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Due to rapid urbanization, industrial growth, and rising living standards, the intensification of global water
pollution has become a pressing environmental and public health challenge. Effective and sustainable
treatment technologies are urgently needed to mitigate these threats. Adsorption is a well-known, effective
and sustainable approach because it is simple to operate, cost-effective, and highly efficient. In this context,
porous materials derived from natural biopolymers have gained prominence as super-adsorbents for
wastewater treatment due to their renewable origin, biodegradability and environmental compatibility.
Biopolymers such as cellulose, chitosan, alginate, starch, and gelatin are often functionalized with electron-
rich atoms such as nitrogen (N), oxygen (O), sulfur (S), metals, or fillers. These biopolymers exhibit a high
affinity for a broad range of pollutants via mechanisms such as ion exchange, hydrogen bonding, and surface
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capacity, and reusability of these materials, enabling them to achieve pollutant removal efficiencies of up to

DOI: 10.1039/d5su00369e 99%. This review provides an extensive overview of the modification strategies, adsorption mechanisms, and

rsc.li/rscsus performance metrics of biopolymer-based porous adsorbents.

Sustainability spotlight

Access to clean water and sanitation is an urgent global challenge addressed by United Nations Sustainable Development Goal 6 (SDG 6). Porous materials made
from natural biopolymers are an environmentally friendly solution for wastewater treatment due to their sustainability approaches. These materials are derived
from renewable sources, including cellulose, chitosan, alginate, and starch. They are characterized by low toxicity, biodegradability, and rich surface func-
tionalities. These properties make them ideal for removing a wide range of contaminants, including dyes, heavy metals, and emerging contaminants. These
materials are often synthesized using green chemistry principles, which reduces reliance on toxic reagents and energy-intensive processes. Recent innovations
in structure tuning, hybridization, and regeneration have improved their applicability in real-world water systems. Promoting cost-effective, scalable, and
environmentally friendly water treatment technologies that use porous biopolymer-based adsorbents significantly advances environmental sustainability. This
approach aligns with climate change goals (SDG 13) because it decreases the carbon footprint of traditional treatment processes. Furthermore, these tech-
nologies protect aquatic ecosystems (SDG 14) by filtering out harmful pollutants before they enter natural bodies of water.

1. Introduction

The continuous improvement of living standards and the rapid
growth in population are driving the development of new
industries and technologies at an unprecedented rate.* In 2022,
roughly 2.2 billion people lacked access to safely managed
drinking water, and 42% of household wastewater (~113 billion
m®) was not safely treated.>* Looking ahead, global water
demand is projected to rise by 20-30% by 2050, driven by
population growth, urbanization, and expanding industry and
agriculture. Concurrently, wastewater production is expected to
increase by ~50% by 2050.%” A wide range of waste pollutants
are dumped from various sources, including mining, industrial
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waste from electronic devices, chemicals, pharmaceuticals,
cosmetics, dyes, textiles, oil refining, petrochemicals, fertilizers,
pesticides, paints, and paper printing.**®* However, most of
these wastes are toxic in nature and even carcinogenic to
microbial populations and also difficult to degrade. As a result,
water resources are deteriorating on a daily basis on a global
scale due to the contamination of such immense quantities of
hazardous waste, particularly heavy metal ions, minerals, toxic
dyes, organic impurities, and pharmaceutical poisons.**** This
issue has become a grave concern for human health and the
natural environment, as water is indispensable for life.**?*
Table 1 provides different types of water pollutants and their
respective impacts. For instance, numerous toxic metal ions,
especially Cu®>* (copper), As (arsenic), Co>" (cobalt), Ni** (nickel),
Cd*" (cadmium), Zn** (zinc), Hg>" (mercury), Pb*>" (lead), and
cr**/cr® (chromium), can produce harmful effects on our
environment.”**° These toxic metal ions can accumulate in our
bodies through food and water and damage several organs and
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tissues, such as the kidneys, liver, eyes, skin, gastrointestinal
tract, and central nervous system.** On the other hand, the
presence of toxic dyes such as methylene blue (MB), Congo red
(CR), methyl orange (MO), rhodamine B (RB), malachite green
(MG), and crystal violet (CV) in water might pose serious risks to
humans and aquatic communities.®*** Organic micro-
pollutants, such as cyanides, phosphates, phenols, petroleum
oils, and pharmaceutical waste, have been recognized as
hazardous to the ecosystem when present in water.** To avoid
the negative effects on the environment and human health, it is
necessary to remove these toxic pollutants from contaminated
water before discharging.*

A variety of conventional methods have been established for
removing toxic pollutants from wastewaters. These methods
include precipitation, coagulation, evaporation, distillation,
oxidation, electrolysis, reverse osmosis, ion exchange, filtration
and adsorption.**** Conventional wastewater treatment
methods, while widely used, face numerous limitations that
impact their efficiency and sustainability. Precipitation, which
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converts dissolved contaminants into solids, generates large
amounts of sludge and needs strict pH control, yet struggles
with low pollutant concentrations.** Coagulation, using
chemicals like alum or ferric salts, also creates sludge and is
highly dependent on water chemistry.**** Thermal methods
like evaporation and distillation are energy-intensive, costly,
and unsuitable for heat-sensitive compounds due to fouling
and degradation risks.***® Oxidation processes rely on
hazardous chemicals that can produce toxic by-products, while
electrolysis consumes a lot of energy, causes electrode wear, and
is less effective for complex waste streams.*~*° Reverse osmosis,
though effective, suffers from membrane fouling, high energy
costs, and reject water disposal issues. Ion exchange is limited
by high material costs and low selectivity.*** Additionally,
filtration only removes suspended solids, not dissolved
contaminants, and it requires frequent maintenance.***® These
drawbacks emphasize the urgent need for more sustainable,
cost-effective, and environmentally friendly treatment options,
such as adsorption.> %’
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Table 1 Lists of different types of water pollutants and their respective impacts
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Environmental/health
Type of pollutant Examples Primary sources impacts Ref.
Inorganic pollutants Heavy metals (Pb, Cd, Cr(vi), Mining, electroplating, Bioaccumulation, 68-71
As, Hg, Ni, Cu, Zn); nutrients fertilizer runoff, pesticides, carcinogenic/mutagenic
(nitrates, phosphates, and and industrial effluents effects, kidney/liver damage,
fluorides) and eutrophication
Organic pollutants Synthetic dyes (azo, Textile dyeing, Endocrine disruption, 72-83
anthraquinone, indigo), pharmaceutical waste, antibiotic resistance, aquatic
pharmaceuticals agrochemicals, toxicity, carcinogenic risks
(antibiotics, hormones, petrochemical industries,
analgesics), pesticides (DDT, and oil spills
organophosphates),
phenols, PAHs, VOCs
Biological pollutants Bacteria (E. coli, Vibrio Untreated sewage, hospital Waterborne diseases 84-88
cholerae), viruses (hepatitis, waste, agricultural runoff, (cholera, dysentery,
rotavirus), protozoa (Giardia, contaminated drinking hepatitis), algal toxin
Cryptosporidium), water release, and ecosystem
helminths, cyanobacteria imbalance
Emerging contaminants Microplastics, nanoplastics, Plastic degradation, Persistent in ecosystems, 72 and 89-94
endocrine-disrupting cosmetics, detergents, bioaccumulation, hormonal
chemicals (BPA, phthalates), industrial nanotechnology, disruption, and chronic
and personal care products and packaging waste ecological effects
Other physical pollutants Suspended solids (silt, clay, Soil erosion, construction Reduced light penetration, 95-99

colloids), thermal pollution,
salinity, turbidity, and
radioactive isotopes

runoff, power plant cooling
water, mining, and nuclear
waste

oxygen depletion, altered
aquatic habitats, and
radiological risks

Nevertheless, adsorption using a solid adsorbent is regarded
as the best approach among the various available methods
because it is a simple, efficient and inexpensive technique.’*"%”
Adsorption involves trapping pollutants on the surface of solid
materials, and it is widely recognized for its simplicity and
effectiveness.'®**** Of particular note, it is a conventional one
that is associated with the capacity for regeneration and facili-
tating large-scale applications. Indeed, varieties of inorganic
adsorbents have been used for the removal of toxic contami-
nants from wastewaters. Some examples are activated carbon,
silica, zeolites, metal oxides, and clay minerals."***** However,
the utilization of these conventional adsorbents possesses
numerous drawbacks, such as limited surface area, diminished
adsorption capacities, substantial expenses, and toxicity.'*
Consequently, there is still great research interest in exploring
novel adsorbent materials for the effective and efficient removal
of toxic pollutants from wastewater.”>**** From this perspective,
several solid porous adsorbents, including synthetic polymers,
porous organic polymers (POPs), covalent organic frameworks
(COFs), organic-inorganic hybrid polymers, polymeric
composites, metal-organic polymers (MOFs), and graphene-
based nanomaterials have been reported for wastewater
treatment."**"*® However, many drawbacks limit their use to the
laboratory level, which include high cost, time-consuming
treatment, lower adsorption capacity, difficulty in synthesizing
on a large scale, non-selectivity and lack of reusability.”*”"**° As
promising adsorbents for removing water contaminants,
materials should not only have good adsorption capacity and
feasibility, but also the ability to easily desorb the adsorbed

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

molecules/ions, making them efficiently recyclable and reus-
able for several times. Therefore, in order to treat industrial
wastewater in an economical and efficient manner, it is
imperative to utilize an appropriate adsorbent that fulfills the
requisite criteria, including elevated adsorption capacity,
selectivity, rapid adsorption kinetics, multiple absorbability,
and productivity.'3**3*

In recent years, natural biopolymer-based materials have
been the focus of considerable interest because of their unique
properties, including physicochemical stability, improved
surface area, biodegradability, affordability, non-toxicity and
environmental sustainability.*>*** Hence, the development of
ecofriendly functionalized biopolymer-based materials could be
a great choice for removal of various toxic pollutants especially
heavy metals or inorganic ions, toxic dyes, hazardous organic
and pharmaceutical compounds.”® A variety of naturally
occurring biopolymers, including cellulose, chitosan, alginate,
gelatin, starch, and carrageenan, have been identified as highly
effective adsorbents for eliminating water pollutants.'** These
biopolymers are widely available and exhibit remarkable
structural diversity, making them promising super adsorbents
for water remediation (Fig. 1). Contemporary research has
developed several biopolymer-based adsorbents in the form of
composites, blends, aerogels, hydrogels, foams, fibers, films,
and membranes by incorporating activated carbon, carbon
nanotubes, silica, clay, zeolite, graphene, metal nanoparticles,
and synthetic or natural polymers. This review provides an
overview of the most recent synthesis and advancements in
a variety of cutting-edge biopolymer-based adsorbents for the
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remediation of noxious industrial effluents, including metal
ions, textile dyes, micropollutants of an organic nature and
pharmaceutical impurities. In order to evaluate an efficient
adsorbent in related applications, the adsorption process must
be understood. Thus, to this end, the important parameters
such as theoretical equations, adsorption isotherms, adsorp-
tion kinetic models, and adsorption thermodynamics have been
considered.

