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1. Motivation

As a natural porous bioceramic, chicken eggshells are formed
via the gradual accumulation of various layers around the
albumen of the hen oviduct.* The eggshell is a well-organized
structure with a polycrystalline organization throughout the
calcified shell. Currently, the applications of eggs are the
subject of extensive research.>® Over the past several years,
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Application of the synergism between eggshells
and copper in nanotechnology

Priyanka Sharma,® Mainak Ganguly & *2 and Ankita Doi®

Eggshells, the non-edible part of an egg, have immense uses in nanotechnology. Copper being an
inexpensive metal has versatile applications in nanotechnology. However, its susceptibility to oxidation
limits its practical applications. Eggshells are an efficient candidate to synthesize cap copper
nanoparticles and copper nanoclusters, which are used in various arenas (dye degradation, antibacterial
activity, nitrophenol adsorption, copper adsorption, and sensing). Reports on the edible part of an egg
for passivating copper nanoparticles are rare. Usually, chicken eggshells are mostly used in this regard.
Moreover, eggshells can be used for the adsorption of ionic copper. Thus, the synergism between
eggshells and copper is a very pivotal aspect. The use of biological waste in association with copper in
various applications may open a new pathway towards the circular economy. This review article
summarizes applications that evolved from copper—eggshell synergism.

significant research has been conducted to develop goods that
use eggshells as a value-added component.

Eggshells and their environmental applications have been
the subject of numerous extensive studies that have been
documented in the literature.*® A review paper based on the
biosynthesis of metallic nanoparticles using bacterial cell-free
extract was published last year in the journal Nanoscale.® Like-
wise, we would like to publish a paper based on the role of
eggshells in passivating copper nanoparticles. Thus, we
consider Nanoscale Advances a suitable journal for publishing
this manuscript.

The change in the size of nanoparticles is related to a variety
of physicochemical parameters associated with the particles.*
In the visible region, for instance, copper nanoparticles are
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Fig. 1 Structure of nanoscale metal materials. This figure has been
adapted/reproduced from ref. 18 with permission from Nanoscale
Adv., copyright 2021.

responsible for the formation of surface plasmon bands,
whereas copper nanoclusters display fluorescence because of
the d-d transition process. It is necessary to review these
methods because the nanosensing involving copper nano-
particles and copper nanoclusters is relatively distinct from one
another. However, eggshell-capped copper nanoparticles and
copper nanoclusters have not been simultaneously reviewed to
date. This is the first time that a comprehensive review of
eggshell-capped copper nanoparticles and nanoclusters in
nanotechnology with a circular economy has been thoroughly
documented. This review article will be beneficial not only to
material scientists but also to general readers as our capping
agents come from kitchen trash bins.

2. Introduction

Particles that have at least one dimension within the range of 1-
99 nanometers are referred to as nanometer-sized particles
(NAPs)." Nanoparticles must possess a surface plasmon band
to accomplish applications in sensing, imaging, and catalysis.
The characteristic of this band is that it is defined by the
collective oscillation of electrons on the surface of the nano-
particles, which results in a unique absorption peak in the
spectrum that spans the ultraviolet and visible regions.**
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The degree of interest in near-monodispersed particles,
which are typically less than 10 nanometers (100 A) in diameter,
has experienced a significant increase over the past decade. On
the other hand, nanoclusters are considered by some
researchers to be NAPs smaller than two nanometers. When
NACs lose their surface plasmon bands, which are distin-
guished by different energy levels, they lose their emissive
properties. NACs are responsible for these features. As the
missing connection between atoms and NAPs, NACs are suit-
ably deemed the missing link between the two.**"*

Compared with other precious metals, copper is available in
relatively large quantities and is relatively affordable. CuNACs,
on the other hand, are less stable than other materials because
of their high oxidation susceptibility, and their luminescence
quantum yield is lower. Additional characteristics analogous to
those of electrons at Fermi wavelengths are present in metal
nanoclusters smaller than 2 nanometers.”” These properties
include molecular-similar and size-dependent ocular and fluo-
rescent traits, intrinsic magnetism, strong chiral responses, and
other related properties. When plasmonic atoms interact with
an electromagnetic field, the collective fluctuations of the
conduction band electrons, which are typical for plasmonic
atoms, are no longer dominating. This is because the ultrasmall
size regime, which divides the continuum of energy bands into
different energy strata, results in the separation of energy bands
into distinct energy strata. In the optical absorption spectra of
discrete and quantized states, abundant molecular-like prop-
erties can be observed. In addition to being exceptionally stable
naturally occurring compounds (NACs), noble metal clusters
exhibit several features [Fig. 1].**** The durability of atomically
precise CuNACs, on the other hand, is a major worry because
the metal is extremely susceptible to oxidation. Over the last
several decades, the stability problem has been significantly
addressed by the development of synthetic processes, the
utilization of mild and inert settings, and the selection of
appropriate ligands that possess unique structures and strong
metal binding affinities. It is important to establish links
between Cu based nanoparticles and waste eggshells.

The development of biodegradable polymers and composites
based on these materials is experiencing a new trend. Although
certain biodegradable polymers are available, such as cellulose,
polylactic acid, polypropylene carbonate, poly(3-hydrox-
ybutyrate-co-3-hydroxyvalerate), and others, these polymers do
not possess adequate strength and thermal stability.*® Addi-
tionally, most of them are more expensive than synthetic poly-
mers such as polyethylene and polypropylene, which are
examples of synthetic polymers. Some waste resources include
tamarind nut powder, eggshell powder, wasted tea leaf powder,
waste leather buff powder, and other waste materials.>*>®
During the manufacturing process of biocomposite, these waste
products were utilized as fillers in conjunction with biode-
gradable matrix materials.**~** Some of them include egg shells,
which are a sort of waste that is produced in enormous quan-
tities all over the world and is related to poultry and kitchens.
Egg shells are a type of waste. There are various environmental
and health problems that can be caused by these eggshells if
they are not disposed of properly.*®
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Table 1 Published review articles related to ES available in the literature
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Review

Papers Focus

Mittal et al.*”
Balaz et al.*®

broaden its applications
Iftikhar et al.*’
Kumar et al.>®

The applications of ES and the ESM.
Utilized eggshell waste for very diverse purposes, stressing the need to use a mechanochemical approach to

The valorization pathways and methods for extraction of CaO and exploring the chemistry of eggshell
Calcium phosphate (CaP) precursors from eggshells for improving the bone cement formulations. Eggshell

CaP-based scaffolds in tissue engineering and regenerative medicine

Owuamanam et al.”*

Recycled bio-calcium carbonate fillers (uncoated/unmodified) in polymer composites with a focus on tensile

strength, flexural strength and impact toughness

Rosaiah et al.”*

applications
Badamasi et al.>?
nanocomposites
This work

The evolution of eggshells’ use in functional materials and their performance in various energy-related
The efficient photocatalytic removal of organic dyes from water and wastewater using ESWM-supported MO

A thorough examination of the current state of research on eggshell-capped copper nanoparticles, focusing on

the synthetic methods, characterization techniques, applications, challenges, and future perspectives

Eggshell powder (ESP) was used as a filler in the biode-
gradable films created for packaging purposes. These films were
made using polylactic acid and polypropylene carbonate as
matrices.?”*° In addition, several researchers have discovered
further applications for egg shells, a waste product of poultry
that is consistently produced in large quantities. In a study
conducted using this approach, ESP was applied to immobilize
cadmium and lead in soil that was polluted.* These waste bird
eggshells, which come from chickens, ducks, ostriches, and
quails, are examples of natural biomaterials that are easily
available.

According to estimates, more than 8 million tons of waste
eggshells are produced annually worldwide. The eggshell is
composed of roughly 94% CaCOj3, 1% Caz(PO,),, 1% MgCOs;,
and 4% organic components (mostly proteins).** CaCO3, with
functional groups like C=0 and C-O, has a strong ability to
grab and connect metal ions. The compound CaCOj;, which
possesses functional groups such as C=0 and C-O, binds and
links metal ions with remarkable capacity. Three layers make up
the construction of the eggshell: a thin mammillary inner layer
that does not include any pores, a thick palisade middle layer
that has numerous large pores, and a thin cuticle outer layer
that does not contain any pores. Zhao et al.*> developed a CuSe/
CaCO; composite for calcium silicate boards using biowaste
resources, in this case, rice husk and oyster shell. CuSe/CaCO;-
loaded calcium silicate boards reduced bacteria (E. coli, S.
aureus) and fungus (C. albicans) growth. The appropriate
loading quantities and processing conditions for antibacterial
action and flexural strength were determined. They improved
building materials with environmental care to produce healthy
living environments.

The surface of the eggshell is composed of around 7000-17
000 funnel-shaped canals that are scattered unevenly, making it
a perfect medium for the transmission of energy and mass. To
recycle metal nanoparticles, waste eggshells, which are a good
bio-template, may be recycled as a carrier that is both cost-
effective and ecologically beneficial.**** Natural processes can
produce nanoparticles, and their presence may be found
everywhere. Nanoparticle clusters, also known as nanoclusters,

3916 | Nanoscale Adv, 2025, 7, 3914-3940

are a kind of nanoparticle that is sufficiently tiny to be less than
2 nanometers To create various applications,
a substantial amount of effort has been made to synthesize both
nanoclusters and nanoparticles in the laboratory.*

In this investigation, a difficulty is the balancing of size and
form, in addition to the stability concerns. Within the frame-
work of this discussion, it is of utmost importance to ascertain
the experimental circumstances and capping agents.*®

This review provides a thorough examination of the current
state of research on eggshell-capped copper nanoparticles. This
review discusses the synthesis methods, characterization tech-
niques, applications, challenges, and future perspectives
[Table 1]. The goal is to highlight the potential of these nano-
particles and identify areas for further research.

in size.

