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Industrial effluents from textile, leather, and dye manufacturing are major sources of water pollution, often
containing synthetic dyes such as azo, reactive, and basic classes. These dyes are highly stable, toxic, and
persistent, posing significant risks to both the ecosystem and human health. Conventional treatment
methods, such as coagulation, oxidation, and activated carbon filtration, are often costly and
operationally challenging, highlighting the need for sustainable alternatives. This review provides
a comprehensive analysis of magnetized plant-based adsorbents, focusing on their composition,
synthesis strategies, adsorption behaviour, and real-world potential. Incorporating FesO, nanoparticles
(NPs) into lignocellulosic biomass through co-precipitation, sol—gel, hydrothermal, or in situ embedding
techniques enhances surface functionality, adsorption kinetics, and recovery efficiency. Adsorption
mechanisms, modeled using Langmuir and Freundlich isotherms and pseudo-second-order kinetics,
demonstrated the capacities of common dyes. Comparative studies show that magnetized biosorbents
outperform non-magnetized systems in terms of adsorption efficiency, reusability, and operational

feasibility. The review also addresses scale-up challenges, including nanoparticle leaching, regulatory
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Accepted 8th December 2025 compliance, and production costs, and highlights potential solutions such as green synthesis, MOF-
biomass hybrids, and modular reactor designs. Overall, magnetized biosorbents represent a scalable,

DOI: 10.1035/d5ra06823a cost-effective, and environmentally responsible approach for industrial wastewater remediation, aligning
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1 Introduction

The rapid pace of industrialization, particularly across the
textile, paper, plastics, and leather sectors, has resulted in the
large-scale discharge of synthetic dyes into aquatic environ-
ments, creating substantial risks for ecosystem integrity and
public health.’ It is estimated that nearly 10-15% of the total
global production of synthetic dyes—representing several
thousand tons annually—is lost to wastewater streams during
manufacturing and processing operations.> Owing to their
complex aromatic frameworks and pronounced chemical
stability, these dyes exhibit strong resistance to natural degra-
dation, leading to long-term environmental persistence.’ Their
vivid coloration compromises the visual quality of water bodies
and restricts light penetration, thereby suppressing photosyn-
thetic activity and reducing dissolved oxygen concentrations
essential for aquatic life.* Beyond ecological consequences,
many synthetic dyes exhibit toxic, mutagenic, and carcinogenic
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properties, raising serious concerns related to bioaccumulation
and chronic human exposure through contaminated water
sources.® As a result, the development of sustainable and effi-
cient strategies for the removal of synthetic dyes from industrial
effluents has become a central focus of contemporary water
treatment and environmental protection efforts.®
Conventional treatment technologies such as coagulation-
flocculation, biological processes (e.g., activated sludge
systems), advanced oxidation processes (AOPs), chemical
precipitation, and membrane filtration have been widely
employed for dye remediation.” However, their large-scale
implementation faces significant challenges. Biological treat-
ments are often insufficient against synthetic dyes due to their
xenobiotic, recalcitrant molecular structures, resulting in
incomplete or slow degradation.® Coagulation and chemical
precipitation can efficiently remove dyes but generate a large
volume of secondary sludge, increasing disposal costs and
environmental burden.® Although membrane technologies offer
high removal efficiencies, they are prone to fouling and require
high energy input, and costly maintenance.® Moreover, most
conventional processes depend heavily on chemical reagents or
energy-intensive operations, limiting their sustainability—
particularly in developing economies where cost-effectiveness
and environmental compliance are critical.'* These limitations
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underscore the need for alternative treatment methods that are
efficient, economical, and environmentally sustainable.

Adsorption has emerged as one of the most promising and
versatile methods for dye removal due to its simplicity, scal-
ability, and effectiveness in eliminating diverse type dyes.'”
Activated carbon remains the benchmark adsorbent because of
its high porosity, large surface area, and excellent sorption
capacity.”® However, its high production cost, limited reus-
ability, and environmental concerns associated with its
synthesis and disposal restrict its large-scale application.™ In
contrast, plant-based adsorbents have gained attention as
sustainable, low-cost alternatives.”® Lignocellulosic biomass
derived from agricultural and forestry wastes—such as coconut
husks, rice husks, sawdust, fruit shells, and banana peels—
contains functional groups like hydroxyl, carboxyl, and
phenolic moieties that interact with dye molecules through
hydrogen bonding, ion exchange, and electrostatic attraction.*®
Utilizing these bio-based materials not only enhances cost-
effectiveness but also supports circular economy principles by
converting agricultural and industrial residues into value-added
products.”” Although raw plant-based adsorbents are eco-
friendly and effective, their industrial application is limited by
several operational drawbacks, including low mechanical
strength, slow adsorption rates, instability under variable
effluent conditions, and difficulties in recovery and reuse.'®
Fine, powdery biosorbents often require additional filtration or
sedimentation steps for separation from treated water,
increasing energy demand and operational complexity.*

To overcome these limitations, recent research has focused
on material innovations, particularly, magnetic functionaliza-
tion, which emerged as a promising strategy.>® This approach
involves incorporating magnetic nanoparticles—typically
magnetite (Fe;0,) or maghemite (y-Fe,O3)—into plant derived
adsorbents.”* Magnetic cores enable rapid and efficient sepa-
ration of adsorbents from wastewater using external magnetic
fields, eliminating the need for energy-intensive filtration or
centrifugation and enhancing reusability.”> Additionally,
magnetic nanoparticles increase surface area, active sites, and
sorption kinetics, leading to high dye removal efficiencies
across various dye classes.”® The synthetic interactions between
biomasses functional groups and magnetic cores further
strengthens electrostatic attraction, stacking, and
hydrogen bonding, improving overall adsorption perfor-
mance.** Moreover, surface modifications such as amination or
carboxylation can be integrated with magnetization to enhance
selectivity and adaptability toward specific dye chemistries,
expanding industrial applicability.*

The development of magnetized plants-based adsorbents
represents a significant advancement in sustainable wastewater
treatment, bridging the gap between environmental friendliness
and technological efficiency.”® These hybrid materials retain the
biodegradability and renewability of their biomass origin while
overcoming major operational challenges such as recovery,
regeneration, and scalability.”” As industries face increasing
pressure to comply with stringent environmental standards,
magnetized biosorbents offer a practical, scalable, and eco-
friendly alternative to conventional treatment technologies.*®

TT—TC
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This review aims to comprehensively explore potential of plant-
based adsorbents as magnetized materials for industrial dye
removal, with emphasis on their synthesis, structural functionality,
and practical applications. It further examines magnetic func-
tionalization methods involving NPs incorporation, surface modi-
fication, evaluating their effects on adsorption capacity, kinetics,
and recyclability. The review also discusses current challenges and
future prospects to assess large-scale feasibility of these materials.

2 Dye pollution and its environmental
impact

The widespread use of synthetic dyes in industrial wastewater
represents one of the most persistent environmental challenges
of the past century.>” Global dye production exceeds one million
tons annually, primarily driven by the textile, leather, plastics,
paper, food, and cosmetics industries.** During manufacturing
and processing, an estimated 10-15% of these dyes are lost and
discharged into aquatic systems as untreated or partially treated
effluents.** Owing to their complex aromatic structures and high
stability, these dyes resist photolytic and microbial degradation,
enabling their persistence in water bodies.* Their accumulation
reduces light penetration, disrupts photosynthesis, lowers di-
ssolved oxygen levels, and destabilizes aquatic ecosystems.*
Furthermore, many dyes and their degradation products exhibit
mutagenic, carcinogenic, or endocrine-disrupting properties,
posing serious risks to human and environmental health.**

2.1 Sources of dyes in industrial wastewater

Industrial wastewater contaminated with dyes originates from
several key sectors, with the textile industry alone contributing
nearly 60-70% of global dye discharge.*® Textile dyeing and fin-
ishing consumes large volumes of water, and inefficient dye-fiber
fixation—often below 50% for reactive dyes—results in substan-
tial dye losses during washing and rinsing.** Other major
contributors include the leather industry, which employs basic
and reactive dyes for tanning and finishing.*” The paper and pulp
sector, which uses direct and reactive dyes for paper coatings;
and the plastics and printing industries, where solvent and
pigment dyes are used extensively.*® Small-scale and informal
industries often release untreated or poorly treated effluents due
to high operational costs of conventional treatment systems.*’
Additionally, dyes enter water systems through degradation of
consumer products, improper disposal of coloured materials,
and leachates from landfills containing dye-laden waste.*® Their
persistence in wastewater is primarily attributed to structural
features—such as azo linkages (-N=N-), sulfonic groups, and
halogen substitutions—that confer stability and resistance to
biodegradation.** As illustrated in Fig. 1, dye pollution arises
from diverse industrial and domestic sources, with azo, reactive,
and basic dyes posing significant ecological and toxicological
threats that necessitate sustainable regulatory control.

