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Abstract: The production and buildup of eggshell waste represents a challenge and an opportunity.
The challenge is that uncontrolled disposal of generated eggshell waste relates to a sustainability
concern for the environment. The opportunity relates to utilization of this biomass resource via
recycling for waste valorization, cleaner production, and development of a circular economy. This
review explores the development of eggshell powder (ESP) from eggshell waste and a coverage of
various ESP composite sorbents with an emphasis on their potential utility as adsorbent materials
for model pollutants in solid-liquid systems. An overview of literature since 2014 outlines the
development of eggshell powder (ESP) and ESP composite adsorbents for solid-liquid adsorption
processes. The isolation and treatment of ESP in its pristine or modified forms by various thermal or
chemical treatments, along with the preparation of ESP biocomposites is described. An overview
of the physico-chemical characterization of ESP and its biocomposites include an assessment of
the adsorption properties with various model pollutants (cations, anions, and organic dyes). A
coverage of equilibrium and kinetic adsorption isotherm models is provided, along with relevant
thermodynamic parameters that govern the adsorption process for ESP-based adsorbents. This
review reveals that ESP biocomposite adsorbents represent an emerging class of sustainable materials
with tailored properties via modular synthetic strategies. This review will serve to encourage the
recycling and utilization of eggshell biomass waste and its valorization as potential adsorbent systems.
The impact of such ESP biosorbents cover a diverse range of adsorption-based applications from
environmental remediation to slow-release fertilizer carrier systems in agricultural production.

Keywords: eggshell biomass; composite materials; adsorbents; sustainable development; adsorption
processes

1. Introduction

To address various UN Sustainable Development Goals (UN SDGs 12.5, which targets
substantial reduction of waste generation) [1], there is a need to convert generated waste
materials into value-added products. Strategies to achieve the UN SDGs include recycling,
reusing, or re-channeling waste with concerted efforts to manufacture higher-value prod-
ucts [2]. Over the years, research on eggshell waste has aimed at its greater utilization in a
bid to repurpose agriculture waste, such as a soil amendment material to increase the pH
and fertility of soil, by high-temperature calcination of eggshells to obtain calcium oxide,
CaO [3]. Generally, there are sparse studies on the use of eggshell wastes to cover a range
of applications, such as cosmetics [4], cement production [5], polymer and metal composite
production [6], as a fertilizer additive, and as a feed supplement for livestock. Furthermore,
because of the highly porous nature, estimates indicate that each eggshell contains between
1700 and 7000 pores [7]. In turn, eggshells (ESs) were studied as potential adsorbents for
the treatment of contaminated soils and wastewater [8,9].

There is an increasing awareness that the generation of eggshell (ES) waste is rapidly
skyrocketing because eggs or its food products are consumed that add to the burgeoning
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quantity of food waste produced daily, since eggshells are typically landfilled at the con-
sumer levels. From Figure 1, there is a representation of the global egg production, which
shows a steady increase in production over several decades and reflects the magnitude of
potential amounts of available ES waste. Based on the known wt. content of eggshells, the
amount of ES waste in 2019 was estimated as 8.21 M metric tons (equivalent to the weight
of 4.1 M passenger cars, based on 10 wt.% for typical chicken eggs). The increasing annual
consumption of eggs and disposal of ES waste highlights the need to provide alternative
strategies for waste utilization and valorization. Proper management of solid waste is an
issue of great environmental concern as the world is currently witnessing high waste gener-
ation due to population rise, economic growth, and rapid urbanization. It is estimated that
the global urban waste production in 2025 and 2050 will reach 2.2 billion tons and 4.2 billion
tons, respectively [10]. Limited availability of resources for environmentally friendly solid
waste treatment methods have made solid waste treatment a global challenge [11].

Solid waste treatment technologies can be divided into two broad classes: conven-
tional and non-conventional treatments. The conventional approaches include anaerobic
digestion, composting, landfilling, and incineration, while non-conventional approaches
include technologies such as pyrolysis, gasification, hydrothermal incineration, liquefaction,
etc. [12,13], where such methods reduced the mass (70%) and volume (90%) of the waste to
be disposed. Aside from the cost of managing these various technologies and their inherent
limitations, the solid waste is generally not targeted for re-use. Valorization of waste is
a term used to explain the concept of waste disposal and adding value by converting
waste to energy or useful materials. This approach is adopted for preservation of the
environment and its natural resources. Valorization of waste may involve biochemical
and/thermo-chemical processes. Electricity, heat generation, road construction materials,
and soil fertilizers are some examples that highlight the valorization of solid waste.

To improve the sustainability of biogenic ES waste, research on the use of this resource
represents a potential opportunity to divert ESs from landfill disposal via recycling and
valorization. This includes composite materials that contain ESs, which have potential
utility as adsorbent materials for wastewater treatment [14]. Research into the alternative
use of ESs as composites was borne from its current supply and availability, along with
the projected increase in its consumption, relative abundance, and low cost of ES. Eggshell
composites represent a sustainable source of CaCOj that can serve as a potential biogenic
alternative to some non-renewable mineral resources (e.g., limestone) that are currently
used as additives for composite materials.
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Figure 1. Global egg production for two decades, where production (10 metric tons) covers a
four-decade period. Redrawn with permission from [15].
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Composites offer a modular approach to the utilization of additive materials such as
mineral oxides and a means to tailor the physicochemical properties of multicomponent
materials [16,17]. ES waste presents a sustainable source mineral oxide that is composed
mainly of calcium carbonate (ca. 94 + 2%), which can serve as a sorbent material (e.g.,
calcareous soil or calcite) [18,19]. Research has shown that the adsorption mechanism
by eggshells occurs mainly by ion exchange, where surface treatment, modification, and
functionalization with hydroxyl, amine, amide, or carboxylate groups could improve the
adsorbent pollutant capacity. Eggshells in their pristine form or modified by chemical
or thermal treatment (by calcination or pyrolysis) have been extensively used to adsorb
diverse pollutants such as dyes [20], insecticides [21], metal ions [22], anions [23], and even
oxyanions [16,24].

Chicken eggs consist of ca. 10-11% inorganic layer (shell), where the remainder of
the weight is the liquid contents. The hard outer inorganic layer of the chicken egg is
referred to as the eggshell, which can be brown or white [25]. Calcium carbonate is the
main component of eggshells, which also occurs in sedimentary and metamorphic rock
formations as limestone or marble [26]. By comparison, eggshells are structurally different
from those of marine organisms since the polymorph calcite is formed by poultry. By
contrast, the aragonite or vaterite forms that contribute to the formation of sedimentary
rocks are also found in marine organisms. There are slight variations in the composition of
chicken eggshell depending on the type of feed, but essentially, it is composed mainly of
94 £ 2% calcium carbonate, 1% magnesium carbonate, 1% calcium phosphate, and 3.5 & 2%
organic matter, which is mainly proteins, proteoglycans, and glycoproteins [27-29], and
traces of other elements such as Al, K, and S [30]. The ES structure is comprised of
three main parts: (i) the cuticle, (ii) the testa or palisade calcite layer, and (iii) the mammillary
layer (cf. Figure 2). The cuticle is a thin film, which protects the embryo from moisture
loss and infection [31], and is the outermost layer surrounding the eggshell. Next to
the cuticle is the testa or palisade calcite layer, which is arranged in columns with small
circular pores, where it provides coloration, gaseous exchange, and calcium [26,31]. Thirdly,
the innermost layer called the mammillary layer, where there are cones or knobs from
organic proteins and are the seeding sites onto which the testa/palisade columns grow [32].
Beneath the mammillary layer are two shell membranes called the outer-shell and inner-
shell membranes, where both membranes are assemblies of a network of protein fibers [33].

The study of adsorption isotherms provide insight on the nature of interactions be-
tween an adsorbate and an adsorbent material. In the case of dye adsorption, insight on
the textural properties and surface chemistry of the adsorbent can be obtained. In terms
of equilibrium studies, the maximum adsorption capacity provides a useful metric for
comparison of the adsorption efficiency and performance of ES materials with other related
adsorbents. Studies of the kinetics of adsorption provide complementary insight on the
rate determining steps and mechanistic insight on the adsorption process.

Cuticle layer
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Figure 2. The overall structure of an egg and the eggshell. Copied with permission [26].



J. Compos. Sci. 2024, 8, 414

4 of 43

This review provides a systematic and a broad coverage of the utility of eggshells
as biocomposite adsorbent materials for the removal of pollutants from wastewaters. It
explores the utility of eggshell waste and its composites as heterogeneous adsorbents
that cover literature over the last decade. This contribution outlines the development of
eggshell powder (ESP) and ESP composite adsorbents with an emphasis on solid-liquid
systems. Several key topics are described, as follows: (i) isolation of eggshell powder (ESP)
in its pristine form and treatment processes; (ii) preparation and materials characterization
of ESP biocomposites; and (iii) evaluation of the adsorption properties of ESP and its
biocomposites with several classes of model pollutants (cations, anions, and organic dyes)
at equilibrium and kinetic conditions. Furthermore, the adsorption isotherms at equilibrium
and kinetic conditions for the removal of pollutants reveal the feasibility of adsorption
process, in accordance with the thermodynamic and kinetic parameters. This review
contributes to the field of biomass utilization via recycling of ESs and valorization of ESP in
biocomposite materials for adsorption-based applications. In turn, sustainable development
of biocomposite adsorbents contributes to a circular bioeconomy and serve to address
various UN SDGs [34]. In particular, the following SDGs are relevant to this research
contribution: SDG-6 (water and sanitation), SDG-9 (resilient infrastructure, sustainable
industrialization, and innovation), and SDG-12 (waste reduction, recycling, and reuse).
The focus on ESP biocomposite adsorbents and their adsorption properties with various
categories of pollutants is a key feature of this review. Its novelty lies in the fact that it
explores the utility of eggshell waste and its composites with an emphasis on applications
as a heterogeneous adsorbent for a wide range of pollutants. This contribution provides
coverage of the literature over the last decade.

2. Adsorbent Preparation and Characterization
2.1. Adsorbent Preparation and Modification

The steps are relatively similar among the various studies that describe preparation
of the eggshell waste covered in this review. For the preparation of the composites, there
are two key unit operations: (i) collection and pre-treatment of ES and (ii) the composite
preparation process. A typical preparatory route for eggshells (ESs) obtained from various
sources like household waste or industrial wastes require a thorough washing step prior to
further processing. Most of the washing (ca. 90%) was performed with purified water or
tap water. There are some exceptions since some studies reported the use of chemicals (e.g.,
ethanol, acetic acid, and sodium hydroxide) for the washing step. One such example was
outlined by Lin et al. [35], where the eggshells were immersed in 10% NaOH to remove
the shell membranes. Some authors reported the separation of eggshell membranes by
mechanical effects during washing, whereas most studies did not report any separation of
the membranes. After washing, the ESs were oven dried at variable temperatures (between
100 °C to 120 °C) and duration (between 2 h to 12 h, or longer) prior to grinding. An
additional drying step was reported for some of the studies, where the eggshell powder, ESP,
was calcined at 500 °C for 3 h to produce calcined eggshell (CES) before eventual utilization
in biosorbent preparation. One study reported boiling of the sieved ESP with distilled water
for 4 h to remove water-soluble impurities [20]. The dried ES was mechanically crushed
into fine a powder (e.g., planetary ball mill, blenders, or mortar), followed by sieving
into uniform particle sizes to obtain eggshell powder (ESP), which was stored for further
use. A simplified image in Figure 3 illustrates these steps, whereas specific treatments
and preparation methods were used to obtain the different eggshell (ES) biocomposite
adsorbents shown in the flowchart in Figure 4.

