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Abstract

Global efforts to develop low-cost solutions for the treatment of contaminants in wastewater
continue unabated. The conversion of eggshells, a waste material, into a high-value product
can be economical and environmentally sustainable. The recent developments in applying
eggshells towards the biosorption of contaminants are presented. Eggshells effectively
remove pollutants such as metal cations, metal anions, and reactive, basic, and direct dyes.
Promising advances in modifying eggshells, elucidating the critical operational parameters,
and optimizing the biosorption process have been reported. To this end, the modeling of
biosorption kinetics, equilibrium, thermodynamics, and mechanisms are discussed. Also, a 3-
stage category is proposed to better classify the biosorbent preparation efforts. The pseudo-
second-order model was reported to represent biosorption kinetics best, implying that
chemisorption may be a key attachment mechanism in most instances. The Langmuir model
best represented the equilibrium data, inferring monolayer sorption on homogenous surfaces.
Most studies reported that the uptake mechanism was physisorption or chemisorption.
Despite these strides, the application of eggshell biosorption remains mostly at the laboratory
testing stage. Thus, key points from recent developments and recommendations for future
inquiry are presented.
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1. Introduction

The increase in the discharge of effluents from anthropogenic activities such as population
growth, industrialization, urbanization, manufacturing, and agriculture has amplified the
degradation of groundwater and surface waters globally. According to Ali et al. [1], heavy metals
and dyes are the most common pollutants emitted in wastewater among the various contaminants.
Textile, leather, electroplating, galvanizing, metallurgical, paint, and other metal processing and
refining industries generate considerable volumes of effluents, which often contain significant
amounts of toxic heavy metals, including Cd, Cu, Zn, Ni, and Pb [2, 3]. Additionally, fertilization and
the use of pesticides and livestock manure can also result in heavy metal contamination [4]. Heavy
metals are difficult to remove from wastewater due to their high solubility, mostly in the dissolved
state, their bonding with organic matter and other ions potentially persisting in either mixed or
chemical forms in the water and their low concentrations [5]. Furthermore, unlike organic
contaminants, heavy metals are non-biodegradable. This, coupled with their persistent nature,
results in the accumulation of heavy metals in the food chain. Unlike organic pollutants, heavy
metals are non-biodegradable. This, coupled with their persistent nature, results in the
accumulation of heavy metals in the food chain, posing a significant danger to human health.
Chronic exposure to common heavy metals such as cadmium can result in anemia, insomnia, kidney
damage, bladder and prostate cancers, and osteoporosis [6]. Furthermore, it may lead to gastric
cancer, breast cancer, lung cancer, and renal cancer [7]. Arsenic has been associated with severe
health effects, including bladder, lung, and skin cancers [8]. Lead toxicity can lead to impaired blood
synthesis, hypertension, severe stomach aches, and brain and kidney damage [9].

Dyes are one of the major pollutants present in effluent discharged from significant industries
such as paper, leather, textile and paint [10]. It is estimated that 700,000-1,600,000 metric tonnes
of dyes are generated annually, and about 280,000 tonnes enter natural water bodies every year
from effluent discharge [11, 12]. According to Rapd and Tonk [13], the textile industry is responsible
for approximately 54% of dye effluents in the environment, while the dyeing industries contribute
21%. The paper and pulp industries contribute 10%, the tannery and paint industries contribute 8%,
and the dye manufacturing industry is responsible for the remaining 7%. Disposal of untreated dye-
containing effluent into water bodies may cause several environmental problems. It may disrupt
photosynthetic activities in aquatic ecosystems, increase turbidity in surface waters, produce
mutagenic effects on marine organisms, and limit downstream beneficial uses such as drinking
water and irrigation [13, 14]. Further, excessive exposure to dyes may lead to mild to severe toxic
effects on human health, including headaches, dizziness, body fatigue, skin irritation, respiratory
problems, seizures and an increased risk of cancer [15, 16]. Accordingly, studies into removing heavy
metals and dyes from wastewater are at the forefront of environmental research.

Various technologies, including reverse osmosis, precipitation, electro-dialysis, adsorption,
coagulation and flocculation, electrocoagulation, filtration, and ion exchange, have been explored
to remove these pollutants from water and wastewater [17, 18]. Due to its insensitivity to toxic
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pollutants, ability to attain low concentration levels, high efficiency, ease of operation at large scale,
low cost, and recycling potential, adsorption is one of the most capable processes for the removal
of inorganic and organic contaminants from wastewater [19, 20]. Activated carbon-based
adsorbents such as commercial activated carbon and activated carbon from waste materials like
rice husk, coconut husk and orange peel have been extensively reported in the literature as effective
decontaminants [17, 21]. Their outstanding sorption performance is generally attributed to their
characteristics, including internal pore morphology, pore volume, chemical structure, porosity and
presence of functional groups from their source material, and activation. However, a significant
drawback of the large-scale application of activated carbon-based adsorbents is their high cost [22].

Published literature shows several studies have been conducted to find alternative materials for
commercial adsorbents. Due to their characteristics and added benefits, including being readily
available, inexpensive, biodegradable, and eco-friendly, various agro-based waste materials have
been used to absorb heavy metals and dyes [23]. Some of them include mango bark [24], mango
leaves [25], orange peel, pomegranate peel, banana floret [26], sugar cane bagasse [27], rice husk
[28], groundnut shells [29], coffee husk [30], sawdust [31], watermelon seed hulls [32], cocoa shells
[33] and eggshells [34]. According to Waheed et al. [35], eggshell wastes are primarily generated
from egg processing plants, chicken hatcheries, food service industries, bakeries, households, and
food manufacturing companies. These sources collectively contribute to a significant amount of
waste eggshells. In 2018 alone, global egg production was approximately 120 million tonnes [36].
The weight of an eggshell is approximately 11% of the total egg weight; therefore, this would have
resulted in approximately 13 million tonnes of eggshell waste [37, 38]. According to Steiger et al.
[34] and Waheed et al. [35], the enormous amount of eggshell food waste generated annually is
generally disposed of in landfills, leading to environmental and economically challenging problems.
Mashangwa et al. [39] explained that the porosity of eggshells makes them a promising biosorbent.
The authors explained that eggshells comprise three layers, the cuticle on the outer surface, a
spongy or calcareous layer, and an inner lamellar or mammillary layer. The calcareous and
mammillary layers comprise more than 90% of the eggshell material. These two layers are arranged
in such a way that there are many circular pores. According to Yusmartini et al. [40], each eggshell
contains between 10000 and 20,000 pores. It is also significant that eggshells mainly comprise
calcium carbonate (94%), with just 1% calcium phosphate, 1% magnesium carbonate, and 4%
organic matter [41]. Considering the high calcium carbonate content, it is expected that eggshells
may behave like known sorbents that also contain this compound, such as calcareous soil or calcite
and due to the presence of calcium ions, it is expected that biosorption by eggshells will occur by
ion exchange [42, 43].

This review examines the adsorption of heavy metals and dyes from aqueous solutions utilizing
eggshells. Studies published within the last decade were sourced from international electronic
databases, including Scopus, Google Scholar, PubMed, Web of Science, and ScienceDirect. The
search employed keywords such as adsorption, eggshell, heavy metals, dyes, and regeneration,
using AND/OR operators in the titles and abstracts. In recent years, the preparation of eggshells for
biosorption has gone beyond mere washing and grinding. Current studies reveal that advanced
treatments, such as physical, chemical, thermal, and functionalization, can improve eggshell
contaminant selectivity and performance. This state-of-the-art review stands out as it precisely
brings to the forefront the improvements to be gained by advanced preparation techniques. To this
end, the study consolidates scattered research. It identifies key issues essential for process up-
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scaling and development, such as the impact of solution pH on the interactions and mechanisms of
adsorption modeling and eggshell regeneration. Specifically, this review looks at (i) the application
of eggshell biosorption and its development during the past decade, (ii) the methods of preparation
and modification of eggshells for the sorption of heavy metals and dyes, and (iii) the mechanisms
that may influence the biosorption of various metals and dyes by eggshells. This comparative
approach aims to highlight effective methods and current gaps, thereby facilitating the design of
future studies.