2.2 Toxicological profile of major dye classes

Synthetic dyes comprise several chemical classes, among which,
azo, reactive dyes, and basic dyes—are most significant due to
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Fig.1 Sources, toxicological profiles, and regulatory considerations of dye pollution in wastewater. Industrial and domestic activities contribute
to dye release into aquatic environments. Azo dyes exhibit carcinogenic and mutagenic effects, reactive dyes cause dermal and respiratory
issues, while basic dyes are linked with toxicity and allergenicity. The figure also emphasizes the urgent need for sustainable remediation

strategies, strict.

their high production volume, persistence, and toxicological
risks.”> Each group exhibits distinct chemical properties that
determines its behaviour in the environment and its and bio-
logical impacts. Azo dyes, containing one or more azo linkages (-
N=N-), accounts for nearly 60-70% of global dye use because of
their vivid colours, versatility, and low cost.*® However, they are
also among the most persistent pollutants, resisting photolytic
and microbial degradation. Under anaerobic conditions, they can
undergo cleavage to form aromatic amines,
compounds known for their mutagenic and carcinogenic
potential.* Studies have linked azo dyes such as Congo red and
Direct black-38 to genotoxicity and cytotoxicity, and increased
risks of bladder and liver cancers in humans and animals.*>*

reductive

Ecologically, azo dyes accumulate in sediments, disrupt micro-
bial communities, and cause reproductive toxicity in fish.*”

Reactive dyes form covalent bond with cellulose fibers,
yielding bright and wash-fast colors.*® Despite these advan-
tages, dye-fiber fixation is often below 50%, leading to
substantial losses in effluent.*® Their structural features such as
sulfonic acid groups, halogenated chromophores, and reactive
moieties (e.g., monochlorotriazine) enhance solubility but make
them highly resistant to biodegradation.*® Reactive dyes have
been associated with allergic dermatitis and respiratory sensi-
tization in exposed workers®* and with inhibition of algal
growth, reduced photosynthetic oxygen production, and trophic
imbalance in aquatic ecosystems.>?

Basic (cationic) dyes, including methylene blue and crystal
violet, are extensively used in paper, leather, and acrylic fiber

760 | RSC Adv, 2026, 16, 758-777

industries.” Their high tinctorial strength and solubility
contribute to persistent in wastewater.> Toxicological studies
indicate that dyes induce cytotoxicity, oxidative stress, DNA
damage in mammalian cells.*® In aquatic systems, cationic dyes
strongly adsorb to negatively charged elements or biota, leading
to bioaccumulation and toxicity in fish and benthic organ-
isms.”® Notably, crystal violet is classified as a potential carcin-
ogen due to its mutagenic behaviour in microbial and
mammalian systems.*” An overview of industrial sources,
persistence, toxicological effects, and regulatory aspects of
major dye classes—including azo, reactive, and basic dyes—is
summarized in Table 1.

2.3 Regulatory standards and need for sustainable
remediation

The environmental and toxicological risks associated with dye
pollution have led regulatory authorities worldwide to impose
stringent discharge standards. The World Health Organization
(WHO) and United States Environmental Protection Agency
(USEPA) have set maximum permissible limits for several dyes
and their degradation products due to their carcinogenic and
mutagenic potential.®® In India, the Central Pollution Control
Board (CPCB) enforces chemical oxygen demand (COD) levels
below 250 mg L' and mandate zero visible coloration in
treated effluents released into surface waters.* Similarly, under
the European Union's Integrated Pollution Prevention and
Control (IPPC) framework and related water-quality legislation,
several azo-derived aromatic amines are classified as hazardous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Industrial sources, compounds, environmental persistence, toxicological effects, and general effluent organic load limits®

Typical environmental

General effluent

Dye Representative Primary industrial ~ Environmental concentrations Toxicological standards
class compounds sources persistence (ng L '-mg L") effects (COD/BOD) Ref.
Azo dyes Methyl orange, Textile dyeing, Highly recalcitrant; 5-200 ug L™" in river ~Mutagenic, Restricted by EU 58

resistant to
biodegradation due
to -N=N- bonds

Direct red 8r leather, food

processing

Stable in wastewater;
forms toxic aromatic
amines under
anaerobic
conditions

Cotton and synthetic Moderately

Azo dyes Acid orange-7,
Congo red

Paper printing,
cosmetics, textile
finishing

Reactive Reactive blue 19,

dyes Reactive black-5  fiber dyeing, textile persistent; hydrolyze
printing slowly; may disrupt
aquatic
photosynthesis
Reactive Reactive red 120, Wool, silk, and High water
dyes Reactive yellow nylon dyeing, solubility; persistent
145 wastewater from color in effluents
finishing plants
Basic Methylene blue, Textile finishing, High solubility and
dyes crystal violet paper printing, mobility; bind
medical staining strongly to organic
matter
Basic Basic red 46, Plastics, leather, Persistent;
dyes malachite green  aquaculture bioaccumulate in
antifungal aquatic species
treatments

water near textile
clusters; up to
1-5mgL " in
untreated effluent

20-300 pg L™ in
receiving waters;
1-20 mg L' in textile

<1-20 pg L™ in natural Neurotoxicity and

0.2-3 mg L' in
aquaculture discharge

carcinogenic REACH; monitored and
(via aromatic amines) by USEPA and CPCB 59

10-150 pg L' in Endocrine Banned or limited in 60
surface water; disruption; EU and India and
0.5-3 mg L' in dye-  hepatotoxicity in (e.g., Congo red) 61
house influent humans

Cytotoxic to algae and Regulated under EU 62
invertebrates; may  water quality
cause gill damage in directives; effluent

wastewater fish COD limits apply
10-200 pug L~ in rivers; Skin and eye Subject to local 63
0.3-5 mg L' in irritation; chronic discharge standards
industrial wastewater exposure linked to  (0.1-1 mg L ™"

liver stress typical)

Controlled under 64

waters; genotoxicity; causes WHO and USEPA  and
0.5-10 mg L™ " in oxidative stress aquatic toxicity 65
effluent guidelines

<1-10 pg L' in lakes/ DNA damage; Banned for food 66
rivers; carcinogenic contact by FDA; and

potential in rodents regulated in textile 67

discharges

% COD limits indicate the maximum allowable total organic load in treated effluents. These values do not represent dye-specific regulatory limits,
but they indirectly constrain dye discharge because reactive dyes contribute significantly to the overall organic burden of wastewater.

or high-concern substances due to their mutagenic or carcino-
genic potential. Although these designations do not constitute
compound-specific discharge limits, they underscore the need
for stringent monitoring and effective treatment to minimise
their release into aquatic environments.

Despite these regulations, compliance remains difficult with
conventional treatment methods, which often suffer from high
operational costs, excessive sludge generation, and incomplete
pollutant removal—particularly in resource-limited regions. This
challenge highlights the need for sustainable, low-cost, and
scalable alternatives. In recent years, plant-based biosorbents
and their magnetic functionalization have emerged as promising
solutions, offering high adsorption efficiency, easy recovery, and
alignment with green chemistry principles.” Such innovations
not only overcome the limitations of traditional systems but also
advance circular economy objectives by utilizing renewable,
biodegradable materials to mitigate persistent dye pollutants.