The few steps discussed herein are specific details in addition to the general ES
biocomposite preparation steps. The preparation of carbonate hydroxyapatite (CHAP)
from ESP was achieved by adding the sieved ESP to industrial H3PO4 under controlled
conditions, along with filtration. The reaction was completed by adding Ca(OH); to the
filtered solution, where the resulting dried precipitate is CHAP [36]. The preparation of
biogenic CaCOj3 (BCa) by inoculating sterilized lysogeny broth liquid medium containing
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CaCl, with B. subtilis as a seed liquid was described [37]. The use of oyster shells treated
similarly as the crushed eggshells, which was added to NaOH solution and stirred for 2 h,
followed by a series of washing and filtration steps until the solution was neutral. HCI
was added and stirred for 6 h with filtration to collect the CaCl, solution, and then mixed
rapidly with an equal ratio of sodium carbonate to produce vaterite CaCOj after drying
overnight [38].

ti KDI washing/drying

seiving

Figure 3. Steps involved in the preparation of ESP.

Eggshell collection /
pre-treatment

Calcination m ESP/Composite
formation

DEEEEEOE

Figure 4. General flowchart of the preparatory steps for making eggshell biocomposite materials

that contain various additives (1 to 8), as follows: (1) anthill clay, (2) multi-walled carbon nanotubes
(MWCNT5), (3) sodium alginate, (4) titanium dioxide, (5) strontium ferrite, (6) eggshell powder (ESP),
(7) sodium dodecyl sulfate (SDS), and (8) chitosan/acetic acid.

Preparation of bentonite/eggshell powder (BEP) adsorbent was achieved by mixing a
solution containing ethyl cellulose, polyethylene glycol (PEG) in anhydrous alcohol with
ES, and bentonite powders in a 7:3 wt. ratio [39]. Research by Du and Zhu [40] reported
that CaCO3 was obtained from starfish by adding commercial protein lyase to a water tank
containing starfish kept at 45-50 °C. Then, the bottom precipitate (CaCO3) in the tank was
collected, boiled in water, and dried.
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The direct surface modification of ESP was respectively carried out with NaOH, HNO3,
and KMnQOy by adding each of the reagents to obtain three different adsorbents denoted as
Na-ESP, HN-ESP, and K-ESP [41]. An additional step described herein was required for
the preparation of eggshell biochar as a biocomposite adsorbent. Upon mixing ESP with
some ground waste plant materials, the mixture was heated up in a furnace [24,37,42,43] to
produce BC-1 (biochar from rape straw), BC-2 (biochar rice straw), and BC-3 (biochar from
palm fiber). One other method used to produce ES biocomposite adsorbent was achieved
by imbibing metal-ions onto the ES surface via physical blending a metal salt (e.g., AICl3)
solution with mixing for 24 h [44].

The literature surveyed did not provide an account or detailed estimation of the cost
of producing ESP or composites. Based on previous work of biomass composites, the use
of ESP as an additive is anticipated to lower the cost of the input materials of the composite
by analogy to agro-waste composites reported by Steiger et al. [16,45]. In the reported
studies, the use of biomass additives can amplify the physicochemical properties of biomass
composites, which are also inferred in the case of ESP composites.

2.2. Adsorbent Characterization

Eggshell bio composites have been characterized with a range of techniques that are
summarized in Table 1 that range from spectroscopy to thermal methods. This includes
infra-red (IR) spectroscopy, field emission scanning electron microscopy (FE-SEM) equipped
with energy dispersive spectroscopy (EDS), scanning electron microscopy with energy
dispersive X-ray absorption spectroscopy (SEM-EDAX), thermal gravimetric/differential
thermal gravimetric analysis (TGA/DTA), EDS/SAED (electron diffraction spectroscopy/
specific area electron diffraction), TEM/EDS (transmission electron microscopy with EDS),
XRD/XRF/EDX (X-ray diffraction, fluorescence, and energy dispersive X-ray), and XPS
(X-ray photoelectron spectroscopy). In addition, some studies also report characterization
of the ESP biosorbent after the adsorption process. The elemental analysis revealed that
ESP has 94% calcium carbonate, 1% magnesium carbonate, 1% calcium phosphate, 3%
protein, and 1% organic matter. The average diameter of the ESP particles was 5 um [46].

Table 1. Characterization of eggshell biocomposite materials.

Type of Characterization/Remarks Refs

IR spectroscopy: About 40% of studies report IR spectroscopy
of ESP composite. IR results showed major absorption bands
that are strongly associated to the carbonyl and hydroxyl
groups. Other IR bands for O-H stretching, C-N-, N-H
stretching, and C-H bending were evident in the IR spectra.
Sharp bands confirming the presence of CaO, Ca(OH),, and
CaCOs were observed. The composite revealed characteristic
bands depending on the different functional groups present,
e.g., Ca-bentonite have signatures for Si-O, Al-O, and O-H.
After adsorption, the band appearance became broader and
stronger in some composites, while there were minor changes
for other materials.

TGA/DTA: Nearly 20% of the studies considered the thermal

stability of the ESP and composite adsorbents. Major

decomposition of ES was observed between 460-770 °C,

revealing that the upper thermal stability limit of ESP was [7,21,42,46,50,59-62]
630 °C. The minor residual contents of ES show it mainly

contains carbonate minerals, whereas complete weight loss

occurred between 850 and 920 °C.

EDS/SAED: This method confirms the presence of elements
(e.g., K, Ca, Mg, Fe, C, and O) in both ESP and CES. Ca, C, and
O have large proportions, revealing that calcium carbonate is
the main component of ESP.

[7,20-24,35,36,41-43,46-58]

[7,46,49,50,53,63,64]
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Table 1. Cont.

Type of Characterization/Remarks

Refs

SEMI/EDS: About 50% of the literature reviewed considered
the morphology of the ESP or its composites. In total, 33% of
this subset reported the surface morphology after the
adsorption process. SEM images reveal that ESP
agglomerated and irregular surface features have a porous
network and an angular pattern. CES exhibited a
macroporous network structure of interwoven cross-linked
fibers with diameter between 0.3 and 5 um. There is increased
porosity, and variable surface morphology that depend on the
composite components. After adsorption, the structure was
crystalline, and pores are no longer visible. EDS showed that
Ca, C, and O are major elements in ESP.

[7,20,22,23,36,37,39-41,44,46,48—
56,58,60,61,63-67]

X-ray methods (XRD/XRF/EDX): X-ray results for ESP is the
rhombohedral crystalline phase of calcite showing CaCOj as
the main component that is replaced by CaO after calcination.
Patterns also displayed Ca, Si, Na, S, and Mg as the main
elements present in ESP. Calcite is the dominant form at or
below 800 °C, while portlandite and lime dominate above
800 °C. There is no XRD specific to CaO and Ca(OH); in the
composites. Variable XRD patterns show the elemental
composition of each, for the various CES composites, and
additional peaks show the presence of other elemental species.
After adsorption, a shift in peak positions were observed in
the XRD pattern of ESP depending on the content and
composition of the biocomposite and its adsorbed species.

[7,24,37-44,46,50,52,54-56,58—
61,63,64,67-70]

XPS: Binding energy values reveal that the main components
of ESP and CES as C, Ca, and O. Ca has spectral bands and
binding energy similar to CaCOs. Different band are ascribed
to Cl 2p and Cl 2s, Pb, PO,3~, and Ca bands for calcium
phosphate appear after adsorption, depending on the
adsorbed pollutants.

[24,39,59,69]

Gas adsorption: Surface area pore size analysis (via the BET
method):Higher calcination temperature yields a noticeable
increase in the surface area, pore volume, and pore diameter
of ESP. Combining ESP or CES with biomaterials may
improve these properties.

[39,41,42,44,53,54,56,57,59,60,62,
67,69]

Surface charge analysis (Zeta potential; mV): Ca-bentonite:
—12.56 mV; ESP: —17.48 mV; BEP: —16.41 mV; CES:
800 °C = 0.1 mV; 900 °C =18.1 mV

[39,60]

Raman Spectroscopy: Spectral evidence of graphitic and
amorphous or disordered carbon in the composite. The
Raman bands of the thin section of ES are characteristic of S-S,
amino acids, amide, and C-H groups. After adsorption, new
bands specific to the groups of the adsorbate appear.

[53,69]

Prominent signatures from the XRD profile correspond to calcite (using Joint Commit-
tee on Powder Diffraction Standards, JCPDS, data), which is the stable form of calcium
carbonate at room temperature [46,63]. ESP showed a porous network of agglomerated
and irregular surface morphology based on the SEM images, while that of the synthetic
sorbents showed greater distribution with high homogeneity of the ultrafine particles with
an average size below 50 nm [63]. SEM results showed that the surface consists of nearly
round particles, which agglomerate after the adsorption process. TEM and selected area
electron diffraction (SAED) analysis revealed a round morphology with length of 98 nm, a
width of 34 nm, and non-spotted and non-continuous rings suggestive of non-crystalline

powder grains.
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SEM characterization of the adsorbent showed that it possessed rough and irregular
surfaces with pores of different sizes. The presence of active functional groups and various
molecular adsorption sites responsible for adsorption of dye pollutants (MB) were con-
firmed. Characterization by SEM after the adsorption study revealed that open pores on
the initial surface of the composite were blocked after adsorption of the dye molecules [49].
Figure 5 is a combination of spectral results that provide a summary of the materials
characterization often obtained for the structural analysis of ESP and its biocomposites.
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Figure 5. Typical characterization results of ESP. (A) SEM: (a) ESP; (b) CES; (B) XRD; (C) XPS; (D) IR
copied with permission [7,58,59].

The eggshells were porous with an angular pattern according to the observation from
FE-SEM, for copper deposited onto the eggshell, where the SEM image portrayed sheet-like
fractured appearance with rod-shaped particles and interlaced pores [65]. For the case of
zinc decorated eggshell particles, the image has a greater number of small and interlaced
pores. EDS showed that the main component was calcium carbonate, while the metal
decorated adsorbents, copper, and zinc were present in addition to the main component of
eggshell (calcium, carbon, and oxygen).

The area of coverage of the adsorbent was determined from the plot of the difference
between the final and initial optical density of the filtrate after suspending the adsorbent
in dye solution at various initial concentration for 45 min and 28 °C at variable adsorbent
dosage. In aqueous media, the surface of the ESP-SDS particles has bound water molecules
due to hydrogen bonding among the surface sulphate groups with water. One monomer
of SDS has an area of coverage of 176 A2 with 5-7 molecules of bound water during
adsorption, and the tailor-made styryl pyridinium dyes can substitute with the surface
bound water. The results reveal that the water molecules around the dye on the ESP-SDS
surface decreased with an increasingly hydrophobic chain and a decrease in the area of
coverage of the adsorbent [20].

X-ray fluorescence results revealed that the major component of CES is CaO, while
traces of other compounds such as MgO, K,O, Al,O3, Fe304, 5i0,, and SO, were also
present. Zeta potential (C) enables an estimate of the colloidal stability for mixtures, a
(-value of —25 mV was observed for natural eggshell, whereas a (-value of +10 mV
was observed for CES, which indicates repulsive and attractive electrostatic attractions,
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respectively. By comparison, the MWCNTs/CES revealed a slight negative -value with no
appreciable adsorption, whereas greater adsorption reveals the involvement of physical
forces in the process [71].

TGA results [51] revealed that two weight losses events occurred at two different
temperature ranges. The first weight loss of 9.2% relates to removal of calcium hydroxide
between 28 °C and 200 °C, and a more prominent weight loss (85.6%) occurred between
200 °C to 570 °C due to decomposition of calcium carbonate to calcium oxide and carbon
(IV) oxide [20].

The FTIR results show that the attachment of metals, egg white waste, and dyes did
not change the functional groups on the adsorbents, because the density of the immobilized
adsorbate was too low for the appearance of specific absorption peak that represents their
functional groups [35].