2. Biosorption by Modified and Unmodified Eggshells
2.1 Chemically Modified Eggshells

Basaleh et al. [44] explored the removal of Pb (II) from solution using chemically treated eggshells
modified using KMnOa. The study's scope was restricted to single-contaminant synthetic solutions,
which limits its comparison to real-world, multi-contaminant environments. Eggshells were washed,
dried, and ground to a size between 0.04-0.10 mm. The biosorbents were modified by soaking the
eggshells in varying concentrations of KMnO4 (0.1-0.4 M) for 6 to 48 hrs. Finally, the specimens were
washed and dried at 80°C in an oven. Reaction mixtures comprised 50 mL of Pb (Il) (25-175 mg/L)
solution, the biosorbent dose from 2.5-10.0 mg, pH from 2.0-9.0, agitation at 200 rpm, and
temperature from 25-60°C. The optimum pH was 5.0, and equilibrium was attained within 60 min.
Chemical modification by KMnOg increased the BET surface area from 2.57 to 90 m?/g. The pore
volume was also increased from 0.0047 to 0.35 cm3/g. Experimental analysis of parameters,
including pH, temperature, and adsorbate dose, were meticulously outlined. The pseudo-second-
order model best modeled Kinetic studies, while the Langmuir isotherm best-modeled equilibrium
data. The maximum sorption capacity was found to be a staggering 690.0 mg/g. This marked
sorption performance should be validated through experiments with competing ions. This could
significantly impact sorption capacity and selectivity in wastewater with multiple ions. The authors
attributed the significant biosorption performance to the formation of manganese oxide on the
surface of the sorbent. According to Hokkanen et al. [45], KMnQys is a potent oxidizing agent. Thus,
when it reacts with reducing environments such as the calcium carbonate in eggshells, it reduces,
resulting in manganese oxide, which can be precipitated on the surface of the adsorbent. Various
studies, including those by Basaleh et al. [44] and Flores-Guia et al. [46], reported that manganese
oxides are advantageous for adsorption as they increase the surface area and active sites on the
adsorbents. Thermodynamic analysis revealed that the biosorption reaction was spontaneous,
favorable, and endothermic and the sorption mechanism was chemisorption.

Adeniji et al. [47] reported on the biosorption of methylene blue in a single-contaminant
synthetic solution by unmodified, citric acid- and sodium hydroxide-treated poultry eggshells. The
authors determined that the optimum pH for biosorption was 8.0 for untreated eggshells and 12.0
for NaOH- and citric acid-treated eggshells. However, this significant shift in optimum pH suggests
potential limitations in practical applications, where pH adjustment may be challenging. Equilibrium
experiments were best represented by the Langmuir equation and revealed that at 25°C, the
maximum methylene blue biosorption was 39.7, 90.9 and 20.5 mg/g for unmodified, sodium
hydroxide- and citric acid-treated eggshells, respectively. This indicates that NaOH treatment
enhanced methylene blue biosorption. FTIR analysis of the biosorbents revealed the presence of
OH and NH functional groups, which the authors ascribed to aromatic or aliphatic origin within the
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fibre protein network of the biosorbent. The authors observed that the OH and NH sites were
eliminated following NaOH treatment. They attributed this to the possible formation of other active
sites, which may have enhanced adsorption. According to Basaleh et al [44], the alkaline conditions
induced by NaOH treatment may have deprotonated the calcium carbonate in the eggshells,
forming hydroxyl groups on the surface. Furthermore, it may have caused eggshell protein
degradation, leading to amine group formation. Hydroxyl groups may have offered extra adsorption
sites, while amine groups likely facilitated adsorption through electrostatic interactions, enhancing
adsorption. When treated with citric acid, OH and NH sites were preserved without the formation
of other active sites. The reaction kinetics were best represented by the pseudo-second-order
equation. Thermodynamic analysis showed the reaction was non-spontaneous and non-feasible.
Further, analysis of the standard entropy revealed the citric acid-treated specimen exhibited
decreased randomness, while the unmodified and NaOH-treated specimens exhibited increased
chaos. The nature of the biosorption process involving citric acid specimens was endothermic, while
the unmodified and NaOH-treated specimens were exothermic.

2.2 Calcinated Eggshells

Eletta et al. [48] reported on the sorption of cyanide using calcinated eggshells. To prepare the
sorbent, the authors first soaked, washed and sun-dried the eggshells to remove the membrane.
This was followed by crushing, washing and drying in an oven for 6 hrs at a temperature of 120°C.
The specimens were then calcinated for 4 hrs at 900°C, hydrated, dehydrated and finally re-
calcinated for 4 hrs at 600°C to increase the surface area. Reaction mixtures comprised cyanide
concentrations from 0.01 mol/L to 0.05 mol/L, calcinated eggshell doses from 5.0 to 9.0 g and a
mixing speed of 350 rpm. Experimental analysis showed the point of zero charge of the sorbent to
be 8.6, and thus, at pH values below 8.6, the surface of the sorbent would be positively charged.
XRD and FTIR analysis verified that, as a result of the calcination process, the CaCO3 was successfully
converted to CaO. The pseudo-second-order equation best represented the sorption kinetics. The
time to reach equilibrium was found to be 40 min. Equilibrium studies revealed the Langmuir
isotherm to represent the sorption process best. The model produced a maximum sorption capacity
of 3.3 mg/g at a corresponding pH of 7.0 and a temperature of 30°C. The study did not critically
assess how this capacity might be affected by varying environmental factors or competing ions in
real wastewater. While the calcination process improved sorption properties, the cost-effectiveness
or scalability of this intensive preparation for practical applications warrants further investigation.
Kristianto et al. [49] reported on Ni (Il) sorption using unmodified and calcined eggshells. The
sorbent specimen was prepared by first washing, drying and sieving the eggshell to produce a size
of 0.15 mm. The specimen was then calcinated at 850°C for 4 hours. The FTIR analysis of calcined
eggshell displayed bands at 3637 and 2355 cm™, indicating the presence of OH in Ca(OH),. Peaks
observed around 1410, 1062, and 657 cm™ suggest the transformation of carbonate into CaO. This
change in structure could impact the sorbent's stability and reusability; however, the authors did
not examine how this transformation affects the material's durability or effectiveness over multiple
sorption cycles. Batch reaction mixtures were prepared at a pH varying from 2.0-9.0, temperature
from 25-40°C and an initial concentration from 10 to 60 mg/L. The optimum pH was determined by
experiments to be 6.0. Equilibrium data analysis revealed a remarkable increase in maximum
sorption capacity, with unmodified eggshells achieving 13.5 mg/g and calcined eggshells reaching
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769.2 mg/g. The Langmuir model best represented the equilibrium data. Al-Ghouti and Salih [50]
studied the biosorption of boron by unmodified and calcinated eggshells. The eggshell was
calcinated at a temperature of 800°C for 4 hrs. The optimum sorption was reported at a pH of 6.0,
a sorbent dose of 0.05 g and an agitation speed of 150 rpm. The reported maximum sorption
capacities of unmodified and calcinated eggshells were 42.2 and 31.1 mg/g, respectively. It is noted
that the unmodified sorbent performed better for boron uptake. This unexpected result suggests
that calcination may have altered surface properties that hindered boron sorption, possibly due to
changes in functional groups or pore structure. The Freundlich isotherm best represented the
equilibrium data. The authors reported the presence of carbonyl and calcium oxide on the sorbent
surface, which they attributed to being responsible for boron sorption. Thermodynamic analysis
reported the reaction to be spontaneous and exothermic. Ashour and Tony [51] reported on the
removal of Fe (IlI) and Fe (Ill) by natural and calcinated eggshells from single-contaminant synthetic
solutions. The pseudo-second-order equation best-modeled batch kinetic data. The Langmuir
equation best represented the equilibrium data. The maximum sorption capacity for Fe (Il) by
unmodified and calcinated eggshells was 165.6 and 181.3 mg/g, respectively. The maximum
sorption of Fe (lll) by unmodified and calcinated eggshells was 105.4 and 129.7 mg/g, respectively.
The authors reported that the time to reach equilibrium was 120 min.