3. Eggshell

Eggshells, which are primarily composed of calcium carbonate,
are a biocompatible and eco-friendly material. They can act as
a capping agent for nanoparticles, providing stabilization and
preventing agglomeration.> Using eggshells not only offers
a sustainable approach but also adds value to waste materials,
aligning with the principles of green chemistry. The integration
of eggshells into nanoparticle synthesis provides an innovative
method to enhance the stability and functionality of copper
nanoparticles. The egg comprises components such as the
cuticle, eggshell membranes, calcified eggshells, and albumen,
which surrounds the yolk, which is the center of the egg.>**°
Birds, particularly domestic chickens, have a well-defined
mechanism for egg production, with detailed knowledge of
each egg compartment's spatial and temporal control.**** In
chickens, each egg is shelled and then expelled (oviposition) at
regular intervals, such as every 24 hours. Over ninety-six percent
of an eggshell comprises calcium carbonate, one percent
magnesium carbonate, one percent calcium phosphate, organic
components (mostly proteins), and water. The applications
ranged from developing improved materials for bone tissue
healing (hydroxyapatite) to using them as adsorbents for metal
ions [Fig. 2]. Recent research demonstrates that eggshell waste

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure of an egg. This figure has been adapted/reproduced from ref. 63 with permission from Frontiers in Bioscience, copyright 2012,
and from ref. 64 with permission from Sustainable Food Technol., copyright 2024.
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Fig. 3 Morphology of the ES/ESM of a fertilized and unfertilized egg. This figure has been adapted/reproduced from ref. 65 with permission from
Front. Bioeng. Biotechnol, copyright 2021.
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Table 2 Sget and average particle size of ES powder and CaCOs

Surface area Average particle

Sample (m>g™) size (pm)
1 Eggshell 3.5421 3
2 Ballmilled eggshell 0.3265 35
3 CaCO; 0.014 49
4 CaCO;, US1h 0.02 47
5 CaCO0;, US 2 h 0.08 44
6 CaCO;, US 3 h 0.1 1

can be used as an environmentally acceptable catalyst for
nanoparticle detection in various processes.*>*

Eggshell provides a barrier against pathogens and is
permeable to gas exchange because of its porosity. However,
after fertilization, the eggshell begins to degrade as calcium is
used to develop the chick embryo. Therefore, the mammillary
layer's bottom part is dissolved, and the eggshell membrane
detaches. Fig. 3 shows a comparison of the morphology of ES/
ESM between fertilized and unfertilized eggs is provided.®

Higher Spgr values with smaller catalyst particles may
enhance the reaction conversion. The particle size and nitrogen
physisorption of pure CaCO; and natural eggshells were inves-
tigated. The surface area of the ball mill-treated eggshell was
0.0253 m> ¢! with an average particle size of 35 pum. In
comparison, nano-eggshell powder (NESP) had 3.5421 m* g~ "
and 3 pm, indicating a reduction in powder crystal size after
ultrasonic irradiation. Poor surface area and greater particle
size in pure CaCOj; and its sonicated versions resulted in poor
porosity [Table 2]. Since the specific surface area and catalyst
particle size matched the catalytic activity, mesoporous soni-
cated eggshells with miniaturized crystals may catalyse the
process better than ball-milled eggshell powder and CaCO3.%

Eggshell collagen protein consists mostly of glycine, proline,
and hydroxyproline. Proline forms an intermediate silver—
amino acid combination with two hydroxyl groups. This rear-
rangement generates AgNPs and AgONPs [Fig. 4]. The

View Article Online

Review

nanocomposite eggshell powder (NCESP) lowered the strength
of the two peaks at 1654 and 1481 cm ™, indicating that the ESP
protein component contributed to AgNP and AgONP
synthesis.®”

3.1 Eggshells have some salient properties to mention

(1) Composition: eggshells are mostly composed of calcium
carbonate, which accounts for approximately 94-97% of
eggshell content. Additionally, eggshells contain trace amounts
of MgCO3, CaCO3, and organic proteins. The presence of these
compounds contributes to the adsorptive properties of
eggshells.®®

(2) Surface area and porosity: the porous structure of
eggshells provides a large surface area for adsorption. The
micro- and mesopores in the eggshell matrix enhance the
adsorption capacity by providing more active sites for pollutant
binding.

(3) Functional groups: several different functional groups,
including hydroxyl, carboxyl, and carbonate groups, are found
on the eggshell surface. These functional groups play a crucial
role in the adsorption process by interacting with pollutants
through various mechanisms such as ion exchange, complexa-
tion, and hydrogen bonding.

4. Application of eggshells

Farming procedures generate several types of trash. To address
the environmental issues caused by improper waste disposal, it
is crucial to effectively utilize agricultural waste. Effective
management of agricultural waste is critical for the health of
humans, animals, and plants worldwide. Waste types and
quantities vary by country. Effective management of agricultural
waste is crucial for protecting the environment and health.**
Waste should be recycled, repurposed, and converted into
useful products. Effective waste management is crucial for
sustainable development.
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Fig. 4 Mechanism for the formation of (a) AgNPs and (b) Ag.O,NPs/AgONPs involving proline. This figure has been adapted/reproduced from
ref. 67 with permission from the Journal of Bioresources and Bioproducts, copyright 2020.
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The processing of food and the manufacturing of goods
frequently result in the production of eggshells as a byproduct.”
Eggs are frequently used in a broad variety of products, such as
cakes, salad dressings, and fast food, resulting in substantial
instances of waste and considerable costs associated with
disposal worldwide. Approximately 250 000 tons of eggshell
waste are produced in the world every single year. As of the
current study, most of the eggshell trash is gathered on-site
without being pre-treated. Because biodegradation produces
a foul smell, waste management can be an unpleasant
experience.”

Recent efforts have focused on transforming discarded
eggshells into a commodity that may be put to beneficial use. As
a bone replacement, as a starting material for calcium phos-
phate bioceramics such as hydroxyapatite (HAp), as a bone
mineralization and growth agent, as a low-cost adsorbent for
eliminating ionic contaminants from water, and as a biodiesel
catalyst were the primary applications.”7®

There is not enough attention paid to the process of con-
verting trash into valuable resources, even though there are
many advantages associated with this process. In this context,
eggshell waste offers suggestions to every egg processor, appli-
cant, and customer. This was achieved by evaluating informa-
tion on the technological potential of eggshell qualities.

4.1 Medical application of eggshells

Several active chemicals with potential medical use can be
found in agricultural waste. Avian eggshells can be used to
make HAp, an agricultural waste product. Calcium phosphate
ceramics play a key role as biomaterials because of their
osteophilic nature and ability to penetrate bone tissues.”” Dis-
carded eggshells are generally unused and untransformed.
Eggshells contain calcium carbonate, which can be used to
prepare HAp, a key component in bone and dental treatment.
Using eggshells to make HAp reduces waste pollution and turns
it into a valuable product for bone repair or replacement. It also
has a minimal environmental impact.””®

4.2 Application of eggshells in producing bio-diesel

CaO is a promising alkaline earth metal oxide with strong
basicity and is ideal for bio-diesel synthesis. Calcinating
mollusk, eggshell, and mussel shells can provide CaO, which
can be used as a catalyst in biodiesel synthesis.** According to
a previous study, discarded eggshell is primarily composed of
calcium carbonate. Eggshell's pore structure and availability
make it a suitable raw material for producing fine powder,
which may lead to its use as a porous solid catalyst. Eggshell-
derived solid base catalysts were created by calcination.®***

4.3 Application of eggshells as fertilizer

Eggshells are responsible for the generation of a significant
amount of biowaste each day worldwide. The smell of eggshells
not only provides a breeding ground for flies and abrasiveness,
but it also results in the loss of a great deal of material that may
be helpful.® An application of eggshell waste discussed before
is its potential use as a fertilizer for plants. This approach would

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be beneficial because it could help prevent the spread of plant
blossom-end rot (BER) disease and the expenses associated with
planting. It also helps plants absorb more nutrients. It will also
be used to replace CIPCAL-500 in females as a calcium
supplement tablet.®®

4.4 Application of eggshells as adsorbents

Eggshells are a prospective low-cost and sustainable adsorbent
for environmental remediation. Their ability to adsorb a broad
variety of pollutants, such as heavy metals, dyes, organic
contaminants, and anions, makes them a desirable material for
water treatment applications. Eggshells are also a promising
material for environmental remediation.*”-*°

Future research should focus on optimizing the pre-
treatment processes, enhancing the regeneration capabilities,
and exploring the adsorption mechanisms in greater detail to
fully exploit the potential of eggshells as adsorbents. To prepare
reusable materials from discarded eggshells, dry eggshells were
crushed and calcined in a furnace at 800 °C for 2 hours. The
natural eggshell has some potential to remove cadmium and
chromium, but the elimination rate was poor, resulting in
incomplete elimination even after 60 minutes.”* Compared with
cadmium and chromium, natural eggshells are more effective
in removing Pb than calcined eggshells. The crystallites of
eggshells in their crushed state have a surface structure that is
uneven with pores that are around 200 nanometers in size.
Similar photos have been reported for eggshells and pure calcite
crystals. These photographs are comparable to those
described.””** The temperature was increased to 600 degrees
Celsius, which resulted in the formation of a granular surface
structure with a particle size of a few hundred nanometers
[Fig. 5]. The surface exhibits a considerable degree of porosity. A
densely packed structure was formed by the random assembly
of individual micron-sized grains aggregated after being sub-
jected to calcination at 900 degrees Celsius. The elemental
dispersive analysis (EDS) study performed on these samples
revealed that there were always representative peaks for calcium
and oxygen, and this was the case for all the samples. The
eggshells that had been crushed were found to contain traces of
magnesium and carbon, consistent with what was anticipated.®®

4.4.1 Adsorption of copper

4.4.1.1 Pure egg shells. Chou et al®® found that Cu®*
adsorption in an aquatic solution could be achieved using
eggshell byproducts and treating calcined eggshells. Eggshell
samples (eggshells (ESs), eggshell membrane (ESM), eggshells
with the membrane (ESWM), and calcined eggshells (CSE)) were
used to explore the impact of time on the adsorption of copper
ions in aqueous solutions.