3. Adsorption of Model Compounds by Eggshell Biocomposite Adsorbents

After characterization of the different ESP biocomposites, they were used to treat
wastewater containing organic pollutants shown in Table 2, whereas various adsorption
studies are highlighted in Table 3 that showcase the utility of these biocomposites as
adsorbents. The literature covered on the usage of ESP and its composites as adsorbent
materials for pollutant removal in solid-liquid adsorption system were categorized into
three distinct groups. The following studies [7,20,21,35,46,48-53,59,62-64,67,69,71] were
considered for the adsorption of different dye molecules and other organic pollutants onto
ESP and its composites. Adsorption of anions and oxyanions onto ESP adsorbents were
summarized [23,24,42-44,54-58,60,61], while for studies including the adsorption of metal
ions sorptions [23,36-39,41,61,68,70,72,73].

Table 2. Types of pollutants and their chemical structure.

Common/IUPAC Names Molecular Structure/Mass/Chemical Formula

Styryl pyridinium dye, \_7 Nm
H

2-(phenylethenyl) pyridinium chloride

Cy3H N 217.69 g/mol

Hs a® Hs

z—0
z—0

Urelene blue, provay blue,
3,7-bis (dimethylamino)-phenothiazin-5-ium chloride

@

Methylene Blue, MB, e \@SD/ ~en,
7
N

Rhodamine Blue, RhB, Basic violet 10, Tetraethylrhodamine 610,
9-(2-carboxyphenyl)-6-(diethylamino)
xanthen-3-ylidene-diethyllazanium chloride

C6Hi3CIN3S 319.85 g/mol
HsC CHs
\ cP r
N,
oo/ /N®\/CH3

CogH3; CIN,O3 479.02 g/mol

o
/N\ S, NH;
Toluidine Blue, TB, e
(7-amino-8-methyl \N

phenothiazine-3-ylidene)-dimethylammonium chloride

Cy5H3N5SCl 270.37 g/mol




J. Compos. Sci. 2024, 8, 414 10 of 43
Table 2. Cont.
Common/IUPAC Names Molecular Structure/Mass/Chemical Formula
i
O,
SEL OO
Congo Red, CR, Direct red 28, Benzo congo red, Na
Disodium-4-amino-3-[4-[4-(1-amino-4-sulfonatonaphthalen-2- S0;0Na
yl) diazenylphenyl] phenyl] diazinyl-naphthalene-1-sulfonate OO
C33H2NgNa,06S, 696.67 g/mol e
HO,
[¢]
Ay
Eriochrome Black T, EBT, Mordant Black 11, Solochrome Black T, O N ‘o‘
Sodium; 3-hydroxyl-4-[(1-hydroxynaphthalen-2-yl) Q O
diazenyl]-7-nitronaphthalene-1-sulfonate or
OH NO,
CyoHi2N;0;5Na 461.38 g/mol
o o]
N
€] O/ OH
® Na N
Acid Orange, AO7, N/
Orange II, Acid Orange A, Sodium; 4[(2-hydroxynapthalen-1-yl)
diazinyl] benzenesulfonate O
C16H;N,Na0, S 350.32 g/mol
C,Hs
U
NH, \o
Acid red nylon 57, AN57, C. I. Acid Red 57, O n="
6-Amino-5-[[2-[(ethyl phenylamino)sulphonyl] phenyl] oNa |
azo]-4-hydroxynapthalene-2-sulphonic acid @O_lsl
OH
I
C24H71N4NaOgS, 548.57 g/mol
Methyl red, N\N
C.I. Acid Red 2, HaC.
2-[(4-(dimethyl amino) phenyl) diazinyl] benzoic acid \r?a = oo
CHs CysHisN;0, 269.30 g/mol
@Nago S, o ®
2 I I S0,0Na
Remazol reactive red C.I. 198, Remazol red RB 133, Tetrasodium; | SO0NE

5-[[4-chloro-6-(3-sulfonatoanilino)-1,3,5-triazin-2-ylJamino]-4-
hydroxy-3-[[4(2-sulfonatooxyethylsulfonyl) phenyl] diazinyl]
naphthalene-2,7-disulfonate

N
,L OH HN, n /

Ca7H 5CIN/Na 01685

0,8

)
Na0O0,S

984.2 g/mol




J. Compos. Sci. 2024, 8, 414 11 of 43
Table 2. Cont.
Common/IUPAC Names Molecular Structure/Mass/Chemical Formula
C]
€]
SOQH4CQOSOQN3
Reactive yellow 145 dye, Tetrasodium; 7-[2-(carbamoylamino)-4- @i /K 0
[[4-chloro-6-[3-(2-sulfonatooxyethylsulfonyl) AN
anilino]-1,3,5-triazin-2-yl] amino] phenyl] diazinyl]
naphthalene-1,3,6-trisulfonate 060 00
NaOO,S’ SO,0Na
CaghlygCINgNa;0 S5 1026.25 g/mol
O
Remazol Brilliant Violet 5R dye, RBV-5R,
Reactive Violet 5, eosogNa
Trisodium; 5-acetamido-4hydroxy-3-[[2-hydroxy-5-(2- x N=N
sulfonatooxyethylsulfonyl) phenyl] diazenyl]
naphthalene-2,7-disulfonate . ol

CaoHjN3Na30,584 735.58 g/mol

/\
Malathion, \O/ \\
Carbophos, mercaptothion, 2-[(diamethoxyphosphorothioyl)
sulfanyl] butanedioate diethyl
CioHig05PS, 330.39 g/mol
OH
Phenol, Carbolic acid, Phenic acid, hydroxybenzene
CHSOH 94.11 g/mol
OH
Cl
2,4-dichlorophenol
(2,4-DCP)
Cl
CeHiClLO 163 g/mol
o] o]
E
Ciprofloxacin, | OH

Ciprobay, ciproxan,
1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-ylquinolin-3-
carboxylic acid

Ci7H15FN;05 331.35 g/mol




J. Compos. Sci. 2024, 8, 414 12 of 43

Table 2. Cont.

Common/IUPAC Names Molecular Structure/Mass/Chemical Formula

Tetracycline hydrochloride,
Achromycin, Sustamyecin,
(45,4aS,5aS5,65,12aR)-4-(dimethylamino)-1,6,10,11,12a-
pentahydroxy-6-methyl-3,12-dioxo-4,4a,5,5a-
tetrahydrotetracene-2-carboxamide; hydrochloride

CyHasCIN;Og 480.9 g/mol

As shown in Figure 6, a known dosage of ESP biocomposite was applied to treat a
known concentration and volume of pollutant, along with mixing for a specified time.

< —
Adsorbent Phase
Ad ti
sorption Separation
Pollutant Ps
u \ o o
\ 0% %°
o 0070
0g00 j
0a0 N~ ———
Polluted water
Unpolluted
water

Figure 6. Simplified illustration of an adsorption experiment. Adapted and redrawn with permis-
sion [74].

After reaching equilibrium during the adsorption process, the adsorbent was cen-
trifuged or filtered for analysis in order to isolate the residual pollutant solution from the
solid phase adsorbent. The experimentally obtained values of the initial adsorbate and resid-
ual adsorbate concentration were used to calculate the uptake based on Equations (1) and (2).
The uptake results and adsorption parameters from the various studies for the adsorptive
removal of cationic and anionic dyes are listed in Table 3.

Co—C)V
o= =GV )
% Adsorption = % % 100 (2)
0

where g, (mg/g) is the amount of pollutant adsorbed per unit mass of adsorbent, C, and C,
(mg/L) are the initial and equilibrium concentration of the pollutant solutions, V' (L) is the
volume of the pollutant used, and w is the weight of adsorbent employed.

In all adsorption processes, the equilibrium adsorption capacity, and time-dependent
kinetic parameters of the adsorbent—adsorbate system provide insight on the adsorption
mechanism. This is necessary for the design, troubleshooting, and optimization of industrial
processes [75]. The adsorption isotherms are used to gain insight on the interactions be-
tween the adsorbate ions or molecules with the adsorbent active sites, which are expressed
by the correlation of the equilibrium data with theoretical or empirical equations [76].
Thus, an isotherm model can be used to describe the relationship between adsorbate and
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adsorbent at equilibrium. Table 2 shows the structures and names (common/IUPAC) of
the organic pollutants removed by ESP. By comparison, Tables 3-5 give a list of models and
parameters for consideration when ESP biocomposites are used as adsorbents for organic,
cationic, and anionic pollutants.

3.1. Equilibrium Models

For the models described in this section, the context of the adsorption process relates
to a solid-liquid heterogeneous process for the case of insoluble adsorbents, where the
adsorbate is dissolved in a liquid solvent, which can undergo adsorption at the solid-liquid
interface, as depicted in Figure 7.

Liquid-solid interface

$

Liquid bulk Solid bulk

Liquid film

Figure 7. Adsorption of an adsorbate in the liquid phase onto a solid adsorbent at the solid-liquid
interface. The circles depict the adsorbate particles while the dashed line represent the imaginary
interface boundary. Copied and modified with permission [77].

Isotherm models were tested to determine the goodness-of-fit to the experimental results,
where different statistical error deviation functions such as correlation coefficient (Rz), the
sum of the squares of the errors (SSE), and residual analysis (RESID) are applied to these
models [78]. Usually, an isotherm profile showing the relationship between the level of
the adsorbed species (adsorbate) onto the adsorbent and the pressure or concentration in
case of gas or liquid at constant temperature represents a typical isotherm relationship. The
adsorption parameters are estimated by modelling the isotherm data by linearized models
as an alternative approach. Some studies compared the linear and non-linear equations,
where the non-linear forms are more precise and accurate for parameter estimation [79-82].

Despite the preferred simplicity of linearized models, linearization alters the error
functions, error variance, and normality assumptions of the least squares methods [78,83].
Linearization of equilibrium and kinetic expressions is less desirable than non-linear least
squares fitting due to bias of error contributions in the slope and intercept parameters for
data, especially at low concentration (for equilibrium studies) or short time intervals (for
kinetic analysis) [84]. The use of non-linear regression for different models can reduce
the statistical bias noted above for linearized models with the same set of adjustable
variables [80]. Various isotherm models are known that enable analysis of equilibrium
adsorption profiles (e.g., Langmuir, Freundlich, and others), where a wider range of these
models have been reported [85-91]. Additional results are presented for the interested
readers in the Supporting Material (cf. Section S1). Some examples of important parameters
include the adsorption equilibrium constant (K) and the adsorption capacity (g.). These
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terms are used to assess the performance of a given adsorbent. These parameters are
outlined in Table S1, as outlined below for various classes of adsorbate systems.

The above models represent various isotherm behavior that provide insight on various
aspects of the equilibrium process, such as equilibrium adsorption constants, heterogeneity
parameters, and energetic terms, which can relate to an enriched view of the adsorption
process. By comparison, the time dependence of the adsorption process can be understood
by evaluation of kinetic profiles with suitable kinetic models, as outlined in Section 3.2.

3.2. Kinetic Models

Aside from the isotherm models that account for the adsorption profiles at equilibrium
conditions, the adsorption profile under non-equilibrium (dynamic) conditions provides
insight on the adsorption kinetics and rate parameters of the adsorption process. In simple
terms, adsorption kinetics describe the time dependent adsorption of an adsorbate onto
the adsorbent versus time. The rate of an adsorption processes is influenced by the contact
time, adsorbent surface structure, and initial adsorbate concentration.

Adsorption mass transfer kinetics usually involves some basic steps, which are the
transportation of the adsorbate from the bulk of the solution to the adsorbent surface
(bulk diffusion), diffusion of the adsorbate into the liquid film (film diffusion), diffusion
into the internal pores of the adsorbent (intra-particle diffusion), and the adsorption and
desorption of the adsorbates from the adsorbent (surface reaction) [92,93]. An evaluation
of the adsorption profile versus time provides insight on the factors that control the rate
of the process. Kinetic models can give details about adsorption rates, the performance of
the adsorbent, and the probable reaction mechanism to provide a better understanding of
the adsorption process, for system design and scale up [94]. The net rate of an adsorption
process can be controlled by each step, or a combination of the basic steps involved in the
mass transfer, where the rate-determining step may change in the course of the adsorption
profile [93].