2. Understanding adsorption:
theories and mechanisms

Adsorption is a process in which molecules of a gas/liquid
referred to as the adsorbate adhere to the surface of a solid/
liquid referred to as the adsorbent (Fig. 2a). Unlike absorp-
tion, which involves penetration and integration into the bulk
of the material, adsorption occurs solely at the surface, forming
a thin film of the adsorbate. Adsorption techniques are used
a lot for all kinds of water treatment, capturing and storing
small gases (such as N,, CO,, H, and CH,) - evaluating the
surface area and pore size of various porous materials,
including industrial adsorbents, catalysts and building mate-
rials.”®***” Depending on the interactions between the adsorbate
and the adsorbent, adsorption can be termed physisorption or
chemisorption.*®® In physisorption, adsorbed molecules or ions
are attached via weak, reversible van der Waals forces. In
contrast, chemisorption occurs primarily through irreversible
covalent or electrostatic bonds. The most crucial needs of an
effective and efficient adsorbent are affordable, non-poisonous,
biocompatible, good physiochemical stability, large specific
surface area, high adsorption capacity with a high rate, high
selectivity and reusability. Several factors may influence the
adsorption capability, including the initial concentration of the
adsorbate, the dosage of the adsorbent, temperature, contact
time, and the pH of the solution.

In order to investigate the mechanism of adsorption using
solid adsorbents, different approaches and theoretical models
were frequently employed in terms of isotherms, kinetics, and
thermodynamics.” The adsorption of water pollutants
(adsorbates) takes place in two different states, at the surface
and interstices of the adsorbents (Fig. 2b)."*° In surface
adsorption, the adsorbate molecules or ions are attracted to
a solid surface from an aqueous medium via van der Waals
forces, dipole interactions, or hydrogen bonding. In contrast,
interstitial adsorption involves the diffusion of adsorbate
molecules or ions into the adsorbent material, entering its
pores, which can be micro, meso, or macro in size.*' In this
context, the use of natural bioadsorbents with electron-rich,
active functional groups (e.g., amino, hydroxyl, carboxyl, and
thiol groups), high surface area and defined pore size facili-
tates the efficient capture, adsorption, and binding of posi-
tively charged molecules and ions from wastewater systems.'*
To further understand the adsorption mechanism, some
theoretical equations/parameters, adsorption isotherms,
kinetic models and adsorption thermodynamics have been
described concisely.
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2.1. Adsorption isotherms

Adsorption isotherm shows the relationship between the
amount of adsorbate absorbed by the adsorbent at equilibrium
based on its concentration (if adsorbate is in the liquid phase)
or pressure (if gas) at constant temperature. In the past few
decades, several mathematical models have been developed for
evaluating adsorption capacity, including Langmuir, Freund-
lich, Tempkin, Brunauer-Emmett-Teller, Dubinin-Radushke-
vich, and Flory-Huggins equilibrium adsorption isotherms.**
The equilibrium adsorption capacity (Q.) and the removal effi-
ciency (%R) can be calculated using eqn (1) and (2) for varying
concentrations of the adsorbate solution.

(Co—Ce) x V

0. = M (1)

Gy — C

Removal efficiency(%R) = ° x 100% (2)

€

where the initial concentration of the adsorbate solution is
denoted by C,, the equilibrium concentration by Ce, the volume
of the adsorbate solution taken by V, and the weight of the
adsorbent charged by M. The Langmuir and Freundlich
adsorption isotherm models are frequently employed to esti-
mate the adsorption mechanism of liquid phase solutes by solid
adsorbents. The Langmuir isotherm model is defined by eqn (3)
and assumes homogeneous formation of a monolayer of
adsorbates (i.e., dye molecules), as all non-interacting adsorp-
tion sites are anticipated to be energetically identical. In
contrast, the Freundlich isotherm model is described by eqn (4)
and assumes nonideal, multilayer sorption, wherein all
adsorption sites are nonidentical and have different affinities
for the adsorbate molecules.

¢, 1 .
Qe Qm QmKL
1
In Q. =In Kr + Zln C. (4)

where Q. (mg g ') is the equilibrium adsorption capacity, C.
(mg L") the equilibrium concentration, Q, (mg g™ ') the
maximum adsorption capacity of the Langmuir isotherm, K, (L
mg ) is the Langmuir adsorption coefficient, Ky (L mg™") the
Freundlich constant, and 1/n is an indicator that describes the
nonlinear degree of adsorption.

2.2. Adsorption kinetics

Adsorption kinetic modeling provides valuable insight into the
mechanism and reaction pathway of the adsorption reaction, as
well as the possible rate-controlling steps. Despite the existence
of numerous kinetics models, it is worth noting that two of the
most widely adopted models, namely the pseudo-first-order and
pseudo-second-order equations, are frequently utilized to
elucidate the adsorption kinetics. The pseudo-first-order and
pseudo-second-order kinetic models are defined by eqn (5) and
(6), respectively.

In(Q. — Q) =In Qe — kit (5)

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00369e

Open Access Article. Published on 14 October 2025. Downloaded on 4/7/2026 9:02:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

CH20H

o
OH

OH

Cellulose

CH,0H CH,0H
[} o

OH OH
o} o

OH OH d300.600 OH

H

H

Starch

coo~ H H

H Jo—+
COONa

Alginate

CH,OH CH,0H
o A —o

=

7 4

H H
OH H oH H
H H

H NHz H NHCOCHg

Chitosan

CH,0H CH20H
A oA\ o
H
OH H OH H ™~
H

H NHCOCH; H NHCOCH3

OH

View Article Online

RSC Sustainability

Toxic metal removal

= 5
N

1

1

1

1

1

1

1

1

1

1

1

1

1

1

I

: Dye removal
| .
1
L
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Qil removal

o
Oo&.

Pesticide removal

" Structural versatility | | Qg;}l

'I Efficient adsorption E . Phenolic compound removal:

o i e M i o o a0

Fig. 1 An overview of the different naturally occurring polymers used in bioadsorbent-based systems for eliminating various pollutants from

wastewater.

a)
Adsorptive — O

Adsorbate — @~ @

OO

1 t

0 ko’ o

where Q. is the equilibrium adsorption capacity (mg g™ '), Q; is
the adsorption capacity at the ¢ (min) contact time, k; (min™")

Mechanism for the Adsorption

© o o %
00 00 0%% ® ¢ s0c0ee

Monolayer Adsorption

Fig. 2

Multilayer Adsorption

and k, (g mg~ " min~") are the corresponding adsorption rate
constants. The activation energy is an integral parameter of the
adsorption process because it reveals whether the process is
physical or chemical. The activation energy (E,) can be calcu-
lated by using the Arrhenius eqn (7).
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(@) A schematic illustration of understanding the adsorption and desorption processes and the general mechanism of monolayer and

multilayer adsorption. (b) An illustration of the adsorption of adsorbates takes place at the surface and interstices of the adsorbents.
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E,

lnkzlnA—RT (7)

where k is the adsorption rate constant, A is the Arrhenius
constant, E, (k] mol ™) is the activation energy, R is the ideal gas
constant (8.314 J mol™' K') and T (K) denotes absolute
temperature.

2.3. Adsorption thermodynamics

Thermodynamic studies are also of concern, as temperature
exerts a pivotal influence on the adsorption process. These
studies provide information about the spontaneity of the
adsorption process. The thermodynamic studies are usually
evaluated by the temperature being increased or decreased
during the adsorption process. To study adsorption thermody-
namics, the magnitude of the free Gibbs energy (AG°) is ob-
tained from the Gibbs-Helmholtz eqn (8).

AG' = AH' — TAS" (8)

Here, AH° represents the standard enthalpy change, and AS°
represents the standard entropy change. These values can be
estimated using the van't Hoff eqn (9).

AS°  AH°

InK,= 2 —
R RT

9

where R is the ideal gas constant, T is the absolute temperature,
and Ky is the equilibrium constant, which can be described by
the eqn (10).

e

Ky C.

(10)
where Q. is the equilibrium adsorption capacity and Ce is the
equilibrium concentration.