The adsorption rates of ES, ESWM, and ESM were 23.8%,
23.8%, and 19.1%, respectively, after one hour; after 48 hours,
they were 66.7%, 53.9%, and 51.3%, respectively; and after
twenty-four hours, they were 80.0%, 80.0%, and 73.3%, on
average.”” The rates also varied over time. At both 24 and 48
hours periods, the ES measurements showed no noticeable
change. After twenty-four hours, a statistically significant
difference was determined between ESM and ESWM.*®

Nanoscale Adv., 2025, 7, 3914-3940 | 3919
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Fig. 5 SEM images of the eggshell (a and b) as-crushed and calcined at: (c and d) 600 and (e and f) 900 °C. This figure has been adapted/
reproduced from ref. 95 with permission from RSC Adv., copyright 2019.

The adsorption rates of CSE 1, CSE 2, and CSE 3 were all 93%
when measured after an adsorption period of one hour. The
maximum adsorption period was forty-eight hours, with
adsorption rates of 94%, 97%, and 97%, respectively. When the
adsorption period was reduced to just two hours, an adsorption
rate of 92% was recorded for each of the three groups of CSEs.
After one hour, the adsorption rates of CSE 4, CSE 5, and CSE 6
were 93%, 93%, and 100%, respectively.®>** After 48 hours, the
maximum adsorption levels of 97.4%, 97.4%, and 100% were
reached [Fig. 6 and 7].

The ES and ESWM adsorption rates at pH 5 were 95.2% and
90.5%, respectively, in a single factor, whereas the ESM
adsorption rate at pH 5.9 was 73.3%. There was a significant
difference between the two groups. To determine these
outcomes, a reaction time of twenty-four hours, a metal
concentration of twenty-five milligrams per liter, a dose of ten
milligrams of adsorbent, and a temperature of twenty-five
degrees Celsius were utilized.'*®

They discovered that every single group that included CSE-6
had a sufficient adsorption rate. After a response period of 20

3920 | Nanoscale Adv, 2025, 7, 3914-3940

minutes, the adsorption rate of CSE 2 achieved 99.3 percent. The
response time ranged from 12 to 21.5 hours, higher than the
adsorption rates of ES (93%), ESM (67.0%), and ESWM (76%).'**

Markovic presented the bio-sorption (BS) of copper ions
using raw eggshells as an adsorbent. The impact of the initial
[Cu®"] demonstrated an increase in the BS capacity as the initial
[Cu®*] rose, reaching a maximum at 800 mg dm 3. The Lang-
muir isotherm was used to describe the BS process. The
adsorption process occurred in a monolayer; however, there was
a homogeneous distribution of active sites on the eggshell
surface. In addition, the total number of adsorption sites was
1imited.100’102_104

When the pH level was 2, the BS capacity was around
10.82 mg g~ '. However, when the pH level was set to 5, the BS
capacity exceeded double, reaching 21.62 mg g '. Because
chicken eggshells are composed of approximately 95% calcium
carbonate and 5% organic matter, the biosorption capacity of
eggshells increases as the pH of the solution increases, allowing
eggshells to absorb more water. The increase in the adsorbent
mass from 0.2 to 1 g resulted in a greater number of accessible

© 2025 The Author(s). Published by the Royal Society of Chemistry
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active sites on the adsorbent structure, leading to an increase in
the adsorption degree from 25% to 82%. This result can be
attributed to the larger quantity of adsorbent [Fig. 6].

The surface structure of the untreated raw eggshell was both
porous and dense. Copper ions were incorporated into the

© 2025 The Author(s). Published by the Royal Society of Chemistry

structure of the eggshell samples, resulting in a modest modi-
fication of the surface morphology. The surface became uneven,
rough, and heterogeneous. The interaction of eggshells with
Cu”" ions led to the production of deposits on the surface of the
adsorbent, resembling flake formation.
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Zheng et al.*® reported the adsorption of cadmium(n) and
Cu(un) from aqueous solutions using eggshell waste-derived
carbonate hydroxylapatite (CHAP). The [cadmium] and
[copper] solutions ranged from 100 to 200 mg L™ ", and the pH
was 5.0. Both Langmuir and Freundlich isotherms were detec-
ted. The CHAP used in this investigation had adsorption capa-
bilities of 111.1 mg ¢~ for Cd*" and 142.86 mg g~ * for Cu*".
There was no significant growth after this point, indicating the
saturation of the CHAP active sites for metal ions. Approxi-
mately 90% of the metal ions were eliminated during the first 60
minutes, and no appreciable adsorption was obtained after 120
minutes. The contact time was 3 hours. The starting [cadmiu-
m(n)] and [copper(u)] were 80 and 60 mg L™, respectively, with
a CHAP quantity of 0.5 g. Increasing the initial pH improved the
metal ion removal efficiency. The mechanism of elimination
was likely related to ion exchange. A large quantity of H" can
shift the path of the reversible ion-exchange equilibrium at low
pH. As the pH increased beyond 6, the removal efficiency
decreased marginally, possibly due to the development of
soluble hydroxy complexes.

According to Okure et al.,'*® the adsorption of copper(u),
cadmium(u), and arsenic(u) ions on eggshells from aqueous
solutions was observed under batch conditions at temperatures
of 30, 40, 50, and 60 degrees Celsius, as well as at [copper(u)],
[cadmium(u)], and [arsenic(ui)] concentrations of 10, 20, 30, 60,
and 80 milligrams per liter. As time passed and the [metal] ions
in the solution increased, the partition coefficient of the ions
that were transferred from the aqueous solution to the chicken
eggshell also increased. However, the partition coefficient
dropped with an increase in temperature, which was suggestive
of physical adsorption on the eggshell.

At a temperature of thirty degrees Celsius, the fluctuation in
the [metal ions] in solution after sorption and the concentration
of adsorbed ions increased with time. Over time, the amount of
metal ions adsorbed onto the eggshell surface increased. As
time progressed, a greater proportion of the metal ions present
in the bulk solution migrated through the boundary layer of the
adsorbent and onto the active sites of the adsorbent. An
increase in the kinetic energy of the hydrated metal ions might
be responsible for the improved sorption of metal ions with
increasing agitation duration. The improvement is due to
a decrease in the boundary layer barrier to mass transfer in bulk
solutions. A consistent decline in the removal efficiency of the
adsorbent for the three metal ions was observed when the
temperature was increased from 30 degrees Celsius to 60
degrees Celsius. The interaction between the eggshell surface
and the metal ions in the solution was likely affected by
temperature.'”’

Ofudje et al.'®® demonstrated that the waste generated from
eggshell powder can be used as an inexpensive adsorbent for
the removal of Cu®" and reactive yellow 145 (RY 145) dye from an
aqueous solution. SEM images of the eggshell before and after
adsorption revealed approximately spherical particles agglom-
erating on the adsorbent surface. After pollutant adsorption,
the open holes on the eggshell surface were no longer visible.
The distributed adsorbate particles filled the unoccupied spots
on the eggshell-derived calcium carbonate adsorbent (ESCCA)
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surface. In addition, the concentration of pollutants increased
pollutant adsorption. The Redlich-Peterson’® and Sips
isotherms,"® which combine Langmuir and Freundlich*****
models, accurately match the adsorption data. The Redlich-
Peterson model yielded coefficients (R*) of 0.998 and 0.986,
while the Sips model yielded 0.995 and 0.987 for copper(u) ions
and RY 145. The maximum adsorption of copper(u) ions and RY
145 by ESCCA reached equilibrium at 80 minutes of contact
time at an initial pollutant concentration of 150 mg L™, with
(84.20 mg g~ ") for Cu(u) ions and (68.70 mg g~ ') for RY 145 dye.

Although the percentage of RY 145 dye that was absorbed
increased from 25.73% to 84.05%, the percentage of Cu(u) that
was absorbed increased from 34.43% to 93.56% when the dose
of the adsorbent was increased from 10 mg to 25 mg. When the
amount of Cu(n) and RY 145 dye was increased beyond that
threshold (25 mg), there was no discernible increase in the
removal efficiency of either substance. The active, unoccupied
receptors on the surface of the adsorbent became satu-
rated.”*"* The percentage of Cu(u) ions removed from the
solution increased as the pH increased to 5.0, but the
percentage of RY 145 dye removed decreased significantly. The
highest possible absorption of 95.20% and 88.50% was ach-
ieved for copper(u) ions and RY 145 dye, respectively, when the
pH of the solution was increased to 5.0 and 2.0, respectively.

According to Bashir et al,'** Cu®*" ions from synthetically
stimulated wastewater are absorbed by eggshells (ES), spent tea
leaves, and their biochar. Copper adsorption on the ES
increased over time until saturation was reached at 150
minutes. The adsorption capacity and removal efficiency were
both relatively low during the first 30 minutes of contact time;
the contact time increased, and both capacity and efficiency
showed a significant increase until they reached their
maximum level of saturation at the end of 150 minutes. A
decrease in pH (acidic) reduced the removal effectiveness, and
the clearance effectiveness decreased when the pH exceeded 6
(basic). The presence of fewer adsorbates led to lower adsorp-
tion. The greatest reported adsorption capacity (AC) was
422.5 mg g~ ', achieving an 84.5% elimination rate.***

4.4.1.2 Eggshells passivated nanocomposite. A porous
membrane adsorbent, referred to as amino-ESM(AEMS), was
created by Chen et al.™” The adsorbent was created by grafting
amino groups onto the eggshell surface. The removal of copper
ions from the aquatic solution perfectly illustrates the AC of the
AEMS. The surface morphologies of the pristine and copper ion-
loaded AEMS-27 exhibited a network-like structure of notable
significance.

This structure was observed on the surface of the unaltered
amino-AEMS-27; the AEMS-27 consisted of protein fibers and
cavities that were strongly cross-linked. Several white items,
resembling plates, were positioned on the surface of the AEMS-
27. It was feasible to make out these individuals. The aggrega-
tion of copper ions adsorbed on the surface of AEMS-27 is
a hypothesis.