3 Plant-based adsorbents:
composition and mechanisms

The use of plant-based adsorbents for dye removal has gained
significant attention owing to their abundance, low cost,

renewability, and chemical versatility. These biomaterials are
rich in structural polysaccharides, lignin, and secondary

© 2026 The Author(s). Published by the Royal Society of Chemistry

metabolites, which collectively enhance their adsorption
capacity.” The abundant functional groups and a porous
structure enables interaction with a wide range of dyes through
various physicochemical mechanisms. A thorough under-
standing of their composition and adsorption behaviour is
crucial for optimizing and customizing these materials for
industrial wastewater treatment applications.

3.1 Structural composition of biomass

Plant biomass primarily comprises three major biopolymers—
cellulose, hemicellulose, and lignin—along with various
phytochemicals, each contributing distinctively to dye adsorp-
tion behaviour.” Together, these components form a heteroge-
neous, functionalized matrix capable of binding dyes through
electrostatic interactions, hydrogen bonding, hydrophobic
effects, and -7 stacking.”

Cellulose, the most abundant organic polymer on Earth, is
a linear B-(1 — 4)-linked p-glucose polysaccharide organized
into microfibrils that provide high surface area and mechanical
strength.” Its abundant hydroxyl groups act as active sites for
hydrogen bonding and polar interactions with dye molecules.”
Natural cellulose-rich materials such as rice husks and cotton
stalks have shown over 70% dye removal efficiency, while
chemical modifications—such as carboxylation or amination—
further enhance selectivity and adsorption capacity.”®

RSC Adv, 2026, 16, 758-777 | 761
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Hemicellulose consists of branched polysaccharides like
xylans, mannans, and arabinogalactans, which are more amor-
phous and hydrophilic than cellulose.”” Although it contributes
less to structural rigidity, its reactive hydroxyl and carboxyl
groups that act as effective anchoring sites for ionic dyes, while
its amorphous structure promotes water swelling and diffusion.
For instance, sugarcane bagasse, rich in hemicellulose, exhibits
strong adsorption of acidic dyes through ion exchange.”®

Lignin, a complex aromatic polymer, serves as a natural
binder within cell lays a key role in adsorbing hydrophobic and
aromatic dyes.” Its phenolic and methoxy groups facilitate -7
interactions and hydrophobic bonding with aromatic dye
molecules such as azo and basic dyes. Lignin-rich materials like
sawdust and wood chips display high adsorption capacities for
cationic dyes (e.g., methylene blue) through electrostatic
attraction between dye amine groups and negatively charged
lignin surfaces at neutral to alkaline pH.*

Beyond structural polymers, plant residues contain diverse
secondary metabolites—including tannins, flavonoids, sapo-
nins, and organic acids—that enhance dye binding by providing
additional active sites or modifying surface chemistry.*
Tannins, in particular, exhibit strong dye-binding ability via
polyphenolic chelation and hydrophobic interactions.®* Tannin-
rich bark adsorbents have demonstrated rapid uptake of both
basic and reactive dyes, underscoring the synergistic role of
phytochemicals in adsorption processes.*

Overall, structural and chemical diversity of lignocellulosic
biomass—spanning cellulose, hemicellulose, lignin, and
bioactive phytochemicals—provides multiple functional groups
and interaction mechanisms that underpin the efficiency of
plant-based adsorbents.®® Table 2 summarizes their key
compositional features, while Fig. 2 illustrates their functional
roles and adsorption mechanisms.

View Article Online
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3.2 Natural adsorption mechanisms

The interaction between plant-based adsorbents and dye
molecules is governed by a combination of electrostatic attrac-
tions, hydrogen bonding, and van der Waals forces, often
working synergistically to achieve efficient pollutant removal.

Electrostatic attraction is a dominant mechanism for many
plant-based systems, particularly when surface functional
groups (e.g., carboxylates, hydroxyls, phenolics) acquire charges
depending on solution pH.” For cationic dyes like crystal violet
and methylene blue, negatively charged surfaces (achieved at
neutral or basic pH) facilitate strong binding through
coulombic forces.** Conversely, protonated biomass surfaces at
acidic pH can attract anionic dyes such as Congo red or Reactive
black 5. Multiple studies® have shown that optimizing solution
pH to match the charge profiles of dyes and adsorbents can
enhance removal efficiencies by up to 50%.

Hydrogen bonding occurs between electronegative atoms
(oxygen, nitrogen) in the dye molecules and hydrogen donors
present in the biomass, particularly the hydroxyl groups of
cellulose and hemicellulose.”® This mechanism is particularly
important for reactive and azo dyes containing amine or
hydroxyl groups that can serve as hydrogen bond donors or
acceptors. Hydrogen bonding not only aids initial adsorption
but also stabilizes dye molecules within the biomass matrix,
enhancing uptake even at low concentrations.®”

Although weaker than electrostatic interactions and
hydrogen bonding, van der Waals forces contribute to the
adsorption of non-polar or weakly polar dye molecules.”® These
forces, combined with hydrophobic interactions, enable lignin-
rich biomass to adsorb aromatic dyes effectively. For instance,
wood-derived adsorbents with high lignin content demonstrate
strong affinity toward hydrophobic dyes like disperse blue,

Table 2 Structural composition of lignocellulosic biomass, chemical structure, functional groups, adsorption roles, natural abundance, and
typical sources of cellulose, hemicellulose, lignin, and phytochemical constituents

Component Chemical structure Functional groups  Role in dye adsorption Abundance in biomass (%) Source examples  Ref.
Cellulose Linear chains of f- Hydroxyl (-OH); Forms H-bonds with ~ 30-50% Cotton fibers, rice 85 and
(1 — 4)-linked p- capable of hydrogen polar dyes and (varies by plant source) husk, banana 86
glucose units; bonding attracts cationic dyes peels, sugarcane
crystalline microfibrils when deprotonated bagasse
Hemicellulose Branched Carboxyl (-COOH), Carboxylates enable = 15-35% depending on Corn stover, wheat 87 and
heteropolymers of hydroxyl (-OH), ion exchange, species straw, fruit peels, 88
pentoses (xylose, acetyl (-COCH3) electrostatic binding, coconut coir
arabinose) and hexoses groups and enhance
(mannose, glucose) hydrophilicity for
aqueous uptake
Lignin Amorphous, three- Phenolic (-OH), -7 stacking and 15-30% in hardwoods and Wood chips, bark 89 and
dimensional aromatic ~ methoxy (-OCHj), hydrophobic-van der  softwoods residues, sawdust, 90
polymer of aromatic rings Waals interactions coconut shells
phenylpropanoid units (7 systems) enhance non-polar
(p-coumaryl, coniferyl, dye adsorption
sinapyl alcohols)
Phytochemical Polyphenols, tannins, = Hydroxyl, carboxyl, = Chelates metal-dye Typically <5%, varies Tea leaves, 91 and
components flavonoids, alkaloids, amine (-NH,), and  complexes and aids widely by species and eucalyptus, neem 92

and terpenoids present
in minor quantities

762 | RSC Adv, 2026, 16, 758-777

aromatic moieties

adsorption via radical
scavenging and H-
bonding

processing

bark, grape skins
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Fig. 2 Structural composition and adsorption mechanisms of plant-based adsorbents. Cellulose, hemicellulose, lignin, and phytochemicals
provide diverse functional groups that facilitate adsorption. Natural mechanisms involve electrostatic interactions, hydrogen bonding, van der
Waals forces, - stacking, ion exchange, hydrophobic interactions, and complexation with pollutants. These properties, combined with their
low cost, biodegradability, and abundant availability, make plant-based adsorbents a sustainable alternative for wastewater treatment.

driven by w-m stacking and London dispersion forces.* These
natural mechanisms often act in concert, with their relative
contributions influenced by dye chemistry, solution pH, ionic
strength, and the surface properties of the adsorbent.