2.4. Practical relevance and emerging trends in adsorption
modeling

Although classical isotherm, kinetic, and thermodynamic models
provide fundamental insights into adsorption processes, their
direct application to real wastewater systems remains limited.*****
Most of these models are developed under controlled laboratory
conditions with single-solute systems, whereas industrial effluents
typically contain complex mixtures of heavy metals, dyes, and
organic pollutants. Addressing such complexity requires the use of
advanced approaches, including multi-component isotherms (e.g,
extended Langmuir and competitive Freundlich) that better
describe adsorption in mixed-pollutant environments. Beyond the
conventional Langmuir and Freundlich models, hybrid and
extended models such as the Sips isotherm (a combination of
Langmuir and Freundlich), the Redlich-Peterson isotherm
(bridging homogeneous and heterogeneous adsorption behavior),
and the Dubinin-Astakhov isotherm (suitable for pore-filling
processes) are increasingly applied to biopolymer-based adsor-
bents. These models generally offer more accurate descriptions of
heterogeneous surfaces and varying concentration ranges. Simi-
larly, while the pseudo-first-order and pseudo-second-order kinetic
models are widely employed, additional models such as the
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Elovich equation (appropriate for chemisorption on heteroge-
neous surfaces) and the intraparticle diffusion model (used to
distinguish surface-controlled from diffusion-controlled mecha-
nisms) are essential for deeper kinetic interpretation. Such models
enable the identification of true rate-limiting steps, which is crit-
ical for reliable process scale-up. Thermodynamic analyses should
go beyond simply reporting the spontaneity and feasibility of
adsorption through AG°, AHP, and AS°. These parameters should
be correlated with structural and spectroscopic characterization
techniques such as FTIR, XPS, and BET surface area analysis,
thereby establishing direct links between thermodynamic behavior
and adsorption mechanisms like ion exchange, hydrogen
bonding, or surface complexation. Emerging research trends also
emphasize the integration of computational simulations, such as
density functional theory (DFT) and molecular dynamics (MD),
with classical adsorption models. These simulations provide
atomistic-level insights into adsorption sites, binding energies,
and pollutant-adsorbent interactions, thereby enhancing predic-
tive capability. Overall, future adsorption studies should move
beyond empirical model fitting. A more holistic approach that
combines multi-component equilibrium models, detailed kinetic
analyses, thermodynamic evaluations, and molecular-level simu-
lations will significantly improve the reliability and practical
applicability of adsorption research for real wastewater treatment
scenarios.

3. Natural polymers as bioadsorbents

The term ‘natural biopolymers’ is used for biomolecules and
polymeric materials that occur naturally and are mostly formed
by living organisms during their life cycle."**'*” The use of
biopolymer-based materials for the treatment of water pollut-
ants is a highly promising approach. This is due to the fact that
bioadsorbents are often inexpensive, environmentally friendly,
highly effective, and offer good regeneration opportunities.'*®
Consequently, the emergence of novel challenges in the realm
of developing alternative natural biopolymer-based adsorbents
has unveiled pathways for researchers to eliminate toxic
pollutants from water treatments." In this regard, cellulose,
chitosan, gelatin, alginate, starch, and carrageenan represent
the most widely studied and developed natural biopolymers,
with decades of research and development focused on their
application in wastewater treatment.’******>* These biopoly-
mers, featuring a variety of functional groups (such as amino,
hydroxyl, carboxyl, carbonyl, thiol, sulfate, etc.), are the primary
components of bioadsorbents, playing a key role in the
substantial interaction between adsorbents and pollutants
(adsorbates).’*'* These types of interactions typically occur
through complexation, chelation, ion exchange, electrostatic
interactions, aggregation, microprecipitation, oxidation, or
reduction during the adsorption process (Fig. 3)."**"*® In this
review, our primary objectives are to deliberate on a plethora of
naturally occurring biopolymer-based materials as super
adsorbents and to provide a synopsis of their potential appli-
cation for the elimination of assorted wastewater contaminants.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Various interactions take place during the adsorption process.

3.1. Cellulose-based bioadsorbents

Cellulose is a polysaccharide with the chemical formula
(C6H1005)y, a natural biopolymer made up of a straight chain of
anhydroglucose units connected through B(C1 — C4) posi-
tions.” It is the most abundant natural raw material among the
naturally occurring polymers. Plants are the most abundant
source of cellulose, which is found in various parts such as
wood, cotton, and agricultural residues.*®® However, it has been
observed that natural cellulose has a lower adsorption capacity
than modified/functionalized cellulose.*** Therefore, in order to

Table 2 Cellulose-based bioadsorbents towards hazardous pollutants
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enhance its adsorptive properties, the compact and inactive
molecular structure of cellulose must undergo modification or
functionalization. In the past decade, the establishment of
a wide range of possible modifications or functionalizations of
natural cellulose by researchers has occurred, along with the
disclosure of several exciting findings. Cellulose-based bi-
oadsorbents have several favorable features, including natural
availability, cost-effectiveness, nontoxicity, a high specific
surface area, micro/nano-size, physicochemical stability,
biocompatibility and biodegradability.**> As a result, cellulose-
based bioadsorbents have been shown to be effective for

Cellulose-based bioadsorbents Adsorbate (hazardous pollutants) Adsorption capacity (mg g~ ')  Ref.
EFB-NCP Pb(u) Metal ions ~ 24.94 164
ZIF-8@CA Cr(v) 41.84 165
Cellulose-graft-poly (acrylic acid) Cu*", Mn** 201, 175 166
In situ TEMPO functionalized nanocellulose-based membranes  Cu?®*, Fe**/Fe*" 374, 456 167
PCA@AC Cr(vi) 507.61 168
NCNB Cr, Co, Cu 2749.68, 916.65, 1937.49 169
Cellulose-based porous spherical/cotton cu** 110 170
Magnetic chitosan/cellulose cu**, Pb**, cd* 88.21, 61.12, 45.86 171
Magnetic TZFNC Pb() 554.4 172
CCN-Fe;0, Pb(u) 49.61 173
LCMA@PDA@PEI Pb(n) 101.71 174
CGD MG, BF Dyes 458.72, 1155.76 163
Cellulose citrate (CC) MB 96.2 175
Cellulose/chitosan aerogels (CE/CS) CR 381.7 (303 K), 580.8 (323 K) 176
Cellulose acetate/chitosan blend films Orange 7, brilliant yellow 9.98,9.38 177
LCMA@PDA®@PEI MB 187.3 174
Cellulose/biochar cryogels Petroleum, SAE20W50 oil ~ Others 73,54 178
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eliminating a broad range of water pollutants, such as heavy
metal ions, dyes, petroleum remnants, and pesticides.**® This
section summarizes the development and use of functionalized
cellulose-based biomaterials as examples of super adsorbents.
Table 2 shows the adsorption capacity of several reported
functionalized cellulose-based bioadsorbents toward hazardous
pollutants.

The use of natural cellulose as a cost-effective precursor for
the fabrication of activated carbon has been widespread. This
activated carbon has a surface area of up to 1300 m> g~ and
large pore volumes - facilitating higher adsorption capacities
for wastewater treatment.'** For a similar perspective, Suhas
et al. developed a promising approach to functionalize nano-
cellulose (EFB-NCP) using activated carbon obtained from
empty oil palm fruit bunches that were then modified.** The
modified nanocellulose-based bioadsorbent showed an
outstanding performance toward selective removal of Pb(u),
achieving 86% efficiency and a maximum adsorption capacity
of 24.94 mg ¢~ '. Whereas, Yao and coworkers developed a facile
method for hybrid cellulose aerogels/zeolitic imidazolate
framework (termed as ZIF-8@CA) by combining organic cellu-
lose aerogels and inorganic ZIF-8 particles to eliminate heavy
metal ions from wastewater.””® The absorption capability of the
porous hybrid ZIF-8@CA for Cr(vi) was considerably enhanced,
and the maximum absorption capacity (using the Langmuir
isotherm model) increased up to 41.84 mg g~ '. The adsorption
experiments yielded results showing a significant improvement
in the adsorption capacity of ZIF-8@CA for Cr(vi) ions compared
to cellulose-based aerogels or ZIF-8. Wang et al. synthesized
microporous cellulose-graft-poly(acrylic acid) spheres as effi-
cient adsorbents for Cu** and Mn*" metal ions. The resulting
biopolymers, based on cellulose and acrylic acid, showed
maximum adsorption capacities of 201 mg g ' and 175 mg g~ *
for Cu®> and Mn”" ions, respectively.'*® Conversely, Mathew and
coworkers  fabricated  distinctive = nanocellulose-based
membranes by modifying the composition of sludge
microfibers/cellulose nanofibers and implementing in situ
TEMPO surface modification to augment the removal efficien-
cies for heavy metal ions.'®” The in situ TEMPO-functionalized
nanocellulose-based membranes exhibited high mechanical
stability and water permeability, as well as an adsorption
capacity of up to 374 mg g~ ' for Cu** and 456 mg g~ for Fe*"/
Fe®* ions. These values were around 1.2-1.3 times higher than
those of unfunctionalized cellulose nanofibers and cellulose
nanocrystals. A cellulose-based composite (PCA@AC) was
fabricated by adhering a catechol-amine polymer (a copolymer
of catechol, tetraethylenepentamine, and p-phenylenediamine)
onto a cellulose substrate."® The resulting biocomposite
demonstrated a notable performance for capturing Cr(vi) ions
with a capacity of 507.61 mg g, calculated from the Langmuir
isotherm model at 30 °C. The obtained value was also found to
be greater than that of the pure cellulose substrate. This
phenomenon is attributed to the electrostatic interaction and
the reduction of Cr(vi) to Cr(um) ions during the adsorption
experiments. The potential application of nanobentonite-
incorporated nanocellulose/chitosan aerogel (NCNB) for
removing metals from simulated wastewater was also
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demonstrated by Narayanasamy and coworkers."”® The
maximum adsorption capacities of NCNB were found to be
2749.685, 916.65 and 1937.49 mg g ' for Cr, Co and Cu,
respectively. Under the optimum conditions, the corresponding
removal efficiencies were obtained as 98.90, 97.45 and 99.01%
under the optimum conditions. Subsequently, Wittmar et al.
pioneered a method for synthesizing cellulose-based porous
spherical adsorbers, employing natural cotton as precursor.**®
The resulting natural bioadsorbers exhibited a maximum
adsorption capacity of 110 mg per g Cu>" ions.