Rapo et al. [52] investigated the removal of Remazol Brilliant Violet-5R dye using calcinated
eggshells. The study was limited to single-contaminant synthetic solutions, restricting its
applicability to real-world scenarios involving complex, multi-contaminant environments. The
biosorbent was prepared by washing, drying, and crushing the eggshells to obtain a particle size of
less than 0.16 mm. The specimen was then calcinated to a maximum of 1000°C for 4 hrs. Reaction
mixtures comprised initial concentrations from 20-100 mg/L, biosorbent doses from 0.5-2.0 g/L, pH
from 2.0-11.0 and temperature from 20-40°C. Differential thermal analysis (DTA) curve showed that
decomposition of the sample occurred at 728.6°C, which the authors attribute to the loss of organic
compounds. The pore volume and surface area of the calcinated sorbent determined by the
Dollimore—Heal and BET methods were found to be 0.015 cm3/g and 3.0 m?/g, respectively. After
biosorption, an apparent reduction in both pore volume (0.012 cm3/g) and surface area (1.7 m?/g)
was reported. The analysis of parameters, including pH, bioconcentration factor, temperature,
adsorbent dose, and adsorbate dose, were meticulously outlined. The optimum temperature,
sorbent dose and pH were determined to be 20°C, 1.5 g/L and 6.0, respectively. Kinetics and
equilibrium studies were best represented by the pseudo-second-order model and Langmuir
isotherm, respectively. A maximum sorption capacity of 17.0 mg/g was reported. The biosorbent
preparation process involved calcination up to 1000°C, which, while effective in altering the material
properties, is energy-intensive and may not be feasible for large-scale applications. The authors do
not discuss the economic or environmental implications of this high-temperature treatment, which
raises questions about the sustainability of the approach. Thermodynamic analysis revealed that
the amount of biosorbed dye decreased as the temperature increased. The reaction was reported
to be spontaneous and endothermic. The absence of desorption data limits evaluating the
biosorbent’s reusability—a crucial factor for practical applications.
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2.3 Pandanus amaryllifolius Roxb. Impregnated Eggshells

Xin and Ngadi [53] reported on Cr (VI) biosorption using eggshells impregnated with Pandanus
amaryllifolius Roxb. The authors prepared the biosorbent by first washing and then drying in an
oven for 24 hrs at 40°C. Finally, the specimen was ground into a powder and sieved to a particle size
of 0.1 mm. Pandanus impregnation was done using 200 g of 3 cm leaves, which were initially dried
for 24 hrs at 105°C followed by grinding and sieving to a size of 0.15 mm. The leaves were soaked in
ethanol for 24 hrs to allow extraction, after which the permeate was heated at 80°C for 24 hrs to
remove the ethanol. Finally, eggshell (0.1 g) was added to 50 mL of extracted pandan oil for 24 hrs
followed by filtration, washing and drying at 110°C. BET analysis revealed a surface area of 1.61
m?2/g and 0.46 m?/g for unmodified and modified eggshells. Batch experimentation was performed
by varying the adsorbent dose from 0.3-1.0 g, initial Cr (VI) from 0.8-8.0 mg/L, pH from 4.0-8.0 and
temperature from 25-70°C. The parameters and sorption behavior analysis, including reaction time,
pH, characterization studies, temperature, adsorbent dose, and adsorbate dose, were meticulously
outlined. Eggshell-pandan sorbent achieved maximum biosorption after a contact time of 140 min,
adsorbent dose of 0.5 g, temperature of 50°C and pH of 4.0. Kinetic analysis was adequately
assessed using the pseudo-first order, pseudo-second order, and intraparticle diffusion models.
Equilibrium data was evaluated using the Langmuir, Freundlich and Temkin models. The sorption
kinetics were best modeled by the Lagergren pseudo-first-order model. Equilibrium data followed
the Freundlich isotherm. The batch experiments covered a wide range of parameters, but the
reported maximum sorption capacity of 0.2 mg/g is notably low, which suggests limited efficacy
compared to other biosorbents. Thermodynamic studies indicated that the process was
spontaneous, feasible, and endothermic, with increased randomness at the interface. However,
while the calculated thermodynamic parameters (negative Gibbs free energy, positive enthalpy, and
positive entropy) provide valuable insights, the absence of desorption studies limits understanding
of the sorbent's reusability and long-term stability. Additionally, the study’s restriction to single-
contaminant solutions further limits its applicability to real-world, multi-contaminant environments
where competitive adsorption could affect performance.

2.4 Magnetic Eggshells

Ajab et al. [54] investigated the removal of Cr (VI) from solution using a magnetic bio-composite
eggshell and provided a detailed account of the biosorbent’s preparation and experimental
conditions. To create the biosorbent, the authors first washed, dried and crushed the eggshells.
Then, FeCl3-:6H,0 (3.1 g) and FeSO4-7H,0 (2.1 g) were dissolved in distilled water (40 mL). Eggshell
(10.0 mg) was added to the solution and stirred for 30 min, then cooling and filtering. The residue
was finally washed and dried at 102°C for 24 hrs. Batch experiments revealed that optimum
conditions occurred at a pH of 2.0, a temperature of 20°C and a time to reach equilibrium of 30 min.
The ideal pH of 2.0 may pose practical challenges, as real-world effluents often have varying pH
levels, and additional acidification might be required, which could introduce costs and complexity.
The study meticulously outlined the analysis of sorption behavior parameters, including point of
zero charge, pH, material characterization, desorption, temperature, adsorbent dose, and
adsorbate concentration. Separation of the biosorbent was initiated by applying a magnetic field.
The point of zero charges of the magnetized eggshell was pH 8.0. The pseudo-first-order equation
represented the kinetic data well. The Langmuir equation produced a maximum sorption capacity
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of 12 mg/g. Thermodynamic analysis revealed the reaction to be exothermic and spontaneous,
reducing disorder at the interface. A modest case for the magnetic bio-composite eggshell as a
reusable Cr (VI) sorbent was proposed. The authors successfully desorbed Cr (VI) ions using 0.1 M
HCIl. However, the number of adsorption/desorption cycles was not reported. Notably, the authors
tested the biosorbent with real-world leather tanning effluent (initial concentration of 20 mg/L),
achieving a Cr (VI) removal rate of 72%, which adds practical relevance to the study.

2.5 Chitosan-Modified Eggshells

Kocabas and Satir [55] explored the removal of Brilliant Blue R dye using an eggshell-chitosan
biosorbent, providing a detailed study that includes batch adsorption, desorption, competing ions,
and column experiments. This comprehensive approach offers insights into potential real-world
applications. To develop the biosorbent, a mixture of powdered eggshell and chitosan (1:1.5) was
homogenized in acetic acid (5%). The resulting solution was injected into a NaOH (500 ml; 0.5 M)
solution. The specimens were finally washed, dried and ground to a size below 0.15 mm.
Characterization using SEM revealed the surface of the biosorbent to be rough, porous and
heterogeneous. Reaction mixtures comprised of pH values varying from 1.0-10.0, a biosorbent dose
of 0.2-8.0 g/L, a reaction time of 5-90 min, and temperatures of 25, 35, and 45°C. Kinetic
investigations using multiple models found the reaction best followed the pseudo-second-order
equation. At an optimum pH of 2.0, a biosorbent dose of 2.0 g/L, and a temperature of 25°C, the
Langmuir equation revealed a maximum capacity of 11.1 mol/g. However, the highly acidic optimal
pH might be impractical for actual wastewater treatment due to the need for additional pH
adjustments, which could complicate application in diverse effluent environments. Variation in
competing ions was studied using NaCl within the 0.02-0.50 mol/L range. Results revealed a marked
decrease in biosorption capacity for salt concentrations beyond 0.1 mol/L. The authors attributed
this to the accumulation of other ions in solution competing for the active sites. This finding
highlights potential limitations when treating wastewater containing high salinity or competingions.
The thermodynamic analysis found the reaction to be spontaneous and endothermic and that it
occurred with increased randomness. Despite lacking detail on the specific eluent used, Desorption
studies demonstrated the biosorbent’s reusability, showing only a 24% reduction in adsorption
efficiency after seven cycles. This reusability is promising for practical application, but further
studies on long-term durability and cost-effectiveness are warranted. Column experiments with real
wastewater at an initial concentration of 25 mg/L and pH 2.0 achieved a capacity of 11.4 mg/g at a
flow rate of 0.5 mL/min, reinforcing the material’s potential utility in real-world scenarios.

