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ABSTRACT
The separation and recovery of metal ions from industrial andmunicipal wastewaters and leachates is essential for environmental
sustainability and resource conservation. Bio-based polysaccharides, such as cellulose and chitin; proteins, such as keratin; and
other biomacromolecules, such as lignin, offer a promising, sustainable alternative to conventional adsorbents due to their
abundance, renewability, and inherent presence of metal-binding functional groups. This review explores strategies to engineer
these materials and enhance their metal interaction capabilities. These include chemical modifications (e.g., introduction of
charged groups and metal-specific ligands), physical treatments (e.g., particle size reduction and porosity control), and the
development of composite materials and advanced architectures, such as activated carbons, membranes, fibers, and 3D-printed
structures. Despite their potential, challenges such as natural variability, lower durability compared to synthetic materials, and
economic considerations remain. Through targeted research and development, biopolymers could become viable, eco-friendly
solutions for hydrometallurgical metal recovery processes, aligning with circular economy principles. This review provides
a comprehensive, mechanism-oriented synthesis that integrates material classes, functionalization strategies, and adsorption
selectivity trends relevant to metal recovery under hydrometallurgical conditions and outlines future directions to overcome
existing barriers.
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Introduction

rowing emphasis on sustainable resource management and
ircular economy principles has accelerated the shift toward
nvironmentally friendly metal recovery from secondary sources.
n this context, hydrometallurgical methods have emerged as
more sustainable alternative to traditional pyrometallurgical
rocesses. Unlike pyrometallurgy, which requires high tempera-
ures and substantial energy input, hydrometallurgy offers several
dvantages as it operates under milder thermal and pressure
onditions, consumes less energy, and provides higher selectivity
or targeted metal recovery [1–3]. Hydrometallurgical techniques
ypically begin with a leaching step, in which metals are solubi-
his is an open access article under the terms of the Creative Commons Attribution License, which perm
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lized from solid matrices. This is commonly achieved through
chemical leaching, using mineral acids (e.g., HCl, H2SO4) or
complexing agents, although biological leaching (bioleaching)
using microorganisms has also been explored. These leaching
processes are widely applied to a variety of metal-rich secondary
resources, including end-of-life batteries, spent automotive cat-
alytic converters, electronic waste, and photovoltaic panels [3].
The leachates obtained from these processes, as well as from
metal-containing wastewaters generated by industries such as
mining, electroplating, and battery manufacturing, are subjected
to selective separation steps for preferential binding of a target
metal ion in the presence of competing species. These steps
conventionally involve precipitation, solvent extraction, or ion
its use, distribution and reproduction in any medium, provided the original work is properly
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FIGURE 1 (A) Number of published articles using pyrometallurgical, chemical-, and bio-based methods for metal separation and recovery from
different matrices between 2011 and 2024 (Source: Scopus, accessed October 2025). (B) Distribution of bio-based methods used for metal separation and
recovery.
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xchange using chemical reagents. However, they often require
ubstantial reagent consumption and generate secondary waste
treams that pose challenges for treatment, disposal, and envi-
onmental safety [4]. As a result, there is a growing interest in
eveloping more sustainable and lower-impact metal recovery
lternatives based on biomaterials. These materials, derived from
enewable resources or waste biomass, are being investigated
or their potential to reduce chemical usage, minimize waste
eneration, and provide selective recovery of valuable metals in
n eco-friendly manner [5].

o have a better insight into the trend of studies focusing on
etal separation and recovery methods, an assessment was
onducted by searching Scopus for publications on pyro and
ydrometallurgical (with a focus on bio-based and chemical
etal recovery methods) methods from 2011 to 2024. As illus-
rated in Figure 1A, the number of publications on bio-based
ethods for metal separation and recovery has been increasing
teadily since 2011 [6], significantly outpacing pyrometallur-
ical approaches, though still lagging behind chemical-based
ydrometallurgical methods. This trend reflects the increasing
ecognition of bio-based materials’ potential as solutions for
ddressing global challenges in resource management and envi-
onmental remediation. Hydrometallurgical systems leveraging
etal–biomaterial interactions represent a pathway toward more
ustainable metal recovery within a circular economy framework
6, 7]. Chemical-based hydrometallurgical methods continue to
ominate research due to their maturity, resulting in a persistent
ocus on chemical approaches over bio-based materials in metal
eparation and/or recovery studies [3, 8].

he literature research also revealed that the most common
io-based metal recovery methods are biosorption, bioaccumu-
ation, bioreactor and electroactive systems, bioprecipitation,
nd bioflotation. Biosorption, accounting for more than half of
ublished studies (Figure 1B), involves passive binding of metals
o functional groups on bio-basedmaterials. The nextmostwidely
tudied method is bioaccumulation, which is an active process
here living organisms (microbes or plants) take upmetal species
hrough metabolic activity and store them within cellular com-
artments. In bioprecipitation, metals are reduced or react with
io-basedmaterials (usually obtained fromplants ormicrobes) [9,
of 47
10]. Bioreactors, electroactive systems, and bioflotation are metal
recovery methods based on bacterial activity, utilizing microbial
metabolism or electrochemical interactions. Most biopolymer-
based methods for metal recovery rely on metal sorption or
bioprecipitation, where metal ions are adsorbed to the functional
groups of biopolymers, or interact with bio-based molecules in
the solution and precipitate.