When the dosage of the adsorbent was increased from 0.2 to
0.4 g L' the absorption capacity of AEMS-27 fell by
a substantial amount, decreasing from 86.3 to 55.1 mg g '
within a very short length of time. As the amount of adsorbent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the mixture increased, the AC of the AEMS-27 steadily
decreased. A dosage of 0.4 g L' of the adsorbent was used
because it was not only effective but also inexpensive. Although
the concentration of both electrolytes increased from 0 to
2.5 mmol L', the adsorption capacity of AEMS-27 decreased
from 55.45 to 46.13 mg g~ * for sodium electrolyte and from
55.45 to 42.12 mg g~ ' for calcium electrolyte, respectively. The
concentrations of both electrolytes increased.’® On the surface
of AEMS-27, sodium and calcium ions might compete with
copper ions for the same adsorption sites. This would harm the
AC of AEMS-27 because it would eliminate copper ions from the
surface.

The ecologically friendly method of producing calcium
nanopowder, which consists of 26% B-tricalcium phosphate (B-
TCP) and 74% hydroxyapatite (HA), was demonstrated by Kal-
barczyk et al'® using hen eggshells (biowaste). The Cu**
adsorption rate was rapid, and the adsorption equilibrium in
the system was attained after 30 minutes had passed. After that
period, the normal value of Cu®" that had been adsorbed
remained at 86 mg g '. The pseudo-first-order and pseudo-
second-order kinetic approaches were utilized to obtain infor-
mation on the adsorption kinetics."””® The pseudo-first-order
model had a correlation factor (R*) that was equal to 0.718,
which was a very low value. In the pH range of 3-4.5, the
adsorption increased from 76.0 mg g " to its maximum value of
101.4 mg g~ ', with the pH range falling between 3 and 4.5. The
negative trend was noticed throughout the process of the
solution's acidity lowering from 4.5 to 6.0. When the pH level
was high, the value differences in the measurement findings
were caused by precipitating copper hydroxide. An increase in
temperature does not result in a consistent pattern of changes
in the adsorption capacity of the substance.*"*** In a tempera-
ture of 25 degrees Celsius, the Cu®>" adsorption was equivalent
to 97.1 mg g~ ' of the adsorbent. The adsorption efficiency
reached a value of 91.3 mg g~ " when the temperature was
increased to 35 degrees Celsius. This was a little drop, but it was
still within the standard deviation. In addition, the adsorption
capacity increased to 111.6 mg g ' because of an additional
temperature shift to 45 degrees Celsius.

4.4.1.3 Chitosan-coated eggshell. Mohammadnezhad et al.**
demonstrated the use of chitosan-coated eggshell particles
(CST-ES) as a bioadsorbent for the removal of copper ions from
aquatic media. Image analysis using FE-SEM revealed the
presence of ES particles with a particle size range of 100-200 um
and possessing a crystalline structure with rough and uneven
surfaces. ES membrane fibers were observed on the surface of
the ES particles. CST was dispersed in 0.2 M C,H,0, solution
and precipitated with 1 M NaOH solution. The FE-SEM images
of the CSTs showed a porous structure. Copper ions were
eradicated by CST-ES particles after 2 hours, whereas ES parti-
cles achieved 69.3% removal efficiency within 7 hours. The
equilibrium AC (g.) values of the ES and CST-ES particles were
13.9 + 0.4 and 19.6 + 0.6 mg g ', respectively. The varied
surface adsorption locations affected the adsorption kinetics of
the particles. ES particles remove Cu(u) ions via adsorption and
precipitation, both of which involve interactions with the
surface of CaCOj;. The adsorption of [Cu(u)] occurs at low pH via

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complexation with the carbonate group C=0 bonds."***** In the
adsorption procedures, the medium pH was crucial. Changes in
solution pH affect copper adsorption by particles in the pH
range of 2-5 because chitosan dissolves below pH 2, and copper
ions precipitate above pH 5. Reduced pH of the medium low-
ered copper adsorption capabilities for ES or CST-ES particles.
The chitosan and immobilized chitosan exhibit a similar trend
for adsorbing Cu(u).">

Cao et al.*”” used waste eggshell membranes to adsorb Cu**
in wastewater, converting them into copper(u)-copper(1)/
biochar through speedy pyrolysis. The benefits of ES
membranes and copper(u)-copper(i) are combined in this
system. These advantages include excellent electrical conduc-
tivity, a high electrochemically active surface area, distinctive
three-dimensional porous network features, and rapid charge
transfer. The Randles circuit was used to fit the acquired
impedance data. The value of the Randles circuit was deter-
mined based on the dielectric and insulating characteristics of
the electrode-electrolyte interface. The redox process of
[Fe(CN)e]>"*~ produced a huge semicircle on the naked GCE
electrode. However, the diameter of the semicircle on the Cu?'-
Cu'/biochar modified GCE electrode was significantly lower.
Cu”*-Cu'/biochar composite materials showed significantly
lower electrical and mass transport resistances compared to
bare GCE. Cyclic voltammetry was used to compare calcined
pure-biochar/GCE to Cu®>’-Cu’/biochar/GCE in a 5 mM
[Fe(CN)J>/*~ solution at 50 mV s~ *. The Cu**~Cu" resulted in
faster electron transport between the electrode surface and the
analyte. The current values of various reaction systems were
measured in the presence of 0.2 M phosphate buffer (pH 7.0) at
a scan rate of 50 mV s~ *. In the absence of nitrite, the electrode
remained neutral, but the presence of the nitrite group resulted
in a peak-type response, indicating oxidation reactions. Cu**-
Cu'/biochar composite resulted in a significantly higher
oxidation current compared to the absence of the composite.
This result is attributed to Cu**-Cu* catalysis of nitrite [Fig. 8].

According to FE-SEM, the ESM has a visible vertical and
horizontal alternating 3D network structure containing
collagen and glycoproteins. The natural 3D network structure of
ESM with several functional groups, such as amino and carboxyl
groups, provides a platform for loading metal ions or nano-
particles. The porous, three-dimensional structure of copper(r)-
copper(i)/biochar is fully coated with metal ions. When the pH
range was 5.0-5.5 on the copper(u)-copper(i)/biochar/GCE
electrode, the peak oxidation current increased with
increasing pH. While increasing pH (5.5-7.0), the oxidation
peak current dropped. Using the cyclic voltammetry technique,
the impact of the scanning rate on the peak current of nitrite
ion oxidation was examined to understand the mechanism of
electrode reaction. Cyclic voltammetry study of copper(u)-cop-
per(r)/biochar/glassy carbon electrode in 0.5 mM nitrite, PBS
(pH 5.5), at various scan rates. The oxidation peak potential (Ep)
changed positively with scanning rate, indicating the irrevers-
ible nature of the nitrite oxidation process [Fig. 8].

4.4.1.4 DFT theory for the adsorption of copper. Ayodele
et al.**® investigated the adsorption of copper and nickel ions in
simulated and industrial wastewater using eggshell-derived

Nanoscale Adv., 2025, 7, 3914-3940 | 3923
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Fig. 8 (a) Nyquist plots; (b) cyclic voltammetric response of GCE and Cu?*~Cu*/biochar/GCE without (a and b) and with (c and d) of 1 mM
sodium nitrite in pH-7 phosphate buffer at 50 mV s~*. This figure has been adapted/reproduced from ref. 127 with permission from Science of the

Total Environment, copyright 2020.

hydroxyapatite (HAp). The pH of a solution directly affects the
quantity of adsorbed metal ions.** The (001) hydroxyapatite
surface was modeled as a 2 x 2 slab with water molecules
adsorbed. The [Cu(OH),(H,0),] and [Ni(OH),(H,0)4] complexes
were used as references for the surface adsorptive behavior. The
Ca(u) and P adsorption sites were assessed. The complexes are
in the bridge, three-fold, and on top of the adsorption site
[Fig. 9]. The pseudo-second order and the Freundlich models
accurately captured the adsorption kinetics and isotherms. The
scanning electron micrograph shows a compact and coarse
accumulation of particles on the surface, with a dispersion of
tiny particles and big agglomerates."*® The TEM picture shows
dense, submicrometric HAp particles forming an inter-
connected macroporous network. Cu ion removal increased
with resident time, peaking at 120 and 180 minutes at 100 and
200 mg L~ values. The quick absorption of the metal ions was
caused by the presence of more active sites early in the
adsorption process.” However, as the amount of time that
metal ions spent occupying the active sites increased, fewer

Q@ cor@oun

active sites were accessible, which led to the adsorption of the
metal ions on the surface of HAp progressing slowly. The
adsorption process was aided by the longer contact time, which
provided a longer residence time for metal binding. The
adsorption sites for Ca(u) and P were examined and analyzed
[Fig. 9]. The complexes are in the bridge, threefold, and on top
of the adsorption sites. It is essential to use neutral complexes
to ensure that the calculations are consistent. The OH acted as
a bridge between Ni (or Cu) and the adsorption sites.

4.4.2 Copper passivated eggshell nanocomposite as
adsorbents. A hydrothermal metal oxide-assisted process was
used to produce copper—calcium (CuCa) HSD (hydroxy double
salts) materials.’***** Han et al."** focused on bio-based calcium
oxide from waste eggshells (duck & quail eggshells) at different
temperatures. The shells were then used as precursors for the
synthesis of copper-calcium-HSD materials.

Eggshells-derived HSD was used to investigate the effective-
ness of CuCa-HSD materials in removing methyl orange (MO)

132

Fig.9 Perspective view of the Cu(i) adsorbed on the (001) HAp surface. This figure has been adapted/reproduced from ref. 128 with permission
from Environmental Nanotechnology, Monitoring & Management, copyright 2021.
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from aquatic solutions and the rates and efficiencies of MO
removal.