3.3 Advantages of plant-based adsorbents

The use of plant-derived materials as adsorbents offers several
distinct advantages that make them attractive alternatives to
conventional sorbents such as activated carbon. Agricultural
residues and forestry by-products are readily available and often
treated as waste, incurring disposal costs. Although converting
biomass residues into adsorbents offers a cost-effective approach
for dye removal, this benefit must be balanced against the envi-
ronmental implications associated with their full life cycle,
including the fate of spent material.'® For instance, sugarcane
bagasse and coconut coir, available in abundance in tropical
regions, have been successfully utilized for removing dyes like
malachite green and methylene blue, with adsorption capacities
comparable to commercial activated carbon.'*

Unlike synthetic adsorbents or chemically intensive systems,
plant-based materials are biodegradable, minimizing the risk of
secondary pollution.’® Post-adsorption, these materials can
often be composted, incinerated, or regenerated with relatively
low environmental impact. This aligns with green chemistry
and circular economy principles, where waste valorisation is
central to sustainable industrial practices. The global genera-
tion of agricultural waste exceeds billions of tons annually,

© 2026 The Author(s). Published by the Royal Society of Chemistry

encompassing rice husks, fruit peels, nut shells, sawdust, and
more."” This widespread availability ensures a steady and
scalable feedstock supply for adsorbent production. Moreover,
region-specific biomass can be tailored to local industries,
reducing transportation costs and enhancing the feasibility of
decentralized wastewater treatment solutions.

4 Magnetization techniques and
functionalization
4.1 Synthesis of magnetic nanoparticles (MNPs)

The most commonly used magnetic materials in the manufacture
of magnetized plant-based adsorbents are magnetic nanoparticles
(MNPs), especially iron oxide-based materials, including magne-
tite (Fe30,) and maghemite (y-Fe,0O3)."* They are the best options
to use in environmental remediation due to their super-
paramagnetic properties, chemical stability, and relatively low
toxicity.'” Their crystal size, surface chemistry, saturation
magnetization, and dispersibility all directly depend on the
synthesis method and will affect their performance when used
with biomass.'* Out of many methods, the most common include
co-precipitation, sol-gel, and hydrothermal synthesis, as they are
simple to use, can be scaled, and produce tunable nanoparticles.'””

The most popular method to prepare Fe;O, nanoparticles is
co-precipitation which is simple, cheap, and scalable.'®® In this
process, ferric (Fe’") and ferrous (Fe®") salts, typically chlorides
or sulfates, are dissolved in water and precipitated by adding
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Fig. 3 Schematic representation of the hydrothermal synthesis route, where biomass and an Fe®*

heated to yield FesO4-loaded material.

a base such as sodium hydroxide (NaOH) or ammonium
hydroxide (NH,OH) under an inert atmosphere.'” The reaction
can be expressed as:

Fe?* + 2Fe*" + 8OH™ — Fe;0, + 4H,0

The precipitation must be carried out under carefully
controlled pH (generally between 9 and 11), temperature, and
oxygen-free conditions to avoid oxidation of magnetite (Fe;O,4) to
maghemite (y-Fe,O;). The adhesion of particles and their crys-
tallinity can be tailored by changing the following factors: the
Fe”"/Fe*" ratio, ionic strength and the temperature of the reac-
tion. The pioneer of this technique showed that nanoparticles of
5 to 20 nm could be easily prepared by regulating the following
parameters."'® Recent studies have optimized co-precipitation in
the environment. To illustrate, Fe;O, nanoparticles were
prepared through this process and coated on rice husk biochar
with 92% removal of methylene blue in aqueous solutions.'**
Although this procedure has the benefit of not necessitating
high-temperature treatment, it may result in polydisperse nano-
particles and will commonly necessitate the subsequent stabili-
zation of the product by addition of surfactants (e.g:, citric acid)
to prevent agglomeration, which is notably significant when
integrating into plant-based adsorbents.

Sol-gel technique is a process in which metal alkoxides are
hydrolysed and poly-condensed in a solvent system, which leads
to formation of a colloidal sol, which can later be dried and
gelled into Fe;O, nanoparticles."” With better particle size
distribution, morphology and crystallinity control over co-
precipitation, the method is preferred in areas of necessity
where uniform nanoparticles with a desired surface function-
ality are needed." In sol-gel synthesis, the nucleation and
growth processes are controlled by parameters like the
precursor concentration, water-to-alkoxide ratio, pH and aging
time."** The process is then usually followed by calcination at
moderate temperatures (300-600 °C), which promotes crystal-
lization of iron oxides.'** Although calcination enhances crys-
tallinity and magnetic properties, it may increase particle size,
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precursor is combined in an autoclave and

thereby reducing surface area and adsorption capacity. Previous
research has also demonstrated the advantages of sol-gel
synthesis in producing stable and functionalized Fe;O, nano-
particles."® Sol-gel-derived Fe;O,-silica hybrids have also been
reported to significantly enhance adsorption performance when
used to magnetically modify biomass-derived carbons.™”

Hydrothermal synthesis involves crystallizing Fe;O0, nano-
particles in sealed autoclaves at elevated temperatures (typically
120-250 °C) and autogenous pressures, using aqueous solu-
tions of iron salts, often in the presence of structure-directing
agents or surfactants.”*"® This method produces highly crys-
talline and monodisperse Fe;O, nanoparticles without the need
for post-calcination, making it particularly suitable for fabri-
cating magnetic biomass composites.

4.2 Integration of magnetic nanoparticles with biomass

The successful development of magnetized plant-based adsor-
bents hinges on the efficient immobilization of magnetic
nanoparticles (MNPs) onto or within biomass matrices. This
hybridization imparts magnetic responsiveness to otherwise
non-magnetic biopolymers, allowing for facile separation post-
adsorption via external magnetic fields."” The integration also
improves dispersion, enhances surface area, and, when tailored
appropriately, can synergize with the biomass's inherent func-
tional groups to increase dye-binding capacity. A wide array of
agricultural and forestry residues has been used as biosorbent
matrices for magnetic nanoparticle incorporation.”” Among
these, leaves, fruit peels, tree bark, and agro-wastes such as
husks and stalks are particularly attractive due to their ligno-
cellulosic composition, low cost, and surface reactivity.**

Fruit peels (e.g., banana, orange, pomegranate) are rich in
cellulose and pectin, providing hydroxyl and carboxylic acid
groups that facilitate the anchoring of Fe;O,-NPs via hydrogen
bonding and electrostatic interactions.” For example, Fe;O,-
banana peel biochar composites fabricated using co-precipitation
achieved over 95% removal of crystal violet and methylene blue
within 60 min, where the natural porosity of peels improved

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanoparticle dispersion and increased active surface area.'* Tree
bark—particularly from species like neem, eucalyptus, and pine—
is another promising candidate, as it contains polyphenols,
tannins, and lignin with high affinity for both dyes and MNPs.
Pine bark modified with Fe;O, showed enhanced removal of
anionic dyes like Congo red due to 7v-7 stacking interactions and
magnetic enrichment of adsorption sites."*

Leaf biomass such as eucalyptus and guava leaves has also
been used due to its surface functionalization potential after
drying and pyrolysis. Magnetized leaf powder composites
prepared via hydrothermal deposition of Fe;O, resulted in
efficient sorption of reactive dyes and reusability across
multiple cycles.’*® Agro-industrial wastes like rice husk, wheat
straw, coconut coir, and corn stover are particularly advanta-
geous for large-scale applications, offering structural robust-
ness and wide availability.”” These substrates often undergo
carbonization (biochar formation) prior to magnetization,
enhancing both surface area and thermal stability. Magnetized
corn stover biochar prepared via in situ Fe;O, growth reported
adsorption capacities over 150 mg g~ for methylene blue,
significantly outperforming raw biomass."*®