Biopolymers are renewable, environmentally friendly, and, in
many cases, abundant, making them ideal for sustainable appli-
cations. The most abundant biopolymer is cellulose, a widely
available plant-based polysaccharide, and chitin, derived from
marine organisms and fungi. Additionally, lignin, an abundant
aromatic biopolymer that is a byproduct of the pulp and paper
and bioethanol industries, must also be cited. Other examples
include keratin, sourced from animal byproducts such as wool
and feathers, and alginates, extracted frommarine algae. Biopoly-
mers, derived from renewable biological sources, contain diverse
functional groups, which enable them to interact with metal
ions through electrostatic interactions, chelation, ion exchange,
adsorption, and coordination bonding. These features also enable
further modification to improve their application potential in
various sectors, including metal separation and recovery from
different wastewaters and leachates.

Despite the growing body of literature on biopolymer-basedmate-
rials for metal recovery, the existing reviews often adopt a frag-
mented perspective, emphasizing a single target metal, a limited
subset of biopolymers, or a specific functionalization route, and
frequently drawing conclusions from studies performed under
idealized aqueous conditions [11–14]. In contrast, this review links
material chemistry and structural designwith solution chemistry.
It analyzes how these factors control adsorption capacity and
selectivity under acidic, multicomponent conditions typical of
hydrometallurgical leachates. This review systematically con-
nects (i) material chemistry, (ii) engineering strategies, and
(iii) process-relevant variables (acid concentration, competing
ions, and metal speciation) to rationalize observed selectivity and
guide material design for metal recovery and separation. The fol-
lowing sections therefore provide a unified, mechanism-oriented
framework that maps key material classes and modification
strategies to selectivemetal capture, offering practical insights for
Advanced Sustainable Systems, 2026
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eploying sustainable adsorbents in hydrometallurgical recycling
nd related metal recovery applications.

Classes of Biopolymers and Their
etal-Interacting Functional Groups

iopolymers, classified by their biological origin and macro-
olecular composition (Table 1), include: (1) polysaccharide-
ased materials, derived from plants (e.g., cellulose, starch,
ectin), algae (e.g., alginate), andmicroorganisms (e.g., microbial
xopolymers like xanthan gum, levan, and bacterial cellulose), as
ell as exoskeletons of arthropods and the cell walls of fungi (e.g.,
hitin); (2) protein- and peptide-based materials, from both plant
nd animal sources, such as zein, soy protein, keratin, collagen,
nd casein; (3) polyphenolic and lignin-rich materials, primarily
lant-derived, including lignin, tannins, and other polyphenolic
ompounds.

hese materials possess a wide range of functional groups,
uch as hydroxyl, carboxyl, amino, thiol, phenolic, phosphate,
nd sulfate, that are key to their reactivity, particularly in
nteractions with metal ions through various mechanisms. These
echanisms include adsorption, chelation, electrostatic inter-
ctions, ion exchange, complexation, hydrogen bonding, and
eduction, each governed by the nature and ionization state of
heir functional groups. For instance, hydroxyl, carboxyl, and
henolic moieties can ionically bind, or chelate metal species
nce deprotonated, whereas amine, thiol, and imidazole groups
an coordinate metals under protonated or neutral conditions
6, 15]. Hydrogen bonding and coordinate bonds further stabilize
hese interactions, while ion exchange becomes prominent when
unctional groups such as carboxylates or sulfonates replace
etal counter-ions [6, 7]. Precipitation and co-precipitation
an also occur, especially in the presence of multifunctional
iopolymers that alter local pH or redox conditions, driving
etals to form insoluble complexes [16]. Table 1 summarizes key
iopolymers by origin, natural sources, their estimated global
roduction, and their primary functional groups.

olysaccharide-based materials offer hydroxyl-, carboxyl-, and
mino-rich frameworks ideal for capturing metals from aque-
us environments. Cellulose, the most abundant polysaccharide
Table 1), can interact with metal species mainly via surface
ydroxyl groups through hydrogen bonding, weak coordination,
nd pH-dependent electrostatic interactions [30] (Figure 2A).
ectin, rich in galacturonic acid residues, exhibits a strong affinity
or divalent and trivalent metals through their carboxyl groups
Figure 2B), making them highly effective for recovering metals
rom industrial effluents [31]. Chitosan, a derivative of chitin,
s a particularly effective material with amino and hydroxyl
roups that, based on its isoelectric point (pI), can bind to both
ositively and negatively charged metal complexes from alkaline
r acidicmatrices, respectively [32] (Figure 2C). Similarly, marine
olysaccharides such as alginates act as polyanionic ligands,
here carboxylate groups enable strong coordination with diva-
ent metal ions such as calcium andmagnesium, leading to metal
tabilization and network formation in diverse matrices [33].