2.6 Unmodified Eggshells

Tonk et al. [56] investigated the removal of Cd (ll) ions by eggshells. The authors provided a
detailed description of biosorbent preparation, including washing to remove impurities and drying
for 24 hrs at 80°C. Finally, the specimens were crushed, milled and sieved to a size of 0.3 mm.
Experimental batch studies were conducted with initial Cd (Il) concentration varying from 11.0 to
157.0 mg/L, a biosorbent dose of 10.0 g/L, and an agitation speed of 200 rpm. The study outlined
the analysis of sorption behavior parameters, including material characterization, bioaccumulation
factor, reaction time, and adsorbate concentration. The bioaccumulation factor was calculated to
be 10 times higher at lower Cd (ll) concentrations, indicating a favorable process at low Cd (ll) levels.
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Kinetic data was analyzed using multiple models, with findings suggesting that the sorption process
followed the pseudo-second-order model. Equilibrium data were best described by the Langmuir
isotherm, showing a maximum monolayer capacity of 7.1 mg/g. However, the low sorption capacity
might limit the eggshell’s applicability in high-concentration Cd (Il) environments without
modifications or complementary treatments. The Temkin and Dubinin-Radushkevich isotherm
analyses attributed the removal mechanism to physical sorption, which implies potential
reversibility and ease of desorption but might also indicate weaker binding interactions. EDS analysis
confirmed the sorption of Cd (ll). Further, SEM and TEM analysis revealed modifications to the
eggshell surface after biosorption in irregular-shaped agglomerates, which the authors attributed
to ion exchange on the sorbent. Khelifi et al. [57] experimented with applying eggshells to
biosorption Ni (Il) ions from a single-contaminant synthetic solution. The eggshell was first washed,
followed by drying for 24 hrs at 105°C, and finally crushed and sieved. Batch laboratory experiments
were conducted by varying contact time from 5 to 120 min, initial Ni (Il) concentration from 10 to
50 mg/L, adsorbent dose from 2.0 to 10.0 mg/L, and temperature from 20 to 50°C. Optimum
biosorption was obtained at a pH of 5.6, a biosorbent dose of 10 g/L, a temperature of 50°C, and a
contact time of 120 min. The authors opined that the greater removal experienced at higher
temperatures resulted from particle acceleration, which increased intraparticle diffusion. Notably,
the study lacked kinetic modeling and thermodynamic analysis, both essential for understanding
adsorption mechanisms and predicting the feasibility of the biosorption process under different
operational conditions. The study identified the Freundlich isotherm as the best fit for equilibrium
data, suggesting a heterogeneous adsorption surface. However, the maximum adsorption capacity
(2.3 mg/g at 20°C, based on the Langmuir model) was relatively low, which may limit its applicability
in high-concentration Ni (Il) remediation scenarios. While the authors noted that this capacity aligns
with other low-cost biosorbents, they did not discuss potential improvements or the feasibility of
the practical application, especially in the presence of competing ions commonly found in industrial
wastewater. Mashangwa et al. [39] reported on the biosorption of Cd (l1), Cu (l1), Zn (1), and Ni (l1)
by unmodified eggshell. To prepare the eggshells, the authors initially washed and dried the
sorbents at 150°C for 3 hrs. This was followed by grinding and finally sieving to a size between 0.08
and 0.2 mm. The reaction solutions had a pH ranging from 2.0 to 10.0 and a temperature of 24°C.
Also, it is noteworthy that all experiments were conducted without agitation. The authors reported
that optimum sorption conditions occurred at a contact time of 360 min and an adsorbent dose of
7.0 g. Eggshells comprise, in large part, CaCOs, which results in the disassociation of Ca?* in water
and the creation of ion exchange sites on the sorbent. At pH values above neutral, the resulting
negative charge of the sorbent creates conditions favorable to the sorption of heavy metals.
Consequently, the authors selected a pH of 7.0 for experimentation, as it is environmentally prudent
to release neutral effluent. Using an initial metal concentration of 100 mg/L, it was reported that
the sorption efficiency for lead, nickel, copper and zinc were 97, 94, 95 and 80%, respectively. These
results indicate that eggshells may have a selective affinity towards certain metals, a factor that
could be further explored in competitive sorption studies. Abbas et al. [36] presented a
comprehensive study on removing bismuth from untreated eggshells. The analysis of parameters,
including pH, temperature, competingions, adsorbent dose, and adsorbate dose, were meticulously
outlined. Desorption studies were not reported. To prepare the biosorbent, the eggshells were first
washed, dried for 10 hrs at 40°C, and finally crushed and sieved to a size of 0.45 micrometers. The
authors concluded that the functional groups responsible for the sorption of bismuth included
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carboxyl, aliphatic hydrocarbons, aromatic rings, amino and phenolic hydroxyl. The maximum
biosorption capacity was reported to be 891.3 mg/g and was best represented by the Langmuir
equation, suggesting monolayer adsorption and indicating homogeneous sorption sites on the
eggshell surface. The authors also studied the effects of coexisting ions. They reported that in the
presence of Mg (Il) (100 mg/L) and Zn (1) (100 mg/L), the removal capacity significantly decreased
to 326.6 and 379.2 mg/g, respectively. Thermodynamic analysis revealed the biosorption process
to be endothermic. The lack of desorption studies limits understanding of the biosorbent's
reusability and the feasibility of applying it to large-scale wastewater treatment systems.

3. Properties of Biosorbent and Biosorption Systems
3.1 Biosorbent Characteristics

Biosorbents' physical and chemical characteristics are crucial to elucidating the mechanisms and
ultimately optimising the design of biosorption systems. Some more influential characteristics
include specific surface area, pore volume, pHpzc of the biosorbent surface and biosorbent
composition. The specific surface area, as determined by BET analysis, displayed unmodified,
calcinated, and chemically modified eggshell values of 1.61 [53], 3.0 [52], and 90.0 m?/g [44],
respectively. This review shows eggshells modified using KMnOa4exhibited a remarkably high specific
surface area and a correspondingly high biosorption capacity. An increase in specific surface area
has been reported to make active sorption sites more easily available [58, 59]. Reported values of
pore volume for unmodified and calcinated eggshells were 0.0047 [44] and 0.015 cm3/g [52],
respectively. An increase in pore volume can increase the accessibility of sorbates to sites within the
sorbent. Further, Ofomaja and Naidoo [60] successfully demonstrated that an increase in pore
volume favored external mass transfer rates. The point of zero charges for unmodified, magnetized,
and calcinated eggshells was reported at a pH of 6.6 [50], 8.0 [54], and 8.6 [48], respectively. Thus,
for pH values above the pHp., the surface of the sorbent would be predominantly negatively
charged (favouring cations), and below, the surface would be predominantly positively charged
(favouring anions). Al-Ghouti and Salih reported the density of unmodified eggshells [50] to be 1.16
g/mL. However, Sathiparan [23] highlighted that sorbent grinding operations can influence
eggshells' BET surface area and true density. In the reviewed literature, the primary constituent
components of eggshells were resolved by EDS and XRF analysis. Authors have reported that carbon
can range in values from 21.3 to 39.5%, oxygen can range from 41.1 to 55.6%, and calcium in the
form of CaCOs from 14.35 to 27.05% [49, 50, 56]. The variation of these components may be
attributed to factors such as genotype, age of the hen, and feeding [61, 62].

3.2 Biosorption Experimental Design

The application of modeling techniques to optimize the biosorption process has seen increased
use in the past years. The use of single-variable optimization can be complex when simulating
biosorption processes. The advantage of current modeling and statistical techniques is the saving of
time and cost, as well as the ability to capture effects and interactions among process variables.
Basaleh et al. [44], successfully applied response surface methodology-central composite design
(RMS-CCD) to the KMnOs-eggshell modification process. The authors tested multiple modifying
agents and used RSM for experimental design and to assess the impact of the modifications.
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Independent factors adopted were concentration and time, while the removal efficiency was
selected as the dependent factor. The goodness of fit of the developed predictive models was
assessed using analysis of variance (ANOVA). Eletta et al. [48] also employed the RSM-CCD to
optimize cyanide biosorption by calcinated eggshells. The authors used biosorbent dose and
concentration as independent and removal efficiency as the dependent variable. The developed
polynomial model was also assessed using ANOVA. Al-Ghouti et al. [50] used factorial and
completely randomized design for their experimental design. The authors evaluated the effect of
pH using ANOVA single factor. They also successfully used ANOVA two-factor with replications to
assess the relationship between initial concentration and temperature.

