results demonstrate the promising bioactivity of the
wollastonite coating, suggesting its potential application in
facilitating bone regeneration and repair in vivo. A study
conducted by Songfeng Xu et al. [142] aimed to assess the
in vivo bone-regenerative properties and resorption charac-
teristics of porous B-calcium silicate ($-CaSiO3, $-CS) bio-
active ceramics. The investigation utilized a rabbit calvarial
defect model and compared the obtained results with porous
B-tricalcium phosphate (f-Ca3(P0O4)2, f-TCP) bioceramics.
Through quantitative analysis, the researchers discovered
that f-CS showcased a notably faster resorption rate and
demonstrated superior capabilities for bone regeneration
in vivo when compared to B-TCP. In their research, Zhiyun
Du et al. [143] developed a scaffold made of calcium silicate
(CS) and incorporated doping elements such as Mg?* or
Mn?*. This was done because the physicochemical proper-
ties of bone tissue engineering (BTE) scaffolds, including
their chemical composition, morphology, microarchitecture,
degradation, and stiffness, significantly influence cell activi-
ties. The incorporation of Mg?** or Mn** into the CS scaffold
further enhances its ability to promote osteogenesis (bone
formation) and angiogenesis (blood vessel growth). In their
study, Shao et al. [144] conducted a systematic evaluation of
the influence of side-wall pore architecture on the mechani-
cal properties and osteogenic capacity of direct-ink-written
bioceramic scaffolds. They specifically focused on rabbit
calvarial defects and fabricated calcium silicate scaffolds
doped with magnesium (Mg) at varying layer thicknesses
and macropore sizes. The findings highlighted the signifi-
cance of side-wall pore architecture in 3D-printed bioce-
ramic scaffolds for optimal bone repair in calvarial bone
defects. Additionally, the study demonstrated the promising
potential of Mg-doped wollastonite for 3D printing thin-wall
porous scaffolds in the treatment of craniomaxillofacial bone
defects, surpassing the capabilities of pure calcium silicate
scaffolds.

Derived from calcium silicate, calcium magnesium sili-
cate ceramics demonstrate enhanced mechanical strength
and a reduced dissolution rate in comparison to wollas-
tonite ceramics. This improvement can be attributed to the
higher energy of the Mg-O bond relative to the Ca-O bond
within the crystal structure. The heightened bond energy
contributes to the stability of the crystal system, leading
to a slower dissolution rate. Consequently, the mechani-
cal properties of calcium magnesium silicate ceramics are
enhanced due to the restricted rapid dissolution rate and the
overall improved stability of the crystal structure. Chengtie
Wau et al. [145] successfully fabricated akermanite ceramic
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through a sintering process conducted at a temperature of
1370 °C for 6 h. The primary focus of the study was to
evaluate the mechanical properties of the resulting material.
The research revealed that the akermanite ceramics demon-
strated a noteworthy bending strength of 176 MPa. Addition-
ally, the fracture toughness was measured at 1.83 MPam'2.
Moreover, when subjected to immersion in simulated body
fluid (SBF), the akermanite ceramics displayed the capabil-
ity to induce the formation of hydroxyapatite (HAp) on their
surface. Notably, akermanite exhibited superior osteogen-
esis and biodegradation properties compared to p-tricalcium
phosphate. At later stages of implantation, the rate of bone
formation was observed to be faster in akermanite than
in P-tricalcium phosphate [146]. Previous research indi-
cated that diopside ceramics exhibited a bending strength
of 300 MPa, a fracture toughness of 3.5 MPam'”?, and a
Young's modulus of 170 GPa. Comparatively, the bending
strength and fracture toughness of akermanite ceramics were
found to be lower than those of diopside ceramics, while the
Young's modulus of akermanite ceramics closely resembled
that of cortical bone, unlike diopside ceramics. In more spe-
cific terms, diopside scaffolds demonstrated an initial com-
pressive strength ranging from 0.63 to 1.36 MPa, along with
porosities ranging from 75 to 80%. These values are similar
to the compressive strength observed in cancellous bone.
These characteristics underscore the significant potential of
diopside in bone implant applications that require slow dis-
solution or enhanced chemical stability. [147]