roteins and peptides, with groups such as carboxyl, amino, thiol,
isulfide, and imidazole, offer selective metal-binding capabil-
dvanced Sustainable Systems, 2026
ities critical for recovering valuable or toxic metals. Peptides
containing histidine (e.g., collagen), cysteine, and arginine-rich
proteins (e.g., keratin) demonstrate potential for sequestering
a wide range of metals, including heavy and precious metals
like gold and silver. Their binding capabilities primarily arise
from imidazole rings in histidine [34], thiol, disulfide, and amine
groups in cysteine [35, 36], which facilitate metal interactions
through coordination, chelation, or electrostatic mechanisms
(Figure 2D–F). This flexibility enables adsorption of both cationic
metals and anionic metal complexes, depending on pH and
solution conditions, supporting applications in metal recovery
and environmental remediation.

Polyphenolic [37] and lignin-based [38] materials combine
aromatic structures and phenolic hydroxyl groups, enabling
strong metal coordination through hydrogen bonding, elec-
trostatic interactions, and chelation. Lignin, a highly abun-
dant biopolymer, contains diverse functional groups (phenolic,
methoxyl, carboxyl, and hydroxyl) that enhance metal selec-
tivity, making it effective in Fenton-like oxidation and other
advanced oxidation processes [38–40]. Similarly, polyphenolic
compounds, including tannins, feature high-density chelat-
ing sites (Figure 2G–I), further supporting metal recovery
[37, 41].

Evidence for these interaction mechanisms is typically derived
from adsorption studies combined with spectroscopic and
surface-sensitive characterization techniques. Vibrational spec-
troscopies such as Fourier Transform Infrared (FTIR) and
Raman spectroscopy are widely used to probe these inter-
actions by monitoring shifts in the characteristic vibrational
bands of functional groups after metal uptake. Coordination
of a metal ion alters the electron density and bond strength
of donor atoms (e.g., O, N, or S), resulting in measurable
changes in the stretching frequencies of groups such as ─OH,
─NH2, ─COO−, or ─SH [33, 41, 49]. Surface-sensitive tech-
niques such as X-ray photoelectron spectroscopy (XPS) provide
complementary evidence by detecting changes in the bind-
ing energies of heteroatoms involved in coordination and by
revealing the appearance of metal-specific core-level signals,
confirming the formation of metal–ligand bonds at the sor-
bent surface [41, 50]. In addition, density functional theory
(DFT) calculations are increasingly used to model metal–ligand
coordination environments and adsorption energies, enabling
interpretation of spectroscopic shifts and helping to identify the
most favorable binding configurations within the biopolymer
matrix [51].

This natural diversity of functional groups across biopolymers
provides a foundation for advancingmetal recovery technologies.
Despite these advantages, the native properties of these materials
can limit efficiency, selectivity, and stability under demanding
conditions. Introducing additional functional groups, improving
structural integrity, and tailoring porosity can enhance metal-
binding capacity and selectivity toward specific ions. In this
review, adsorption capacity (q) refers to the total amount of metal
taken up under defined conditions, whereas selectivity denotes
preferential binding of a given ion (Mi) in the presence of a
competing species (Mn) (S = qMi/qMn). The following sections
examinemodification strategies to enhancemetal interaction and
separation selectivity.
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FIGURE 2 Interactionmechanisms of (A) cellulose through hydrogen bond formation [42], (B) pectin through deprotonated carboxyl groups at pH
> carboxyl pKa (∼4.0) [43], (C) chitosan through protonated amino group at pH< pI (∼6.5) [44], (D) histidine at pH ˂ pI (∼7.6) [45], (E) cysteine through
thiolate and carboxylate donor groups at pH > relevant pKa values [46], (F) arginine through N-donor chelation [47], and (G–I) phenolic compounds
[37, 48] with metal ions or complexes (M+: [M(X)x.mH2O]n+; M−: [MXy]n− or [MOy]n−; M: metal ion and X: anion like Cl−, NO3

−, SO4
2−, OH−).

3
o

C
e
m
o
w
r
p
t
r
d
a

3

S
c
t
e
s

A

 23667486, 2026, 4, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsu.70457 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [21/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
Chemical Modifications and Functionalization
f Biopolymers

hemical modification and functionalization of biopolymers
nhancemetal-binding capacity, selectivity, and structural perfor-
ance. These processes can be applied in different ways: directly
n native biopolymers in their solid state, after solubilization
hen internal reactive sites are exposed, or on pre-formed mate-
ials such as membranes, beads, and composites. This section
resents key functionalization approaches, including solubiliza-
ion techniques, cross-linking strategies, and the introduction of
eactive ormetal-specific ligands, offering a comprehensive foun-
ation for designing efficient biopolymers for metal separation
nd environmental applications (Figure 3).