3.3 Biosorbent Preparation

As global development continues unabated, there have been increases in the release of
conventional and emergent pollutants into our ecosystem. To keep pace, biosorption researchers
continuously discover new and improve existing biosorbents. In this review, the preparation of
eggshell biosorbents is categorized into three stages, as outlined in Figure 1. The reviewed literature
showed that stage 1 preparation typically involved washing the eggshells with distilled water and
drying them within the range of 40-150°C for a period ranging from 3-24 hrs. Stage 2 preparations,
such as calcination, are performed within the range of 500 to 1000°C, with the decomposition of
the eggshells reported to occur at 728.6°C by Rapo et al. [52]. Oxidizing agents such as KMnOa were
successfully used to modify eggshells [44]. Ajab et al. [54] created a magnetized eggshell sorbent
capable of separating using a magnetic field. Successful stage 3 preparation was reported by
Kocabas and Satir [55] for creating a chitosan-eggshell composite and Xin and Ngadi [53] for
eggshells impregnated with pandanus.

) 4

WASHING, DRYING, PHYSICAL, CHEMICAL & THERMAL TREATMENT
GRINDING AND SIEVING

Acid and alkali treatment, Esterification,
Oxidation, Etherification, Halogenation,

Magnetization, Calcination, Milling The grafting of specific
Objective: functional groups to the

To remove impurities, Objective: sorbent backbone
achieve constant
weight, reduce and
separate particle sizes

To enhance the existing properties of the
sorbent viz. free occluded pores, adjust
specific surface area, adjust pore volume,
immobilize impurities, improve separation
and physical changes

Obijective:
To bring about enhanced or
additional biosorption
properties

Figure 1 Stages of biosorbent preparation.
4. Elucidating the Performance of Eggshell Biosorption

Over the past seven years, several studies have focused on altering eggshells' physical and
chemical characteristics. This endeavor has seen an improvement in sorbate-sorbent separability
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through magnetization via the incorporation of Fe salts and improved sorption capacity through
chemical (e.g., acid and alkali modifications) and thermal (e.g., calcination) treatment. Kristianto et
al. [49] reported on the calcination of eggshells to produce a biosorbent with a marked increase in
Ni (Il) uptake; however, the sorption of boron experienced a reduction in uptake after calcination
treatment [50]. Chemical modification through NaOH successfully increased methylene blue's
sorption capacity. However, acid treatment revealed a significant decrease below that of
unmodified eggshells (Table 1). The biosorption of Bi3* was reported by Abbas et al. [36] and was
shown to possess a biosorption capacity of 891.3 mg/g. The exceptional performance compares well
to other reported sorbents such as Streptomyces rimosus (38.9 mg/g) reported by Fathi et al. [63]
and macrocyclic functionalized hydrogel (9.8 mg/g) reported by Omondi et al. [64]. Kristianto et al.
(2019) [49] showed that by calcinating eggshells, the sorption capacity for Ni (ll) was increased by
more than 50 times that of unmodified eggshells. Exceptional biosorption performance was also
reported by Basaleh et al. [44] for the removal of Pb (ll) by KMnOs-modified eggshells (690.0 mg/g)
and Ashour and Tony [51] for the removal of Fe3* (129.7 mg/g) and Fe?* (181.3 mg/g).

Table 1 Maximum sorption capacity attained through biosorption by modified and
unmodified eggshells.

Maximum

Biosorbent Contaminant pH capacity (mg/g) Ref.
Unmodified eggshells Nickel 5.6 2.3 [57]
Unmodified eggshells Cadmium 5.7 7.1 [56]
Unmodified eggshells Bismuth 8.0 891.3 [36]
Calcinated eggshells Cyanide 7.0 33 (48]
Calcinated eggshells Nickel 6.0 769.2 [49]
Unmodified eggshells Nickel 6.0 13.5 [49]
Calcinated eggshells Boron 6.0 31.1 [50]
Unmodified eggshells Boron 6.0 422 [50]
Calcinated eggshells Iron () - 181.3 [51]
Unmodified eggshells Iron () - 165.6 [51]
Calcinated eggshells Iron (III) - 129.7 [51]
Unmodified eggshells Iron (III) - 105.4 [51]
Pandanus impregnated eggshells Chromium (VI) 50 0.2 [53]
Magnetic eggshells Chromium (VI) 8.0 12.0 [54]
Unmodified eggshells Copper (1) 5.0 94.59 [65]
Unmodified eggshells Co (I) 6.0 6.90 [66]
Chicken eggshell powder Lead (lI) 5.0 25.19 [67]
ﬁn;cjfizeeig;:sl;zv"der dopediron 4 ) 50 4274 67]
KMnOs-modified Eggshells Lead (I1) 5.0 690.0 [44]
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Remazol brilliant

Calcinated eggshells violet-SR 6.0 17.0 [52]
Citric acid-modified eggshells Methylene blue 12 20.5 [47]
NaOH-modified eggshells Methylene blue 12 90.9 [47]
Unmodified eggshells Methylene blue 8.0 39.7 [47]
Chitosan-modified eggshells Brilliant blue R 2.0 11.4 [55]

Sodium alginate-modified alkali-

Crystal violet 8.0 332.6 68
activated eggshell/Fe304 nanoparticles rystatviole (68]
Unmodified eggshells Malachite green 6.0 243.2 [69]
Nano-magnetic eggshell modified
gnetic ege Methyl red 40 1098 [70]
graphene

5. Mechanisms of Biosorption

In the reviewed literature, the biosorption mechanisms by unmodified and modified eggshells
were generally elucidated using characterization, kinetic, equilibrium, and thermodynamic analysis.
Table 2 provides a summary of the mechanistic insights reported across different studies. Kinetic
studies predominantly identified the pseudo-second-order model as the best fit for biosorption data,
suggesting that the rate-limiting step may involve chemisorption processes. For example, several
studies that investigated the adsorption of heavy metals, such as Cu (Il) [65] and Pb (Il) [67], by
unmodified eggshells reported strong adherence to this model, indicating that the interaction
between the metal ions and the eggshell surface was not solely governed by physical diffusion. The
Langmuir model dominated among the equilibrium models, implying monolayer adsorption.
However, several studies found that the Freundlich isotherm model also conformed well to the
sorption data, which suggests that monolayer biosorption and heterogeneous surface conditions
may coexist under the used experimental conditions. Again, according to the table, there was no
discernable difference between metal and dyes regarding the optimal equilibrium model. The
Langmuir model’s predominance suggests that, under the studied conditions, biosorption likely
occurs at specific active sites on the eggshell surface without interactions between adsorbed
molecules. However, the frequent use of the Freundlich isotherm model in other studies suggests
that biosorption may also occur on heterogeneous surfaces, where sites vary in affinity and binding
strength. This is particularly evident in studies involving modified eggshells by Praipipat et al. [67],
where adding functional groups created a more complex sorption surface. Characterization studies,
including SEM, FTIR, and XPS, provided further insights into the eggshell surface structure and
functional groups responsible for biosorption. Tonk et al. [56] demonstrated that TEM and SEM
images taken before and after Cd (ll) ion adsorption revealed surface structure modifications on
eggshell waste attributed to ion exchange reactions occurring during the process. This evidence
supports the notion of a multi-mechanistic adsorption process involving both physical and chemical
interactions. Thermodynamic analysis generally indicated that the biosorption processes were
spontaneous, as evidenced by negative Gibbs free energy values (AG). However, the enthalpy values
(AH) varied across studies, indicating that the sorption processes could be either endothermic or
exothermic depending on the adsorbate type and experimental conditions. Ashour and Tony [51],
demonstrated that the adsorption of Fe (lIl) by calcinated eggshells exhibited endothermic behavior,
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suggesting that higher temperatures enhance sorption by possibly increasing the mobility of ions.
Conversely, Adeniji et al. [47] observed exothermic behavior for the adsorption of methylene blue
by NaOH-modified eggshells, implying that lower temperatures are favorable for the dye adsorption,
possibly due to the nature of dye-sorbent interactions, which may rely more on electrostatic
attractions. Where reported, authors generally attributed the mechanism of uptake for both dye
and metal to physical adsorption [49, 50, 52] and the involvement of electrostatic interactions [36,

54] or chemisorption [44, 47, 65] and, to a lesser extent, ion exchange [53, 54, 56].

Table 2 Elucidation of eggshell biosorption mechanisms.