Integration of magnetic nanoparticles into plant-based
biomass is commonly achieved through three main
approaches. In situ precipitation involves precipitating Fe*"/Fe**
salts directly onto the biomass under alkaline conditions,
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allowing nanoparticles to anchor within the matrix."* Physical
mixing with sonication disperses pre-synthesized nanoparticles
uniformly across the biomass surface, enhancing coverage and
stability. Hydrothermal embedding subjects the biomass and
iron precursors to elevated temperature and pressure, promoting
strong chemical bonding and uniform nanoparticle incorpora-
tion.*® Together, these techniques enhance the magnetic prop-
erties, stability, and adsorption efficiency of the resulting
composites. The method of integration affects nanoparticle
stability, leaching behaviour, and surface accessibility—all key
parameters for consistent adsorption performance.**

Post-integration, these composites often undergo function-
alization treatments to further enhance dye uptake capabilities.
The synthesis routes and integration strategies for magnetic
nanoparticles, along with their optimal conditions, advantages,
and limitations, are summarized in Table 3. This compilation
highlights how co-precipitation, sol-gel, hydrothermal
synthesis, and biomass integration approaches have been
optimized to produce efficient, stable magnetized adsorbents
for wastewater treatment applications.

4.3 Surface modification strategies

To enhance adsorption performance, magnetized plant-based bi-
osorbents are commonly subjected to surface modification tech-

niques that tailor their physicochemical properties. Such
Table 3 Synthesis methods and integration techniques for magnetic nanoparticles
Technique Process description Key advantages Limitations Optimal conditions Reported applications Ref.

Co-precipitation ~ Co-precipitation of Simple, scalable, cost-
Fe’'/Fe*" in alkaline  effective; widely used
medium (pH 9-11) for large-scale Fe;0,
under inert atmosphere production

at 25-80 °C

Sol-gel hydrolysis and Produces uniform,
condensation of iron  tunable nanoparticles;

precursors, followed by allows surface

Sol-gel process

Complex, energy-
intensive; uses organic
solvents and

Polydispersity; requires pH 9-11; 1: 2 Fe*"/Fe’*; Fe;0,-rice husk biochar 132
stabilizers (citric acid,
surfactants); risk of C
oxidation

N, atmosphere; 25-80 © for methylene blue and
Congo red removal

Acidic to neutral pH;  Fe;0,-coated silica 133
drying and calcination composites for arsenic

at 300-600 °C and dye adsorption

drying and calcination functionalization calcination

(300-600 °C)
Hydrothermal Hydrothermal Highly crystalline, Slow, energy-intensive; Autoclave temperatures Magnetized biochar for 134
synthesis treatment of iron stable particles; precise requires specialized 120-250 °C; reaction  heavy metals and dye

precursors (120-250 °C) control over size and  autoclaves time 4-24 h removal

yields crystalline, size- shape

controlled Fe;0,
In situ Fe*'/Fe*" co- Strong attachment of  pH-sensitive; requires Alkaline medium; mild Fe;O4-sugarcane 135
precipitation on  precipitated on nanoparticles; inert conditions; can  temperatures (<80 °C); bagasse composites for
biomass biomass surfaces for =~ minimizes leaching;  alter biomass structure biomass pre-treatment Reactive black 5

strong anchoring and eco-friendly

uniform Fe;O,

dispersion
Physical mixing & Sonication of Uniform nanoparticle Possible nanoparticle ~Room temperature Fe;04-orange peel 136
sonication nanoparticles with dispersion; compatible detachment during mixing; ultrasonic composites for cationic

biomass ensures with diverse biomasses cycles; needs surfactant energy (20-40 kHz) dye removal

uniform coating; citric aid

acid prevents

aggregation
Hydrothermal Thermal reaction of ~ High stability and More costly; high- Biomass soaked in iron Fe;O,-wood chip 137
embedding biomass with iron binding strength; pressure setup needed; precursor and treated composites for mixed

precursors embeds
nanoparticles via
covalent bonding

repeated use

© 2026 The Author(s). Published by the Royal Society of Chemistry

improved durability for scalability challenges

at 120-200 °C for 6-12 h dye effluents
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Fig.4 Schematic representation of the silanization process, illustrating hydrolysis and condensation of TEOS/APTES and subsequent grafting of
a silica shell enriched with reactive —OH, —NH,, and —SH groups on the biomass or nanoparticle surface.

treatments introduce new functional groups, alter surface charge,
and modulate hydrophilicity or hydrophobicity depending on
target pollutant. Among these, acid/alkali activation, silanization,
and polymer grafting are most widely employed strategies.

Alkaline activation using NaOH or KOH removes impurities
and lignin, expose cellulose fibrils, and generate phenolic
hydroxyl groups that facilitate hydrogen bonding and ion
exchange interactions.”®® NaOH-pre-treated coconut coir
showed nearly double the adsorption capacity for Reactive red
120 relative to untreated biomass.'®® Acid-activated similarly
surface charge and active-site density; for instance, Fe;O,-
impregnated mango seed kernel powder treated with acid
exhibited markedly higher methylene blue removal.**

In magnetic biosorbents, these activations steps are typically
carried out before or immediately after nanoparticle incorporation
to improve both nanoparticle anchoring and dye-binding effi-
ciency."** However, excessive treatment can weaken the biomass
structure or promote nanoparticles leaching, underscoring the
need to carefully optimise reagent concentration and reaction time.

Silanization involves the modification of biomass or nano-
particle surfaces using organosilanes such as tetraethyl orthosilicate
(TEOS) or 3-aminopropyltriethoxysilane (APTES), forming a silica
shell that enhances structural stability and introduces reactive
functional groups (-OH, -NH,, -SH).**> The overall process—
comprising hydrolysis, condensation, and surface grafting—is
illustrated schematically in Fig. 4. This strategy is particularly useful
in preventing nanoparticle aggregation, improving dispersibility,
and providing anchoring points for further modification. Fe;0,@-
SiO, particles immobilized onto peanut shell-derived carbon
exhibited over 90% removal of Congo red and maintained sorption
efficiency over five regeneration cycles.'*® APTES-modified bi-
osorbents have also shown strong affinity for anionic dyes through
amine-sulfonic acid interactions, increasing selectivity in mixed-
dye wastewater systems. Silanization is typically done under mild
conditions (alcohol-water mixture, pH 4-5), ensuring compatibility
with the fragile biomass matrix. It is often followed by cross-linking
or polymer grafting to enhance robustness.'**

766 | RSC Adv, 2026, 16, 758-777

Polymer grafting is an effective strategy to enhances both
adsorption capacity and dye selectivity by introducing func-
tional polymer chains onto the biosorbent surface. Depending
on the dye targeted classes, these polymers can impart cationic
functionalities (e.g., poly-ethylenimine, chitosan) or anionic
groups (e.g., polyacrylic acid), thereby improving electrostatic
interactions and binding affinity.**®

Chitosan-grafted magnetic biochar has received particular
attention because chitosan is biodegradable, film-forming, and
rich in amine groups that strongly interact with anionic dyes."*¢
For instance, a chitosan-Fe;O4-biochar composite prepared
from sugarcane bagasse achieved 98% removal of methyl
orange and maintained high regeneration efficiency over six
adsorption-desorption cycles.**”

Synthetic polymers such as polyacrylamide or poly-
ethylenimine have also been applied to increase the density of
functional groups and enhance dye selectivity."*® Grafting can be
achieved through free radical polymerization, UV activation, or
coupling reaction using agents such as EDC/NHS in aqueous
media."* Although polymer grafting substantially improves
performance, it may reduce biodegradability and increase material
cost. Consequently, recent efforts focus on hybrid approaches that
combine natural polymers with bio-based grafting agents, aiming
to balance adsorption efficiency with environmental
sustainability.