The successful completion of the dye removal procedures
was contingent on the structural integrity of the HSD materials
and radical probing technologies. The temperatures for pro-
cessing ESs and evaluating any changes in the activity of
copper-calcium HSD synthesized from -calcined ESs from
different sources were the goals of this study. The effects of
various calcination times on the effectiveness of copper-
calcium HSD in methyl orange removal were observed. After
only 2 and 5 minutes, respectively, the activity of copper—
calcium HSD materials in decolorizing methyl orange under
ambient circumstances and rapid color removal resulted in dye
elimination efficiencies of more than 83 and 99% [Fig. 10]. After
5 minutes of MO removal in the presence of eggshell-derived
CuCa HDS materials, COD was removed with greater than
90% efficiency. Thus, eggshell-derived CuCa HDS materials can
purify highly contaminated waters (COD = 561 mg O, per L for
500 ppm MO).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Eggshell-derived with spent CuCa HSD displayed significant
methyl orange elimination efficiency in the 1-2 cycles, but the
efficiency decreased in the third cycle. Changes in the structure
of HSD were brought about because of the intercalation activi-
ties that took place among methyl orange molecules and the
nitrate anions in HSD." The exchange between nitrate &
methyl orange, and additional diffraction peaks at 20 = 4.4°
were observed in the materials spent on HSD compounds.**®
This corresponds to a new d-spacing of 19.6 A, which was
a substantial increase in comparison to the brucite-like layer
thickness of typical HSD materials, which was 4.8 A.

4.4.2.1 Critical description. Studies have demonstrated the
ability of eggshell-derived materials to adsorb heavy metals and
dyes from aqueous solutions, making them a cost-effective water
treatment option. Calcined eggshells (CSE) exhibited high Cu>*
adsorption rates and were responsive to pH, contact duration,
and calcination procedure. Cd** and Cu®" adsorption capabilities
were high with carbonate hydroxylapatite (CHAP), but Okure
et al.*® found that temperature and metal ion concentration

Nanoscale Adv., 2025, 7, 3914-3940 | 3925
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affected efficiency. The eggshell powder successfully eliminated
Cu*" and reactive yellow 145 dye, aligning with Redlich-Peterson
and Sips isotherms. The effectiveness of eggshells and biochar in
adsorbing Cu®" from wastewater, regulated by pH, was also
studied. The porous membrane adsorbent (AEMS) significantly
improved copper ion adsorption due to its protein fiber and
cavity structure; however, larger doses lowered the performance
due to ion competition. An eco-friendly approach was used to
create calcium nanopowder from eggshells, attaining fast Cu®*
adsorption equilibrium; the performance varies by pH and
temperature. The porous structure of the chitosan-coated
eggshells increased the adsorption efficiency, achieving
optimal performance in the specified pH ranges. Waste eggshell
calcium oxide produced copper-calcium HSD materials with
good methyl orange elimination efficiency, but cycles were
reduced due to structural changes. This study highlighted the
significance of material structure, pH management, and ambient
variables in enhancing adsorption performance.

4.5 Passivation of copper nanoparticles

4.5.1 Choice of eggshells passivated copper nanoparticles.
Nanotechnology is a new discipline of research that involves
changing matter at the atomic or molecular level.** Nanotech-
nology is used to create tiny materials. This is a branch of
research that studies the manipulation of atoms and molecules.
One dimension of a nanoparticle (NAP) has a length that can
range from one to one thousand nanometers, while its width
can range from one to one hundred nanometers. The reduction
method used and the environment surrounding the NAPs both
play a role in determining their size."*® The use of nanoparticles
(NAPs) can be found in a wide range of biomedical and phar-
maceutical applications, such as diagnostics, biomarkers, bio-
imaging, cosmetics, antibacterial, anticancer, immunology,
cardiology, genetic engineering, drug delivery for cancer and
other infectious diseases, bioremediation (environmental
applications), water treatment, and energy production. The
necessity for the biological synthesis of metal nanoparticles
such as gold, copper, and others has significantly expanded in
recent years. These nanoparticles have demonstrated impres-
sive potential in terms of enhancing living standards.******
Zhang et al.*** demonstrated the impact of ES and metal ions on
diabetic wound healing using a triboelectric nanogenerator
(TENG). ES@CuFe,0, nanocomposites (NCs) with a distinct
structure and inherent antibacterial characteristics were
synthesized. The nanocomposites were immersed in an
oxidized starch hydrogel to form a multifunctional composite
gel. A multifunctional composite gel was then created by
embedding the as-prepared nanocomposites in an oxidized
starch hydrogel. The gel was then combined to create a wearable
ionic triboelectric nanogenerator (iTENG) patch using poly-
dimethylsiloxane (PDMS). The “cocktail effect” on damaged
tissue was caused by the tissue's ability to transform mechan-
ical energy from human body motion to electric energy and
release metal ions (Fe**/Ca®*/Cu®"). These effects could accel-
erate wound healing in diabetic mice by reducing inflamma-
tion, increasing angiogenesis, and depositing collagen.
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Copper is required for metabolic activities in humans and
animals. Although necessary for connective tissue crosslinking
and iron and lipid metabolism, excessive exposure levels can
cause toxicity. Copper can occur naturally in the environment as
metallic (copper (0)), ionic (copper(r) or copper(n)), or manu-
factured CuNAPs."® These cupric forms cause varied levels of
toxicity in living beings. Copper is found in the environment
from various sources, including natural ores found in the crust
of the earth and pollution from industrial processes. Copper is
a versatile material that can be used for various purposes
because of its distinctive physical and chemical characteristics.
The physical characteristics of copper include a low rate of
corrosion, high thermal and electrical conductivity, and easy
malleability. Copper is referred to as “inert” because metal can
only dissolve in acid when an oxidizing agent is present.
Nevertheless, ionic copper can bind to various organic
compounds, disrupting normal processes.**’

Copper nanoparticles are used as additives in greases,
polymers, and inks. CuNAPs, with their tiny size and capacity to
release ions under acidic circumstances, have antibacterial
capabilities and can be used as an addition in typical waste-
water treatment. The qualities that make them useful for certain
uses also have an impact on their toxicity potential.*****°
Understanding toxicological mechanisms relies heavily on the
physicochemical features of nanoparticle systems. Size, shape,
crystallinity, aggregation, and surface coating are all examples
of properties measured for particles. Ionic copper is less
harmful to plants, aquatic species, rodents, and cell cultures
than copper nanoparticles, which include zero-valent copper
and copper(i) oxide (CuO). Copper nanoparticles are more
cytotoxic than inorganic copper.**

4.5.2 Synthesis of copper nanoparticles via eggshell. The
synthesis of eggshell-capped copper oxide nanoparticles is an
eco-friendly process that uses eggshells as a natural capping
agent. Clean, dried, and finely ground eggshells are mixed with
a copper salt solution, typically copper(u) sulfate in water. As
copper ions interact with the functional groups on the eggshell
particles, a reducing agent like sodium hydroxide is added to
form copper oxide nanoparticles. The eggshell components
stabilize the nanoparticles, preventing clumping. After heating
to promote crystallization, the nanoparticles are separated,
washed, and dried. This method is valued for its simplicity,
cost-effectiveness, and adherence to green chemistry
principles.**

4.5.3 Application

4.5.3.1 Eggshell-Cu nanoparticles for dye degradation. A
biotemplate approach was used by Wu et al.*** to construct ES
membranes (ESM)/cuprous oxide biomass catalysts using bio-
logical eggshell membranes. The equally loaded nanoparticles
were woven together to form a network structure that was
interlaced throughout the biomass catalysts. A significant
degree of photocatalytic activity (kupp = 0.0392 min~') was
observed in these biomass composites for methylene blue.
Eggshell membranes were used as a sacrificial agent throughout
the catalytic process. A considerable reduction in the rate,
photogenerated electrons was observed. The amount of adsor-
bent used was 0.025 grams, and the amount of dye present was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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30 milligrams per liter. The photodegradation rate reached over
97% in just one hour.

Xu et al.*** synthesized CuO/eggshells using a simple method
and used them as peroxymonosulfate (PSM) activators to
remove reactive blue 19 (BR19). The CuO/eggshells achieved
nearly 100% BR19 removal efficiency under optimal conditions
(20 mg per L BR19, 0.2 g per L CuO/eggshells, 0.36 mM PSM, pH
7) within 20 minutes. The eggshell surface was rough with
irregular pores, whereas pure CuO nanoparticles had a rod-like,
uneven surface. The CuO/eggshells’ morphology differed
significantly, with CuO nanoparticles fully coating the eggshell
surface. Lattice fringes corresponding to CuO and calcium
sulfate were identified, but CaCO; spacings were not observed,
likely due to CaCOj; being covered by CaSO,. Copper oxide/
eggshell catalysts were easily produced and used to activate
peroxymonosulfate (PSM). The target dye for evaluating the
catalytic efficacy of copper oxide/eggshells was reactive blue 19
(BR19). PSM alone or copper oxide/eggshells alone had a minor
effect on BR19 elimination, implying that PSM self-oxidation
and copper oxide/eggshells self-adsorption could be
ignored."® The ESs and PSM system demonstrated little BR19
elimination, showing that the ESs could not act as a catalyst to
activate PSM. The copper oxide/eggshells and PSM methods
showed considerable improvement, removing 99.72% of RB19
after 20 minutes. The copper oxide and PSM systems could
degrade 99.05% of BR19 in 20 minutes; however, they were
unsuitable as catalysts due to the rapid aggregation of CuO
nanoparticles.”*® CuO used much more Cu than copper oxide/
eggshells at the same catalyst dosage. The eggshell proved
useful in inhibiting CuO nanoparticle agglomeration and
promoting their dispersion. Copper oxide and eggshells
exhibited synergistic effects to achieve great catalytic perfor-
mance. When the catalyst dosage was increased from 0.025-
0.1 g L', the BR19 removal rate increased from 26.48% to
99.72%.

Gao et al'™ reported the synthesis of a composite of
eggshell-supported copper-doped FeOx NPs (CuFeOx/eggshells)
using a co-precipitation technique. The catalytic performance of
the CuFeOx/eggshells and peroxymonosulfate (PSM) system for
carbamazepine (CZB) removal and the influence of the oper-
ating parameters and water matrices on CZB elimination are
also presented. Reactive Oxygen Species (ROSs) were respon-
sible for CZB oxidation and potential CZB break-down.
Furthermore, several reaction mechanisms and degradation
pathways were observed. The formation of CZB solution toxicity
was also evaluated. The incorporation of CuFeOx/eggshells into
PAN membranes increases the stability and minimizes metal
releases.