Some of the methods where contact is achieved between adsorbate and adsorbent
in adsorption systems involve batch mode, continuous fixed bed, continuous moving
bed, continuous fluidized bed, and pulsed bed. For this review, the batch method and
continuous fixed bed method are emphasized. Both methods are low cost, facile, and
commonly deployed in research studies. In the batch method, the adsorbate and adsorbent
are thoroughly mixed in constant volume of diluted solution while for the continuous fixed
bed, the adsorbate is prepared as a solution and allowed to continuously pass through a bed
or column packed with adsorbent. The batch adsorption technique requires less volume
of dilute adsorbate solution while the fixed bed usually needs more volume and usually
of higher concentration of adsorbate. By comparison, the fixed bed method is utilized by
industry or other large-scale applications [95] while the batch method analysed by models
such as pseudo-first order, pseudo-second order [96] and Elovich models [97] is often
applicable for laboratory studies. The fixed bed method is analysed by the Thomas [98,99];
Adams-Bohart [100]; bed depth service time models [101]. Some of the kinetic models used
to shed light on the mechanisms involved in the adsorptive uptake of pollutants by ESP
are briefly outlined in the Supplementary Materials. The first four kinetic models outlined
in Equations [12-17] are mainly used in the batch adsorption process, while other kinetic
models shown in Equations [18-24] are applied to fixed bed systems.

Adsorption can occur either via physisorption (weak interactions) or chemisorption
(strong interactions). Examples for physisorption are electrostatic interactions (reversible),
while chemisorption can occur via coordination through ligand exchange. For specific con-
taminants, such as phosphate, physisorption via outer sphere coordination or chemisorp-
tion via inner sphere coordination (ligand exchange with -OH groups on the adsorbent sites,
typically for metal oxides) [102]. The threshold is typically set to 80 k] /mol for physisorp-
tion while chemisorption involves higher enthalpy values above 80 kJ/mol. Section S2
of the Supplementary Materials outline various types of models used in both batch and
continuous fixed bed column, along with related parameters that are listed in Table S2.
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3.3. Temperature Effects and Thermodynamic Parameters

Temperature effects influence the equilibrium adsorption constant for adsorption
processes, along with its role on the rate of adsorption in the kinetics of adsorption. From
the isothermal data, it is possible to estimate the thermodynamic parameters, such as
standard difference in enthalpy (AH®), entropy change (AS°), and the change in Gibbs
energy (AG°) of adsorption for the system of interest. The thermodynamic parameters can
be used to determine the driving force of the adsorption process. Thus, the spontaneity
or feasibility of a reaction can be ascertained [103,104]. Table 6 provides a summative
list of the thermodynamic adsorption parameters typically encountered for ESP and its
biocomposites. Positive values of AS® values indicate a greater randomness or disorder of
the adsorbate at the solid adsorbent-liquid interface. Negative AS° indicates decrease level
of freedom of the system and reduced driving force for the spontaneous adsorption of the
adsorbate onto the adsorbent [105].

In summary, Tables 3-5 provide a list of equilibrium and kinetic adsorption parame-
ters, according to the models described by Equations 51-522 in the Supporting Material
for various adsorbate-adsorbent systems. Table 6 summarizes the thermodynamic pa-
rameters of adsorption. The adsorbent materials range from ESP to ES-based compos-
ites, whereas the adsorbates range from inorganic to organic species (e.g., metal ions,
organic pollutants, oxyanions, anionic pollutants, and dyes). In Table 3, the parameters for
model organic pollutants are listed, while Tables 4 and 5 contain parameters for cationic
and anionic pollutants, respectively. ES-composites have variable dye adsorption capac-
ity (15.13-303 mg/g) [7,20,35,49,63,64,71], while ES materials (treated or untreated) also
display a range values (1.03-600 mg/g) [20,46,48,50-53,59,62]. The metal-ion uptake by
ES-composites (5.5-727 mg/g) [72,74] and anion uptake (72.8-231 mg/g), while for ES
materials the adsorption values were (0.07-387 mg/g) and (0.1-270 mg/g) for cationic and
anionic pollutants, respectively. The adsorption capacity range revealed variable trends
in uptake for the ES and ES-based composites depending on the pollutants and type of
modification on the composites. Table 7 is a list of some conventional adsorbents used to
remove selected pollutants from wastewater and their respective adsorption capacities.

Adsorbent reusability is an important factor to consider in the selection of suitable
adsorbent materials for sustainable adsorption-based processes. The ability to regenerate
adsorbents affects the overall effectiveness and cost of the process, according to how
many cycles of adsorption-desorption can the adsorbent be subjected over its life cycle of
application. In view of this, research on the desorption of adsorbed pollutants from ESP
and its composites were investigated in previous studies. Desorption of CR from MWCNTs
was achieved using 0.5 M HCl [71], while MB and EBT were desorbed from SF/ESP with
5% (v/v) of NaOH/ethanol, where a desorption efficiency of 45% and 25% were recorded
at the fourth cycle [63].

Table 3. Organic adsorbate/ES-based adsorbent systems and their corresponding adsorption and
thermodynamic parameters.

. Equilibrium Remarks
Adsorbate Acslsts):l);nt ?g:;;l;ttzr; Ig;,;n;%ig])(gr) and Kinetic AH° =X; AS° =Y; Ref.
Yy ° Models and AG° =Z
pH 5.23 (MB), X=—Y=—
Methylene Blue ES matrix (ESP PH7.09 (CR) 19.8 for MB and 62.1 Freundlich and Z=—
(MB), and Congo 1 g/100 mL; . [48]
and membrane) . mg/g for CR PSO For CR, Z = negative
Red (CR) 200 rpm; 60 min, at 298 and 313 K
298-343 K ’
. pHS5; (RhB) = 2.0, Langmuir,
RhB, Murex1de, 0.25 g/50 mL; (Murexide) = 1.03 Dubinin- EBT has the highest
and Eriochrome CES o7 d dushke-vich d ad . [46]
black T (EBT) 90 min; 2 mg/L any Radushke-vic reported adsorption
dye solution (EBT) = 1.56 (D-R), and PSO
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Table 3. Cont.

. Equilibrium Remarks
Adsorbate Agso:bent ?dsorpttlon Ige (mg/gl)(oo/r) and Kinetic AH®° =X; AS° =Y; Ref.
ystem arameters emoval (% Models and AG® = Z
Zn showed higher
Cut Zat N2 ESP 5g 25mL, 4e (BSA) by ESP-M bmdmfﬁ;;ﬁiisthx other
C(l)12+ ,anrél s,olulble, ESP-metal 20 rpm, 25 °C, are listed: investigated terr{ eratures
. /b' | product composite, 24 h ESP-Zn =32.6 Sips and g[277_323 I% [67]
mf“’ o1at produc ESP-M, was 0.2 g, 5 mL BSA ESP-Cu = 30.1 PSO AHE = v AGE =
(H;)vm.e seBr;rS adsorbent in sodium ESP-Co =2.6 ‘Asg . o
albumun, for BSA acetate buffer. ESP-Ni =0.3 "
Good desorption of BSA
was achieved with EDTA
ESP decorated pH2 (AO7) pH 12 (AO7) by . .
with Znmetal ~ (TB);5.0mg/mL  ES/Zn/CEW = [iﬁsatfft?d"r}’ Zecs)‘;l} with
waste and dye solution; 64.10, ESe /ezlrll/l(ér}lgg\] but 71“;{;
Acid O 7 chicken egg white 0.2g/5mL; (AO7) by d 't.h ¢
ad hrange (ESP/Zn/CEW) 100 rpm; (AQ7) ES/Cu/CEW = . was recoverec wi
(AQO7?) . Sips and ES/Cu/CEW.
Toluidine Blue Eggshell took 30 min on 100.56, PSO For TB, nearly 100% [35]
(TB) decorated with ESP/Zn/CEW (TB) by over fmg’l both
Cu metal waste and 120 min on ES/Zn/CEW is dsorb ntyb ine 50%
and chicken ESP/Cu/CEW,  115.15and (AO7) by el o e
egg white TB was 5 min for ESP/Cu/CEW & (}II\TH 1250y as eluent
(EPS/Cu/CEW)  both adsorbents =100.56 4/251/4 as ehient.
AHP =+, AS° = +,
EBT@ pH 2 AG°® = —.
MB @ pH §; (EBT) by SF = 39.12; EBT desorption was
. ) . 0.05 g/50 mL; y or = 9714 achieved with 5% (v/v)
Eriochrome black ESP; Strontium (EBT) by
. 100 mg/L; z . . 0.1 M NaOH/ ethanol.
T (EBT), nanoferrites (SF), SF/ESP =42.52; Langmuir and .
150 rpm _ . Good MB desorption was [63]
Methylene Blue SE/ESP . . (MB) by SF = 37.61; PSO . 1 Bo
- ESP is 90 min obtained with 5% 0.1 M
(MB) composite . . (MB) by S
SF is 65 min SE/ESP = 42.26 acetic acid /ethanol.
SE/ESP is 40 min T Adsorbent re-usability
298-328 K declined (<40%) at the
4th cycle.
ge depends on the type of
dye substituents and
styrylPyrdn_ Fgshell rere bt fo dyes
yoyr modified with . . yes
dye (addition of sodium dodecvl 200 mg; 15.13-303.00 Freundlich and with longer hydrophobic [20]
alkyl chains and 4 294-318 K ' ’ PSO ends and stronger
different sub- sulphate electrophiles
stituents) (ESP-SDS) (-Cl, -OMe, -NMe).
AH°, AS°, and
AG® = negative
Central Composite Design
CCD of the response
Eggshell and . surfage methoc'lology was
Methylene Blue anthill cla 0.2 g/100 mL; 23.87 Freundlich and involved in the [49] **
(MB) (ESP Ac)y 150 rpm, 30 °C ‘ PSO experiment. There was
correlation between the
actual and the
predicted responses.
50 min for ESP
40 min for CES
and MWC-
OI;ITS//ZCSEHSIL Result from pH were not
8 5.76 for ESP; stated.
ESD CES, for ES, 58.14 for CES; Langmuir and Good desorption was
Congo Red (CR) MWCNTS/ 0.05 mg/25 ml. 136.99 for PSO achieved with05MHCL 7]
MWCNTs/CES AH° = —, AS° = —
0.02 g/25 mL for AGS = —
MWCNTS/CES; T
100 mg/L dye
solution;