.1 Solubilization of Biopolymers

olubilizing biopolymers is a critical step to enhance their
hemical functionalization and facilitate the formation of
ailored structures. In their native states, these materials often
xhibit extensive hydrogen bonding and rigid supramolecular
tructures, limiting accessibility to reactive sites [52, 53].
dvanced Sustainable Systems, 2026
Solubilization disrupts these interactions and exposes previously
unavailable functional groups. This enhances the reactivity
of biopolymers by enabling the introduction of new chemical
groups into their structure (Sections 3.2–3.4). Once the desired
modifications are made, the biopolymer can be regenerated
into structured forms with tailored properties by re-establishing
interactions such as hydrogen bonding and hydrophobic
forces.

Table 2 demonstrates some common solubilization methods for
cellulose, chitosan, keratin, collagen, and lignin. Cellulose is
commonly dissolved in ionic liquids (ILs) [54–56] or deep eutectic
solvents (DES) [57] to disrupt hydrogen bonds and crystalline
regions, making hydroxyl groups (─OH) more accessible for
functionalization processes. Lignin, with its complex aromatic
structure, is often solubilized using alkaline solutions (e.g.,
NaOH) [58], DESs [59], or organic solvents [60]. This treatment
exposes phenolic and aliphatic hydroxyl groups, enabling sub-
sequent chemical modifications. A fibrous, rigid protein like
keratin, by disulfide bonds and hydrophobic interactions, is
insoluble in water, and neutral solvents, but can be solubilized
using ILs, such as cholinium acetate [61], reducing agents (e.g.,
dithiothreitol) [62], alkaline hydrolysis [63], or other methods
5 of 47
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FIGURE 3 Schematic overview of chemical modification strategies discussed in Section 3.

FIGURE 4 Reductive cleavage of S─S cystine bonds in keratin dissolution, adapted from Fitz-Binder et al. [36].
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Table 2). Solubilization of keratin exposes thiol groups (─SH), as
ell as previously inaccessible amine (─NH2) groups, enabling its
se in functionalized biomaterials (Figure 4) [36].

mong the available solubilization strategies, ILs and DESs
re favored because they disrupt hydrogen bonding and sec-
ndary interactions through specific ion–polymer interactions
ather than indiscriminate chemical attack, thereby preserving
olymer backbone integrity, molecular weight, and reactive
unctional groups. In addition, certain ILs and DESs, particularly
hose derived from inexpensive and benign components (e.g.,
holinium-based systems such as cholinium acetate [61]), are
on-volatile and recyclable, enabling controlled dissolution–
egeneration cycles that are difficult to achieve using strong
lkaline or hydrolytic treatments.

.2 Cross-Linking and Stabilization

cross-linking agent is a compound that facilitates the formation
f covalent or ionic bonds between polymer chains, creating
three-dimensional network, thereby enhancing the material’s
echanical, thermal, and chemical properties by altering its
tructure,while preserving or enhancingmetal binding sites [118].
ross-linking can also modulate porosity and chemical stability,
aking the material more robust under operational conditions
119]. Table 3 presents examples of cross-linking agents from the
ifferent groups of cross-linking agents used in biopolymers.
of 47
The selection of a cross-linking agent largely depends on the
reactive sites present on the biopolymer and whether these sites
should remain available or be incorporated into the cross-linked
structure. In the case of chitosan, for example, glutaraldehyde
or epichlorohydrin can be chosen to cross-link the biopolymer
through amine or hydroxyl groups [128]. As shown in Figure 5,
glutaraldehyde primarily reacts with amine groups, forming
imine (Schiff base) linkages, thereby preserving hydroxyl groups
for subsequent functionalization or application. Conversely,
epichlorohydrin predominantly targets hydroxyl groups under
alkaline conditions, forming ether bonds and leaving amine
groups free (Figure 5).

Beyond the impact of cross-linking agents, they may also play
an important role on metals interaction affinity of biopoly-
mers. Glutaraldehyde-cross-linked chitosan chelates first-row
transition metals (Cr, Mn, Fe, Co, Ni, Cu, and Zn), show-
ing especially strong affinities for Cu2+ and Ni2+ [129]. Con-
versely, epichlorohydrin-cross-linked chitosan preserves virtually
all primary amines, enabling broad uptake of hard divalent
cations. Reported Langmuir capacities reach ∼131 mg g−1 for
Cu2+ and ∼84 mg g−1 for Cd2+, with selectivity in the order
Cu2+ > Cd2+ > Pb2+ ≈ Zn2+, driven by electrostatic attrac-
tion and amine chelation, further aided by the material’s
swelling [130].

Moreover, certain cross-linking agents can play a dual role,
reinforcing the polymer network while selectively binding metal
Advanced Sustainable Systems, 2026
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TABLE 3 Examples of common cross-linking agents used in biopolymers to enhance stability and functionality.