Preda et al."*® presented the characterization of biomorphic
3D-fibrous networks built on zinc oxide, copper oxide, and
composite nanostructures consisting of zinc oxide and copper
oxide. ESM is a bio-template consisting of two different kinds of
metal salts, namely acetate and nitrate, as preparatory
substances. The photocatalytic capabilities of the biomorphic
metal oxide networks were assessed by evaluating the decrease
in MB absorption intensity at its peak at ~664 nm. After 6 hours
of irradiation, MB removal yielded ~67% for zinc oxide and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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~50% for copper oxide networks, with the latter being equiva-
lent to zinc oxide-copper oxide complex. A correlation between
charge separation and composite networks with the maximum
efficiency. Compared with composites with a lesser quantity of
copper oxide (99.5:0.5 wt ratio) and a broader band gap (2.9
eV), zinc oxide—-copper oxide complex fibers made with a higher
amount of copper oxide (50: 50 wt ratio) had a narrower band
gap (1.94 eV) and a poorer photocatalytic activity.'**¢

The synthesis of copper/ESs, iron oxide/ESs, and copper/iron
oxide/ESs nanocomposites was accomplished by Nasrollahza-
deh et al.*** via an environmentally friendly and cost-effective
approach that utilized an aqueous extract of the leaves of
Orchis mascula L.***'°® without any other additives. The surface
roughness was altered in the presence of CuNPs. The copper
nanoparticles were immobilized on the support surface, and
a successful coupling of copper nanoparticles with the eggshell
was achieved.

The copper nanoparticles had a restricted size distribution.
The TEM micrographs demonstrated that the Cu NAPs had
a spherical shape and an average diameter of around 5 nano-
meters. The average Fe;O, NAP size was less than 22 nm. The
porous nature of eggshell powder particles increases the contact
area and facilitates Fe;O, and copper loading. The Fe incorpo-
ration in the Fe;O,/eggshell nanocomposite was 24.69 wt%.
TEM pictures of Fe;O,/eggshell nanocomposite. The Fe;O,
NAPs were very tiny, measuring <8 nm. TEM pictures show that
the produced nanoparticles are mostly spherical and range in
size from 5 to 15 nm.

The degradation of tetracycline hydrochloride (TCH) was
accomplished using an ESs—CuS composite catalyst, which was
effectively synthesized straightforwardly and used in conjunc-
tion with persulfate. According to Gao et al.,'*” the coated CuS
had a structure similar to that of a sheet and was dispersed
equally throughout the surface of the eggshell. Agglomeration
enhances the performance of the catalyst. The enhanced cata-
Iytic effect compared to pure CuS was due to the production of
a series of active species, including sulfate radicals (SO, ),
hydroxyl radicals (OH), and carbonate radicals (CO;”), as
confirmed by electron spin resonance (ESR) and free radical
capturing. TCH remained stable at room temperature, with no
obvious deterioration after 45 minutes. In the catalytic system,
the strong oxidant-PS destroyed some of the TCH at room
temperature, slightly increased sulfate radicals and moderate
degradation (3.5%). The degradation rate of TCH by ES-CuS
composites was limited to 9.2%, mostly due to their adsorption
capability. Combining ES-CusS and PS efficiently degraded TCH,
achieving a 93% degradation rate in 40 min. Conversely, the ES
& persulfate and CuS & persulfate systems showed deterioration
rates of only 28% and 62%, respectively. The modest deterio-
ration of the ES & persulfate system might be due to the
production of a tiny quantity of CO;~ during catalysis.

4.5.3.2 Eggshell-Cu nanoparticles for nitrophenol degrada-
tion. Sajadi et al."’® used a copper oxide/eggshell nanocomposite
with pomegranate dried peel extract as an adsorbent nano-
catalyst to effectively remove aromatic chemicals from crude oil
samples. It was used for the reduction of 4-nitrophenol (4-NP) to
4-aminophenol at ambient temperature. Dried powdered ESs
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and copper oxide nanoparticles were combined with distillate
water under reflux conditions for 24 hours to progressively coat
the CuO NPs on the eggshell to generate the CuO/eggshell
nanocomposite. The addition of sodium borohydride to the 4-
nitrophenol solution resulted in the formation of 4-nitro-
phenolate ions, as indicated by the emergence of an unchanged
absorption peak at 400 nm without the presence of copper oxide
or the ESs nanocomposite. When the catalyst was added to the
mixture, a 4-aminophenol (4-AP) formed, and a new signal
appeared at 297 nm.

CuO-ZnO (ZC) nanocomposites were developed utilizing bio-
templated bio-waste-eggshell membranes (EMS) by He et al.'”*
ZC-ESM nanocomposites retain the original structure of EMS
with interlaced networks covered with tiny inorganic nano-
particles. After calcination, new samples form a rougher
network structure with irregular nanoparticles. The average size
of the synthesized nanomaterials follows the order copper
oxide-EMS > zinc oxide-EMS > ZC-ESM, with CZ-EMS being the
smallest. CZ-ESM nanocomposites have interparticular mac-
roporosity but are still basically non-porous. They have low
specific surface areas (<15 m2 g~ ') and pore volumes (usually
0.01 to 0.02 mL g '). The Brunauer-Emmett-Teller (BET)
average pore size measures interparticular porosity, not real
porosity [Fig. 11].

The high-resolution morphology of ZC-EMS nano-
composites showed well-dispersed particles with an average size
of 100. The adjacent fringes had inter-planar d-spacings of
0.2778, 0.2069, 0.2414, and 0.2597 nm, corresponding to the
lattice planes of monoclonal copper oxide and hexagonal zinc
oxide, respectively. The ZC-EMS was a heterostructural nano-
composite. A study compared Congo red sorption characteris-
tics in pure EMS, copper oxide-EMS, zinc oxide-EMS, and ZC-
EMS nanocomposites. Copper oxide-EMS, copper oxide-EMS,
and ZC-EMS nanocomposites exhibited considerably better
sorption characteristics compared to EMS. In addition, ZC-EMS
nanocomposites exhibited enhanced absorption. Dye molecules
bind to ZC-EMS nanocomposites via electrostatic interactions
and then enter the interparticular pores. As more molecules
enter the pores, diffusion resistance rises, reducing the sorption
rate. When the dye concentration decreases, the sorption slows
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until dynamic equilibrium occurs. When NaBH, was added
without a catalyst, a 4-nitrophenol absorption peak was
observed at 400 nm. With the addition of ZC-EMS, absorption
gradually decreased after 12 minutes. 4-Aminophenol creation
was confirmed by two additional bands at 300 and 230 nm. A
catalytic effect comparison was conducted between different
nanomaterials. Compared to their components, ZC-EMS
nanocomposites exhibit optimal performance [Fig. 11].

The synthesis of copper oxide/zinc oxide/eggshell (CuO/ZnO/
ES) nanocomposites from discarded eggshells was achieved
using a deposition—calcination technique. Copper oxide and
zinc oxide nanoparticles, ranging from 50 to 100 nanometers in
diameter, were evenly dispersed on the eggshell surface. The
resulting nanocomposites exhibit enhanced catalytic and pho-
tocatalytic reduction of 4-nitrophenol to 4-aminophenol in the
presence of NaBH,. The pure eggshells had a rough surface with
irregular holes and pits measuring 100 to 400 nanometers. The
nanocomposites showed significant morphological changes,
with the surface densely coated with nanoparticles. ZnO/ES had
a denser nanoparticle distribution than CuO/ES, and the
combined CuO/ZnO/ES had larger nanoparticles due to the
accumulation of copper oxide and zinc oxide.

At room temperature, the catalytic reduction of 4-nitro-
phenol (4-NP) to 4-aminophenol (4-AP) using sodium borohy-
dride (NaBH,) demonstrated the potential of nanocomposites
for wastewater treatment. The absorption peak of 4-NP shifted
from 317 to 400 nm after adding NaBH,, causing a color change
from light yellow to yellowish green [Fig. 12]. With the catalyst,
the 4-NP peak gradually decreased, and the 4-AP peaks at 232
and 304 nm emerged. After 30 minutes, the 4-NP peak dis-
appeared, indicating complete conversion to 4-AP. Among the
tested nanocomposites, CZ/ES showed the highest catalytic
activity, likely due to having more surface reaction sites and
faster electron transfer channels.'”

Xin et al."”> used MESM as a sorbent to remove heavy metals
from aqueous solutions and produced metal- MESM composites
in situ using MESM as a template. During adsorption, MESM
fibers and metal ions form stable composites through electro-
static interactions and bonding. The reduction in coordinated
metal ions on MESM was achieved using NaBH,. The Cu®*
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Fig. 11
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(@) N, adsorption—desorption isotherms and (b) pore size distributions of different nanocomposites. This figure has been adapted/

reproduced from ref. 171 with permission from Chemical Engineering Journal, copyright 2019.
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vs. reaction time. This figure has been adapted/reproduced from ref. 171 with permission from Chemical Engineering Journal, copyright 2021.

adsorption capacity of MESM increased with pH, peaking at pH
4.5, whereas the Ag" adsorption capacity increased significantly
with pH, reaching a maximum at pH 5.5. In a mixed solution,
Cu*" adsorption decreased in the presence of Ag", whereas Ag"
adsorption capacity showed a modest reduction. The presence
of CuNAPs and AgNAPs on MESM facilitated the catalytic
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP), with
the absorbance peak shifting from 400 to 300 nm, indicating
successful conversion. MESM alone did not exhibit catalytic
activity, serving only as a carrier. The catalytic potential of the
metal-MESM composites in the reduction of 4-NP.