In recent years, researchers have directed their atten-
tion towards the recycling of natural waste as an alternative
means of producing CS. Vichaphund and colleagues [148]
achieved the successful synthesis of wollastonite using a
solid-state reaction assisted by microwave irradiation. They
employed a combination of eggshell and silica as the raw
materials for the synthesis process. Anjaneyulu and Sasi-
kumar [149] showcased the advantageous bioactivity of
nanocrystalline wollastonite. This specific form of wollas-
tonite was synthesized utilizing eggshell as a calcium source
through the sol-gel combustion method. Abd Rashid R et al.
[150] presented a comprehensive outline of the bioactive
attributes exhibited by wollastonite originating from Malay-
sian limestone and silica sand. Upon immersion in simulated
body fluid (SBF), they noted the formation of a calcium-
deficient hydroxyapatite layer on the surface of the synthe-
sized wollastonite. Saravanan S et al. [151] investigation
revolved around employing rice straw ash as a silica source
to synthesize wollastonite, culminating in the creation of
a mesoporous structure. Their study showcased that the
generated wollastonite particles exhibited osteoconductive
qualities, fostering the proliferation of mouse mesenchymal
stem cells and orchestrating cyclin expression across differ-
ent phases of the cell cycle. In our research group, we have
successfully devised a technique to produce wollastonite,

utilizing rice husk for its silica content and eggshell as a
calcium oxide source. Our adapted sol-gel methodologies
enabled us to attain markedly lower sintering temperatures.
The resultant synthesized wollastonite displayed remarkable
in vitro bioactivity, manifesting a diminished degradation
pace and negligible pH fluctuations within physiologi-
cal fluids when compared to wollastonite prepared using
Ca(NO;),.4H,0 and TEOS. Moreover, this synthesized
wollastonite showcased potential antimicrobial attributes,
exceptional compatibility with MG-63 cells, and a substan-
tial stimulation of cell growth.

5.2 Drug Delivery

Multiple factors must be taken into account for drug deliv-
ery applications: (i) Biocompatibility: The delivery system
must be non-toxic, non-immunogenic, and should not trigger
adverse reactions within the body. (ii) Targeting Capabil-
ity: The system should have the ability to precisely deliver
the drug to a specific site of action, such as a tumor or a
particular organ. (iii) Controlled Release: The delivery sys-
tem should enable controlled and sustained release of the
drug, ensuring the desired rate and duration of action. (iv)
Stability: The system should exhibit stability under storage
conditions and in the presence of body fluids to maintain the
integrity and effectiveness of the drug. (v) Scalability: The
delivery system should be easily scalable to accommodate
the requirements of mass production, allowing for efficient
and large-scale manufacturing [152, 153]. CS exhibits great
potential as a material for drug delivery vehicles in targeted
drug delivery applications. This is attributed to its excep-
tional biocompatibility, bioactivity, biodegradability, high
drug loading capacity, and pH-responsive drug release prop-
erties. CS is known for its biocompatible nature, ensuring
that it does not provoke any adverse reactions upon introduc-
tion to the body. [3]