293-333 K.
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System Parameters Removal (%) Models and AG® = Z
Calcined eggshell p%g’.rio ;an’ Excellent desorption with
Acid dye red decorated with 200 rgm‘/ 2202 Langmuir and 0.5M HNOg. [64]
nylon 57 (AN57) sol gel TiO, 008 /{’0 iy : PSO AHP = —, AS° = —.
(TiO, /CES) o8 ' AGe = —.
298-328 K.
pH 2; 180 min;
8 g/300 mL;
Methyl red dye 25°C; Langmuir and AH® =+, AS° =+,
(MR) ESP 20 mg/L dye 1.66 PSO AG® = — (511
solution;
298-328 K
Eggshell
immobilized with pH 1; 180 min, . o aco_
Re?;gzc(l)l ;‘ed polymer matrix of 10 g/L; 500 rpm; 46.9 Freunlglshéh and AH ; GO’ _Ai ! [7]**
4 alginate and poly 295-323 K -
vinyl alcohol
pH 6; 700 rpm;
293 K; .
20 mg/L Langmuir and Photqcatalytlc
RBV-5R ESP ) 9.94 degradation with P25 [53]
dye level; PSO (TiO,) catalyst
1.5 g/100 mL 2 y
solution
pH 2, RY145,
Reactive yellow pH 5, Cu; Freundlich, Sips, o o_
145 (RY 145), ESP 150 mg/L; 80 min; 881'3‘;’ ;"frof‘éff’ Redlich-Peterson, AH o aS" =, [50]
Cadmium 150 rpmy; ’ D-R, and PSO -
303-318 K
0.6 g, 100 mL, Lanemuir and Above 90% desorption
Malathion CES 300 ppm, pH 6, 318.5 gPSO was achieved at 500 °C [21]
2h until after the third cycle
83% degradation
pH 7,20 ppm efficiency obtained at the
50 mg, 50 mL, 17.35 MB, 5th cycle with Z.ICetone,
MB, TB CES 15 min for MB 16.22 TB PSO Photodegradation was [59]
and 10 min for TB ’ employed; Chitosan-ESP
showed reduced
degradation efficiency
3.5g,pH9,25°C, Freundlich and AH°® = —, AS°® =+,
Phenol ESP 15 mg/L 0.45 PSO AG = — [52]
el 5mg, 30 mL, 540, 600, 420, 510
@ 4—DCP$ (RhB); 100 mg/L, and 570 was 70% removal with ethanol
,c ioro ﬂo;(acin ! CES 120 min, 30 mg/L obtained for PSO and could increase to 80% [69]
(CIPF))' tetr ling persulphate 2,4-DCP, RhB, CIP, after recalcination at
H,Cle (TaCCIy{C)_ e (to activate TCH and Ph, 500 °C for2h
Phenol (Ph), reaction) respectively
CES without
membrane 500 mg, 50 mL, Lanemuir. Sips
Phenol (CES1); CES; pH5.7,150 tpm,  CES1=119; CES = & o ps/ AH® = —, AS° = —, (62]
enoe calcined 25°C, 143; CEMemb = 192 A AG® = —
membrane and 48 h Redlich-Peterson
(CEMemb)

** indicates a non-linear model was used.
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Table 4. Equilibrium and kinetic adsorption parameters of ESP/composite for heavy metal ions in
wastewater systems.

Adsorption qe Equilibriumand
Pollutants Adsorbents Parameters (mg/g) Kinetic Models Remarks Ref.
ESP, banana peel pH7,01g, Pb2* had higher
24 Ok powder (BPP) . Not reported .
Pb~*, Cu . 90 min, 100 mL, NR adsorption than [72]
Pumpkin powder (NR) P
(PP) 5 ppm, 100 rpm Cu?*
beiL
AP Fe2* and ESP, membrane 12 ppm Zn§+ 60 A3+ combination with
oy biological reactor YR 48.1 Fe?* NR MBR. ESP was [106]
Zn 6 ppm Al’* and P .
(MBR) 6.5 ppm Fe?*, 2 h 70.8 Zn more selective to
. ,2h, 3+
500 rpm 25 °C Al
Chitosan (Ch), 0.01 Cd2+ Ch > SBFL > ESP >
pp2e, cy2r,  Sugarbeetfactory oo 4oy oan 8.1 Cu*, Freundlich HK.
’ ’ . 7 3 4 . 7 2+
Zn?+, Cd?+ lime (SBFL), ESP, room temp 2.2 Zn%*, Pb2* and PSO Cd removal was [107]
humate t detected higher in HK and
potassium (HK) wasno Ch
6.25 Cu’",
Fe¥*, Cu?*, Calcined 5.29 Zn%*, The hvbrid svstem
Zn2*,Mn?*,  eggshells (CES), 3.0 g/L, 30 min, 2.78 Mn2*, NR remoze p 99_y1 wh 66l
AsO;~, Cd%* microalgae, and40L 0.1 AsO3~, e
. of all the metal ions
(from AMD) Chlorella vulgaris 0.07 Cd%*,
36.78 Fe*
CES in column 2.0 mL/min, 3.93 Fe?*,
Fe3*, Pb2+, experiment 11 min EBCT, pH 0.45 Pb2*, Thomas CES column is
Zn?*, Cu?*, preceded by a 6.8,25 °C, 4.6 Zn?*, ! comparable with
YRS . 0y Yoo-Nelson, . [108]
Ni*, Cr®* from coagulation 11 days 1.24 Cu=, Adams-Bohart granular activated
landfill leachate  flocculation (CF) operational time 1.33 Ni%*, carbon (GAC)
process and 25.5 g. 0.89 Cro*
Adsorbents
CaCOj from showed excellent
starfish, 0.52 Cu2* removal (%).
Cu2* Cd2+ conventional 5¢,1L,pH7, 0'57 Cd2 + CaCOj3 from
Pb2+/ Cré+ ! adsorbents: 3 mg/kg, 20 °C, 0' 49 Cr6+ ! PSO starfish was the [109]
Y commercial 20 min column | oy highest.
/n . R 0.52 Zn~™, .
CaCQOg, crab residence time 0.47 Pb2+ Desorption was
shell, sawdust, ’ higher using 5 or 7
activated carbon M HNOj versus
NaOH
Mollusk shell
powder in RSC: 553.3 Zn?* Both BCa sprl?ents
aragonite phase 656.8 Pb%*, sosrh(ggidczme:giﬁes
Pb2+, Cd?, (razor clam shells, 20 mg, 150 mL, 501.3 Cd%*; . P ] P
Zn2* RSC), and pH6,48h,25°C  0S:5644 zn2+, ~ reundlich for Zn; OS had [40]
calcite phase 1591.3 Pb?* higher sorption for
(oyster shell 120.3 Cd?* Pb, Whlle.bOth had
powder, OS) low sorption for Cd
pH 2.4, Effluent
flow rate = % desorption with
Cd%t, Pb?t, 10 mL/min, bed 1.57 Cd?+, Thomas, BDST 0.1 M HNOs:
Cu?* from ESP depth = 10 cm; 146.44 Pb%*, Adams.Bohart 02 1786:9% Cd%* [68]
AMD 0.39 mg Cd?*/L; 387.51 Cu?* 18.3-46.5% Pb?*,
1.2 mg Pb?* /L; 34.3-58.9% Cu®*

6.3 mg Cu?* /L
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Table 4. Cont.
Adsorption e Equilibriumand
Pollutants Adsorbents ParamI::ters (mljglg) K‘ilnetic Models Remarks Ref.
Solution of Clagwl\l/[mlezsstl())ne, 1g,200mL, 3 h,
Ni?*, Cu?", el 500 rpm, pH NR PSO [110]
C2+ eggshell after ranee 4.6-5.4
hatching, ESH §€ 070
Surface modified The confidence
eggghe.ll powder 50 mL, pH 5, K-ESP had 727.5; . level usi.ng Cen.tral
Ph2+ with: NaOH, 150 mg/L, 10mg, Na-ESP had 375, Langmuir and comp9s1te design, [41]
Na-ESP; 1 h, room temp HN-ESP had 150 PSO CCD, is above 95%.
HNO;3, HN-ESP; ! ’ AH® =+, AS° = +
KMnQO,, K-ESP AG® = —
Pb%* was tested
Vaterite CaCO;3 999 P2, gltg 5°mn;er7§;1
Pb2*, Cr3*, from oyster shells; 30 mg, 30 mL, 995 Cr3+, NR a3 dan bed ° 65
Fe?*, Cu?* Commercially 1000 ppm, 60 min 993 Fe?*, Was acsorbe o (651
available CaCOj3 571 Cu?*. .Lead removal (%)
in real wastewater
was 95.1%
In a mixed metal
solution, the
Pb2+ Cul+ Bentonite and 1.0 g, 50 mL, 9.99 Pb?* and removal order was
702" Cazt ESP, BEP, 200 mg/L, 3 h, Cu?*, 6.0 Cd?* Elovich Cu®* >Pb%* >Zn?*  [39]
’ Ca-bentonite 25°C and 5.5 Zn%* > Cd?+,
The composite has
96.90%
Carbonate PH 6.0, 60 min,
Pb2+ hydroxyapatite 101 mg/g, 945mgPb (I)/g NR [36]
(CHAP) from ESP 225 rpm, CHAP
200 mg/L
The efficiency of
Mechanochemical (ialC (ﬁzér;li)g I()H&;t Above 99% removal for Zn?*,
Pb2* activation of Y . removal was NR Mn?*, Ni2*, Cd2+, [111]
at 1:1, 90 min,
CaCOs3 300 rpm recorded was less
than 1%
Central composite
o cop 751I5m()i :,1%/7 I;g, 146 mg/g Freunlgisliéh and dGSignl(CC(ljj)f was [22]
pH 6, room temp. emP qye . or
optimization
CaCOj3 induced
by Bacillus subtilis, BCa had 172.41;
BCa, abiotic AR-CaCOj3 had
Ca+ CaCOs3: pH5,25°C, 6.31; limestone Langmuir and [37]
limestone and 196 mg/L had 21.01; Bacillus PSO
Analytical subtilis debris had
reagent grade 40.82
AR—CaCO3
pH3.81,20g/L
ESP, 12 g/L
Cr3* from real marble powder, .
h tannin ESP, marble 3.21g/L, 14 h for 159 ESP, 262 Langmuir and AH°® =+, AS° = + [112]
chrome & powder ESP, 30 min for ~ powdered marble PSO AG® = —
waste-water
powdered
marble, 250 rpm,

and 50 mL




J. Compos. Sci. 2024, 8, 414 20 of 43
Table 4. Cont.
Adsorption qe Equilibriumand
Pollutants Adsorbents Parameters (mg/g) Kinetic Models Remarks Ref.
2+ 2+ 2+
pH 5.61, Cu (IT) N 20
Co-grinding was 0.001 mol/L, . ma% e;e.n
oy copper sulfate CaCOj3/Cu?* at The removal is ematned 1
Cu . . . o solution at about [70]
solution with 1:1, 100 min 99.76%
s 94.7%, 98.8,75.2,
CaCO3 milling, 300 rpm, "
o o and 84.5%,
10% milling balls .
respectively
Co-grinding 300 mL, 99% Cu?*
Cu?* from wastewater with 300 mg/L, 200 g removal with
sulfate bearing CaCOg3; with milling beads, CaCO;/Cu?*; [73]
wastewater solutions of 30 min, Ca/Cu?* 13% with NO3 —,
Cu(NO3),, CuCl, was 1:1 33% with C1™
2+
1 mM MSO, Recovery2 Sf Cu
. o and Zn “* were
solution, Ca/M 99 and 53°%
Cu?t, Mn?*, Mechanically molar ratio is 1:1, an I 10 PSO [38]
Zn2*, Ni2* activated CaCO; 230 rpm, 100 min, | PSeLVeY :
while Ni“" and
200 g 2+
milling balls Mn™" were
below 5%

The bulk of the literature examined in this review focused solely on single component
adsorbate systems. In environmental and industrial wastewater, the role of multicompo-
nent species can affect the adsorption efficiency of other ions due to competitive adsorption.
For example, the presence of chloride ions in the solution, especially at higher concen-
tration, negatively affected the removal of nitrate ions due to the competitive effects for
similar active sites on the adsorbent surface [42]. Hu et al. [113] reported that chloride
ions are able to adsorb quickly onto the available sorption sites, thereby increasing the
electrostatic repulsion forces between nitrate and the sorbent. Competitive ions in solution
drastically reduced the distribution coefficient (Ky) of the metal ions when compared to
single component metal ion systems. K is a representation of their mobility or partitioning
and distribution properties between the solid and liquid phase, where a higher K4 indicates
a greater distribution into the solid phase and vice versa [107].

Table 5. Adsorption of ESP/composite for anions in wastewater systems.
. Equilibrium
Adsorbate Adsorbent Adsorption qe (mg/g) and Kinetic Remarks Ref.
System Parameters
Models

5g,2mg/L, o .