Kinetic Equilibriu
Biosorbent Contaminant Thermodynamics Mechanisms Ref.
Model m Model
Unmodified
Nickel - Freundlich  Endothermic - [57]
eggshells
Unmodified Pseudo- Physical sorption
Cadmium Langmuir - [56]
eggshells second order and ion exchange
Electrostatic
Unmodified ] Pseudo- ) ] ) )
Bismuth Langmuir Endothermic interaction and [36]
eggshells second order
cation exchange
Calcinated Pseudo-
Cyanide Langmuir - - [48]
eggshells second order
Calcinated
Nickel - Langmuir Exothermic Physical sorption [49]
eggshells
Unmodified
Nickel - Langmuir Exothermic Physical sorption [49]
eggshells
Calcinated Spontaneous and
Boron Freundlich ) Physical sorption [50]
eggshells exothermic
Unmodified ) Spontaneous and ) )
Boron Freundlich Physical sorption [50]
eggshells exothermic
Calcinated Pseudo-
Iron (I1) Langmuir Endothermic - [51]
eggshells second order
Unmodified Pseudo-
Iron (I1) Langmuir Endothermic - [51]
eggshells second order
Calcinated Pseudo- . )
Iron (I11) Langmuir Endothermic - [51]
eggshells second order
Unmodified Pseudo-
Iron (l11) Langmuir Endothermic - [51]
eggshells second order
Pandanus Spontaneous, Physical and
Chromium Pseudo-first
Impregnated Freundlich  feasible and chemical ionic [53]
(V1) order . . .
eggshells endothermic interaction
) ) Electrostatic
Magnetic Chromium Pseudo- Spontaneous and
Langmuir interaction andion  [54]
eggshells (V1) second order exothermic

exchange
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Unmodified Pseudo-first Spontaneous and
Copper (Il) Langmuir ) Chemisorption [65]
eggshells order exothermic
Unmodified Pseudo-first ) ) )
Co (I) Langmuir - Physical sorption [66]
eggshells order
Chicken eggshell Pseudo-first
Lead (II) Langmuir - Chemisorption [67]
powder order
Chicken eggshell
powder-doped Pseudo-first
) ) Lead (II) Freundlich - Physical sorption [67]
iron (1) oxide- order
hydroxide
KMnO4- Spontaneous,
Pseudo-
modified Lead Langmuir feasible and Chemisorption [44]
second order
eggshells endothermic
) Remazol
Calcinated Pseudo- Spontaneous and
brilliant Langmuir ) Physical sorption [52]
eggshells second order exothermic
violet-5R
Citric acid-
Methylene Pseudo-
modified Langmuir Endothermic Chemisorption [47]
blue second order
eggshells
NaOH-
Methylene Pseudo-
modified Langmuir Exothermic Chemisorption [47]
blue second order
eggshells
Unmodified Methylene Pseudo-
Langmuir Exothermic Chemisorption [47]
eggshells blue second order
Chitosan- .
Brilliant Pseudo- Spontaneous and
modified Langmuir ] - [55]
blue R second order endothermic
eggshells
Physical
Second-order
Unmodified Malachite adsorption,
polynomial Freundlich - ) o [69]
eggshells green ) microprecipitation
equation
and alkaline fading
Nano-magnetic
) Spontaneous,
eggshell Pseudo- Langmuir -
N Methyl red ) feasible and - [70]
modified second order  Freundlich .
endothermic
graphene

6. Regeneration and Recyclability of Eggshell Adsorbents

A thorough analysis of the reviewed literature revealed minimal investigation into the
regeneration and recyclability of eggshell adsorbents. HCI, EDTA and HNOs were generally reported
as the most efficient eluent for the desorption of these heavy metals from unmodified and modified
eggshell adsorbents, and desorption efficiency was directly related to the eluent concentration.
Ajab et al. [54] explained that under acidic conditions, the metal ions were substituted by protons,
causing the functional groups of the adsorbents to become protonated. Consequently, the
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adsorbents released metal ions. Mohammed et al. [71] found that ground and nano-sized eggshells
could be effectively reused four times with a marginal reduction in efficiency, making them very
promising Cu (Il) adsorbents. Praipipat et al. [67], showed that in the release of Pb (ll) ions from
chicken eggshell powder-doped iron (lll) oxide-hydroxide, a 0.5 M HNO3 solution resulted in only
15% reduction in adsorption after 5 cycles. Tabidi et al. [66] achieved only 7.5% reduction in
adsorption efficiency after 4 cycles using HNO3 (concentration not reported) for the release of Co
() ions from unmodified eggshells. Acidic dyes such as reactive red 120 were effectively desorbed
from eggshells using 0.1 M NaOH and revealed a marginal 7% reduction in adsorption after 5 cycles
[72]. However, there is still a lack of studies on the recyclability of eggshell adsorbents, particularly
involving dye adsorption. These areas with deficiencies present a significant barrier to industrial
implementation, so it is recommended for future research emphasis.

7. Future Prospects and Current Challenges [Limitations]

Using eggshells as a biosorbent for contaminant removal has attracted substantial research
attention, but key limitations hinder large-scale applications. Much of the research has focused on
batch systems with single-ion synthetic solutions, which may not accurately represent the complex
interactions seen in natural wastewater environments. Competing ions present in natural
wastewater can significantly affect biosorption efficiency, highlighting the need for more studies
that use natural wastewater to improve the understanding and optimization of eggshell biosorption
in practical scenarios. While modifications to eggshells such as physical, chemical, thermal, and
functional treatments have shown promise in enhancing adsorption capacity, these processes can
be costly and may challenge scalability. Conducting cost-benefit analyses to assess various
modification techniques, including the expenses associated with chemicals, energy, and reusability,
would help determine their feasibility for broader applications. Additionally, securing a consistent
supply of eggshell waste is essential for pilot and full-scale operations, which demand substantial
guantities of biosorbent. Practical challenges also arise in both batch and column systems. In batch
systems, separating eggshell particles after adsorption can be difficult. In column systems, the small
particle size of powdered eggshell often leads to increased head loss, restricting flow rates and
reducing efficiency. Research is needed to address these issues, such as developing methods for
easier particle separation and optimizing particle size distribution for use in columns. Moreover,
pharmaceuticals, pesticides, and personal care products (PPCPs) are increasingly found in water
sources and pose significant environmental risks. Yet, studies on the effectiveness of eggshell
biosorption for these contaminants are limited. Operational challenges, including the recovery of
biosorbent material, potential leaching of contaminants, and post-saturation waste management,
need careful consideration. Additionally, life cycle assessments (LCAs) and studies on reusability
could provide valuable insights into the environmental sustainability of eggshell biosorbents. While
eggshells present a promising eco-friendly biosorbent option, addressing these limitations through
targeted research and innovation is essential for advancing their application from controlled
experiments to practical, large-scale solutions.

8. Conclusions

Developments during the past decade into the application of modified and unmodified eggshells
for the biosorption of metals and dyes were discussed in this review. We propose that the
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preparation of biosorbents be categorized into 3 stages. The synthesis of biosorbents to target
specific pollutants is a major step in developing eggshell biosorbents. The reviewed literature
showed numerous authors taking the bold step of performing 2- and 3-stage biosorbent preparation
techniques. As a result, they have recorded exceptional biosorbent performances. Increased
biosorption rates and capacities may be accounted for by increased sorbate affinity through
adjustments to sorbent area, volume, morphology, and functional groups. The use of tools like RSM
is quite valuable in the design of experiments. The testing and modeling of operational parameters
revealed that biosorption kinetics were well represented, in most instances, by the pseudo-second-
order equation. The Langmuir model dominated the equilibrium models, implying monolayer
adsorption onto homogeneous surfaces. Biosorption of both metals and dyes by eggshells was
generally spontaneous. Biosorption of metals and dyes by eggshells was typically spontaneous, with
particle size significantly enhancing the adsorption rate, particularly with nano-sized eggshell
particles. However, a significant challenge in batch processes is the difficulty of separating eggshell
particles after adsorption. In column systems, small particle sizes lead to increased head loss,
limiting flow rates and efficiency. Comprehensive economic analyses should be conducted to
evaluate the feasibility of eggshell-based biosorption, especially concerning large-scale
modifications and eggshell sourcing. Addressing these issues is crucial for up-scaling applications.
To advance the development of eggshell biosorbents, further research is needed on optimizing
regeneration and reuse methods and conducting column studies at laboratory, pilot, and complete
scales. Additionally, investigating the use of eggshell biosorbents to remove emerging contaminants,
such as pharmaceuticals, is highly recommended to expand the range of potential applications.