4.5.3.2.1 Critical description. Nanotechnology modified
matter at the atomic or molecular level: nanoparticles (NAPs) are
used in biomedicine, medicine, environmental remediation, and
energy generation. Metal nanoparticles like gold and copper can
enhance living conditions, making biological synthesis popular.
Copper, needed for metabolism, is poisonous at high exposure
levels and comes in metallic, ionic, and synthetic CuNAPs.
CuNAPs are utilized in greases, polymers, inks, and wastewater
treatment due to their antibacterial characteristics; however,
their tiny size and acidic ion release make them hazardous. The
size, shape, and surface coating of nanoparticles are critical for
understanding their toxicological processes. Eggshell-based
catalysts improve the environment, as reported in previous
research. Methylene blue photodegradation by 97% was achieved
using ESM/cuprous oxide biomass catalysts. As perox-
ymonosulfate activators, CuO/eggshells removed approximately

© 2025 The Author(s). Published by the Royal Society of Chemistry

100% of the reactive blue. The carbamazepine elimination
catalytic performance of the CuFeOx/eggshells was also high.
Preda et al**® reported reduced photocatalytic activity in zinc
oxide and copper oxide composites containing more copper.
Environmentally friendly copper-iron oxide-eggshell nano-
composites were obtained. Tetracycline hydrochloride degrada-
tion was achieved by 93% using ESs-CuS composite catalyst.
CuOl/eggshell nanocomposites converted 4-nitrophenol to 4-
aminophenol, whereas the CuO-ZnO version improved sorption
and catalysis. MESM composites could be used in environmental
applications since they absorb heavy metals and reduce 4-nitro-
phenol. CuNAPs balance their benefits with health and envi-
ronmental hazards, and the material structure and synthesis
processes are crucial for performance.

4.5.3.3 Antibacterial activity. Phuthotham et al.**> demon-
strated the antibacterial activity of eggshell powder by modi-
fying it with in situ-produced CuNPs and Cu,ONPs using
a hydrothermal technique. The eggshell powder, composed of
approximately 95% CaCO; and 5% organic components, was
altered to incorporate Cu-based nanoparticles ranging from 50
to 120 nm with an average size of 90 nm. The modification
involved the hydrothermal process, where collagen proteins in
eggshells react with copper sulfate, reducing Cu>* to Cu’. While
the unmodified eggshell powder showed no antibacterial
activity, the modified version created large clearance zones,
indicating strong antibacterial properties against both Gram-
negative and Gram-positive bacteria [Table 3].
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Table 3 Diameters of the zones formed by different samples
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Sample Code E. coli (mm) P. aeruginosa (mm) S. aureus (mm) B. licheniformis (mm)
ESP o No clear zone No clear zone No clear zone No clear zone

MESP Y 38 36 40 38

Cu,,O A 16 20 161 24

CuS0,-5H,0 B 24 19 17 25

4.5.3.4 Coupling reaction. Kim et al.'”® demonstrated that
a cuprous oxide/silicon dioxide (SiO,) eggshell nanocatalyst was
effective and stable for producing C;5H;3;NO from C,;H;5ClO and
CgHs. The TEM images show homogeneous SiO, nanospheres
with an average diameter of 305 + 18 nm. Meso-porous SiO,
shells deposited onto the nanospheres using cetyl trimethyl
ammonium bromide resulted in larger m-silica ESs measuring
approximately 435 nm, with a 65 nm thick mesoporous SiO,
shell. Cuprous oxide nanoparticles, 2-3 nm in size and single-
crystalline, were well integrated into the SiO, mesopores. A
lattice spacing of 0.246 nm corresponds to the (111) plane in
cubic phase cuprous oxide. The Debye-Scherrer equation esti-
mated the mean particle size as 2 nm. The nanocatalyst's total
pore volume was reduced by ~54% compared to pristine m-
silica ESs due to the occupied copper oxide nanoparticles,
although both materials had identical pore size distributions in
the 2-3 nm range, reflecting the size of the Cu,O crystallites.

4.5.3.5 Sensing applications. An adaptation of the carbon
paste electrode (CEP) for sensitive .-Tyr measurement in human
blood samples was created by Kamel et al., who used chitosan
gel as a binder. The nanocomposite was constructed from
eggshell waste and copper nanoparticles. Using chitosan gel
instead of paraffin oil, which is typically used to fabricate CPE,
improved electrode sensitivity and selectivity were observed.
Using square wave voltammetry, the electrochemical parame-
ters of the oxidation of r-Tyr onto the surface of the created
electrode (CuNPs@ESh/CS/CEP) were improved. This helped
ensure that the electrode was as effective as possible.'”*

4.6 Passivation of copper nanoclusters

4.6.1 Synthesis of copper nanoclusters via eggshells.
Eggshell-capped copper nanoclusters offer several advantages,
including eco-friendliness, cost-effectiveness, and biocompati-
bility. The use of eggshells, a natural waste material, as
a capping agent aligns with sustainable practices and reduces
the need for synthetic stabilizers. These nanoclusters exhibit
enhanced stability, preventing aggregation and ensuring
uniformity in size, which is crucial for consistent performance
in applications such as catalysis and biosensing. Additionally,
the biocompatible nature of eggshells makes these nano-
clusters suitable for medical and environmental applications,
providing a safer and greener alternative to conventional
materials.

4.6.2 Applications

4.6.2.1 Eggshell-Cu nanoparticles for sensing. Using
C,H,00,S; as the reducing & capping agent, Li et al.’” presented
a luminous 2D nanocomposite at room temperature by
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generating luminescent Cu NACs in situ and embedding them
in natural monolithic ESM. The photo fluorescence perfor-
mance, enhanced chemical, thermal, and photo stability, easy
tailoring, and flexibility were all displayed by the as-prepared Cu
NACs/ESM nanocomposite. The nanocomposites could be used
as color-converting layers in light-emitting diodes and as test
strips for the colorimetric behaviour of silver ions based on
luminescence quenching.

ESM was used as the reaction substrate in the fabrication of
a red fluorescent nanocomposite membrane (Cu NACs), as
demonstrated by Liang et al'’® In reaction with hydrogen
peroxide, the composite membrane exhibits distinct quenching
properties. The fluorescence of the quenched composite
membrane may be restored by incubation in a solution of
glutathione (GSH). The sensor platform allows for the dual
colorimetric behaviour of H,O, and GSH. The greatest A, of the
composite membrane was 344 nm, whereas the A, of the
membrane was 617 nm. The composite membrane did not
exhibit a change in emission peak location between 280 and
420 nm, and there was no wavelength dependency. The results
also show the optical characteristics of the composite
membrane after natural drying. After drying, the composite
membrane’s A (359 nm) and A, (601 nm) were changed. The
composite membrane did not exhibit a change in emission peak
location between 280 and 420 nm, and there was no wavelength
dependency. The results also show the optical characteristics of
the composite membrane after natural drying. After drying, the
composite membrane's Aex (359 nm) and A, (601 nm) were
changed. The red fluorescent composite membrane's FL
remains undeviated in most molecular and ionic solutions, but
rose in H,0,, and the LOD of H,O, was 73 nM.

4.6.2.2 Eggshell-Cu nanoparticles for dye degradation. Li
et al.'”” produced orange and red emitting CuNACs embedded
in ESM utilizing reducing reagents such as hydrazine hydrate,
hydroxylamine hydrochloride, and Vitamin C at ambient
temperature. Cu NACs@ESM nano composites had high photo
and chemical stability, making them suitable for a variety of
applications. XPS research showed the presence of Cu(0) on the
ESM, with two significant peaks at 932.2 eV and 952.2 eV, rep-
resenting Cu 2p3/, and Cu 2p,,,, respectively.’”®'”” The absence
of a Cu 2p;), satellite peak at 942 eV indicates the absence of
copper(un) in the CuNCs@ESM. CuNACs@ESM emitted red
fluorescence with a peak at 652 nm and maximal excitation at
370 nm. Cu NACs implanted in monolithic ESM exhibit
excitation-independent properties, indicating uniform size and
restricted distribution. XPS examination revealed Cu(0)
embedded in ESM, with a total copper concentration of 2.4%, as
determined by inductively coupled plasma atomic emission

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy (ICP-AES). After adding monolithic Cu NAC-
S@ESM, the blue hue of the methylene blue solution decreased,
and a colorless product, leucomethylene blue (LMB), was
formed. The blue color of the Cu NCs@ESM nanocomposite
remained almost unchanged when serial ESM controls without
CuNACs were added to the MB solutions and incubated for
a longer time. The incorporated CuNACs contributed to the
observed catalytic performance similar to Cu NACs prepared
using wet chemistry methods. The CuNACs@ESM catalyst
effectively reduced the absorption peak at 662 nm of the orig-
inal methylene blue dye in just 2 minutes, eliminating the need
for additional reducing agents or UV irradiation.

5 Synergism between copper and
eggshell

Synergism occurs when two or more substances interact to
produce a combined effect greater than the sum of their indi-
vidual effects.”® This concept applies to the combination of
copper and eggshells, where the unique properties of each
material are enhanced when they form a composite.'* Copper,
known for its catalytic, antimicrobial, and adsorption capabil-
ities, binds effectively with the eggshells, which are primarily
composed of calcium carbonate (CaCOj3).* The eggshells provide
a porous surface with a high surface area, offering numerous
active sites for copper adhesion. The interaction between
copper and carbonate ions in eggshells can occur through ion
exchange or complexation processes, forming a stable
composite material. Additionally, the organic matrix of
eggshells, which includes proteins and other biopolymers, can
further facilitate copper binding through coordination bonds.
This natural synergy between the eggshell properties and
copper's reactive nature results in a composite material with
significantly enhanced properties, such as increased adsorption
capacity, improved catalytic efficiency, and greater antimicro-
bial activity.” The eggshell acts as a supportive matrix,
increasing the surface area for copper to act upon, thereby
improving reaction efficiency in catalysis, enhancing the
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adsorption of heavy metals or pollutants in water treatment,
and boosting antimicrobial effectiveness. This synergistic rela-
tionship between copper and eggshells makes the composite
particularly beneficial for environmental applications, offering
a sustainable, cost-effective solution with superior efficiency
compared to using either material independently.