Group Example Structure Refs.

Aldehyde-based Glutaraldehyde [120]

Natural cross-linkers Genipin [121]

Epoxy-based cross-linkers Epichlorohydrin [122]

EGDE (Ethylene glycol diglycidyl
ether)

[123]

Carbodiimides EDC
(1-Ethyl-3-(3-dimethylaminopropyl)

carbodiimide)

[124]

Vinyl-based cross-linkers PEGDA (polyethylene glycol
diacrylate)

[125]

Acrylonitrile [126]

Ionic cross-linkers Tripolyphosphate [127]
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reat
ons. Zhao et al. [131], for example, cross-linked chitosan with
ystamine, a disulfide-bearing molecule, and obtained a
omposite that adsorbed [AuCl4]− at an impressive 478
g g−1. This uptake, driven chiefly by chelation and
upplemented by ion-exchange interactions, demonstrates
ow multifunctional cross-linkers can endow biopolymer
dsorbentswith bothmechanical robustness andmetal specificity
Figure 6).

.3 Introduction of Charged and Reactive
unctional Groups

he strategies outlined in Sections 3.3 and 3.4 for introducing
pecific or non-specific functional groups into bio-based polymers
re well-founded, as biopolymers possess abundant reactive sites
hose efficiency and selectivity can be refined through targeted
unctionalization.

unctional groups such as carboxylates (─COOH), sulfonates
─SO3H), phosphonates (─PO3H2), amines (─NH2), thiols (─SH),
nd hydroxyls (─OH) impart unique chemical properties that
nable diverse modes of metal ion binding, including elec-
rostatic interactions, coordination bonds, chelation, hydrogen
onding, redox interactions, and π interactions, depending on the
pecific chemistry of the metal ion and functional group [132–
34]. This section details the functionalization of biopolymers
ith such groups, exploring their chemical modification and
of 47
impact on metal binding. Additionally, a literature overview,
drawn from Scopus data, analyzes the prevalence of func-
tionalization methods applied to biopolymers, identifying key
trends and dominant strategies in the field, as illustrated in
Figure 7.

The introduction of these groups into biopolymers can be
achieved either directly on the biopolymer, on the dissolved
biopolymer (Section 3.1), or through a two-step process, depend-
ing on the availability of reactive sites within the material. In
materials with limited reactive sites, such as cellulose, prelim-
inary functionalization is critical for creating a foundation to
support further chemical modifications. Commonly, this step
involves oxidation reactions to introduce hydroxyl or aldehyde
groups, which serve as highly reactive intermediates [135]. Newly
formed hydroxyl groups, for example, can undergo esterification
to incorporate additional functionalities or be further oxidized
to carboxylic acids, thereby enhancing the substrate’s reactivity
[135, 136]. In cases where the material already possesses adequate
reactive groups, or after these groups have been introduced,
desired functional groups can be grafted on through standard
chemical reactions.

Esterification, which links hydroxyl-rich biopolymers such as
cellulose, chitosan, lignin, collagen/gelatin, and alginate with
carboxylic acid-containing functional ligands, is a prominent
reaction in this context. This reaction forms ester bonds that
enhance the mechanical and chemical stability of the material
Advanced Sustainable Systems, 2026
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FIGURE 5 Chitosan cross-linking scheme with (A) glutaraldehyde
and (B) epichlorohydrin adapted from Filipkowska and Jóźwiak [128].
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hile introducing new coordination sites for metal binding
Reaction 1) [137].

R1 − OH+R2 − COOH → R1 − (CO) − O − R2 +H2O (1)

sterification of cellulose or chitosan with phosphonate or
hiol-containing compounds, for example, has been shown to
nhance their adsorption performance toward multivalent met-
ls, enabling efficient removal and recovery from wastewater
138]. Moreover, introducing carboxylic acid groups to cellulose
ia esterificationwith octenyl succinic anhydride has been shown
o enhance its affinity for Cu2+ ions [139]. Similarly, Li et al.
140] modified spent grain, a lignocellulosic biopolymer, with
itric acid, improving its adsorption capacity for Pb2+, Cd2+,
nd Zn2+.

s shown in Figure 7, esterification is the most widely employed
iopolymer functionalization technique, with cellulose being
he primary target (Figure 7C). This is due to the abundance
f cellulose and its plentiful hydroxyls, allowing straightfor-
ard synthesis of cellulose esters and making it the widely
tudied candidate for esterification [141]. Furthermore, native
ellulose is water-insoluble; converting it into esters can tailor
ey properties such as solubility and thermoplasticity, thus
nabling a broad range of applications [141]. By contrast, other
iopolymers have fewer or less-accessible hydroxyls and often
ifferent primary functional groups, making direct esterification
ess prevalent (Figure 7C). In proteins like collagen and ker-
tin, there is also a risk of structural disruption if esterified,
dvanced Sustainable Systems, 2026
so they are more often cross-linked or amidated rather than
esterified.