PO,3~ CES 100 mL, 25 °C, 3.68 Langmuir 80% removal with real [56]
wastewater

100 rpm, 2 h

Co-anion reduced the
25mlL, 100 mg/L, ESP =178.6: adsorption capacity of
HoPO4™ ESP, CES pH 5, CES : 276 é Langmuir both biosorbents thus: [57]
0.05g,24h i Cl~ ~NO;~ <S04~
<<HCO;™
CN~™ CES pH7, 10 mL, 3.27mg/g Langmuir [58]

0.01M
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Table 5. Cont.
. Equilibrium
Adsorbate Adsorbent Adsorption qe (mg/g) and Kinetic Remarks Ref.
System Parameters
Models
PO,%~ and
SO,2" in Syn. PHIG ™8 s62mgs0 /g, High removal of TSS,
slaughter Ca(Ac), 4 3 99.1 mg PSO metal ions, fecal, [55]
856 mg PO4°~ /L, 3_ .
wastewater from ES 50 mL. 0.175 POs°~ /g. and coliforms.
(SWW) U0
Co-anions decreased
adsorption in this
Lanemuir order: HPO43~ >
F- CES pH 7,25 °C 258.28 & HCO;~ >>S0,2~ > [60]
and PSO -
AH® =+, AS° =+,
and AG® = —.
100 mL, 250 rpm, . o_ o_
F- ESP 1h,05g, 1.09 I;‘:iglrf‘s‘gr AHana A é%s_ T [23]
303K, and pH 6 B
40 mL, 200 me /L ZVI-BC-3 h Decreased sorption
ESP, BC-3, My g n o , due to
- 150 rpm, 148.1, Freundlich . . .
NO; nZVI-BC-3, H5 24 h and CES-BC-3 h 4 PSO co-existing chloride: [42]
CEsBC-3 P o an oy an nZVI-BC-3 < ESP-BC-3
8 ' <CES <BC-3
100mL, 0.1 g
ESP-Alin 5 mg ESP, ESP-Al
3- . (P)/L, 10 mg (P)/L  respectively has Langmuir
PO, ESF, ESP-Al in1gESP, 0.57 and and PSO [44]
200 rpm, and 6.23 mg(P)/g
313K
0.05 g, 50 mL,
RS=2.173,
P, 27 CES-BC-1=109.7
and 24 h
30mL,03g,
_ 600 mg P-PO, /L Sips and
2 g 4/ Ly P
HPO, CES pH?8, 25°C, 2 h, PSO (611
100 rpm
Co-existing anions
affect the trend in
0.01g. 40 mL . _
RS, BC-2 ’ Langmuir uptake: HCO3;™ >
2— , RC. g 1% 3
HPO, CES-BC-2 ézg rgg"K CES-BC-2 has 231 and PSO S04~ >NO;~ > ClI~ [54]
P AHP = +, AS° = +,and
AG® = —
20 mg, 200 rpm, .
CES, PES PES-BC-3 has Langmuir
3— 7 7 g - -
POy PES-BC-3 2h, 109.7 and PSO CES < PES < PES-BC-3 [24]

200 mg P/L




J. Compos. Sci. 2024, 8, 414 22 of 43

Table 6. Thermodynamic parameters for the adsorption of pollutants onto ESP/composite in wastew-
ater systems.

Temp. AH° AS° AG°
Adsorbate-Adsorbent Systems K) (kJ/mol) (/molK)  (kJ/mol) Ref
Remazol red 198-immESP 295 —-3.33 —7.95 —973.9 [7]
Styryl pyridinium dye -ESP-SDS 300 69.3 281.3 15.3 [20]
F—ESP 303 —58.15 —0.16 —9.01 [23]
CR-ES matrix 298 —22.61 —70.86 —1630.1 [48]
MB-ES matrix 298 —63.04 —185.79 —8949.3 [48]
Pb2*+-ESP 295 55 209.3 —6.58 [41]
Cd%*-ESP 303 26.28 86.57 —49.2 [50]
RY4-ESP 303 18.02 60.16 —251.8 [50]
MR-ESP 298 31.90 150 —11.6 [51]
Phenol-ESP 295 —388.9 1.65 —7.40 [52]
HPO,42~-CES-BC-2 298 2.06 16.5 —2.85 [54]
F—CES 298 92.34 315.91 —-1.85 [60]
Phenol-CES1 303 —27.23 —80 —34.6 [62]
Phenol-CEMemb 303 —39.95 —100 —27.8 [62]
Phenol-CES 303 —22.23 —70 —25.0 [62]
MB-SF/ESP composite 298 80.36 36.72 -11.3 [63]
EBT-SF/ESP composite 298 72.39 33.12 —-9.7 [63]
AN57-TiO, /CES 298 —0.11 —-300 15.4 [64]
Zn2*-ESP 298 27.61 143.02 —14.3 [67]
CR-ESP 293 —74 —21.31 -1.1 [71]
CR-CES 293 —8.84 —5.92 —7.08 [71]
CR-MWCNTs/CES 293 —17.74 —22.22 —11.4 [71]
Cr3+-ESP 298 121.35 423.1 —-5.7 [114]
Table 7. Conventional adsorbents used to remove selected ionic and dye pollutants.
Pollutant .
Tons and Dyes Conventional Adsorbents q. (mg/g) Ref.
Tea activated carbon (TAC) 24.9-433 [115]
MB dye
Coconut shell-derived hydrochar 187.7 [116]
Sawdust-based AC 453.0 [117]
RBV 5 dye Coal-based AC 201.1 [117]
Cocoa pod husk-based AC 13.0 [118]
Sepiolite 70.8 [119]
Methyl red dye
AC 78.3 [119]
Reactive yellow dye Rice husk AC 5000 [120]
Carbon nanotubes 500 [121]
Activated carbon (AC) 312.5 [121]
CR dye -
Guava peel activated carbon 120.6 [122]
Commercial activated carbon (CAC) 714 [123]
Geopolymer coal gangue 0.77-1.0 [124]
RhB dye Activated sugar-based carbon 123.5 [125]
Activated carbon from Gmelina 1000 [118]
aborea leaves
chitosan-montmorillonite 87.0 [126]

Cu2* composite aerogel

Diphenylcarbazide chitosan hydrogel 185.5 [127]
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Table 7. Cont.
Io:soilr:lc:ag;es Conventional Adsorbents q. (mg/g) Ref.
. Natural zeolite 33.9 [128]
Sugar cane/Organge biochar 87.0/27.9 [94]
Zeolite molecular sieves 197.5 [129]
cdz+ Natural (clinoptilolite) zeolites 15.8 [130]
MWCNTs 201 [114]
Fe3* Natural (clinoptilolite) zeolites 17.8 [130]
o2 Natural zeolite 29.0 [128]
CNTs 156.3 [131]
N2t Natural zeolite 27.1 [128]
Natural (clinoptilolite) zeolites 13.1 [130]
Granular ternary agrowaste adsorbent 9-30 [16]
Zr /chitosan beads 67.7 [132]
PO43~ Peanut shell biochar 3.8 [133]
Fe/AC 6.59-15.9 [134]
Crawfish char 9.5-70.9 [135]
Granular agrowaste adsorbent 77-117 [136]
Granular ternary agrowaste adsorbent 22-20 [137]
8042~ Magnetic MWCNTs 56.9 [138]
Barium-modified analcime 13.7 [139]
Activated alumina 10.2-101 [140]
Palm shell AC, PSAC, 106.4
F~ PSAC/MgSiO; 1136 [141]
Alumina 513.9 [142]
AC from sugar beet bagasse 9.14-27.6 [143]
GAC from grape wood 37.5 [144]
NOs Zero valent iron nano particles (NZVI) 36.3 [144]
GAC/NZVI 55.8 [144]
Carbon/silica composite 115 [145]
Zr /chitosan beads 80.2 [132]

3.4. Adsorption Mechanism

Various processes and reaction mechanisms that are generally involved in adsorption
of solute species (adsorbates) onto a typical eggshell particle adsorbent are illustrated in
Figure 8, where the nature of the interaction depends on the functionality of the adsorbent-

adsorbate system.

The three major proposed mechanisms for the adsorption of dyes and organic pollu-
tants from the literature survey include electrostatic interactions, electrical double layer
effects and interactions by weak forces involving sharing or exchange of electrons. The
mechanisms of the adsorption processes are listed in Table 8, whereas Figure 8 depicts some
of the contributing factors to the mechanism involved in adsorption process of pollutants
onto the surface of the ESP biocomposites.
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Figure 8. Contributing factors for the adsorption mechanism of pollutants onto eggshell particles.
Copied with permission [146].

The adsorption of metal ions by ESP is expected to be through electrostatic interaction
and/or ion exchange process because Ca®* originating from eggshell particles undergoes a
displacement reaction when CaCOj3 of the ESP was mixed with the aqueous solution [35].
The calcium salt may partially dissolve and release Ca®*, and other negatively charged ions,
such as CO32~, HCO32~, and OH™, on the eggshell surface that can undergo exchange
with other metal ions from the bulk solvent. Thus, the positively charged ions in the
surrounding media were adsorbed onto the negatively charged carbonate ion on the ES
surface by replacement of the dissociated calcium ions in an ion exchange process.

Further interaction for this composite adsorbent involved the adsorption of egg white
protein onto the ES—metal adsorbent system. This could be due to strong and cooperative
electrostatic interaction between the positively charged eggshell-metal complex and the
negatively charged macromolecular proteins. The formation of a metal chelate complex
with the adsorbent and protein has contributed to protein binding to metal ions by exposing
electron donating amino acid residues (e.g., imidazole group) of the protein surface. The
adsorption mechanism proposed for adsorption of dyes onto the eggshell-metal-egg
white waste may occur via dipole interactions, and/or charge—charge interactions, but
electrostatic interactions may have significant contributions.

The dye adsorption mechanism of the process for AN57 could be through electrostatic
interaction of the -5O3 ™~ group and localized AN57 dye with the positively charged titanium
and calcium ions or the partial charge of the surface oxygen bridges containing titanium
and calcium oxides that attract the aromatic rings of the dye [64]. The mechanism may
involve electrostatic interactions by attraction between the oppositely charged surfaces
at different pH conditions [50]. Considering isotherm contribution, chemisorption is the
feasible mechanism for the process to occur and was supported from the fitting results of
the kinetic models. The PSO model provided the best-fit results for the data, which also
supports chemisorption. An adsorption mechanism was proposed for the removal of EBT
and MB, where electrostatic attraction between the negative adsorbents and positive MB
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occur at basic pH, whereas positive adsorbents and negative EBT dye occur at acidic pH,
which is largely controlled by chemisorption [63].

A mechanism was reported [7] for the sorption process that may involve valence forces
through sharing or exchange of electrons between sorbent and sorbate, that is between
MB/CEAC [147], which could involve exchangeable H* ions with the SiO-H or OH groups.
A study of the adsorption of MB dye onto the eggshell sorbent reported that electrical
double layer effects maintain surface neutrality of the adsorbent, and provide an account of
the adsorption process [48]. The pores between the collagen and glycoprotein fibers of the
ES membrane contributed to the movement of ions and calcium salts in the ES to dissolve
when mixed with the dye solution to release Ca%*, HCO3~, CO52~, and OH " [41,148,149].
The process of ion transport via the ES pores may play a key role in the released ions
adsorbed onto the eggshell surfaces that form negative ions [48]. The solution also contains
some cations such as Nat, Mg2+, and K*, which may be adsorbed onto the surface of the
ES and form an electrical double layer, where the ES surface acquires a positive charge [48].
In this way, ions from the solution can be adsorbed onto the negatively charged membrane
surface. The adsorption mechanism proposed for the CR dye was attributed to electrostatic
interactions between the -SO3~ group of the dye and the positive surface charge of the ES,
especially at low pH.