The inclusion of calcium as a constituent in biocompat-
ible materials is of significant importance. The introduction
of calcium can enhance the properties of materials, such as
increasing their biocompatibility, high drug loading capac-
ity, and facilitating long-term drug release. In CS carriers,
the presence of Ca’* ions allow for interactions with func-
tional groups found in drug molecules that contain carboxyl
(-COOH) and hydroxyl (-OH) groups, such as ibuprofen,
aspirin, and amoxicillin. As a result, calcium silicate-based
carriers often exhibit remarkably high drug loading capaci-
ties [154]. Moreover, calcium silicate (CS) material serves
multiple purposes in cosmetic formulations, such as func-
tioning as an absorbent, bulking agent, and opacifying agent.
In the year 1998, the U.S. Food and Drug Administration
(FDA) recorded a total of 132 formulations that incorporated
calcium silicate, and among these formulations, face pow-
ders constituted approximately 30%. Additionally, calcium
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silicate (CS) finds its place in the OTC Active Ingredient
Status Report as both an external analgesic and a skin pro-
tectant. This classification underscores the recognized util-
ity of CS in topical applications [155]. Jin Wu et al. [156]
introduced an economical and surfactant-free approach for
accomplishing the sono-chemical synthesis of hierarchi-
cally nanostructured mesoporous microspheres composed
of calcium silicate hydrate (CSH). These microspheres,
formed from nanosheets and denoted as HNMS-CSH, were
achieved without relying on traditional surfactant templates.
Typically, surfactants play a role as templates in generat-
ing mesoporous architectures and porous surfaces embed-
ded with organic groups, facilitating drug adsorption and
controlled release. Nonetheless, the persistence of residual
surfactants and introduced organic components could poten-
tially induce cytotoxicity, thus curtailing their viability in
clinical applications. The prepared nanosheets exhibited
a thickness of approximately 30 nm, a diameter of around
1 um, a pore size of 10.8 nm, a surface area of 290 ng_l,
and a pore volume of 1.20 cm®g~!. Remarkably, the ibupro-
fen drug loading capacity was found to be exceptionally high
at 2.29 g of ibuprofen per gram of carrier. This can be attrib-
uted to the ultrahigh specific surface area of the HNMS-CSH
and the strong interaction between ibuprofen and the drug
carrier. Ibuprofen molecules ((CH;),CHCH,PhCH(CH,)
COOH) were capable of forming linkages with HNMS-CSH
nanosheets through electrostatic bonding between the Ca>*
cation of the carrier and the COOH group of ibuprofen mol-
ecules. The study demonstrated that the drug release system
exhibited a slow and sustained release of ibuprofen, lasting
for over 500 h. The researchers also introduced a novel drug
release kinetics model for the calcium silicate hydrate drug
delivery system. This model established a linear relationship
between the cumulative amount of released drug (C) and the
natural logarithm of the release time (t), represented by the
equation: C=k-In(t), where k represents a constant. A sche-
matic depicting the drug loading and drug release processes
can be found in Fig. 9.

Meili Zhang et al. [157] employed a surface-assisted son-
ochemical method to prepare hollow calcium silicate hydrate
(CSH) microspheres with a diameter of approximately 1 pm.
Surfactants were utilized in the microsphere preparation
process as ultrasound radiation can induce the formation

Fig.9 The figure presents a
schematic depiction of the
experimental procedure for
drug loading and drug release
loaded in pure or doped-calcium
silicate and their derivatives