From an economic vantage point, magnetic adsorbents have
proven advantageous due to their ability to recover applied
adsorbent materials from aqueous media without the necessity
of filtration or centrifugation.”®>*® In this respect, a novel
category of effective reusable cellulose-based magnetic bi-
oadsorbents for water purification has garnered significant
attention in recent years. The benefits of this method are that
the bioadsorbents, which have been modified for a specific
function, can be separated from the liquid environment using
an external magnetic field, and can also be reused for the
subsequent cycle after being treated with acid. The demon-
strative illustrations are amino-functionalized magnetic cellu-
lose composite,*®* porous magnetic cellulose beads,'** magnetic
carboxylated cellulose nanocrystal-based composite (CCN-
Fe;0,). Ouyang and coworkers demonstrated the synthesis of
a magnetic carboxylated cellulose nanocrystal composite (CCN-
Fe;0,), which consists of Fe;0, nanoparticles on carboxylated
cellulose nanocrystals (CCN), using a co-precipitation method
(Fig. 4a)."” A comparison of the adsorption capacities of Pb(i)
by Fe;04, CCN, and CCN-Fe;O0, was conducted. The results
showed that CCN-Fe;0, had an adsorption capacity of 49.61 mg
¢~ ", which was higher than the capacity of CCN (25.48 mg g~ )
and Fe;0, (15.59 mg g ') (Fig. 4b). As shown in Fig. 4c,
a representative illustration of the adsorption of Pb(u) ions by
magnetic CCN-Fe;0, is presented, and the ions can be readily
collected by applying an external magnetic force. The applied
bioadsorbent can subsequently be regenerated by treating it
with dilute acid. However, the adsorption capacity of the CCN-
Fe;0,4 was found to be reduced slowly after several cycles were
used (Fig. 4d). Nonetheless, the performance of the Dbi-
oadsorbent was quite good, with a removal ratio of more than
80% being achieved. The same strategy was used to prepare
cost-effective magnetic chitosan/cellulose microspheres as an
effective, recyclable adsorbent from a polymeric blend of chi-
tosan and cellulose. The microspheres were evaluated for their
ability to remove heavy metal ions (Cu>*, Pb>", and Cd*").*"*
Additionally, a novel magnetic thiourea-modified ZnO/
nanocellulose composite (TZFNC) was developed by Alipour
et al., exhibiting high adsorption capacity and removal effi-
ciency for Pb(u) ions.”” The experimental studies yielded find-
ings on the removal efficiency of Pb(u) ions, with a result
showing 99.99% removal efficiency. The study's parameters
included an adsorbent amount of 40 mg, a Pb(u) concentration
of 60 mg L', a pH of 6.5, and a contact time of 14.5 minutes.
The potential of the designed bioadsorbent (TZFNC) for
removing Pb(u) ions was demonstrated by its ease of magnetic
separation and its ability to be recycled.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The removal of toxic dye molecules from water has also
involved the use of cellulose-based bioadsorbents. For example,
Zhou et al. reported on a cost-effective, cellulose-based bi-
oadsorbent (CGD) that was derived from natural cellulose and
modified with glycidyl methacrylate and diethylenetriamine
pentaacetic acid. This bioadsorbent is used to adsorb cationic
dyes, such as malachite green (MG) and basic fuchsine (BF).'*
The dye adsorption studies indicated that the adsorption (CGD)
for malachite green exhibited a strong congruence with the
Langmuir isotherm model, while for basic fuchsine, a congru-
ence was observed with the Freundlich isotherm model. The
calculated adsorption capacities were 1155.76 mg g~ ' for BF
and 458.72 mg g ' for MG at an internal concentration of
2000 mg L™ ". Intriguingly, the experiments conducted to assess
the recyclability exhibited that CGD retained its adsorption
efficiency at approximately 85% and 90% for BF and MG dye,
respectively, after four or five cycles. Later, the development of
cellulose citrate (CC) as a reusable bioadsorbent by De Nino and
coworkers was achieved via a green and convenient reaction of
two natural products, cellulose and citric acid.”® The produced
cellulose citrate (CC) exhibited notable effectiveness in
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removing cationic methylene blue (MB) from polluted water,
owing to the considerable interaction between the carboxylic
groups of cellulose citrate and the cationic dye molecules. The
study of adsorption revealed that the maximum capacity for MB
adsorption was 96.2 mg g~ *. The adsorption process was found
to be monolayer adsorption, indicating the Langmuir model,
while for the adsorption kinetics, the pseudo-second-order
model was observed.

Cellulose-based bioadsorbents have also been found to be
efficient adsorbents of anionic dyes for similar purposes. For
instance, Liu et al. prepared eco-friendly cellulose/chitosan (CE/
CS) porous aerogels using sol-gel and freeze-drying techniques,
varying the CE/CS mass ratio.'®® The CE/CS composite exhibited
remarkable adsorption capacity for anionic Congo red (CR),
with capacities of 381.7 and 580.8 mg g " at 303 and 323 K,
respectively. The increase in adsorption capacity at higher
temperatures clearly indicates that CR dye adsorption is an
endothermic process involving electrostatic interactions and
hydrogen bonding. The CE/CS aerogel exhibited enhanced
removal efficiency of CR under optimal conditions, with
a composite ratio of 1: 3, an optimal adsorbent dosage of 2.5 g
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(@) Scheme of the synthesis of the magnetic carboxylated cellulose nanocrystal composite (CCN—-FezOy). (b) A comparison of the

adsorption capacities of Pb(i) by FezO,4, CCN, and CCN-FezO4. (c) Illustration of the adsorption process by a reusable magnetic CCN-FezO4
composite for the adsorption of Pb(i) ions. (d) Recyclability Adsorption Studies for Pb(i) onto CCN-FezO4 [reproduced from ref. 173 with

permission from Elsevier, Copyright 2016].
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(@) Scheme of the fabrication of lignin/cellulose foam absorbent (LCMA) and modification of LCMA with polydopamine (PDA) and

polyethyleneimine (PEI). (b) Adsorption mechanism of LCMA on different dye molecules. (c) Adsorption mechanism of LCMA on different metal
ions [reproduced from ref. 174 with permission from Elsevier, Copyright 2025].

L', and a pH range of 3 to 11. Furthermore, Thomas and
coworkers produced cellulose acetate/chitosan blend films
using a practical solvent casting procedure and subsequently
altered the resulting films through a deacetylation technique.*®®
In this work an investigation was conducted into the adsorption
behavior of cellulose acetate/chitosan composite films, both
unmodified and modified, in the presence of anionic dyes,
including acid orange 7 and brilliant yellow. The experimental
findings demonstrated that modified cellulose acetate/chitosan
composite films exhibited enhanced adsorption capacity and
dye removal efficiency, with values of 9.98 mg g~ ' and 99.8% for
acid orange 7, and 9.38 mg g " and 99.7% for brilliant yellow.
Whereas, Kunz Lazzari et al. prepared cellulose/biochar cryogels
using freeze-drying techniques from Pinus elliotti cellulose and
biochar, and studied the adsorption behavior toward organic
liquids such as petroleum and SAE20W50 oil, through adsorp-
tion isotherm and kinetic models.””® The as-synthesized
cellulose/biochar cryogels showed their potential as promising
bioadsorbents for petroleum and SAE20W50 oil, exhibiting high
heterogeneous sorption capacities of 73 ¢ ¢ and 54 g g !
respectively.

Recently, Zheng and coworkers synthesized lignin/cellulose
foam adsorbents (LCMA) and investigated their adsorption

5036 | RSC Sustainability, 2025, 3, 5027-5050

mechanism for removing cationic dyes and heavy metals from
wastewater.””* A high-strength LCMA was prepared using the
sol-gel method to crosslink cellulose with lignin as the skeleton
(Fig. 5a). LCMA exhibited an exceptional absorption and
removal capacity for cationic dyes (such as methylene blue,
crystal violet and rhodamine) and heavy metal ions (e.g., Cu>*
Pb** and Zn®*), with separation efficiencies reaching over
99.76% for cationic dyes and 99.85% for heavy metal ions. The
process of adsorption by LCMA involved several synergistic
mechanisms that allow efficient removal of cationic dyes and
heavy metal ions from wastewater (Fig. 5b and c). Initially,
electrostatic attraction occurs between the negatively charged
functional groups in lignin and cellulose and the positively
charged pollutants. This is followed by hydrogen bonding,
supported by hydroxyl (-OH) groups in the LCMA that help
stabilize the adsorbed pollutants. Aromatic units in lignin also
contribute through m-m stacking interactions with dye mole-
cules, enhancing adsorption strength. For heavy metals,
complexation is significant—metal ions bond with oxygen-
containing groups such as carboxyl (-COOH) and hydroxyl.
Additionally, the porous structure of LCMA foam supports size
exclusion by physically trapping larger pollutant particles.
These combined mechanisms allow LCMA to achieve efficient

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Chitosan-based bioadsorbents towards hazardous pollutants
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Chitosan-based bioadsorbents Adsorbate (hazardous pollutants) Adsorption capacity (mg g ) Ref.
CS-PDA Cr(v1), Pb(u) Metal ions 374.4,441.2 187
Chitosan/CDTA/GO Cr(vr) 166.98 188
Fe;0,@Zr-chitosan Cr(v1) 280.97 189
Chitosan/sepiolite composite MB, RO16 Dyes 40.98, 190.96 190
Chitosan-grafted-polyethyleneimine Reactive black 5 707.27 191
Chitosan-Fe(OH), MO, CR 314.45, 445.32 192
Chitosan/PVA Nitrate ions Acid radicals 35.03 193
Chitosan/PEG Nitrate ions 50.68 193

and reliable performance in wastewater treatment. The super-
hydrophilicity of the foams was imparted through further
modification of LCMA by a facile method using polydopamine
(PDA) and polyethyleneimine (PEI) (Fig. 5a). The resulting
LCMA@PDA@PEI demonstrated impressive performance in
separating immiscible oil-water mixtures and oil-in-water
emulsions (with separation efficiencies of >99.95% and
>99.05%, respectively).