4.4 Green synthesis approaches for Fe;0,-NPs

In addition to conventional physical and chemical routes such as
co-precipitation and hydrothermal synthesis, increasing atten-
tion has been directed toward green synthesis methods that
utilize biological resources as reducing and stabilizing agents.*>*
Plant extract-mediated synthesis employs phytochemicals such
as polyphenols, flavonoids, and sugars to reduce ferric ions
under mild conditions, eliminating the need for toxic solvents or
harsh reducing agents.** Similarly, microbial synthesis using
bacteria, fungi, or algae provides a sustainable alternative where

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metabolites secreted by microorganisms promote in situ reduc-
tion and capping of Fe;0,-NPs."**

Compared with conventional methods, green synthesis
offers advantages such as eco-friendliness, lower energy input,
and biocompatible surface coatings that enhance stability and
reduce aggregation."® However, limitations include less control
over particle size distribution, reproducibility, and reaction
kinetics, which can affect magnetic properties.*** Integration of
these biological routes with controlled physicochemical condi-
tions may provide a promising balance between sustainability
and functionality in future applications.**

5 Adsorption performance and
mechanistic insights

The performance of magnetized plant-based adsorbents
depends on their adsorption capacity, equilibrium relation-
ships, kinetic behavior, thermodynamic feasibility, and the
interaction mechanisms responsible for dye removal. Breaking
down these aspects offers clarity on how such materials can be
optimized for industrial wastewater treatment.

5.1 Adsorption isotherms and capacity evaluation

Adsorption isotherms describe how dye molecules distribute
between the liquid and solid phases at equilibrium, providing
insight into the adsorption capacity and surface characteristics
of an adsorbent.”® For magnetized plant-based materials,
adsorption equilibrium is commonly described using the
Langmuir and Freundlich isotherm models. The Langmuir
isotherm explains adsorption as a monolayer process occurring
on a uniform surface with identical, energetically equivalent
sites, and assumes no interaction between adsorbed mole-
cules.” This model is particularly suitable for magnetized bi-
ochar and biomass composites, where the incorporation of
Fe;04 nanoparticles enhances surface uniformity and creates
defined active adsorption sites.**®
The Langmuir equation is expressed as:

de = (Qmax x Ky X Ce)/(l + KL X Ce)

where g. (mg g~ ) is the amount of dye adsorbed at equilibrium,
gmax (Mg g ') represents the maximum adsorption capacity
corresponding to complete monolayer coverage, Ky (L mg™ ") is
the Langmuir adsorption constant, and C. (mg L") is the
equilibrium dye concentration. Magnetized biomass-based
adsorbents have been reported to exhibit gm,x values typically
between 150 and 250 mg g~ * for several model dyes, with vari-
ability depending on surface chemistry, porosity, and magne-
tization efficiency.

In contrast, the Freundlich isotherm empirically describes
adsorption on heterogeneous surfaces with sites of varying
energies, allowing multilayer formation—an effect typical of
lignocellulosic materials due to their diverse functional groups
and porous structure.**®

The Freundlich equation is given as:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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qe = Kf X (Ce)(l/")

where K¢ (mg g ")(L mg )" is the Freundlich constant
indicative of adsorption capacity, and 1/n is a dimensionless
parameter reflecting adsorption intensity and favourability.
When 1/n < 1, adsorption is considered favourable.

Many magnetized plant-derived adsorbents demonstrate
equilibrium data that can be fitted to both Langmuir and
Freundlich models. The simultaneous applicability of both
models reflects the complex surface characteristics of magne-
tized biomass composites rather than a strict coexistence of
distinct monolayer and multilayer mechanisms. In practice, the
choice of the better-fitting isotherm is empirical and deter-
mined by statistical correlation coefficients (R* = 0.98 typically
indicates a good fit) and error function analyses such as x> or
RMSE. %192 A relatively higher R* value for the Langmuir model
suggests dominance of homogeneous surface adsorption sites,
whereas comparable fits for both models may indicate surface
heterogeneity introduced by the biomass matrix.

Representative adsorption constants for various magnetized
plant-based adsorbents, evaluated against different dye
systems, are summarized in Table 4. These values highlight the
high maximum adsorption capacities and favourable Freund-
lich intensity factors that collectively demonstrate the strong
affinity and versatility of these materials for dye remediation.

5.2 Kinetics and thermodynamics

Kinetic modelling reveals the rate and mechanism of dye
uptake. The pseudo-first-order model assumes physical
adsorption, where uptake depends on the difference between
equilibrium capacity and current loading.'®*

The pseudo-second-order model represents chemisorption
processes involving electron sharing, ion exchange, or valence
interactions, and is typically more applicable to magnetized bio-
sorbents.'” Composites derived from sugarcane bagasse, corn
stover, or banana peel, particularly when amine or carboxyl
groups are introduced, frequently align with the pseudo-
second-order model (R* > 0.99), signifying those chemical
interactions dominate.'”*

Thermodynamic analysis complements kinetic data by
establishing feasibility and energetic characteristics."”> Negative
AG values confirm spontaneity, while AH differentiates adsorp-
tion types—values of 5-40 k] mol " correspond to physisorption,
while values above 40 k] mol " denote chemisorption.'”® Positive
AH indicates endothermic behavior, where elevated tempera-
tures enhance dye diffusion and site activation, while positive AS
values imply increased disorder at the solid-liquid interface,
often linked to desolvation effects during adsorption.

5.3 Process parameters affecting adsorption

Operational parameters significantly influence adsorption effi-
ciency. Solution pH is the most critical factor, as it dictates both
the surface charge of the adsorbent and the ionization of
dyes.””” Under acidic conditions, protonated biomass surfaces
favor anionic dye adsorption, while alkaline conditions enhance
cationic dye uptake via electrostatic attraction.'”® Dye removal
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Table 4 Adsorption and surface characteristics of magnetized biomass-based adsorbents®

Gmax Ky Ke(mgg™ Surface acidity/
Adsorbent Target dye (mgg™ @Cmg™ Lmg H¥  1m pPHp,.  basicity (mmolg ') C:H:Nratio Ref.
Magnetized rice Methylene blue 210 0.22 42 0.42 6.2 1.35 (acidic)/0.85 55.8:5.4:1.1 164
husk biochar (basic)
Fe;0,-orange peel Congo red 165 0.18 30 0.55 6.8 1.10/0.92 54.5:5.6:1.0 165
composite
Magnetized coconut  Crystal violet 198 0.3 38 0.39 7.1 1.42/0.88 56.2:5.9:1.3 166
shell biochar
Fe;0,-sugarcane Reactive black 182 0.26 35 0.48 6.4 1.28/0.90 55.1:5.5:1.2 167
bagasse 5
Magnetized banana  Methylene blue 225 0.24 45 0.41 6.6 1.33/0.95 53.8:5.8:1.0 168
peel biochar
Fe;0,4-corncob Malachite 155 0.15 25 0.6 6.9 1.15/0.84 56.7:5.7:1.1 169
biochar green
Fe;0,-pine bark Congo red 170 0.2 28 0.52 6.3 1.40/0.91 55.4:5.3:1.0 170
composite
Fe;0,-eucalyptus Basic red 46 160 0.19 32 0.5 6.7 1.26/0.89 54.9:5.7:1.1 168
leaf powder
Magnetized sawdust  Reactive blue 190 0.25 40 0.46 6.5 1.30/0.93 55.2:5.4:1.2 171
biochar 19
Fe;0,-coconut coir Methylene blue 205 0.28 43 0.4 6.8 1.22/0.90 55.7:5.5:1.1 172
composite

¢ Biomass composition and surface chemistry strongly influence adsorption efficiency. Parameters such as CHN ratio, surface acidity/basicity, and
pH,,, provide comparative insight into the adsorbent's functionalization degree and electrostatic behavior.

occurs rapidly within the first 30-60 min due to abundant active
sites, then gradually stabilizes as equilibrium is reached.”®
Increasing adsorbent dosage generally improves total dye
removal but can reduce adsorption capacity per gram due to
particle aggregation and overlapping binding sites.'®

Temperature affects both diffusion rates and interaction
mechanisms. For most magnetized biosorbents, adsorption is
endothermic; higher temperatures promote dye mobility and
enhance pore diffusion, improving uptake.’® This trend is
supported by reported thermodynamic parameters, where AH°
values for dye adsorption on magnetized biomass-based
sorbents typically range from +10 to +45 kJ mol ', indicating
predominantly physisorption with endothermic character.**>%

In addition to pH and temperature, the presence of
competing ions in real wastewater systems can markedly
influence adsorption performance. Multivalent cations and
common inorganic anions may compete with target pollutants
for active sites or alter electrostatic and ion-exchange equi-
libria.'®® Most studies conducted under single-solute laboratory
conditions may therefore overestimate removal efficiency.
Incorporating competitive ion systems in experimental evalua-
tions provides a more realistic prediction of adsorbent perfor-
mance under field conditions.