Pure or doped-Calcium
silicate and their derivatives
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of surfactant vesicles, which serve as templates for achiev-
ing the desired sphere morphology. BET analysis revealed
that the specific surface area of the hollow CSH sphere was
137.5 m%/g, significantly higher than the 16.2 m%g observed
for conventional CSH powders. Consequently, the amount
of gentamicin loaded onto the CSH hollow spheres was
26.2+1.6 wt% (~260 mg/g), which was approximately 13
times greater than that loaded onto conventional CSH pow-
ders (2.1 £0.2 wt%, equivalent to ~20 mg/g). This substan-
tial difference in drug loading capacity can be attributed to
the higher specific surface area of the hollow CSH spheres
compared to the powdered form. Notably, the release of gen-
tamicin from the hollow CSH spheres after 72 h was only
30 wt%, significantly lower than the 60 wt% observed for
conventional CSH powder. This configuration minimizes
the risk of sudden bursts or rapid release of drugs upon
immersion in a solution. Duo Wang and colleagues pre-
pared europium-doped mesoporous calcium silicate (MCS)
nanoparticles with sizes ranging from 60—110 nm through a
hydrothermal synthesis route. BET analysis demonstrated a
pore size of 2.98 nm, a specific surface area of 310.85 m%/g,
and a pore volume of 0.67 cm?/g for the prepared material.
Europium-doped mesoporous calcium silicate exhibited
a remarkable capacity to accommodate a high quantity of
the anticancer drug anthracycline doxorubicin, indicating
its exceptional drug-loading capability. The study further
revealed that only 5.92% of the doxorubicin was released at
pH 7.4, while nearly 20% was released in an acidic medium
at pH 5.0, highlighting its pH-responsive drug release behav-
ior. The drug-loaded Eu-calcium silicate displayed low cyto-
toxicity, pH-controlled drug release properties, and emitted
intense red light at 613 nm upon UV irradiation. The lumi-
nescence behavior of the material is particularly advanta-
geous for drug delivery applications as it enables easy detec-
tion through biological tissue without causing damage. Xue
et al. [103] conducted a research endeavor in which they
employed a wet chemical approach to prepare mesoporous
calcium silicate. They subsequently induced the creation of
mesopores within the material through an acid-based modi-
fication using hydrochloric acid. This acid-induced altera-
tion led to the development of a hydrated silica gel layer on
the surface of the calcium silicate, enriched with functional
Si—OH groups. This surface layer showcased a mesoporous
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arrangement featuring pore diameters spanning from 4 to
5 nm. The mesoporous calcium silicate exhibited varying
BET-specific surface areas contingent upon the pH condi-
tions. Specifically, surface areas of 221, 333, and 356 ng—l
were achieved at pH levels of 7, 4.5, and 0.5, respectively.
In stark contrast, the unmodified calcium silicate material
displayed a surface area of only 65 m?g-!. Furthermore, the
mesoporous calcium silicate displayed markedly enhanced
loading capabilities for bovine serum albumin and lysozyme
in comparison to the unmodified material. The release kinet-
ics of proteins from the mesoporous calcium silicate demon-
strated a sustained release profile over a span of one week,
while proteins loaded onto the unmodified material exhibited
rapid burst release kinetics within a few hours. In their study,
Fan et al. [158] innovated a luminescent and mesoporous
mechanism for drug delivery by crafting europium-doped
calcium silicate. This design presented a remarkable load-
ing capacity, accommodating 21 wt% of ibuprofen, with
drug release spanning 12 h. Under exposure to UV light,
the system emitted a distinctive red luminescence, attributed
to Eu**. Notably, an intriguing discovery emerged: even sub-
sequent to the drug loading, the emission intensities of Eu>*
within the drug delivery system fluctuated in tandem with
the quantity of ibuprofen released. This remarkable observa-
tion implies that the course of drug release could be effec-
tively traced and observed by monitoring alterations in the
luminescence intensity of the drug delivery system. Using
mesoporous silica spheres as templates, Kang et al. [159]
created luminescent and mesoporous microspheres doped
with Eu®* and Tb** in the calcium silicate matrix. When
excited by UV light, the microspheres loaded with around
20 wt% of ibuprofen exhibited distinct emissions from both
Eu®* and Tb>" ions. Interestingly, the photoluminescence
intensity of Eu** ions within the drug delivery system
exhibited a direct correlation with the cumulative amount
of released ibuprofen. This noteworthy finding implies that
the luminescence intensity could serve as a valuable indica-
tor for real-time monitoring of the drug delivery process.

5.3 Optoelectronic

Over the past ten years, there has been extensive research
on rare-earth (RE)-activated nano phosphors, primarily due
to their applications in lighting. These advanced materi-
als have swiftly replaced traditional lighting technologies
like incandescent bulbs, owing to their remarkable benefits
[160]. Nano phosphor-based light-emitting diodes (LEDs)
have proven to be environmentally friendly, exceptionally
reliable, and energy-efficient, which has led to their rapid
adoption. One of the key reasons for this notable shift is the
eco-friendliness of these LEDs. They offer significant advan-
tages such as reduced energy consumption and an extended
lifespan [161]. Furthermore, their use of inorganic nano

phosphors has effectively addressed the demand for lighting
solutions that operate with low-input voltage. This combina-
tion of features has propelled the widespread acceptance and
implementation of these LEDs.