3.2. Chitosan-based bioadsorbents

As the biodegradable natural polymers play a pivotal role in
a myriad of applications, among them, chitosan emerges as the
most promising candidate for super-adsorbents in wastewater
treatment. Chitosan is another polysaccharide that is produced
through the deacetylation of chitin, which is the second most
prevalent natural biopolymer after cellulose. It is primarily ob-
tained from insect cuticles and sea crustacean shells. Never-
theless, chitosan possesses various encouraging properties,
such as being non-toxic, inexpensive, biodegradable, and
abundant in active functional sites. However, it cannot be
utilized directly for adsorption purposes due to its substandard
mechanical strength, high crystallinity, limited surface area,
and solubility in an acidic medium. Therefore, chitosan must
be functionalized or modified for use as a potential adsorbent.
It has frequently been modified into various forms, including
nanofibers, composites, films, foams, blends, and hydrogel
beads. Chitosan has a special chemical structure that makes it
better than other polysaccharides (like cellulose or starch),
rendering it highly adaptable for specific applications in the
field of biology. Chitosan and its derivatives are the focus of
extensive research due to their remarkable adsorption capabil-
ities, which can be attributed to the presence of amine (or
protonated NH;') and hydroxyl (-OH) groups within their
molecular structures. Moreover, the distinctive characteristic of
chitosan's polycationic nature endows it with the capacity to
function as a flocculating agent. This property enables its ability
to interact with metal and organic molecules through chelation,
thereby adsorbing them via substantial electrostatic interac-
tions. To date, the modification of raw chitosan has been ach-
ieved through several studies involving crosslinking with other
precursors, incorporating it with porous materials/polymers,
and introducing functional groups through grafting. Table 3
summarizes a few examples of chitosan/chitin-based biopoly-
mers as super adsorbents.

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

Hameed and coworkers prepared cross-linked chitosan/
sepiolite composites using low-cost, environmentally friendly
materials such as chitosan and sepiolite clay, and crosslinking
process was achieved using epichlorohydrin as an additive.*®
The synthesized composite of chitosan and sepiolite was
investigated as a prospective bioadsorbent for toxic dyes such as
methylene blue (MB) and reactive orange 16 (RO16). The
respective monolayer adsorption capacities were found to be
40.98 and 190.96 mg g~ * at 30 °C. The adsorption properties of
chitosan can be enhanced by blending it with other polymers.
For instance, Rajeswari et al. fabricated composites of chitosan/
PVA and chitosan/PEG and investigated the adsorption of
nitrate ions from water solutions.'* The adsorption capacities
of nitrate ions were found to be 35.03 mg g * for chitosan/PVA
and 50.68 mg g * for chitosan/PEG. The dye adsorption capacity
of chitosan was enhanced through grafting with other poly-
mers. For instance, the adsorption capacity of the chitosan-
grafted-polyethyleneimine for reactive black 5 (RB5) was re-
ported as 707.27 mg g, while in the case of non-grafted chi-
tosan, it was only 209.90 mg g '.*** Meanwhile, Zhou and
coworkers fabricated chitosan-Fe(OH); beads as efficient
adsorbents for eliminating anionic dyes from contaminated
water."> Chitosan-Fe(OH); beads were fabricated by dissolving
chitosan powder in an aqueous solution of ferric chloride
(FeCl;) at ambient conditions (Fig. 6a). The removal efficiency of
anionic dyes, such as Congo red (CR) and methyl orange (MO),
using chitosan-Fe(OH); beads was higher than that using pure
chitosan beads (Fig. 6b and c). The maximum adsorption
capacities were ascertained through the implementation of the
Langmuir isotherm equation, yielding values of 314.45 and
445.32 mg g~ ' for CR and MO, respectively. The high adsorption
capacity of CS-Fe(OH); for ionic dyes (like CR and MO) was
attributed to both chemical and physical mechanisms (Fig. 6d).
Chemically, at pH 3, protonated amino groups on chitosan
attract negatively charged dyes via electrostatic interactions,
while Fe(OH); enables dye binding through complexation and
hydrogen bonding. Additionally, studies on the recyclability of
the CS-Fe(OH); beads indicated that the chitosan-Fe(OH);
combination was reusable and exhibited removal efficiencies
for dyes of up to 95%, even after five cycles of use.

Guo et al. fabricated polydopamine-modified chitosan aero-
gels (CS-PDA) through dopamine self-polymerization and
glutaraldehyde crosslinking reactions to enhance the adsorp-
tion properties and acid resistance of chitosan (Fig. 7a)."®” The
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Fig. 6

(a) Scheme of the synthesis of the chitosan—Fe(OH)s beads. (b and c) The removal of Congo red (CR) and methyl orange (MO) dyes using

chitosan (CS) and CS—Fe(OH)s beads. (d) Adsorption mechanism for the dye adsorption on the chitosan—Fe(OH)s beads [reproduced from ref.

195 with permission from Elsevier, Copyright 2018].

CS-PDA aerogels exhibited excellent adsorption capabilities,
with maximum capacities of 374.4 and 441.2 mg g ' for the
removal of Cr(vi) and Pb(u) metal ions, respectively. Metal
adsorption studies of the resulting CS-PDA aerogels indicated
that the adsorption isotherms and kinetic data were consistent
with the Langmuir isotherm and pseudo-second-order kinetic
models (Fig. 7b-d). Additionally, the Thomas and Adams-
Bohart models were applied to analyze and simulate the
breakthrough curve (Fig. 7e). Column adsorption experiments
showed that CS-PDA is effective for continuous Cr(vi) removal.
Lower flow rates improved adsorption performance by
increasing contact time (EBCT), allowing Cr(v1) to better interact
with the adsorbent. In contrast, higher flow rates reduced

5038 | RSC Sustainability, 2025, 3, 5027-5050

removal efficiency due to insufficient residence time. Thus,
slower flow rates are more favorable for effective Cr(vi) adsorp-
tion in industrial applications. The impact of coexisting ions on
metal ion adsorption was systematically investigated to assess
the selectivity and performance of the adsorbent in real waste-
water conditions. Ali and coworkers prepared a unique
chitosan-based bioadsorbent termed chitosan/CDTA/GO
(chitosan/1,2-cyclohexylenedinitrilotetraacetic ~ acid/graphene
oxide) using glutaraldehyde as a cross-linker."®® The removal
efficiency of the synthesized chitosan/CDTA/GO nanoparticles
toward Cr(vi) ions was evaluated under various adsorption
conditions, including adsorbent dose, chemical composition of
the adsorbent (CDTA/GO concentration), temperature, contact

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7

(a) Scheme of the preparation of the polydopamine-modified chitosan (CS—PDA) aerogels. (b) Adsorption isotherms of Cr(v)) and Pb(i) on

pure chitosan (CS—F) and CS—PDA obtained from Langmuir and Freundlich models. Fitting of the pseudo-first-order (c) and pseudo-second-

order (d) kinetics models. (e) Breakthrough curves of Cr(vi) adsorption o
[reproduced from ref. 187 with permission from Elsevier, Copyright 201

time, solution pH, and initial Cr(vi) metal ion concentration.
The adsorption data revealed that the adsorption capacity of the
chitosan/CDTA/GO nanoparticles toward Cr(vi) ions was
166.98 mg g ' at an optimal adsorbent dose of 2 g L™, an
equilibrium time of 60 minutes, and a pH value of 3.5. Addi-
tionally, the results indicated that temperature and pH can
greatly affect the adsorption capacity. The adsorption processes
were examined using the pseudo-second-order kinetic model,
and the adsorption isotherm was analyzed using the Langmuir
model.

From the perspective of ease of reuse, Chen et al. synthesized
magnetic zirconium(v)-crosslinked chitosan (Fe;0,@Zr-chito-
san) microspheres as reusable bioadsorbents. These bi-
oadsorbents were produced through a coordination reaction
between the chitosan biopolymer matrix and zirconium oxy-
chloride, and were used for effective removal and simultaneous
detoxification of Cr(vi) ions in an aqueous medium.'® The
synthesized Fe;O,@Zr-chitosan bioadsorbent exhibited selec-
tive adsorption of Cr(vi) ions in the presence of other ions,
including Na*, K*, Ca®, Mg**, cu**, zn**, Cl~, SO,*>, CO;*7,

Table 4 Alginate-based bioadsorbents towards hazardous pollutants

n CS—PDA at different flow rates (Thomas and Adams—Bohart models)
8].

and NO; . In the batch adsorption studies of Cr(vi) ions, it was
shown that the adsorption capacity of the synthesized
Fe;0,@Zr-chitosan microspheres was found to be 280.97 mg
¢ ' at a pH of 4.0 and a temperature of 298 K. Notably, the bi-
oadsorbent exhibited remarkable reusability for water purifi-
cation, achieving a substantial reduction in effluent Cr(vi) metal
ions to the ppb (parts per billion) level, thereby meeting the
WHO (World Health Organization) drinking water standard.

3.3. Alginate-based bioadsorbents

Alginates are natural polysaccharides that are primarily extrac-
ted from the cell walls of brown algae through acidification and
sodium salt extraction. Sodium alginate (SA) is a renewable
anionic biopolymer consisting of a natural polysaccharide and
a-1,4-L-glucuronic acid. It is a low-cost, water-soluble biomate-
rial that contains an abundance of hydroxyl (-OH) and carboxyl
(-COOH) functional groups, which have a high affinity for heavy
metal ions. However, sodium alginate has moderately low
stability, heat resistance, and mechanical strength. Therefore, it

Alginate-based bioadsorbents Adsorbate (hazardous pollutants) Adsorption capacity (mg g~ ) Ref.
Cu-PVA-SA Cu(u) Metal ions 79.3 196
Phosphate-embedded calcium alginate Cd(u) 82.6 197
beads

Alginate@PEI Cr(vi) 431.6 198
Alginate-based attapulgite foams Cu(u), Cd(u) 119.0, 160.0 199
Sodium alginate-based crosslinked beads Pb(ur) 2042 200
MPA Cr(vi) 538.97 201
Sodium alginate-based crosslinked beads MB Dyes 2977 200
MPA CR 3568 201

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is commonly modified chemically or physically to be used as
green bioadsorbents in wastewater remediation. Consequently,
alginate-based bioadsorbents have received considerable
attention for eliminating numerous pollutants from contami-
nated water. Recent studies have focused on improving raw
alginate materials by incorporating various functional groups
through grafting or crosslinking polymerization reactions for
water treatment (see Table 4). To illustrate, Chen et al. fabri-
cated alginate-based Cu(u)-imprinted porous films (Cu-PVA-SA)
and investigated its capacity for extracting Cu(u) ions from an
aqueous environment.'® The effects of various parameters on
adsorption behaviors were investigated by changing several
factors: the concentration of Cu(u) in the Cu-PVA-SA, the
adsorbent dosage, the pH of the solution, the ionic strength, the
contact time, and the initial concentration of the Cu(u) solution.
The resultant Cu-PVA-SA exhibited an adsorption capacity of
79.3 mg g ' for Cu(u) ions under optimized conditions. In
a related development, Wang et al. fabricated phosphate-
embedded calcium alginate aerogel beads for the purpose of
removing metal ions of Cd(u) ions, exhibiting a maximum
adsorption capacity of 82.6 mg g .’ Whereas, Zhai and
coworkers prepared a flexible core-shell/bead-like alginate@-
PEI biosorbent through cross-linking reaction using poly-
ethylenimine (PEI) used as a modification reagent.”®® The
adsorption capacity of the modified alginate@PEI for Cr(vi) was
observed to be 431.6 mg g~ ', significantly higher than that of
the unmodified sodium alginate (24.2 mg g~ ).