Grafting is the second most prevalent method, notably applied
to cellulose and chitosan due to their numerous reactive sites
and robust backbones for hybrid materials (Figure 7). It involves
the covalent attachment of large polymer chains or networks,
such as polyacrylic acid, onto bio-based backbones to create
synthetic–biological hybrid materials [142]. This process can
be achieved through various mechanisms, such as grafting-
to, where pre-synthesized polymers are covalently bound to
the material; grafting-from, where polymer chains are grown
directly from the surface via polymerization; or grafting-through,
where polymerizable units on the bio-basedmaterial are incorpo-
rated into a copolymerization reaction (Reactions 2–4) [143–145].
These hybrids combine the structural advantages of natural
materials, such as biocompatibility and biodegradability, with
the functional versatility of synthetic polymers, enabling the
creation of a robust matrix with enhanced chelating capacity
and mechanical properties [146, 147]. Free-radical or chemical
initiators generate active sites on these biopolymers, enabling
vinyl monomers or other polymers to branch off. Cellulose is
especially attractive for grafting (Figure 7E) due to its abun-
dance, high molecular weight, thermal stability, and multiple
─OH groups [148], often yielding improved water absorbency
or ion-exchange capacity while preserving mechanical integrity
[149]. Likewise, chitosan’s ─NH2 and ─OH functionalities
facilitate radical formation and easy chemical modification
[83, 150]. Other biopolymers are grafted less often due to
structural complexity and vulnerability to denaturation, thus
making blending, cross-linking, or simpler modifications more
practical.

Grafting to

R1 − X+R2 − YR1 − Y − R2 (2)

Grafting from

R1 − initiator +Monomer𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛
⃖⃖⃖⃖⃖⃖⃖⃖⃗

R1 − polymerchain (3)

Grafting through

R − polymerizableunit +Monomer
𝐶𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛

⃖⃖⃖⃖⃖⃖⃖⃗
R − Copolymerchain

(4)
Different studies performed grafting for the improvement of
the metal interaction potential of biopolymers. For example,
grafting poly(acrylic acid) onto cellulose enhanced its metal ion
sorption capacity and mechanical stability, making it suitable
for water purification and heavy metal recovery applications
as shown by Kumar et al. [147]. In another study, Zhou et al.
[151] conducted grafting to by copolymerizing acrylic acid onto
a chitosan–cellulose hybrid using ammonium persulfate as an
initiator, resulting in a superabsorbent graft copolymer with
highly available carboxyl and amino groups and enhanced
Ca2+, Mg2+, and Na+ ion removal efficiency for water softening
applications.

Etherification is often employed to modify polysaccharides such
as dextran [152] and carrageenan [153] by attaching alkyl or aryl
groups through alkylation reactions (Reaction 5). Etherification
9 of 47
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FIGURE 6 Adsorption of [AuCl4]− by chitosan cross-linked with cystamine composites adapted from Zhao et al. [131].
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ot only improves the chelating properties of biopolymers but
lso contributes to their structural integrity, ensuring durability
n challenging environments such as acidic or alkaline solutions
154].

R1 − OH+R2 − OH → R1 − O − R2 +H2O (5)

or chitosan, etherification has been studied more exten-
ively (Figure 7F) because the native polymer has limited
olubility and restricted reactivity. A widely explored route
s carboxymethylation, typically achieved by reacting chitosan
ith chloroacetic acid to form O-carboxymethyl chitosan (and
ome N-carboxymethylation) [83]. This derivative is ampho-
eric and contains carboxylate groups that substantially increase
ater solubility over a broad pH range while also improving
ydrophilicity and flexibility [83]. This enables applications
n pharmaceuticals and environmental fields where pristine
unmodified) chitosan was unsuitable. In a study by Li et al.,
carboxymethyl-inulin-modified chitosan (CMI-CS) adsorbent
as synthesized through a three-step alkalization–etherification
f inulin. The CMI-CS displayed a good Cu2+ uptake capacity
∼49 mg g−1), while retaining >80% removal efficiency across
H 3.5–6, revealing the efficiency of etherification in creating
obust, bio-based adsorbents for wastewater treatment. Other
iopolymers are less commonly etherified; lignin methylation is
ore niche, and alginate or proteins typically focus on different
odifications.

midation is also awidely used reaction for introducing nitrogen-
ontaining groups into bio-based materials. It is a process where
he amine group of one molecule bonds to the carboxylic acid
roup of another, forming a stable amide bond (Reaction 6) [155,
56]. Amidation is particularly effective for grafting functional lig-
nds, such as ethylenediamine or polyethyleneimine, which pro-
ide high-affinity binding sites for metal ions [157]. By enhancing
he stability of the material and improving its metal adsorption
apacity, amidation has become a preferred method in applica-
0 of 47
tions targeting heavy metals and precious metal recovery [157].