5.1 Mechanism of interaction between copper and eggshell

The mechanism between eggshell and copper involves
adsorption and ion exchange processes, which are facilitated
by the chemical properties of both materials. Here is how it
works:

(1) Adsorption: the eggshell, which is composed mostly of
calcium carbonate (CaCOj3), has a porous structure with a high
surface area, which provides numerous active sites for copper
ions to adhere to. When copper, in the form of ions or nano-
particles, is introduced to the eggshell, it is adsorbed onto the
surface of the eggshell particles. This adsorption was driven by
electrostatic interactions between the positively charged copper
ions and the negatively charged sites on the eggshell.

(2) Ion exchange: in some cases, there may also be an ion
exchange process, where calcium ions (Ca**) from the eggshell
are exchanged with copper ions (Cu®*) from the solution. This
exchange can lead to a more stable binding of copper to the
eggshell surface, thereby forming a new phase or compound.

(3) Complexation: the organic components of the eggshell,
such as proteins and other biopolymers, interact with copper
ions through coordination bonds, further stabilizing the copper
on the eggshell surface. These interactions enhance the mate-
rial's overall stability and functionality.

These mechanisms collectively lead to the formation of
a copper-eggshell composite in which copper is effectively
bound to the eggshell, resulting in improved properties such as
increased adsorption capacity, catalytic activity, and antimi-
crobial effects [Fig. 13]. Moreover, modified eggshells can
effectively adsorb Cu®' due to their strong affinity towards
copper. Therefore, the synergism between copper and eggshell
is an important aspect that requires review in this regard.
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Fig. 13 Mechanism between copper and eggshells. This figure has been adapted/reproduced from ref. 169 with permission from Molecular

Catalysis, copyright 2021.
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6. Eggshells of different birds

Bird eggshells, particularly those from chicken eggs, are most
commonly used to synthesize nanoparticles. The widespread
availability and low cost of chicken eggs make them popular for
research and industrial applications." Chicken eggshells are
rich in calcium carbonate (CaCOj3), a key component in various
nanoparticle synthesis processes. Eggshells can be processed
and used as a source of calcium, which is then utilized to create
various types of nanoparticles, including calcium oxide (CaO),
calcium carbonate (CaCOj3) nanoparticles, and others.

From duck eggshells, calcium oxide (CaO) nanoparticles
have been effectively manufactured using the ball milling
process, followed by simple calcination at a temperature of 700
degrees Celsius for seven hours. A clear relationship was
observed between milling time and average eggshell powder
diameter. The average diameter of eggshell powder decreased
with longer milling time. The impact of milling balls on the top
surface of eggshell particles reduces their diameter.**

CaCO; nanopowder derived from uncooked quail eggshells,
as well as analyses of the nanostructure and particle size,
chemical composition, organics (C/H/N) components, and
practical groups, to provide endorsements for the utilization of
this form of nanoparticles.”® Quail egg yolk, which has a high
amount of both vitamins and proteins, was produced for the
green synthesis reaction and then employed to produce plat-
inum nanoparticles in the reaction medium, as proven by
Nadaroglu et al.'* Pt nanoparticles that were produced from
quail egg yolk medium were cubic and ranged in size from 7 to
50 nanometers. Nadaroglu et al.*®® used quail egg yolks, which
have high protein and vitamin content, for the green synthesis
of gold NPs. Au NPs were observed at 20-50 nm in quail egg yolk
medium.

Copper nanoparticles were synthesized only from chicken
egg (hen's egg). There is no report available for the synthesis of
copper nanoparticles using duck and quail nanoparticles. The
synthesis of copper nanoparticles using hen eggs may be
attributed to the specific properties and composition of hen
eggs that make them suitable for this process. Hen eggs contain
a well-characterized and consistent protein composition,
particularly egg white (albumen) and yolk, which are crucial in
acting as reducing and stabilizing agents during nanoparticle
formation. The proteins in hen eggs, such as ovalbumin, might
be more effective in reducing copper ions to nanoparticles and
stabilizing the particles to prevent aggregation. Additionally,
hen eggs are larger and more widely available than quail and
duck eggs, providing abundant and easily accessible material
for research. This availability, coupled with the established use
of hen eggs in the scientific literature, makes them a convenient
and reliable choice for nanoparticle synthesis. Furthermore, the
chemical environment of hen eggs, including factors like pH
and ion content, might create a more favorable setting for the
efficient synthesis of copper nanoparticles. While quail and
duck eggs can be used for similar purposes, they might require
different conditions or might not be as effective. Therefore, this
research has predominantly focused on using hen eggs.
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7. Circular economy

Using eggshell-derived copper nanoparticles in a circular
economy for environmental benefits is an innovative approach
that leverages waste materials and nanotechnology to create
sustainable solutions. The concept revolves around trans-
forming waste eggshells, a common byproduct of the food
industry, into valuable copper nanoparticles that can be utilized
in various applications, thereby contributing to waste reduc-
tion, resource efficiency, and environmental protection.
Eggshells are primarily composed of calcium carbonate, which
can be processed and used as a precursor material in the
synthesis of copper nanoparticles. The process begins with the
collection and cleaning of waste eggshells. The shells are then
calcined at high temperatures to remove organic impurities and
convert calcium carbonate into calcium oxide. The calcium
oxide can then be reacted with a copper precursor, such as
copper sulfate, under controlled conditions to produce copper
nanoparticles.

The produced copper nanoparticles have a wide range of
applications, particularly in environmental remediation and
agriculture. For example, they can be used as catalysts in
chemical reactions to degrade pollutants in wastewater, thereby
contributing to cleaner water resources. Additionally, in agri-
culture, these nanoparticles can be employed as antifungal
agents or fertilizers, enhancing crop growth and reducing the
need for chemical pesticides and fertilizers, which often have
harmful environmental impacts. By incorporating eggshell-
derived copper nanoparticles into a circular economy frame-
work, this approach helps to close the loop on waste, turning
a potential environmental burden (eggshell waste) into a valu-
able resource. This not only reduces the amount of waste sent to
landfills but also decreases the need for virgin materials,
conserving natural resources and reducing the carbon footprint
associated with mining and processing raw materials. Many
metal nanoparticles have been reported with the passivation of
eggshells. Many metals are toxic. However, some non-
hazardous metals are also available in the literature (e.g., Fe,
Zn)"¢ with eggshell passivation. Copper nanoparticles have
been well studied for the circular economy. Ravi et al.'® re-
ported a circular economy involving waste printing circuit
boards and copper oxide nanoparticles. Benguigui et al.'®®
analyzed the considerable therapeutic properties in medical
science. Additionally, proper capping helps copper nano-
particles with efficient drug-loading property and cell
viability.'®

On this ground, animal waste eggshells (non-expensive) are
a potential candidate for the circular economy.

Moreover, the circular economy model promotes sustainable
production and consumption patterns by encouraging the
reuse, recycling, and upcycling of materials. The integration of
eggshell-derived copper nanoparticles aligns with this model by
ensuring that waste materials are reintegrated into the
production cycle, creating a closed-loop system that minimizes
environmental impact.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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8. Conclusions and future
perspectives

Eggshell-capped nanoparticles have shown significant potential
for copper ion adsorption due to their high surface area and the
presence of functional groups that effectively interact with
copper ions. Eggshells, a readily available waste by-product, not
only offer an eco-friendly and cost-effective approach but also
provide a natural porous structure that enhances the adsorption
capacity of the nanoparticles. These nanoparticles are capable
of adsorbing large amounts of copper ions, making them suit-
able for water purification applications, with the added advan-
tage of being reusable without significant loss of efficiency over
multiple cycles. Eggshell-capped copper nanoparticles have
demonstrated excellent catalytic activity, antimicrobial proper-
ties, and potential for various environmental applications. The
eggshell matrix stabilizes the copper nanoparticles, improving
their stability, activity, and preventing agglomeration, thus
maintaining their high surface area and reactivity. These
nanoparticles can be used in chemical reactions, pollutant
degradation, and antimicrobial agents, offering a biocompat-
ible and environmentally friendly alternative to traditional
methods. The integration of eggshells into nanoparticle
synthesis not only aligns with green chemistry principles but
also results in products that are sustainable, less toxic, and
more practical for real-world applications in catalysis, envi-
ronmental remediation, and biomedicine.

Copper can react with eggshells because eggshells are
primarily composed of calcium carbonate (CaCOs;). When
copper encounters calcium carbonate, a chemical reaction can
occur, especially in the presence of acids or acidic conditions. In
an acidic environment, calcium carbonate in eggshell reacts
with acid to form calcium ions, carbon dioxide gas, and water.
Copper is a relatively reactive metal that can sometimes be
involved in reactions in which acids are present, leading to the
dissolution or alteration of the eggshell's surface. In the
absence of acidic conditions, the reaction between copper and

(Eggshell—Cu Synergism

= ' g
Cu?* Adsorption

Passivation of
copper
nanoclusters

ye
degradation

Passivation of
copper
nanoparticles

Fig. 14 Synergistic behaviour of eggshell-Cu for myriad applications.
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eggshell is minimal because copper is less reactive with the
neutral or slightly acidic substances found in eggshell. Egg yolk
does not react with copper because it primarily consists of
proteins and fats, which do not have strong reactions with
copper under normal conditions. Copper is more likely to react
with acidic substances, and egg yolk is generally neutral to
slightly acidic. In addition, the proteins in the yolk can form
a protective layer that prevents direct contact between copper
and any reactive components. This shows the synergistic
behavior between eggshell and copper [Fig. 14].

This paper presents a cocktail of synergism and circular
economy for a myriad of applications. It may be an asset to be
a young scientist venturing into the field of environmental
nanotechnology and material science.

A review was available on transforming eggshells into useful
products was reported by Waheed et al'* Chong et al***
reviewed the features of eggshells in powder form. Samiullah
et al.* reviewed the color of eggshells in brown hen eggs.
However, there are no review articles available on the involve-
ment of eggshells in synthesizing and capping nanoparticles/
nanoclusters with applications. Recently, a lot of publications
have been available on the nanometric applications of
eggshells. Thus, we strongly perceive the importance of this
review for the related young scientists.
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