In an effort to curtail expenditures while enhancing the
mechanical fortitude of alginate-based adsorbents, a conven-
tional phyllosilicate such as attapulgite (ATP) was incorporated
into the matrix. For example, Wang et al. prepared alginate-
based attapulgite foams by encapsulating attapulgite (ATP) in
sodium alginate using freeze drying and post-crosslinking
techniques.* The resulting floatable, porous foam exhibited
an impressive adsorption capacity of 119.0 mg g~ for Cu() and
160.0 mg g~ ' for Cd(m). Moreover, the resulting alginate-based
bioadsorbents demonstrated notable chemical and mechan-
ical stability, and were readily recyclable due to their ability to
float on water. Shao et al. demonstrated an easy way to make
special beads made of sodium alginate that can remove organic
dyes and toxic metal ions.”* The resulting beads exhibited an
adsorption capacity of 2977 mg g~ for methylene blue (MB) dye
and 2042 mg g~ for lead (Pb**) ion. Additionally, the alginate-
based beads showed significant performance in absorbing
methylene violet dye and other heavy metal ions, such as Cu*",
Ni**, and Cd*". Whereas, Wang and coworkers fabricated an
MXene/polyethyleneimine (PEI)-functionalized sodium alginate
composite aerogel (MPA) by incorporating amino-
functionalized Ti;C,T, and PEI into a sodium alginate aerogel
matrix via crosslinking reactions.** The fabricated MPA bi-
oadsorbents exhibited ultrahigh adsorption performance
toward Congo Red (CR) dye and Cr(vi) metal ions due to the
abundant active sites of the coupled PEI and MXene, which
resulted in significant electrostatic attraction. The adsorption
capacities observed were 3568 mg g~ ' and 538.97 mg g~ ' for
Congo Red and Cr(vi) ions, respectively.
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3.4. Starch-based bioadsorbents

Starch is another well-known naturally occurring biodegradable
polymer that is found in the roots, stalks, and seeds of various
plants. Owing to their low cost, easy availability, non-toxicity,
biocompatibility, high surface area, and renewability, func-
tionalized starch-based biopolymers have been utilized as super
adsorbents for water remediation.?*>?** In this section, we
highlight and summarize the potential applications of starch-
based bioadsorbents for the remediation of various pollutants
from wastewater in Table 5. For instance, Guo et al. synthesized
crosslinked porous starch (CPS) by crosslinking native starch
with epichlorohydrin, followed by hydrolysis of the crosslinked
starch with a-amylase.”** The resultant biodegradable adsor-
bent CPS was examined for its potential in the removal of
methylene blue dye. The adsorption studies indicated that the
adsorption data were well-fitted with the Langmuir model, with
a capacity of 9.46 mg g~ '. Furthermore, the dye adsorption data
showed that CPS has a greater removal efficiency than native
starch or porous starch. Meanwhile, Singh et al. synthesized
starch-functionalized iron oxide nanoparticles (SIONPs) and
iron oxide nanoparticles (IONPs) and assessed their ability
to adsorb Cr(vi) ions.** The experimental data showed that
the adsorption capacity of SIONPs was much better than
IONPs, with a monolayer adsorption capacity for Cr(vi) ions of
9.02 mg g~ "

Additionally, the negative charge of starch effectively
removes cationic dye molecules.?*>*° Pourjavadi et al. prepared
a magnetic nanocomposite, nanoparticle@starch-g-poly(vinyl
sulfate), which effectively absorbed cationic dye molecules,
such as malachite green and methylene blue, and was highly
reusable.”” The nanoparticle@starch-g-poly(vinyl sulfate)
demonstrated a substantial removal efficiency, with a capacity
of 621 mg ¢ ' for MB and 567 mg g ' for MG, which were
comparable to or superior to the majority of other adsorbents.
In a similar attempt, Ramin and coworkers fabricated a nano-
composite hydrogel consisting of starch-grafted poly(-
acrylamide), graphene oxide, and hydroxyapatite (starch/GO/
PAM) to absorb cationic methylene blue (MG) dye from waste-
water.”®® Additionally, the temperature-dependent results for
the MG dye suggested that adsorption occurred via an endo-
thermic, feasible, and spontaneous process, and the dye
adsorption kinetics followed the pseudo-second-order model.
Adsorption experiments also showed that isotherm data fit well
with the Langmuir isotherm model, which showed a capacity of
297 mg g~ ' for cationic MG dye. Guo et al. prepared TiO,/
crosslinked carboxymethyl starch (TiO,/CCMS) for the adsorp-
tion of golden yellow dye from an aqueous medium, achieving
a maximum adsorption capacity of 208.77 mg g~ ' at a temper-
ature of 308 K.”* Furthermore, Dai et al. synthesized a novel
starch-based thermoresponsive hydrogel (HIPS/SA) using 2-
hydroxy-3-isopropoxypropyl starch (HIPS) and sodium alginate
(SA) for extracting Cu(n) metal ion from aqueous medium.**°
The HIPS/SA hydrogel with a porous network structure exhibi-
ted a high adsorption capacity of 25.81 mg g ' for Cu(u) ion,
which can be attributed to the numerous binding sites (carboxyl
groups) within the hydrogel. Notably, the porous HIPS/SA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Starch-based bioadsorbents towards hazardous pollutants
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Starch-based bioadsorbents Adsorbate (hazardous pollutants) Adsorption capacity (mg g~ ") Ref.
SIONPs Cr(vi) Metal ions 9.02 204
HIPS/SA Cu(n) 25.81 210
Crosslinked porous starch MB Dyes 9.46 204
Nanoparticle@starch-g-poly(vinyl sulfate) MB, MG 621, 567 207
Starch/GO/PAM MG 297 208
TiO,/CCMS Golden yellow 208.77 209
CMS-g-PMAA NH;, phenol Others 31, 250.1 211

hydrogel exhibited high regenerative potential due to its ther-
moresponsive nature, which allowed for the rapid desorption of
metal ions upon treatment with dilute hydrochloric acid. While
Hagq et al. also prepared a bioadsorbent, CMS-g-PMAA, which
was grafted from carboxymethyl starch (CMS) and poly-
methacrylic acid (PMAA) for the adsorption of ammonia (NH3)
and phenol.”"* The performance of adsorbing NH; and phenol
could be enhanced by the presence of abundant “O” centers in
the CMS-g-PMAA. This enhancement is attributed to the
formation of H-bonds between the ammonia/phenol molecules
and the hydroxyl or carbonyl groups present on the adsorbent's
surface.

3.5. Gelatin-based adsorbents

Gelatin, a high-molecular-weight polypeptide, is a natural
biopolymer with a variety of characteristics, including water
solubility, biodegradability, non-toxicity, an ample surface area,
and low cost. Gelatin is used in various sectors, such as food,
cosmetics, and biomedical applications. However, it is also
used as a promising bioadsorbent to eliminate contaminants
because incorporating it into other
compounds or materials creates network structures with
various functional groups, such as NH,, OH, and COOH. The
variety of gelatin-based bioadsorbents developed includes
composites, nanoparticles, blends, hydrogels, aerogels, sphere
beads, membranes, films, and more. These gelatin-based
biomaterials have proven to be effective and efficient adsor-
bents for removing water contaminants, especially organic dyes,
oils, and toxic metal ions. This section summarizes important
gelatin-based bioadsorbents and their potential applications in
water remediation, including their adsorption capacity (Table
6). Hayeeye et al. prepared an eco-friendly and inexpensive
gelatin/activated carbon (GE/AC) composite bead via a drip
emulsification process to remove Pb*' ions from aqueous
solutions.?> Adsorption studies revealed that the maximum
adsorption capacity of GE/AC bioadsorbent beads for Pb®" ions
is 370.37 mg g~ *. This value is comparable to or better than that
of natural zeolites and commercial ion exchange resins. Addi-
tionally, the influence of pH on adsorption was explored,
revealing that maximum Pb*" ion adsorption occurred at a pH
of approximately 5.0, while low adsorption values were observed
ata pH of 2.0. It is worth noting that adsorption studies of metal
ions are mostly conducted at pH values around 6.0 and 7.0
because the surface of the adsorbents becomes positively

from wastewater

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

charged at lower pH values, which prevents the adsorption of
targeted metal ions.***" Jing and coworkers synthesized
a polyethylenimine (PEI)-grafted gelatin sponge that effectively
absorbed heavy metals from wastewater. The absorption
capacity of the PEI-grafted gelatin sponge for Pb®>" and Cd”>" ions
was 66 mg ¢~ ' and 65 mg g~ ', respectively, which was superior
to that of the gelatin sponge (9.75 mg g~ ' and 9.35 mg g !,
respectively). The enhanced adsorption capacity was attributed
to the robust interaction between the heavy metals and the
adsorbents, enabling the wastewater to remain on the spongy
PEI-grafted gelatin for extended periods. Whereas, Herman
et al. prepared supercritically dried silica-gelatin hybrid meso-
porous aerogels and assessed their Hg(u) removal efficiency via
batch adsorption methods in the presence of other metal ions,
such as Cu(u), Co(u), Ni(u), Cd(u), Pb(u), Ag(1), and Zn(u).>** The
Langmuir model was used to estimate the adsorption capacity
of the silica-gelatin hybrid adsorbent, and it was observed to be
209 mg g~ * for Hg(u) at 24 wt% of gelatin content. Additionally,
the silica-gelatin aerogel exhibited significant reusability with
minimal loss of adsorption capacity after five cycles. Further-
more, Huang et al. successfully produced novel SPIONs/gel/PVA
nanoparticles from superparamagnetic iron oxide nano-
particles (SPIONs), gelatin (gel), and polyvinyl alcohol (PVA) to
extract Cu(u) and Zn(u) ions from polluted water.”*® The result-
ing SPIONs/gel/PVA materials showed the adsorption capacities
of 56.051 mg g~ * for Cu(u) and 40.865 mg g~ * for Zn(n).