R1 − COOH +NH2 − R2 → R1 − CONH − R2 +H2O (6)

Amidation is a key technique for functionalizing biopolymers,
particularly cellulose and chitosan, by forming stable amide
bonds between carboxyl and amine groups (Figure 7). Chitosan,
with its natural amine groups, is easily modified through ami-
dation, attaching small molecules or polymers to create stable
conjugates resistant to hydrolysis [158]. This process also allows
cross-linking of chitosan with dicarboxylic acids, forming hydro-
gels with adjustable properties [83]. Cellulose, lacking amine
or carboxyl groups, requires activation, typically via oxidation
(e.g., TEMPO oxidation) to introduce carboxyl groups, especially
in nano-forms like cellulose nanocrystals (CNC) [159]. These
carboxylated celluloses can then be amidatedwith amines to graft
functional moieties, enhancing their utility under mild condi-
tions like EDC-mediated coupling, which preserves cellulose’s
structure [159].While amidation iswidely applied to cellulose and
chitosan, it is less common for other biopolymers like alginate,
collagen, lignin, and keratin (Figure 7B).

As a representative amidation case, Zhou et al. [160] repeatedly
amidated methyl-acrylate-activated cellulose nanofibrils with
ethylenediamine, growing poly(amidoamine) dendrimers on the
surface. The resulting material showed high adsorption capacity
for Cr6+ and even reduced part of it to Cr3+. Zhu et al. [161]
functionalized bis-carboxylated chitosan cryogels with L-proline
using TCFH/NMI-mediated amidation. The product exhibited
strong selectivity andhighU6+ uptake (∼463mg g−1),maintaining
over 80% efficiency after multiple reuse cycles.

Sulfonation (Reaction 7) and phosphorylation (Reaction 8) reac-
tions introduce sulfonate (─SO3

−) and phosphate (─PO3
2−)

groups, respectively, which are highly effective in binding diva-
lent and trivalent metal ions [162, 163]. These reactions are
typically carried out using chlorosulfonic acid, sulfur triox-
ide, or phosphorylating agents like phosphoric acid derivatives
[164]. These negatively charged functional groups enhance the
Advanced Sustainable Systems, 2026
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FIGURE 7 Distribution of published works on biopolymer functionalizationmethods across general polymer applications between 1990 and 2024.
The pie graph illustrates the prevalence of different functionalizationmethods applied to biopolymers. Radar plots represent the distribution of published
articles for each functionalizationmethod: (A) thiolation; (B) amidation; (C) esterification; (D) sulfonation; (E) grafting; (F) etherification, across various
biopolymers (cellulose, lignin, collagen, keratin, chitosan, and alginate). (Source: Scopus, accessed October 2025).
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aterial’s affinity formetals likeCd2+, Ca2+,Mg2+, Pb2+, Fe3+, and
l3+, making them highly effective candidates for environmental
emediation [13, 165, 166].

R − OH + SO3 → R − SO3H (7)

R − OH+H3PO4 → R − OPO3H2 (8)

ulfonation spans lignin, cellulose, chitosan, collagen, keratin,
nd alginate, with particular emphasis on lignin, cellulose,
hitosan, and collagen (Figure 7D). The versatility of sulfonation
omes from the fact that many biopolymers have sites that can
e sulfated or sulfonated (e.g., ─OH or ─NH groups), and intro-
ucing sulfonic acid groups often dramatically changes polymer
roperties in useful ways. A primary motive is to increase water
dvanced Sustainable Systems, 2026
solubility and charge. For example, lignin, becomeswater-soluble
after sulfonation; lignosulfonates carry sulfonate anions that
make them useful as dispersants, binders, and emulsifiers [167].
Indeed, sulfonation is themost effective way to improve thewater
solubility of alkali lignin and thus broaden its applications [167].
Sulfated cellulose gains strong electronegativity, good solution
stability, and film-forming ability with various applications [168].
Sulfonated chitosan becomes amphoteric or anionic, improving
solubility at neutral pH and conferring ionic conductivity [169].
Keratin can undergo S-sulfonation (breaking disulfide bonds and
adding ─SO3H) for improved solubility, while alginate sulfation
increases negative charge density, useful for heparin-mimicking
applications [170, 171].

In a study, Dong et al. [165] sulfonated microcrystalline cellulose
with an SO3–pyridine complex. The obtained material revealed
11 of 47
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ast metal adsorption kinetics and preferentially captured Fe3+
Pb2+ > Cu2+ mainly by its ─SO3

− groups. Similarly, Hamza
t al. [172] reacted cellulose with sulfamic acid and produced
erogel spheres with dense ─SO3H groups, which showed high
dsorption potential for Pb2+ and also methylene blue. Sulfona-
ion of other biopolymers formetal recovery applicationswas also
tudied. For example, glutaraldehyde-cross-linked chitosan was
onverted into sulfo-chitosanwith an in situNaNO2/NaHSO4 sul-
ating reagent. The Li+ uptake of the sulfonated chitosan jumped
rom 34 to 138 mg g−1, and the sorbent retained >90% efficiency
hrough eighteen acid regeneration cycles when recovering Li
rom spent battery leachate.