Author Contributions

Both authors contributed equally to the conceptualisation and writing of the article.
Competing Interests

The authors have declared that no competing interests exist.
References

1. Ali K, Javaid MU, Ali Z, Zaghum MJ. Biomass-derived adsorbents for dye and heavy metal
removal from wastewater. Adsorpt Sci Technol. 2021; 2021: 9357509.

2. RaolLN, Prabhakar G. Removal of heavy metals by biosorption-an overall review. J Eng Res Stud.
2011; 2: 17-22.

3. Abdi O, Kazemi M. A review study of biosorption of heavy metals and comparison between
different biosorbents. J] Mater Environ Sci. 2015; 6: 1386-1399.

4. LiZ, MaZ, van der Kuijp TJ, Yuan Z, Huang L. A review of soil heavy metal pollution from mines
in China: Pollution and health risk assessment. Sci Total Environ. 2014; 468: 843-853.

5. Rafique M, Hajra S, Tahir MB, Gillani SS, Irshad M. A review on sources of heavy metals, their
toxicity and removal technique using physico-chemical processes from wastewater. Environ Sci
Pollut Res. 2022; 29: 16772-16781.

6. Witkowska D, Stowik J, Chilicka K. Heavy metals and human health: Possible exposure pathways
and the competition for protein binding sites. Molecules. 2021; 26: 6060.

Page 17/21



Adv Environ Eng Res 2024; 5(4), doi:10.21926/aeer.2404024

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jyothi NR. Heavy metal sources and their effects on human health. In: Heavy metals-their
environmental impacts and mitigation. London: IntechOpen; 2020. pp. 21-32.

Hong YS, Song KH, Chung JY. Health effects of chronic arsenic exposure. J Prev Med Public
Health. 2014; 47: 245-252.

Suresh Jeyakumar RP, Chandrasekaran V. Adsorption of lead (ll) ions by activated carbons
prepared from marine green algae: Equilibrium and kinetics studies. Int J Ind Chem. 2014; 5: 2.
Zhao X, Baharinikoo L, Farahani MD, Mahdizadeh B, Farizhandi AA. Experimental modelling
studies on the removal of dyes and heavy metal ions using ZnFe;04 nanoparticles. Sci Rep. 2022;
12:5987.

Aragaw TA, Bogale FM. Biomass-based adsorbents for removal of dyes from wastewater: A
review. Front Environ Sci. 2021; 9: 764958.

Moustafa MT. Preparation and characterization of low-cost adsorbents for the efficient
removal of malachite green using response surface modeling and reusability studies. Sci Rep.
2023; 13: 4493.

Rapd E, Tonk S. Factors affecting synthetic dye adsorption; desorption studies: A review of
results from the last five years (2017—2021). Molecules. 2021; 26: 5419.

Chequer FD, de Oliveira GA, Ferraz EA, Cardoso JC, Zanoni MB, de Oliveira DP. Textile dyes:
Dyeing process and environmental impact. In: Eco-friendly textile dyeing and finishing. Rijeka,
Croatia: IntechOpen; 2013. pp. 151-176.

Amirza MA, Adib MM, Hamdan R. Application of agricultural wastes activated carbon for dye
removal—-an overview. MATEC Web Conf. 2017; 103: 06013.

Sharma P, Qanungo K. Challenges in effluents treatment containing dyes. Adv Res Text Eng.
2022; 7: 1075.

Dutta S, Gupta B, Srivastava SK, Gupta AK. Recent advances on the removal of dyes from
wastewater using various adsorbents: A critical review. Mater Adv. 2021; 2: 4497-4531.
Carvalho J, Araujo J, Castro F. Alternative low-cost adsorbent for water and wastewater
decontamination derived from eggshell waste: An overview. Waste Biomass Valorization. 2011,
2:157-167.

Baskar AV, Bolan N, Hoang SA, Sooriyakumar P, Kumar M, Singh L, et al. Recovery, regeneration
and sustainable management of spent adsorbents from wastewater treatment streams: A
review. Sci Total Environ. 2022; 822: 153555.

Sutherland C, Chittoo BS, Venkobachar C. Application of ANN predictive model for the design
of batch adsorbers-equilibrium simulation of Cr (VI) adsorption onto activated carbon. Open
Civil Eng J. 2019; 13: 69-81.

Sonal S, Prakash P, Mishra BK, Nayak GC. Synthesis, characterization and sorption studies of a
zirconium (IV) impregnated highly functionalized mesoporous activated carbons. RSC Adv. 2020;
10: 13783-13798.

Chittoo BS, Sutherland C. Adsorption using lime-iron sludge—encapsulated calcium alginate
beads for phosphate recovery with ANN-and RSM-optimized encapsulation. J Environ Eng. 2019;
145: 040190109.

Sathiparan N. Utilization prospects of eggshell powder in sustainable construction material-A
review. Constr Build Mater. 2021; 293: 123465.

Page 18/21



Adv Environ Eng Res 2024; 5(4), doi:10.21926/aeer.2404024

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vara D, Jha§, Bisht S, Shahabuddin S, Gaur R, Suhas, et al. Sustainable bio-based adsorbents for
simultaneous and efficient removal of hazardous dyes from aqueous solutions. Toxics. 2024;
12: 266.

Tolkou AK, Tsoutsa EK, Kyzas GZ, Katsoyiannis IA. Sustainable use of low-cost adsorbents
prepared from waste fruit peels for the removal of selected reactive and basic dyes found in
wastewaters. Environ Sci Pollut Res. 2024; 31: 14662-14689.

Sutherland C, Marcano A, Chittoo B. Artificial neural network-genetic algorithm prediction of
heavy metal removal using a novel plant-based biosorbent banana floret: Kinetic, equilibrium,
thermodynamics and desorption studies. In: Desalination and Water Treatment. London:
IntechOpen; 2018. pp. 385-411.

Putra WP, Kamari A, Yusoff SN, Ishak CF, Mohamed A, Hashim N, et al. Biosorption of Cu(ll),
Pb(ll) and Zn(ll) ions from aqueous solutions using selected waste materials: Adsorption and
characterisation studies. J Encapsul Adsorpt Sci. 2014; 2014: 43532.

Abbas FS. Dyes removal from wastewater using agricultural waste. Adv Environ Biol. 2013; 7:
1019-1026.

Bayuo J, Abukari MA, Pelig-Ba KB. Equilibrium isotherm studies for the sorption of hexavalent
chromium (VI) onto groundnut shell. IOSR J Appl Chem. 2019; 11: 40-46.

Berihun D. Removal of chromium from industrial wastewater by adsorption using coffee husk.
J Mater Sci Eng. 2017; 6: 331.

Ogunjobi KM, Jayeola VA, Gakenou OF, Olufemi OO, Ayanleye SO, Lawal KJ. Biosorption
potentials of sawdust in removing zinc ions from aqueous solution. Int J Sci Res Manag. 2021;
9:191-198.

Akkaya G, Gilizel F. Bioremoval and recovery of Cu(ll) and Pb(Il) from aqueous solution by a
novel biosorbent watermelon (Citrullus lanatus) seed hulls: Kinetic study, equilibrium isotherm,
SEM and FTIR analysis. Desalin Water Treat. 2013; 51: 7311-7322.

Meunier N, Laroulandie J, Blais JF, Tyagi RD. Cocoa shells for heavy metal removal from acidic
solutions. Bioresour Technol. 2003; 90: 255-263.

Steiger BG, Bui NT, Babalola BM, Wilson LD. Eggshell incorporated agro-waste adsorbent pellets
for sustainable orthophosphate capture from aqueous media. RSC Sustain. 2024; 2: 1498-1507.
Waheed M, Yousaf M, Shehzad A, Inam-Ur-Raheem M, Khan MK, Khan MR, et al. Channelling
eggshell waste to valuable and utilizable products: A comprehensive review. Trends Food Sci
Technol. 2020; 106: 78-90.

Abbas A, Chen L, Liao YL, Wu ZZ, Yu YQ, Yang JY. Removal of bismuth ion from aqueous solution
by pulverized eggshells. Desalin Water Treat. 2021; 213: 395-405.

Mutavdzi¢ Pavlovi¢ D, Curkovi¢ L, Macan J, Zizek K. Eggshell as a new biosorbent for the removal
of pharmaceuticals from aqueous solutions. Clean Soil Air Water. 2017; 45: 1700082.

Oliveira DA, Benelli P, Amante ER. A literature review on adding value to solid residues:
Eggshells. J Clean Prod. 2013; 46: 42-47.