The outstanding characteristics of CS make them widely
recognized as the optimal host materials for luminescence
centers. These materials exhibit exceptional chemical and
thermal stability, ensuring their durability in various envi-
ronments [162]. CS also boast a long persistence time,
enhancing their ability to emit light. Their superior form-
ability allows for the creation of intricate structures, further
expanding their applications. Silicates are known for their
capacity to generate multicolor phosphorescence, adding
versatility to their utility [163]. Additionally, they can be
easily prepared, simplifying their incorporation into different
systems. One of the key benefits of using calcium silicate
is that it has high chemical stability and is resistant to cor-
rosion. This makes it an excellent choice for use in harsh
environments where other materials may degrade or break
down. Another important property of calcium silicate is that
it has a relatively low phonon energy, which means that it
can efficiently transfer energy to luminescent centers embed-
ded within the lattice. This property is important because it
allows for efficient energy transfer, which leads to brighter
and more efficient luminescence [164]. Moreover, calcium
silicate possesses a broad bandgap, making it suitable for the
development of luminescent materials that emit light within
the visible or near-infrared spectrum. Additionally, its high
thermal conductivity enables efficient dissipation of heat.
Researchers have shown significant interest in the utilization
of rare earth or transition metal ions doped silicates due to
their remarkable luminescence emission in the blue, green,
and red regions of the electromagnetic spectrum. [158]

Hyun-Joo Woo et al. [165] conducted research on the
development of Eu2+:CazSiO4 phosphor using propylene
glycol modified silane (PGMS) with different aging peri-
ods. They employed a novel sol-gel technique to achieve
tunable emission from a single host by utilizing PGMS as a
silicate source. By incorporating differently aged PGMS into
Ca, ¢sEu, 15510, phosphors, they successfully adjusted the
luminescence characteristics from reddish yellow to green.
This study offers valuable insights into creating a tunable
luminescence system by controlling the a, 8, and y crystal
phases of Ca,SiO, through the use of differently aged silicate
sources. Moreover, the findings provide practical knowledge
for developing color-tunable LED-based light sources capa-
ble of generating diverse lighting environments using a sin-
gle host material. In a related work, Hyun-Joo Woo et al. fab-
ricated calcium silicate phosphors (Ca,SiO,:Eu") activated
with Europium ions via the hydrothermal method. They con-
trolled the size of the prepared phosphor particles, result-
ing in sharp red-light emission. The researchers achieved a
high photoluminescence quantum yield of over 87.95% and
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obtained exceptional color purity of 99.8%. They explained
that the intensity of the °D,— ’F, emission transition in Eu**
was influenced by structural distortion caused by reductions
in particle size. Yoshiyuki Kojima et al. [166] synthesized a
red-emitting phosphor material composed of amorphous cal-
cium silicate activated by Eu**. Their study focused on the
significant impact of water removal from the interlayers of
the calcium silicate hydrate (CSH) phosphor on the emission
intensity. The researchers observed a remarkable increase in
emission intensity upon removing the OH group, which is
present as a water molecule within the host structure. M..S.
Upendra Rao et al. [167] conducted a study to investigate the
influence of charge compensation on the photoluminescence
characteristics of silicates. They utilized alkali metals (Li*,
Na*, K*) and other halogens (C17) as charge compensators
in their research. Specifically, they focused on an alkali
metal pair, where the charges are identical but the size and
mass ratios differ significantly. To prepare their samples,
the researchers employed europium-doped calcium silicate
(Ca,Si0,: Eu*") with various charge compensators, includ-
ing alkali metals such as Li, Rb, and a combination of Li-Rb.
Hsien-Wei Tseng et al. [168] undertook a research investi-
gation into the photoluminescence properties of Eu-doped
Ca,MgSi,0, phosphors. They prepared these phosphors
under different atmospheric conditions and denoted them
as Ca,,  MgSi,Eu, 1,50,,, with x representing a varying
parameter. When prepared under normal air atmosphere,
these phosphors emitted a red color. However, when pre-
pared under a reduction atmosphere, they exhibited the high-
est intensities for both photoluminescence excitation (PLE)
and photoluminescence (PL). The intensity of both PLE
and PL increased with higher x values, indicating a direct
correlation between the dopant concentration and emission
intensity. Furthermore, the emitted light color varied with
different x values. For x values of 0 and 0.2, the emitted light
appeared green. As x increased to 0.4, the color changed to
cyan, followed by cyan-blue for x=0.6, and finally blue for x
values of 0.8 and 1.0. In another related study conducted by
Sahu et al., they explored a Ce**-doped Ca,MgSi,0, phos-
phor. Upon excitation at a wavelength of 327 nm, the phos-
phor exhibited two distinct emission bands. These bands
had central wavelengths of 373 nm and 393 nm, resulting
in a broadband peak at 385 nm. Sahu et al. [169] employed
Eu** and Dy** as co-doped ions in the Ca,MgSi,0, phos-
phor. The synthesized phosphor emitted green light, with a
central wavelength of 535 nm. In a separate study by Cao
et al. [170], they utilized Eu®* and Tm>* as co-doped ions
in the Ca,MgSi,0, phosphor. They observed that with an
increase in the synthesis temperature from 1250 to 1350 °C,
the central emission wavelengths underwent a shift from
475 to 521 nm. Interestingly, the Eu**-doped Ca,MgSi,0,
phosphor, as well as most of the Eu?*-based multi-ion doped
Ca,MgSi,0, phosphors, emitted green light. Furthermore,
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phosphors based on Ca;MgSi,0Oq4 have attracted significant
attention from researchers due to their high quantum effi-
ciencies (1) and thermal stability, leading to prolonged and
intense interest in their exploration. Dewangan et al. [171]
examined the luminescence characteristics of a Dy>* doped
Ca;MgSi,04 phosphor excited at a wavelength of 351 nm.
The emission spectrum of the phosphor displayed three
distinct peaks, positioned at 482 nm, 493 nm, and 574 nm,
representing blue and yellow light emissions. However, it
is worth noting that Ca;MgSi,0g is typically doped either
solely with Eu** ions or co-doped with Eu*" ions along with
other ions. In these cases, the emission peak predominantly
occurs at around 480 nm, emitting either blue light or green-
ish-blue light.