5.4 Mechanistic aspects of dye removal

The efficiency of magnetized biosorbents stems from their
combined magnetic separability and surface functional chem-
istry. Although Fe;O, nanoparticles themselves do not directly
adsorb pollutants, they enable rapid recovery of spent adsor-
bents via external magnetic fields, eliminating the need for
energy-intensive filtration."® These composites can typically be

768 | RSC Adv, 2026, 16, 758-777

reused for 5-10 cycles with minimal efficiency loss when reg-
enerated using mild desorption agents."’

At the molecular level, dye removal is governed by interac-
tions between dye molecules and biomass functional groups—
hydroxyl, carboxyl, phenolic, and amine moieties.’®® These
groups enable hydrogen bonding, electrostatic attraction, and
ion exchange, while aromatic dyes benefit from -7 stacking
interactions with lignin-derived structures."® The incorporation
of magnetic nanoparticles enhances surface area and creates
additional active sites, sometimes enabling coordination with
dye molecules, further improving removal efficiency.”® The
synergy of these mechanisms enables high adsorption capac-
ities, fast uptake rates, and robust reusability."* As depicted in
Fig. 3, adsorption efficiency is governed by isotherm models,
kinetic behavior, and thermodynamic feasibility, while opera-
tional parameters and mechanistic interactions strongly influ-
ence overall performance (Fig. 5 and 6).

5.5 Effect of co-existing ions on adsorption performance

Most adsorption studies are conducted using single-component
dye systems to establish baseline adsorption behavior.
However, in real wastewater, coexisting ions such as Cl~, S0,%7,
and Ca”®* can compete with dye molecules for active sites and
influence electrostatic interactions, thereby affecting adsorption
efficiency. Several studies have reported that increasing ionic
strength can lead to a reduction in adsorption capacity, typically
ranging from 15-35%, depending on ion valency, concentration,
and surface charge properties of the adsorbent.’>'* Investiga-
tions involving NaCl, CaCl,, and Na,SO, have demonstrated
moderate decreases in dye adsorption (approximately 18-27%),
confirming that ionic strength and charge competition can

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Adsorption performance metrics and mechanistic insights for dye removal. Isotherm models such as Langmuir and Freundlich describe
adsorption behaviour, while kinetic models (pseudo-first- and pseudo-second-order) explain adsorption dynamics. Thermodynamic parameters
(AG, AH, AS) indicate spontaneity, heat exchange, and disorder changes. Process efficiency is influenced by pH, contact time, adsorbent dosage,
and temperature. Mechanistic pathways include magnetic separation for efficient recovery and functional group interactions with dye molecules.

significantly suppress adsorption performance. These findings
underscore the importance of evaluating adsorption in multi-
component systems, which more accurately reflect real

wastewater conditions. Future research should prioritize
systematic studies on the influence of coexisting ions to better
understand adsorption mechanisms under practical wastewater

Magnetized Plant-Based Adsorbents for Industrial Dye Removal: A Green Approach for Wastewater Remediation
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Fig. 6 A schematic overview of magnetized plant-based adsorbents for wastewater remediation.
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scenarios and to guide the design of adsorbents with enhanced
selectivity and stability in complex matrices.

While most reported studies employ simulated dye-
contaminated deionized water, such simplified systems fail to
reflect the chemical complexity of natural and industrial
wastewaters. Factors such as ionic strength, dissolved organic
matter, and colloidal particles can significantly alter adsorption
behavior. Future investigations should therefore emphasize
validation using real wastewater samples from textile, agro-
chemical, or pharmaceutical industries to ensure the environ-
mental relevance and scalability of biomass-based adsorbents.
Such real-matrix testing would bridge the gap between labora-
tory results and field performance.

6 Comparative evaluation of
magnetized vs. non-magnetized plant
adsorbents

The modification of plant-based adsorbents with magnetic
nanoparticles has demonstrated significant advantages over
their unmodified counterparts, not only in enhancing dye
removal performance but also in improving operational
handling and reusability.

6.1 Improvement in dye removal efficiency

Magnetization typically enhances adsorption efficiency due to
increased surface area, improved porosity, and additional active
sites provided by Fe;O, nanoparticles."” Non-magnetized bi-
osorbents like raw fruit peels or sawdust primarily rely on their
inherent cellulose, hemicellulose, and lignin structures for
adsorption, which can limit their maximum dye-binding capacity.
In contrast, magnetized composites can achieve up to 1.5-2 times
higher adsorption capacities, as reported for rice husk and
coconut shell biochar magnetized via in situ precipitation.”
Beyond increased capacity, magnetized materials also exhibit
faster uptake rates. Nanoparticles contribute to a more accessible
pore structure, enhancing intraparticle diffusion.” For example,
magnetized sugarcane bagasse biochar removed over 90% of

View Article Online
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methylene blue within 30 min, whereas the non-magnetized form
achieved comparable removal only after 90 min."*

6.2 Reusability and regeneration potential

One of the most notable advantages of magnetized adsorbents
is their ease of recovery and reusability."”” Non-magnetized
biomass typically requires filtration or centrifugation for sepa-
ration, processes that are time- and energy-intensive and prone
to material losses. In contrast, magnetized adsorbents can be
efficiently retrieved using external magnetic fields within
seconds, simplifying operations and reducing costs.'”® Repre-
sentative data summarizing the regeneration performance of
magnetized biomass adsorbents are provided in Table 5. Across
systems including Fe;O4-biochar, Fe;O,-cellulose, Fe;0O,4-algi-
nate, and Fe;O,-chitosan composites, the retained adsorption
efficiency after 5-10 cycles typically ranges from 70-90%,
depending on the regeneration agent and pollutant type. For
instance, magnetized biochar derived from corncob retained
93% of its methyl orange removal capacity after ten regenera-
tion cycles,' illustrating the general reusability trend across
Fe;0,4-functionalized biomass adsorbents.