Mashangwa TD, Tekere M, Sibanda T. Determination of the efficacy of eggshell as a low-cost
adsorbent for the treatment of metal laden effluents. Int J Enviro Res. 2017; 11: 175-188.
Yusmartini ES, Mardwita M, Atikah A, Kaswari SC. Egg Shells as an Adsorbent for the Adsorption
of Lead (Pb) and Iron (Fe) Metals. AJARCDE. 2024; 8: 1-5.

De Angelis G, Medeghini L, Conte AM, Mignardi S. Recycling of eggshell waste into low-cost
adsorbent for Ni removal from wastewater. J Clean Prod. 2017; 164: 1497-1506.

Page 19/21



Adv Environ Eng Res 2024; 5(4), doi:10.21926/aeer.2404024

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ho WF, Hsu HC, Hsu SK, Hung CW, Wu SC. Calcium phosphate bioceramics synthesized from
eggshell powders through a solid state reaction. Ceram Int. 2013; 39: 6467-6473.

Li Y, Xin S, Bian Y, Xu K, Han C, Dong L. The physical properties of poly (L-lactide) and
functionalized eggshell powder composites. Int J Biol Macromol. 2016; 85: 63-73.

Basaleh AA, Al-Malack MH, Saleh TA. Metal removal using chemically modified eggshells:
Preparation, characterization, and statistical analysis. Desalin Water Treat. 2020; 173: 313-330.
Hokkanen S, Bhatnagar A, Sillanpdaa M. A review on modification methods to cellulose-based
adsorbents to improve adsorption capacity. Water Res. 2016; 91: 156-173.

Flores-Guia TE, Cano Salazar LF, Martinez-Luévanos A, Claudio-Rizo JA. Manganese oxides:
Synthesis and application as adsorbents of heavy metal ions. In: Handbook of Nanomaterials
and Nanocomposites for Energy and Environmental Applications. Cham: Springer; 2021. pp.
2409-2428.

Adeniji EA, Abodunrin TO, Ogunnupebi TA, Koiki BA, Olatunde AM, Omorogie MO. Surface
separation equilibria and dynamics of cationic dye loaded onto citric acid and sodium hydroxide
treated eggshells. Int J Chem React Eng. 2019; 17: 20180029.

Eletta OA, Ajayi OA, Ogunleye OO, Akpan IC. Adsorption of cyanide from aqueous solution using
calcinated eggshells: Equilibrium and optimisation studies. J Environ Chem Eng. 2016; 4: 1367-
1375.

Kristianto H, Daulay N, Arie AA. Adsorption of Ni(ll) ion onto calcined eggshells: A study of
equilibrium adsorption isotherm. Indones J Chem. 2019; 19: 143-150.

Al-Ghouti MA, Salih NR. Application of eggshell wastes for boron remediation from water. J Mol
Lig. 2018; 256: 599-610.

Ashour EA, Tony MA. Equilibrium and kinetic studies on biosorption of iron (ll) and iron (ll1) lons
onto eggshell powder from aqueous solution. Appl Eng. 2017; 1: 65-73.

Rapo E, Posta K, Suciu M, Szép R, Tonk S. Adsorptive removal of Remazol brilliant violet-5R dye
from aqueous solutions using calcined eggshell as biosorbent. Acta Chim Slov. 2019; 66: 648-
658.

Xin CJ, Ngadi N. Biosorption of chromium (VI) ions using sustainable eggshell impregnated
Pandanus amaryllifolius roxb. Adsorbent. PERINTIS eJournal. 2018; 8: 86-101.

Ajab H, Khatoon M, Yaqub A, Gulfaraz M, Nawazish S, Khan FA, et al. Synthesis of Gallus gallus
domesticus eggshells and magnetite bio-composite for Cr (VI) removal: Adsorption kinetics,
equilibrium isotherms and thermodynamics. Desalin Water Treat. 2021; 238: 161-173.
Kocabas BB, Satir IT. Investigation of the chitosan immobilized eggshell for the biosorption of
Brillant blue R dye. Hittite J Sci Eng. 2019; 6: 287-295.

Tonk S, Majdik C, Szep R, Suciu M, Rapo E, Nagy B, et al. Biosorption of Cd(ll) ions from aqueous
solution onto eggshell waste. Rev Chim. 2017; 68: 1951-1958.

Khelifi O, Nacef M, Affoune AM. Biosorption of Nickel (Il) ions from aqueous solutions by using
Chicken eggshells as low-cost biosorbent. Algerian J Environ Sci Technol. 2016; 2: 107-111.
Tebeje A, Worku Z, Nkambule TT, Fito J. Adsorption of chemical oxygen demand from textile
industrial wastewater through locally prepared bentonite adsorbent. Int J Environ Sci Technol.
2022; 19: 1893-1906.

Zhuang S, Zhu K, Xu L, Hu J, Wang J. Adsorption of Co?* and Sr?* in aqueous solution by a novel
fibrous chitosan biosorbent. Sci Total Environ. 2022; 825: 153998.

Page 20/21



Adv Environ Eng Res 2024; 5(4), doi:10.21926/aeer.2404024

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ofomaja AE, Naidoo EB. Biosorption of copper from aqueous solution by chemically activated
pine cone: A kinetic study. Chem Eng J. 2011; 175: 260-270.

Butcher GD, Miles R. Concepts of eggshell quality [Internet]. Gainesville, FL: University of Florida;
2018. Available from: https://edis.ifas.ufl.edu/vm013.

Ketta M, Tamova E. Eggshell structure, measurements, and quality-affecting factors in laying
hens: A review. Czech J Anim Sci. 2016; 61: 299-309.

Fathi MR, Noormohamadi HR, Ghaedi M, Ghezelbash GR. Optimizing the biosorption of Bi3*ions
by Streptomyces Rimosus using experimental design and applicability in kinetics and isotherm
modeling. RSC Adv. 2016; 6: 40287-40295.

Omondi BA, Okabe H, Hidaka Y, Hara K. Synthesis and characterization of poly (1,4,7-
trioxacycloundecane-8,11-dione) macrocyclic functionalized hydrogel for high selectivity
adsorption and complexation of bismuth ion. Polymers. 2018; 10: 662.

Markovi¢ M, Gorgievski M, Strbac N, Grekulovi¢ V, Bozinovi¢ K, Zdravkovi¢ M, et al. Raw eggshell
as an adsorbent for copper ions biosorption—Equilibrium, kinetic, thermodynamic and process
optimization studies. Metals. 2023; 13: 206.

Khaleel AQ, Tabidi M, Elshafie H, Jyothi SR, Pallathadka H, Kadhum WR, et al. Treatment of
wastewater containing Co(ll) ions using eggshell nanoparticles: kinetic and equilibrium
investigations. Phys Chem Res. 2024; 12: 1133-1145.

Praipipat P, Ngamsurach P, Pratumkaew K. The synthesis, characterizations, and lead
adsorption studies of chicken eggshell powder and chicken eggshell powder-doped iron (lll)
oxide-hydroxide. Arab J Chem. 2023; 16: 104640.

Elshimy AS, Mobarak M, Ajarem JS, Maodaa SN, Bonilla-Petriciolet A, Li Z, et al. Sodium alginate-
modified alkali-activated eggshell/Fes0s nanoparticles: A magnetic bio-based spherical
adsorbent for cationic dyes adsorption. Int J Biol Macromol. 2024; 256: 128528.

Podstawczyk D, Witek-Krowiak A, Chojnacka K, Sadowski Z. Biosorption of malachite green by
eggshells: Mechanism identification and process optimization. Bioresour Technol. 2014; 160:
161-165.

Mensah K, Mahmoud H, Fujii M, Samy M, Shokry H. Dye removal using novel adsorbents
synthesized from plastic waste and eggshell: Mechanism, isotherms, kinetics, thermodynamics,
regeneration, and water matrices. Biomass Convers Biorefinery. 2024; 14: 12945-12960.
Mohammad SG, Ahmed SM, El-Sayed MM. Removal of copper (Il) ions by eco-friendly raw
eggshells and nano-sized eggshells: A comparative study. Chem Eng Commun. 2022; 209: 83-
95.

Saratale RG, Sun Q, Munagapati VS, Saratale GD, Park J, Kim DS. The use of eggshell membrane
for the treatment of dye-containing wastewater: Batch, kinetics and reusability studies.
Chemosphere. 2021; 281: 130777.

Page 21/21


https://edis.ifas.ufl.edu/vm013