A variety of gelatin-based adsorbents have also been evalu-
ated for removing toxic organic dyes. A few examples include
chitosan-gelatin based hydrogels,”” gelatin/calcium alginate
nanofiber membranes,>® gelatin-CNT-iron oxide
composite beads,”® and gelatin/HPET/chitosan nano-
composites.”* In a similar attempt, Mohammadi and coworkers
synthesized sepiolite/gelatin nanocomposites from naturally
occurring sepiolite clay and gelatin for the cost-effective and
efficient removal of dyes from wastewater.”” The resulting
sepiolite/gelatin nanocomposites exhibited high dye removal
efficiency for cationic methylene blue (MB), with an adsorption
capacity of 684.8 mg g~ " at an equilibrium time of 30 min. In
contrast, Jiang et al. prepared a multifunctional gelatin/TiO,/
PEI (GTP) composite aerogel with a hierarchical porous struc-
ture, using natural gelatin, branched polyethyleneimine, and
TiO, nanoparticles.”” The as-synthesized gelatin/TiO,/PEI
composites showed a great potential in wastewater treatment,
demonstrating combined performance in the removal of copper

nano-
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Table 6 Gelatin-based bioadsorbents towards hazardous pollutants
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Gelatin-based bioadsorbents Adsorbate (hazardous pollutants) Adsorption capacity (mg g~ ") Ref.
Gelatin/activated carbon composite bead Pb(u) Metal ions 370.37 212
PEI-grafted gelatin sponge Pb(ur), Cd(n) 66, 65 225
Silica-gelatin hybrid mesoporous aerogels Hg(u) 209 215
SPIONS/gel/PVA nanoparticles Cu(1), Zn(m) 56.051, 40.865 216
Sepiolite/gelatin nanocomposites MB Dyes 684.8 221
Gelatin/TiO,/PEI composites CV, MO, CR 64.31, 85.21, 86.67 222
Gelatin templated hierarchically Organophosphate pesticides Others 3895 224

porous calcium oxide composites

(Cu) ions, adsorption of organic dyes, oil/water separation and
photocatalytic properties. The aerogels, composed of gelatin,
TiO, and PEI, demonstrated their ability to remove cationic dyes
such as methylene blue (MB) and crystal violet (CV), and anionic
dyes such as Congo red (CR) and methyl orange (MO). The
adsorption capacity of these aerogels was observed to be 64.31,
85.21, and 86.67 mg g~ ' for CV, MO, and CR, respectively, at an
initial concentration of 500 mg L™ '. Moreover, the removal of
organophosphate pesticides (phosmet) has been reported using
gelatin-based adsorbents.?”® To illustrate, Kakkar and coworkers
fabricated a gelatin-templated hierarchical porous calcium
oxide composite (Hr-CaO) using precipitation technique by
employing a water/glycerol solvent mixture and gelatin as
a template.” The gelatin-based composites thus obtained
exhibited a noteworthy adsorption capacity of 3895 mg g~ for
the organophosphate pesticides at an adsorbent dosage of 0.1 g
L.

3.6. Carrageenan-based bioadsorbents

Carrageenan is a unique class of linear sulfated polysaccharides
consisting of a linear 1,3-glycosidically linked B-p-galactopyr-
anose moiety and 1,4 glycosidic-linked 3,6-anhydro-a-p-gal-
actopyranose or 1,4 glycosidic-linked a-p-galactopyranose units.
Carrageenan has an anionic charge across its polymer backbone
and can be extracted from red seaweed. The common forms of
carrageenan are kappa-, lambda-, and iota-carrageenan, which
are based on the degree of sulfation. These types are used to

prepare polymeric nanocomposites, gels, beads, and

membranes. Due to its highly negatively charged structure,
carrageenan can easily attract species with a positive charge,
and it is also used as an attractive bioadsorbent for removing
toxic heavy metal ions and cationic dye molecules. A variety of
carrageenan-based bioadsorbents have been developed in the
form of composites or hybrid materials in the context of liter-
ature. Some illustrative examples are k-carrageenan/
poly(glycidyl methacrylate) composite, cellulose/carra-
geenan/TiO, composite,” k-carrageenan/poly(acrylic acid)/CdS
hydrogel,>*® k-carrageenan/silver composite,*’ k-carrageenan/
graphene oxide composite gel beads (k-Car/GO GBs),>°
carrageenan/reduced GO/Ag composite,** lambda carrageenan/
hydroxyapatite composite,** chitosan/k-carrageenan magnetic
composite,”® k-carrageenan/silica hybrid magnetic shells,***
chitosan/kappa-carrageenan  magnetic = nanocomposite,
carrageenan/carbon nanotube composite,*® and k-carrageenan-
g-poly(acrylamide)/sepiolite hydrogel.>*” This section summa-
rizes different carrageenan-based materials as super bi-
oadsorbents in Table 7.

For example, Doroudian and coworkers synthesized a novel
aminosilica-functionalized and TiO,-immobilized carrageenan
hydrogel (kC-g-PAA/TiO,-NH,) that exhibited an exceptional
adsorption capacity of 833 mg g ' for the cationic malachite
green (MG) dye, which can be attributed to the high specific
surface area and active functionality of the hydrogel.**®* Men and
coworkers synthesized a series of ecofriendly bioadsorbents, k-
Car/GO gel beads, from k-carrageenan and graphene oxide.**°
The adsorption capacity of k-Car/GO GBs for methylene blue

226

235

Table 7 Carrageenan-based bioadsorbents towards hazardous pollutants

Adsorbate

Adsorption capacity

Carrageenan-based bioadsorbents (hazardous pollutants) (mgg™) Ref.
k-Carrageenan/poly(glycidyl methacrylate) composite MB Dyes 166.62 226
k-Carrageenan/poly(N-vinylpyrrolidone-co-acrylic acid) ST, BCB 362.5, 398 240
composite

k-Car/GO GBs MB 658.4 230
k-Carrageenan/silica magnetic shells MB 350 234
k-C-g-PAA/TiO,-NH, MG 833 238
Chitosan/carrageenan/Fe,0; CR, MB 190, 118 239
Agar/k-carrageenan hydrogel MB 242.3 242
Bio-based i-carrageenan aerogels Cr(v1), Co(1r), Mn(u), Cu(u), Cd(u) Metal ions 105, 144.9, 133, 158.7, 128 241
Chitosan/carrageenan/Fe,O; Cu(u), Cr(m) 17.9, 10.8 239
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dye was observed to be 658.4 mg g~ ', with minimal dye removal
efficiency decrease after five cycles. Whereas, Liang et al
prepared a chitosan/carrageenan/Fe,O3; magnetic composite to
remove cationic and anionic dyes and heavy metal ions from
wastewater.>*® The chitosan/carrageenan/Fe,O; nanocomposite
demonstrated excellent adsorption capabilities, with values of
190 and 118 mg g ' for the removal of toxic dyes, including
Congo red and methylene blue, respectively. Additionally, its
adsorption capacity for metal ions such as Cu(u) and Cr(m) was
found to be 17.9 and 10.8 mg g™, respectively. Choudhury et al.
synthesized a bioadsorbent of poly(N-vinylpyrrolidoneco-acrylic
acid)/carrageenan composite using poly(N-vinylpyrrolidone-co-
acrylic acid) and k-carrageenan.>*® The resulting carrageenan-
based bioadsorbents demonstrated effective adsorption capa-
bilities, with values of 362.5 and 398 mg g~ ' for organic dyes
such as Safranine T (ST) and brilliant cresyl blue (BCB),
respectively. These results were achieved with a binary mixture
of each dye solution containing 100 mg L~ " at an adsorbent
dose of 0.25 mg L~ ". While, Abdellatif et al. prepared new bio-
based iota-carrageenan magnetic aerogels by crosslinking
iota-carrageenan and PAMAM (polyamidoamine hyper-
branched polymer, generation 1).** The as-synthesized aerogel,
endowed with active sites bearing ~-COOH, -OH (from acrylic
acid) and a sulfate group (from carrageenan), exhibited an
exemplary adsorption capacity for hazardous metal ions,
attributable to the substantial electrostatic interaction between
the adsorbent and metal ions. Furthermore, the presence of
polydopamine enhanced the adsorption capacity of the
terminal amine functional groups due to the formation of
a coordination complex with metal ions. The carrageenan-based
aerogel exhibited an adsorption capacity of 105 mg g " for
Cr(v1), 144.9 mg g~ for Co(n), 133 mg g~ for Mn(u), 158.7 mg
g~ ! for Cu(u), and 128 mg g * for Cd(n). Duman et al. (2020)
prepared agar/k-carrageenan composite hydrogel via a free
radical reaction using tri(ethylene glycol) divinyl ether as
a crosslinker.>” The agar/k-carrageenan hydrogel was investi-
gated for its ability to absorb methylene blue dye from an
aqueous solution. The adsorption capacity was found to be
242.3 mg g~ ! at a temperature of 35 °C and a pH of 7.
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3.7. Other biopolymer-based adsorbents