It should be noted, however, that regeneration using acids or
salts can alter surface characteristics. Acidic eluents may leach
iron ions or protonate functional groups, while salt-based
desorption can modify surface charge distribution, influ-
encing subsequent adsorption behavior.>® Optimization of
regeneration conditions is therefore essential to preserve both
structural stability and adsorption capacity over multiple cycles.
Non-magnetized materials often exhibit greater physical
degradation during repeated handling, leading to faster
performance decline.***

6.3 Long-term stability and iron leaching analysis

The long-term operational stability of magnetic nanoparticles
is a critical factor influencing their environmental safety and
reusability. Although the current study primarily focused on
adsorption efficiency, future investigations should include Fe
ion leaching measurements using ICP-OES or AAS to quantify
any release of iron during repeated use. Such analyses can

Table 5 Regeneration performance of selected FesO4-magnetized biomass or carbon-based adsorbents

S. no. Adsorbent Pollutant (dye) Regeneration method Number of cycles Retained capacity (%) Ref.
1 Fe;04/baobab seed- Congo red 0.1 M NaOH, wash, 4 80.7% (from ~92.6% 202
derived biochar (Fe;0,/ reuse after 1st cycle)
BSB)
2 Fe;0,-MOS (moringa Methylene blue Wash + pyro- 5 ~90% 203
seed shell biochar) treatment, reuse retained (removal
declined ~9%)
3 Fe;0,@1 Methylene blue Ethanol wash, reuse 7 From ~97.84% — 204
nanocomposite ~90.44% after 7 cycles
4 Fe;0,-N-banana-peel Methylene blue Not specified 5 High 205
biomass charcoal capacity maintained
(exact % not detailed)
5 Fe;0,@granite Reactive black 5 0.1 M NaOH, reuse 5 49.2% after 5th cycle 206

magnetic adsorbent
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confirm the chemical stability of Fe;O, cores and their resis-
tance to oxidation or dissolution under varying pH conditions.
Additionally, continuous adsorption-desorption cycling tests
should be performed to evaluate the quality loss rate and
possible decline in adsorption capacity over multiple cycles.>*”
Previous studies have shown that appropriate surface coating
(e.g., silica, chitosan, or biochar layers) can significantly
minimize Fe leaching (<2% after 10 cycles) and preserve >90%
of the adsorption capacity.?*® Incorporating such stabilization
strategies would ensure the long-term performance and envi-
ronmental compatibility of magnetized adsorbents.

6.4 Feasibility in batch and continuous treatment systems

While most research has focused on batch experiments,
magnetized plant-based adsorbents are increasingly evaluated
in continuous flow systems such as packed-bed and fluidized-
bed reactors. Their magnetic properties facilitate real-time
recovery and reactivation, reducing clogging and improving
system efficiency.>® In continuous studies, magnetized rice
husk composites achieved steady-state dye removal efficiencies
exceeding 85% over extended runs, whereas non-magnetized
biosorbents suffered from pressure drops and fouling due to
particle compaction.”® Magnetized materials are thus more
adaptable for scale-up and integration into industrial treatment
trains, particularly where automation and minimal manual
intervention are desired.*'* Their stability and separability make
them ideal for hybrid systems, combining adsorption with
advanced oxidation or biological polishing stages.***

7 Real-world applications and case
studies
7.1 Treatment of textile and dye manufacturing effluents

Textile industries, responsible for over 60% of global dye
discharges, represent the primary target for these adsorbents.*”
Pilot studies using magnetized orange peel biochar and Fe;O,-
coated rice husk composites have successfully treated real textile
effluents containing mixtures of reactive and azo dyes.*** Removal
efficiencies consistently exceeded 85-95% for color and chemical
oxygen demand (COD), meeting local discharge standards.”*
These systems demonstrated resilience to variable effluent
conditions, including fluctuations in pH, salinity, and organic
load.**® Similarly, magnetized sawdust composites have been
employed to treat dye manufacturing waste streams rich in
cationic dyes such as crystal violet and methylene blue.*” Batch
and column trials reported sustained removal performance, with
effluent color reductions surpassing 90% even after multiple

regeneration cycles.**®

7.2 Pilot-scale demonstrations and scale-up studies

Several pilot-scale studies have validated the scalability of
magnetized plant-based adsorbents. In one notable trial,
a fluidized-bed reactor employing Fe;O,-coated corncob bi-
ochar processed 1000 L day ' of textile wastewater for two
months, achieving consistent COD reductions of 70-80% and
dye decolorization rates of over 90%.*" The magnetic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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properties facilitated continuous material recovery and mini-
mized downtime for regeneration, lowering operational
costs.”” Scale-up studies have also highlighted that these
adsorbents can be integrated into existing treatment frame-
works, functioning as a polishing stage after primary sedi-
mentation or as a replacement for costly granular activated
carbon.”* Their lower production cost and reusability make
them competitive, especially in regions where agricultural
residues are abundant.”*

7.3 Economic viability and environmental sustainability

Economic analyses show that magnetized biosorbents can be
produced 40-60% cheaper than commercial activated carbon,
especially when derived from agro-wastes like banana peels,
coconut husks, or rice husks.?”® Although Fe;O, nanoparticle
incorporation increases material costs, easy recovery and reus-
ability reduce overall labor and energy expenses.”* Environ-
mentally, these composites support circular economy goals by
valorising agricultural residues and minimizing secondary
waste.””® Their biodegradability ensures that, once spent, they
can be safely incinerated or composted, unlike synthetic resins
or heavily processed adsorbents.”*® Lifecycle analyses suggest
that magnetized biosorbents can reduce the carbon footprint of
dye wastewater treatment by over 30% compared to conven-
tional systems.>”

7.4 Environmental stability and risk mitigation of magnetic
nanoparticles

Although Fe;0,-based magnetic nanoparticles are widely regarded
as biocompatible and environmentally benign, their stability,
dissolution, and potential bioaccumulation warrant careful
consideration.”® Under acidic or oxidative conditions, Fe;O,
nanoparticles may undergo partial oxidation or leaching, releasing
soluble Fe ions that can alter soil and water chemistry.”* Long-
term exposure can also affect microbial communities and
enzyme activities, potentially disturbing nutrient cycling.”** To
mitigate these risks, surface modification strategies such as poly-
mer, silica, or carbon coatings have been developed to enhance
stability and reduce ion release.”®* Green synthesis approaches
further improve environmental compatibility by replacing toxic
reagents.”” Encapsulation within lignocellulosic matrices reduces
aggregation and uncontrolled dispersal, providing safer magnetic
adsorbents for large-scale use.***

8 Challenges and future perspectives

Magnetized plant-based adsorbents hold strong potential for
sustainable dye removal, yet challenges related to nano-
particle stability, eco-safe synthesis, and lifecycle impacts
remain.*** Protective coatings enhance stability but increase
costs, while green synthesis routes require optimization for
scalable and reproducible production. Hybrid materials such
as magnetized biochar or MOF-plant composites show
promise but face cost and durability barriers. Standardization
of adsorption metrics and incorporation of life-cycle and
techno-economic assessments are critical for realistic
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industrial translation. High-temperature activation and
magnetization steps can account for over 60% of total energy
inputs, highlighting the need for optimized, low-energy
synthesis routes.

9 Conclusion

Magnetized plant-based adsorbents represent more than
a sustainable alternative to conventional adsorbents—they
signal a paradigm shift toward decentralized, circular, and
resource-positive wastewater treatment systems. Their true
potential lies in uniting waste valorisation, magnetic recover-
ability, and low-energy operation within a single remediation
platform. Looking ahead, advancing this field requires
rethinking material design beyond laboratory-scale metrics,
toward functionally adaptive systems capable of operating in
complex industrial effluents and varying water chemistries.
Integrating multi-functionality, such as catalytic degradation,
antimicrobial properties, and selective recognition of dye
structures, could transform magnetized phyto-adsorbents from
passive sorbents into smart, programmable remediation
systems.

To achieve industrial translation, future research must
prioritize nano-bio interface stability, safe immobilization of
magnetic nanoparticles, minimization of leaching risks, and
environmentally responsible end-of-life pathways. The deploy-
ment of hybrid architectures—combining biomass-derived
carbon frameworks with MOFs, MXenes, or bioenzymatic
catalysts—offers promising directions for achieving tunable
selectivity and multi-contaminant removal. Equally critical is
the integration of techno-economic, LCA, and risk assessment
frameworks, enabling realistic evaluation of scalability, social
acceptance, and regulatory compliance.

Ultimately, transformative impact of magnetized phyto-
adsorbents will rely on collaboration between material scien-
tists, engineers, and industries to transition from conceptual
development to pilot-scale demonstration and modular, field-
ready reactors. With such advancements, magnetically recov-
erable plant-based composites could become central to next-
generation wastewater treatment infrastructures, supporting
global ambitions for energy-efficient, circular, and climate-
resilient water purification technologies.
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