6 Overview and Future Directions

This analysis discusses the large amount of waste that we
produce from a variety of sources, including plants, indus-
tries, and food. This waste can harm the environment and
people if we don't handle it properly. It might even cause
diseases. About 80% of the crop leftovers in farming are
wasted after being harvested. Normally, we burn this leftover
material, which releases harmful air pollutants and green-
house gases. This damages our health and raises Earth's
temperature. The creation of nanomaterials like calcium
silicate, diopside, akermanite, and other materials based on
calcium and silica is a better way to use waste, though. These
nanomaterials may prove to be very beneficial and reduce
our energy consumption. This method of recycling waste
is advantageous because it can be applied repeatedly and is
reasonably priced. This study also explains how the waste
impurities can enhance the optical, mechanical, and porosity
properties of these nanomaterials.

A significant challenge still in this field due to the prob-
lem of waste's makeup is different in different parts of the
world. This makes producing these nanomaterials on a large
scale consistently difficult. To better understand how various
waste types decay, more research is required. In this manner,
we can gather the appropriate waste at the appropriate time
to produce these nanomaterials. Additionally, since research-
ers have only so far attempted to synthesize materials, we
need to figure out the material from the point of view of
applications. Utilizing these waste-based materials in wear-
able technology is an additional intriguing concept. This
has a lot of potential but needs more research. Being more
environmentally friendly and avoiding the use of hazardous
chemicals is possible by creating these nanomaterials from
waste. Making nanomaterials from waste seems like a smart
idea with many applications because we produce a lot of
waste and it contains useful materials.
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7 Conclusion

In conclusion, this succinct review explores recent
advances made over a decade's time in the production
of calcium silicate derivatives, which have a variety of
applications in the medical field, including drug delivery,
luminescence, gas sensor, and water treatment. Accord-
ing to a study covering the last two decades, the produc-
tion of nanomaterials aided by biowaste has increased
exponentially because of its accessibility, superior sta-
bility, and large surface area. In the end, it is found that
using biowaste has more advantages than using other raw
materials. These advantages include zero contamination,
simple processes, low toxicity, high stability, and cost-
effectiveness in the synthesis of new materials. With the
right policy development from the government or other
relevant authority, biowaste-assisted nano-synthesis could
potentially be scaled up to meet sustainable green applica-
tions that open up new horizons and better tomorrow.
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