In addition to these, other biopolymers, including collagen,
agar, and lignin, have been explored as highly effective adsor-
bents for various toxic pollutants. A comprehensive overview of
these materials is provided in Table 8. A naturally occurring
polymer matrix consisting of amino acids is known as collagen.
The hyperbranched structure of collagen is known to possess
many beneficial properties, which make it a good bioadsorbent
in wastewater treatment. For example, Wang et al. synthesized
carboxylated collagen fiber (CCF) by functionalizing collagen
fibers with glyoxylic acid.>*® The resulting CCF was an effective
bioadsorbent for eliminating Cr(m) ions from contaminated
water. The adsorption capacity toward Cr(m) ions increased by
74.13% after modification, with a maximum capacity of
106.88 mg g '. Meanwhile, Qiang et al. synthesized hyper-
branched aminated collagen fibers by modifying collagen fibers
with ethylenediamine and using cyanuric chloride as a cross-
linking agent. These modified, collagen-based fibers were
recognized as effective bioadsorbents for eliminating the acid
black dye NT from wastewater.>** To stabilize collagen, Thani-
kaivelan et al. fabricated collagen/iron oxide nanoparticle
composites using iron oxide nanoparticles for oil-water sepa-
ration. Oil adsorption studies found that the collagen-based
bioadsorbent had a maximum adsorption capacity of 2 g g~*
for motor oil. Additionally, the magnetic properties of the iron
oxide nanoparticles allowed for easy separation of the adsor-
bent from the aqueous medium.>*®

Agar is a hydrophilic polysaccharide composed of neutral
agarose and the fraction agaropectin, which has a similar
composition to starch. It is extracted from certain red algae. It is
one of the oldest dynamic phycocolloids, soluble in hot water,
and is primarily used to prepare solid microbiological culture
media. Various agar/agarose-based bioadsorbents have been
developed for water treatment applications. For instance, Li and
coworkers prepared magnetic agarose-based microspheres
(Fe;O,@agarose) to remove radionuclides from an aqueous
medium.**® The as-synthesized Fe;O,@agarose composite
showed high adsorption capacities of 1.15 and 1.27 mmol g~ *
for uranium (U®") and europium (Eu®") radionuclides, respec-
tively, and could be easily separated from an aqueous medium
using external magnetic forces. Patra et al. synthesized agar-

Table 8 Other biopolymer-based adsorbents towards hazardous pollutants

Other biopolymer-based adsorbents Adsorbate (hazardous pollutants) Adsorption capacity (mg g™ ") Ref.
Carboxylated collagen fiber Cr(m) Inorganic 106.88 243
Fe;0,@Agarose U(vi), Eu(m) 1.15, 1.27 (mmol g ') 246
Lignin-based hybrid magnetic Pb(u), Cu(u) 150.33, 70.69 247
nanoparticles

ECLNPs Pb(m), Cu(m) 126, 54.4 248
Lignin-montmorillonite composite Pb(u), Cd(u), Hg(u), As() 11.92, 11.58, 11.85, 11.57 249
hydrogel

Agar@Fe/Pd MB, RB Organic 875, 780 250
Agarose/rGO RB, aspirin 321.7,196.4 251
Agar/graphene oxide aerogel MB 578 252
Collagen/iron oxide nanoparticles Motor oil 2g¢7" 245
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Fig. 8 A schematic overview of the preparation of a lignin—montmorillonite composite hydrogel and the adsorption of heavy metals [repro-
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based hybrid bioadsorbents by altering monometallic or
bimetallic nanoparticles (e.g., Fe, Cu, Pd, Fe/Pd, and Fe/Cu) to
eliminate toxic cationic dyes, such as methylene blue (MB) and
rhodamine B (RB).>” The agar@Fe/Pd nanoparticle aerogel
demonstrated adsorption capabilities of 875 mg g~ * for MB and
780 mg g ' for RB dye. The agar-based bioadsorbents also
demonstrated in the recyclability studies were found to be
reusable for over 20 cycles, exhibiting up to a 90% removal
efficiency. Wang et al. prepared hydrophobic hydrogel beads
with microchannels consisting a hybrid agarose/rGO for the
selective adsorption of organic compounds from water.***
Notably, the fabricated rGO-incorporated agarose hydrogels
exhibited an exceptional capacity for water-soluble organic
compounds, such as dyes and pharmaceutical drugs, attribut-
able to the - interaction with the rGO. The agarose/rGO
hydrogel beads exhibited remarkable adsorption capacities of
321.7 mg g ' and 196.4 mg g ' for RB dye and aspirin,
respectively. Meanwhile, Chen et al fabricated an agar/
graphene oxide aerogel using a vacuum freeze-drying tech-
nique and evaluated its adsorption capacity for the methylene
blue dye.*®* The Langmuir isotherm models were used to
determine the adsorption capacity of agar/graphene oxide aer-
ogel for MB dye, and it was found to be 578 mg g~.

Lignin is also a natural biopolymer that is derived from black
liquor and is regarded as a low-cost bioadsorbent in compar-
ison to activated carbon for the elimination of toxic metal
ions.*® The presence of polyhydric phenols and other active
functional groups in lignin is the key factor responsible for its
high adsorption capability. For instance, Fatehi and coworkers
synthesized lignin-based hybrid magnetic nanoparticles as bi-
oadsorbents using a simple method involving epichlorohydrin
as a crosslinker of carboxymethylated lignin and amino-
functionalized magnetic nanoparticles to eliminate heavy
metal ions.””” The resulting hybrid nanoparticles showed good
adsorption capacity of 150.33 mg g~ * for Pb** and 70.69 mg g "
for Cu®** ions. The resulting hybrid nanoparticles exhibited
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adsorption capacities of 150.33 mg ¢~ ' and 70.69 mg g~ " for
Pb** and Cu*" ions, respectively. The adsorption equilibrium for
these metal ions onto the lignin-based hybrid adsorbent was
achieved in 30 seconds. This equilibrium time indicates that the
adsorbent could be promising for the removal of Pb*>" and Cu>*
metal ions. While Xie et al. synthesized modified eucalyptus
lignin nanospheres (ECLNPs) and explored the adsorption
ability of lead and copper metal ions for wastewater treat-
ments.”*® The adsorption capacities of ECLNPs for Pb(u) and
Cu(u) ions were found to be 126 mg g ' and 54.4 mg g !,
respectively. Patel and coworkers recently developed a lignin-
montmorillonite hydrogel using lignin extracted from teak
wood via microwave-assisted acidolysis (Fig. 8).>*° The trace
metals (Pb(u), Cd(u), Hg(u), and As(u)) were effectively removed
from water by the hydrogel, following pseudo-second-order
kinetics and the Langmuir isotherm, indicating efficient
monolayer adsorption. The hydrogel maintained over 50%
removal efficiency after five reuse cycles in real wastewater,
demonstrating its potential as a sustainable, cost-effective
solution for large-scale water treatment.

4. Conclusions and future
perspectives

4.1. Conclusions

This review has highlighted the transformative potential of
natural biopolymer-based porous materials as next-generation
adsorbents for wastewater remediation. With the escalating
crisis of global water pollution, solutions must be both effective
and sustainable. Biopolymers such as cellulose, chitosan, algi-
nate, starch, and gelatin fulfil this dual role due to their
renewable origin, biodegradability, low toxicity, and versatile
surface chemistry. Their inherent functional groups (-OH, -
NH,, -COOH, -0SO; ) enable precise tailoring into composites,
hydrogels, aerogels, and membranes designed for specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pollutant removal via and
hydrogen bonding.

Recent advances—including the incorporation of magnetic
nanoparticles, nanoscale fillers, and hybrid materials—have
overcome traditional limitations, leading to enhanced stability,
adsorption capacities exceeding 99%, and easy recyclability.
Collectively, these findings confirm that biopolymer-derived
adsorbents offer a sustainable alternative to conventional,
resource-intensive technologies and directly support the United
Nations Sustainable Development Goals (SDGs), particularly
SDG 6 (Clean Water), SDG 13 (Climate Action), and SDG 14 (Life
Below Water).

ion exchange, complexation,

4.2. Future perspectives and challenges

Despite impressive laboratory-scale progress, large-scale adop-
tion remains constrained by several challenges. Key directions
for future research include the following.

(1) Bridging the lab-to-industry gap: moving from batch
experiments to continuous-flow, pilot-scale systems is essential.
Column studies should address parameters such as hydraulic
loading, bed depth, pressure drop, and long-term performance
in real effluents containing competing ions and organic matter.
These data are critical for techno-economic analysis and
industrial acceptance.

(2) Engineering stability and selectivity: although function-
alization improves adsorption, the mechanical and hydrolytic
stability of biopolymers under harsh conditions (extreme pH,
high salinity) is still limited. Developing robust, cross-linked
networks and designing adsorbents with high selectivity for
priority pollutants (e.g., Pb(u), Cr(vi), pharmaceuticals) through
molecular imprinting or ligand grafting will be vital for real-
world applications.

(3) Sustainable regeneration and life-cycle assessment (LCA):
regeneration strategies must be green, low-cost, and non-toxic,
such as mild eluents, electrochemical, or biological methods.
Comprehensive cradle-to-grave LCAs are urgently needed to
verify the true environmental advantages of biopolymer adsor-
bents compared to established alternatives like activated
carbon.

(4) Circular economy and waste-to-wealth approaches: using
agricultural and food-industry residues (e.g., crustacean shells,
fruit peels, rice husks) as feedstock could lower costs and
maximize sustainability. This aligns with circular economy
principles and improves the economic viability of large-scale
deployment.

(5) Intelligent and multifunctional systems: the next frontier
lies in “smart” biopolymer composites that respond to stimuli
(pH, temperature, light) for controlled adsorption and self-
regeneration. Combining adsorption with catalytic degrada-
tion (e.g., photocatalytic or Fenton-like processes) could achieve
complete mineralization of persistent organic pollutants,
offering more comprehensive remediation solutions.

In summary, natural biopolymer-based porous adsorbents
stand at the forefront of sustainable water purification tech-
nologies. By uniting material innovation, green processing, and
interdisciplinary collaboration, these systems can transition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from laboratory research to industrial-scale applications, rede-
fining the future of clean water treatment and contributing
meaningfully to global sustainability.
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