Electrostatic interaction and /or cation exchange is responsible for the adsorption of
Zn?* onto ESP and the negatively charged ions, such as CO32~, HCO;~, OH™, and cation
exchange with Ca?* and Zn?*. BSA adsorption onto the composite may occur through com-
bined effects involving electrostatic interactions between the positively charge biocomposite
and the negatively charged BSA and/or metal-chelate interactions via electron-donating
amino acids of BSA with the ESP/Zn composite [67].

Various ES biocomposites display efficient adsorption to a wide variety of dyes from
cationic to basic at variable pH, where remazol dye and RY 145 sits at acidic pH 2, CR
and MB at neutral pH 7, and TB at pH 12. This showed that the ES biocomposites enable
treatment of a wide range of wastewater systems for the removal of pollutants.

Several mechanisms that account for the removal of metal ions by adsorbents are metal
complexation, electrostatic attraction, ion exchange, and precipitation. The ion exchange
mechanism seemed to be generally involved for the adsorption of metal ions onto ESP or
its composites. A list of contributions to the adsorption mechanism are listed in Table 9.

Chemical and electrostatic interactions, precipitation, and hydrogen bonding con-
tribute to the probable mechanisms for the adsorption of anions onto the various ES
biocomposites. Chemical precipitation and electrostatic interactions between the calcite
surface (from ESP) and the fluoride ions is a possible mechanism for the removal of fluoride
from wastewater. The key ions in a pure calcite solution are Ca?* and CO3%~, which also
occur along any cleavage site on the calcite surface, where these ions possess unsatisfied
partial charges. In aqueous solution, these ions can easily react with other ions that are
present in the medium [23,43,56,57]. The removal mechanism for nitrate is chemisorption
and redox reaction, where the identification of new bands after the adsorption experi-
ment showed that a new chemical species, ferric nitrate (Fe(NO3)3-9H;,0), was formed by
chemisorption through covalent bonding and iron oxide (FeO) was formed by a redox reac-
tion [42]. Ion exchange is another probable mechanism for the adsorption of phosphorus
onto aluminum compounds that contain hydroxyl groups [44].

The preceding section outlined the adsorption of cationic pollutants onto the ESP bio-
composites with an emphasis on metal ions and the potential type of mechanism involved
in the process. Similarly, the adsorption of anionic pollutants allows for conclusions based
on our observations. Chemical and electrostatic interactions, precipitation, and hydrogen
bonding are the main contributions that account for the adsorption process. For the case of
cationic pollutants, similar contributions to the adsorption mechanism were described.
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Table 8. Mechanism of the adsorption process of dyes molecules onto ESP /biocomposites.

Mechanism Pollutant/Adsorbent Remarks and Reference
Interaction of -SO3~ and localized dye with Ti?* or Ca?* [64].
Ionic bond formation between sulphate groups and the cationic
amino acid side chains of the tailored dye due to oppositely charged
surfaces at variable pH [20].
ANb57 dye/CES-TiO;, Result obtained from point of zero charge allowed a suitable control
Styryl pyridinium tailored of pollutant pH and thus electrostatic attraction was attributed to
dye/ESP-SDS, their adsorption [50].
Reactive yellow 145 dye/ESP  Electrostatic interactions between -SO3%~ of the dye and the eggshell
and Cd?*/CES whose surface is positively charged at low pH is responsible for the
CR/ESP mechanism [48].
MB/Immob ESP and Electrostatic attraction between oppositely charged ions at different
Electrostatic EBT/Immob ESP pH [63,67].
Interaction (EI) Zn/ESP; BSA/ESP/Zn Interaction of adsorbate with surface CaO, SiO,, Al,O3, and ZrO,
MB/CEAC sites on the CEAC [49].

Remazol reactive red 198
dye/Immob ESP with PVC and
alginate
CR/CES
RBV-5R/ES
MB/ESP

Kinetic results support the role of chemisorption and exchangeable
H* present at the -SiOH or -OH groups of eggshell could interact
with the adsorbate [7].

The zeta potential (+10 mV) is suggestive of electrostatic

interactions [71].

The dye sulfonate group is attracted to the protonated ES surface [53].
Pores between the collagen and glycoprotein fibers in the eggshell
membrane-controlled movement of ions and dissolution of calcium
salt of the eggshell, where the dye in solution leads to the release of
ions as a major contributor to this mechanism [48].

Involves weak valence
forces and sharing or
exchange of electrons

CR/MWCNTs-CES

Adsorption via van der Waals forces is proposed.
Negative zeta potential suggests electrostatic repulsive forces, where
weak intermolecular forces play an important role [71].

Table 9. Mechanism involved in the adsorption of metal ions onto ESP biocomposites.

Mechanism Pollutant/Adsorbate Ref.
Ni?*, Cu?*, Cd** /WM, ESP, ESH-M [67,110]

Ion exchange: Ion exchange occurred between Pb/ESP; Na-ESP; HN-ESP; K-ESP [41]
metal ions and Ca?* on the eggshell surface or Mechanically activated CaCO3/MSQOy4 [38]
onto CaCOj3 AMD/Bentonite, ESP, BEP [39]
M2+(solution) + Ca2+(adsorbent) = M2+(adsorbent) Pb/CHAP [36]
+Ca®* (solution) Al3+/ Fe2+/ Zn** /ESP [106]
Cd?*, Cu?*, Pb?* and Zn?* /Ch, SBFL, ESP, HK [107]

Precipitation: Precipitation can occur since
reetation com take place resuing i e AP, Fe?', Znit /ESD 1106}
; forIr)nation of hydroxri)des or Carbosglates Mechanically activated CaCO3/MSO, [73]

. 2+ 2+ 2+ 2+
CaCO; = Ca?* + COz2~ Cd=*, Cu~*, Pb=* and Zn“*/Ch, SBFL, ESP, HK [107]
CO3%2~ + H,O = HCO3;~ + OH™
. . Ni%*, Cu?*, Cd** /WM, ESP, ESH, ESP-M [67,110]

Ele"t"’sf)“t";gittterl“cct;‘:;' S(ff;rlz between Pb2* /ESP; Na-ESP; HN-ESP; K-ESP [41]
pposttely charg ' Pb from AMD/Bentonite, ESP, BEP [39]
Metal complexation: It may involve complexation Pb%* /ESP; Na-ESP; HN-ESP; K-ESP [41]
of OH~ or CO52~ between Pb%* and ligands on Pb%* from AMD/Bentonite, ESP, BEP [39]
the adsorbent surface. Pb?* /CHAP [36]

From a survey of the literature, the mechanisms governing the adsorption of inorganic
cation and anion pollutants with ESP, or its composites involve similar contributions. A
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major contribution for ESP binding relates to the release of charged particles from the
adsorbent surface.

4. Future Perspectives

The sustainability of ES composites is an issue with considerable relevance to various
industries (Figure 9). Sustainability could be viewed from different perspectives such as
cost, environmentally benign materials, feedstock abundance, and renewability of the raw
materials. Table 10 provides an overview of various applications that utilize ESP in various
fields of application, which contribute to sustainability. The utilization of ES waste for
various applications apart from its use as adsorbent materials for pollutant removal are
Mallakpour et al. [150]. This includes cement formulation production, dressings for burns,
cosmetics, substrates for cell culture, templates for forming ordered tube networks [151],
catalyst supports for immobilization of enzymes and ES-reinforced polymer composites.

OO
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Figure 9. Application of eggshell in various industries. Copied with permission [74].

Table 10. Utilization of ESP in different fields of application.

Application Reference

Thermosetting composite blends [152,153]
Catalyst for biodiesel production [154]
Organic fertilizer [155]
Milk tablet supplement [156]
Adsorbent for carbon dioxide [74]
Pharmaceutical formulations for controlled-release [157]
Pigment coatings [158]

Lithium-sulphur batteries [159]
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Table 10. Cont.
Application Reference

Lactose free milk [160]

Harvesting certain microalgae [161]

Supplement in animal feed [162]

Stabilization of lateritic soils for construction materials [163]

Metal matrix composites and friction materials [164]

Thermoplastic composite fillers [25]
Bone mineralization [25,165]
High temperature carbon monoxide capture [153,166-169]

Adsorption based-removal of insecticides in beverage samples [166]

Solvent assisted solid phase extraction of PAHs [170]

Adsorptive removal of non—radi(?active strontium from aqueous [171]

solutions
Removal of divalent metal ions e.g., cadmium, lead [37,150]

Adsorptive removal of organics (n.eutral red, bromocresol green and [172]
tetracycline HCI)

Application to solar thermochemical energy storage [173]

Sorption of dyes [174]

Separation and magnetic extraction .of superparamagnetic composite [175]

materials

Dichlorination and liquefaction of mixed plastics containing PVC [176]

Dehalogenation: removal of Br~ and CI~ [176]

HCl gas capture via adsorption [177]

Desulphurization of dibenzothiophene [178]

Recovery of F~ from wastewater [9]

ES composites are employed in pharmaceutical applications, such as for bone miner-
alization and growth in animals and in humans and for calcium deficiency therapies. As
well, ES powder was used in maxillofacial surgery as a bone substitute, where ES powder
is reported to reduce pain and increase bone density [25].

ES composite blends also find utility as fillers, where it was reported that blends of
thermoplastic/eggshell composites enhanced various properties, such as lower density,
higher crystallinity, good mechanical properties (tensile strength and Young’s modulus),
and high thermal resistance. A higher Young’s modulus was observed in polypropylene
blended with 40% ES filler as compared to that with similar quantity of abiogenic (mineral-
based) CaCOj3 [179]. Similarly, improved properties such as higher crystallinity and lower
density were obtained in PP blends with ES, in comparison with a mineral calcium carbon-
ate mineral [25]. The corresponding PP composites can be applied in lightweight and low
load-bearing applications [25]. Investigation on the properties of composite foams with
cornstarch and ES revealed that with 0 to 6% ES filler, certain properties decreased, such
as expansion ratio, foam unit density, and foam cell size, while others, like spring index,
reveal an increase [180].

The utility of ES was not limited to thermoplastic composites alone, but also extends to
thermoset composites, which were incorporated with epoxy resin to improve its mechanical
toughness [181]. The morphology of the polymer, poly (styrene-ethylene-styrene) blended
with ES showed good dispersion and minimum large voids [182]. Incorporation of ES
as filler in natural rubber [152] revealed that the elastomer polymer composite had the
highest tensile strength, swelling resistance, tear strength, and hardness compared to other
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fillers. In addition, it was reported that natural rubber mixed with ES filler has similar
properties as a flame retardant and curing agent, with those made from conventional
calcium carbonate [183]. As well, natural rubber with ES filler had similar tensile strength
in comparison to those mixed with mineral CaCOj3 [153].

ES particles were used as low-cost catalysts in chemical transformations and organic
synthesis, along with the production of biodiesel by the transesterification of vegetable
oils with methanol [184-186]. Although ES was applied to agricultural soil to increase
soil pH, ES was also used as a stabilizing agent for clay-related components, where it is
used to stabilize lateritic soils for construction materials [163]. In turn, ES addition can also
improve soil quality by reducing the plastic indices of soil samples.

A key sustainability goal is to develop unique types of ESP-based composites for
potential replacement of abiogenic CaCOj3 (derived from limestone) with biogenic systems
derived from ES for various products, especially where calcite mineral is required. Biogenic
alternatives will serve to address waste disposal by valorization of eggshells and offset
the cost of mining, production, and preservation of the physical environment due to
potential disruptive activities relevant to mining operations. An area of interest in the
scientific literature that is under-reported relates to green disposal techniques for ‘spent’
ESP adsorbents. Much of the research reported relates to laboratory scale studies, where
the use of ESP biocomposite adsorbents at the pilot scale is recommended as an area
of future work. Pilot scale studies apply to real industrial wastewater treatment in a
dynamic process versus simulated “laboratory” wastewater, along with techno-economic
analysis of ESP. Since various reports indicate that CES outperformed ESP, the diversion of
eggshell waste from landfills can potentially reduce harmful leachate from landfills to other
material platforms for other value-added products (e.g., preparation of calcium phosphate
bioceramics such as hydroxyapatite) [187].

Based on the results presented for various types of ESP composite adsorbents, it can
be concluded that the adsorption properties toward a range of pollutants (dyes, organics,
and ionic species) reveal variable levels of removal efficiency. While these results were
focused mainly on single component adsorbate systems, there is a need to explore other
aspects of adsorption science and technology for ESP composite adsorbents as part of
future perspectives in the field. This includes the study of multicomponent adsorbate
systems, due to the role of potential competitor effects in complex matrices, such as envi-
ronmental samples and industrial wastewater systems. Additionally, adsorption studies
of multicomponent systems can be evaluated to explore the role of adsorption-based se-
lectivity. The use of computational methods such as density functional theory (DFT) and
equilibrium surface complexation models (SCMs) can be investigated to gain insight on
competitive adsorption at available binding sites. In this way, the use of computational
methods can be employed to gain further insight on the role of ESP as an additive in
composite adsorbent materials, which will contribute to future efforts in their rationale
design. To establish the sustainability of ESP composite adsorbents, there is a need to
evaluate potential limitations of ESP related to its processing, and step-wise processes, such
as grinding, membrane removal, and calcination temperature to establish ESP with suitable
physicochemical properties. In the context of ESP composites preparation, the optimization
of the ESP content (and other additives) during synthesis to obtain suitable mechanical
properties and adsorption properties of the composite is recommended. The design of
improved mechanical properties for ESP biocomposites is anticipated to contribute to
adsorbents with improved recyclability over multiple adsorption-desorption cycles, as
described above. Techno-economic analysis of ESP-biocomposite adsorbents should be
carried out, along with a comparison of currently available commercial biocomposite ad-
sorbents to evaluate their overall sustainability. In turn, research along these lines can serve
to address the development of various composite adsorbents with improved adsorption
properties for diverse applications. Section 4.1 provides an overview of several case studies
of ESP composites for selected adsorption-based applications. These examples provide the
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motivation to develop such systems with improved properties for diverse applications as
catalysts, carrier systems, and adsorbents for innovative water treatment technology.

4.1. Eggshell Waste in Catalytic Applications

The use of eggshell as catalyst systems are outlined across four categories, as illustrated

in Figure 10:

@

@)

®)

(4)

Biodiesel production: The search for biodiesel as alternatives to conventional fossil fu-
els is supported by the increasing rise of global warming and energy crises. Biodiesels
are produced by transesterification of triglycerides with methanol using catalysts at
various conditions (reaction time, type and ratio of starting material, and catalyst
loading), but it is reported that the role the calcium oxide content and catalyst surface
area are very important in catalytic activity. A commonly used heterogeneous catalyst
is CaO, which can be obtained from different sources such as eggshell or ashes [167].
It was reported that 95% biodiesel yield was obtained when the calcination of ES is
performed above 800 °C [188], while a yield of 90% and reusability of the catalyst up
to six times without significant loss in activity [123]. In 2010, investigation on the use
of quail and chicken eggshell for the production of biodiesel and the quail eggshell
was reported to provide better catalytic activity [189]. Another study reported a yield
of 100% biodiesel from used cooking oil [190].

Hydrogen gas synthesis: A cleaner alternative fuel that yields less pollution is desir-
able because CO; is a major greenhouse gas released through anthropogenic activities.
Thus, H; is receiving greater attention and its production through gasification is a
research topic of interest. Gasification of carbonaceous material can be significantly
improved using catalyst [191]. The addition of eggshell as catalyst suppressed the
production of CO,, due to adsorption by CaO, which also promotes H, generation by
the water gas shift reaction [192].

Industrial chemical production: Less toxic chemicals such as dimethyl carbonate,
oximes, and glycerol oligomers used in the methylation reaction and other organic
synthesis are replacing the more toxic ones like dimethyl halides and dimethyl sulfate.
Successful dimethyl carbonate synthesis was performed using calcined eggshell as the
catalyst. Transesterification of propylene carbonate and methanol was done, where
75% DMC yield was obtained. It was reported that ESP showed similar activity to
pure CaO.

Synthesis of bioactive compounds: Bioactive compounds are used in cosmetics, pig-
ments, and biodegradable agrochemicals. The use of catalysts based on eggshell
to synthesize bioactive compounds like chromenes, pyran derivatives, and aro-
matic aldehydes were reported previously. ES have been used in the synthesis of
2-aminochromenes and pyrano[4,3-b]pyrans. These compounds possess antiviral,
anticarcinogenic, and antifungal activities [193,194].

The utility of eggshells in photodegradation of organic pollutants such as dyes share

features that are important in various aspects of catalysis, such as the key role of adsorp-
tion in the case of photocatalytic degradation of dye. The photodegradation process is
illustrated in Figure 11 for methylene blue and toluidine blue, which involves the role of
dye adsorption onto calcium oxide derived from ES waste. The role of adsorption-based
processes are further revealed in Section 4.2.
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Figure 10. Application of eggshell waste in catalysis.
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Figure 11. Application of ES as a photocatalyst in water treatment. Copied and redrawn with
permission [59].

4.2. The Use of Eggshell Waste in Slow-Release Fertilizer (SRF) System

The ability to provide a continuous supply of fertilizer for ensuring good crop yield is
necessary to meet the demands for addressing food security for the world’s growing popu-
lation. In the case of non-uniform application of fertilizer, inefficiency in fertilizer uptake
by plants are known as a source of pollution to land, air, and water due to vaporization
into the atmosphere, leaching, and surface run-off. In a bid to circumvent the various limi-
tations and challenges faced in the controlled application of fertilizer to agricultural fields,
slow-release delivery systems have the potential to enable more efficient, cost-effective,
and sustainable uptake of fertilizer. The potential utility of ES-based substrates as a viable
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support for SRF was reported by Dayanidhi et al. [195], where the ES-SRF system and its

preparation are outlined in Figure 12.
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Figure 12. Application of eggshell as a slow-release fertilizer system. Adapted with permission [195].

In this work, an investigation of the use of ES as a support to supplement nutrients
in soils was reported, where soils with ES-SRF had greater plant growth (height and root
length) when compared to the soils treated with pristine ES or without any treatment (ES
or ES-SRF). The germination rate of the tested crops, i.e., cucumber and tomato, increased
by 57.7 and 76.0%, respectively; moreover, the application of ES-SRF led to improved water
holding and water retention capacities of the soils (cf. Figure 13). It was inferred that
ES-SREF serves as a reservoir of nutrients that was capable of providing essential nutrients
to plants throughout the growth period.

The production of K3CaH(POy); and CaKPOy4 was reported by using a mechanochem-
ical process between eggshell and KH;PO4 [196]. There is a better management of P, K,
and Ca when the produced K3CaH(POy); and CaKPOy are applied to soil systems. The
result showed an increase in phosphorous (P) release from 0 to 25 mg/kg after 3 days and
45 mg/kg at 30 days, indicating that a longer delay in P release was realized.
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Figure 13. (a) Water holding capacity and (b) water retention capacity of soil with and without ES
and ES-SRFE. Copied and modified with permission [195].

As shown in Figure 14, a granular adsorbent made from torrefied wheat straw,
eggshells, and chitosan was used for orthophosphate adsorption studies, where the results
revealed that the granular adsorbent was capable of adsorbing 23-30 mg/g orthophosphate
at pH 4.5, and between 9-12 mg/g at pH 8.5 [16]. This study highlights the role of closed
loop-processes, where one loop for the design of a suitable adsorbent from waste biomass
(e.g., ESP and wheat straw); whereas a second loop demonstrates the utility of adsorbed
phosphate as a SRF system can be applied for agricultural crop production.

The utilization of ES substrate for the preparation of composite adsorbents represents
a target material for the valorization and utilization of ES waste. The utility of ES-based
materials is further illustrated in their application for the removal of pollutants from
wastewater, as described in Section 4.3.

40
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Figure 14. The use of granular ternary agro-waste adsorbent for orthophosphate uptake at pH 4.5
and 8.5. Copied with permission [16].
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4.3. Eggshell Applications in Wastewater Treatment

The review is devoted to the use of ESP biocomposites as adsorbents for the removal
of various pollutants from water, along with other applications illustrated in Figure 9. In
Figure 15, an illustrated view of the preparation and utilization of the ES adsorbent for
metal-ion removal and recovery is outlined.
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Figure 15. Application of eggshell in treatment of water containing metal-ion species. Copied with
permission [197].

5. Conclusions

This review provides a summary of studies related to the preparation and utilization of
ES composites over the last decade. This includes the ES pretreatment, preparation of com-
posites, and characterization of the adsorption properties of ES composites at equilibrium
and kinetic conditions. This overview is unique since many review articles that discuss
ES particles focus largely on two types of general applications of value-added products:
(i) industrial applications as structural composites in polymer, metal matrix, additives, and
catalysts in biodiesel production and (ii) medical applications for utility in dentistry and
orthopedics, food, and drug supplements. Various results for the adsorption of pollutants
(dyes, insecticides, metal ions, anions, and oxyanions) that employ ESP biocomposites over
the last decade was presented. The equilibrium isotherms and thermodynamic and kinetic
parameters reported for the effective removal of various pollutants reveal the utility and
feasibility of various ES adsorbents. In general, ES composite adsorbents generally display
enhanced adsorption properties over ES materials in their pristine form or ES particles
that are modified by chemical or thermal treatment (by calcination or pyrolysis). Pretreat-
ment of ES was generally done by washing, oven-drying, grinding, and sieving, while
final preparations involved mixing certain quantities of additives (inorganic to organic) to
afford formation of ES composites via physical blending to yield products with variable
composition with tailored properties.
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CES was reported to be more efficient in the removal of pollutants due to increased
surface area and pore sizes; the characterization revealed that calcite is present in ESP
biocomposite as the dominant polymorph of calcium carbonate that is often employed
in many industrial applications. A major influence on the role played by ESP relates
to the release of charged particles on the surface of the biosorbents via ion-exchange.
The adsorption mechanism of organic and inorganic pollutant removal with eggshell
powder and its composites can be physisorption or chemisorption. This includes chemical
and electrostatic interactions, precipitation, and hydrogen bonding, metal complexation,
ion exchange, electric double layer effects, and weak valence forces leading to sharing
or exchange of electrons. Usage of ESP biocomposites allow the modification of the
physicochemical properties of the multicomponent systems to achieve composites that can
be developed further for applications with tailored physicochemical properties.

The importance of developing such composites is attributed to their end-use applica-
tions (Table 10). We anticipate that this review will inspire further research on ES utilization
for the development of composite materials to address a number of global challenges:
(i) sustainability challenges for the diversion of ES waste, (ii) the valorization and uti-
lization of ES waste, and (iii) the end-use applications with an emphasis on adsorbent
technology for adsorption-based processes (slow fertilizer release, environmental remedia-
tion, chemical separations, catalytic processes, etc.). Adsorption science and technology
holds the promise of addressing controlled removal of pollutants that serve to address
water security to address environmental remediation and concerns related to the health
of ecosystems and human health. In turn, ESP biocomposite adsorbents are envisaged to
have broad appeal across many sectors of industry and technological processes, such as
remediation of chemical pollutants in industrial wastewater and advanced drinking water
treatment processes. This review highlights the importance of utilization and valorization
of ES waste from a sustainability perspective, which will promote a circular economy
design strategy via recycling of an abundant source of biogenic calcite. Additionally, the
successful utilization of ES biocomposites as adsorbents will contribute to the UN SDGs;
namely, water and sanitation (SDG 6), industry, innovation and infrastructure (SDG 9), and
waste reduction, recycling, and reuse (SDG-12) [16].
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