hosphorylation, though less common than other methods like
ulfonation, enhances metal-binding capacity, bioactivity, and
onic interactions, making it particularly useful in biomedical
pplications, metal recovery, and flame-retardant materials [173,
74]. Phosphorylation was applied to cellulose, chitosan, keratin,
nd silk, often to improve their chelation properties and affinity
or metal ions. However, its broader application is limited due
o the complexity of the reaction and the lower availability of
hosphorylating agents compared to sulfonation. An example of
ffective phosphorylation is the study by Zhao et al. [175], where
hey synthesized a phosphorylated chitosan–lignin composite
sing phosphorus pentoxide in methanesulfonic acid. The intro-
uced phosphate groups enhancedmaterial’s affinity for Pb2+ and
u2+, achieving maximum adsorption capacities of 207.9 mg g−1
nd 100.0 mg g−1, respectively.

hiolation reactions are essential for introducing sulfur-
ontaining groups, which have a high affinity for precious metals
uch as Pd, Pt, and Au [176]. This reaction is typically achieved
sing thiolating agents (like thioglycolic acid, isothiocyanates)
r by reducing disulfide bonds to generate free thiol (─SH)
roups (Reaction 9) [177, 178]. The resulting materials exhibit
xceptional selectivity and stability, minimizing metal leaching
uring recovery processes, and making thiolated biopolymers
articularly suited for precious metal recovery from acidic
eachates due to strong metal–sulfur interactions [176].

R (−OH, − COOH, −NH2etc.)

+thiolationagentn → R − S −H + byproducts (9)

hitosan is the main focus of thiolation, thanks to its reac-
ive amine and hydroxyl groups and the clear benefits these
odifications provide for chitosan’s applications (Figure 7A).
hiolation of chitosan is often done by coupling cysteine or 3-
ercaptopropionic acid to chitosan’s amine [179] to exploit the
nique chemistry of thiols, which can form disulfide bonds.
hiolated chitosan can also undergo self-cross-linking (disulfide
ormation) to form gels in situ, useful for controlled release [180].
oreover, thiol groups can chelate certain metals and act as
ntioxidants, opening other applications [181]. Yong et al. [182]
mmersed chitosan beads in ethanol/CS2 for extended thiolation
ields, ─CS2− motifs and ─S─S─ cross-links, boosting Cd2+
ptake (qmax ∼243 mg g−1) and giving acid-stable beads suitable
or flow reactors. Song et al. [183] thiolated chitosan with l-
ysteine, quaternized it, and anchored Fe3O4 nanoparticles (NPs)
o create a magnetic thiolated/quaternized-chitosan composite
ith efficient adsorption potential at pH 7 for Pb2+ and also As5+,
2 of 47
As3+, Cu2+, Hg2+, Cd2+, and Zn2+. Few other biopolymers have
seen as much focus on thiolation. Xu et al. [184], for example,
directly thiolated cellulose in a DBU/DMSO/CO2 medium with
methyl 3-mercaptopropionate, introducing thiol and disulfide
groups, resulting in cellulose ester that anchored Au3+ (up to
415 mg g−1) selectively over competing metal ions like Ni2+, Pt3+,
and Pd2+ with reusability potential for five cycles.

Although numerous functionalization strategies were reported,
their performance differs substantially depending on the dom-
inant metal–ligand interaction mechanism and the chemical
environment. Electrostatically driven modifications, such as sul-
fonation and phosphorylation, enhance uptake of hard divalent
and trivalent cations under mildly acidic to neutral conditions,
yet they rarely provide true selectivity in multi-metal systems,
as binding is primarily charge driven. Grafting and amidation
increase ligand density and structural stability, particularly for
cellulose and chitosan backbones, but their effectiveness is often
limited by restricted accessibility of functional sites due to
steric hindrance or excessive cross-linking. As a result, reported
high adsorption capacities do not always translate to improved
performance under dynamic or competitive conditions. In con-
trast, thiolation provides superior affinity toward soft and noble
metals through strong inner-sphere metal–sulfur coordination,
maintaining effectiveness even in acidic chloride media where
metals exist as stable chloro-complexes. However, susceptibility
of thiol groups to oxidation may compromise long-term stability.
Achieving true discrimination among chemically similar ions,
especially in complex hydrometallurgical leachates, requires the
deliberate incorporation of metal-specific coordination environ-
ments. The next section will explore how these ligands can be
integrated into biopolymer matrices to improve selectivity and
binding affinity for targeted metal ions.

3.4 Metal-Specific Ligand Incorporation

High selectivity in metal-ion binding rests on the strategic choice
and incorporation of ligands into biopolymer matrices (Table 4).
Ligand-based approaches mainly rely on inner-sphere coordina-
tion governed by hard–soft acid–base (HSAB) principles, ligand
geometry, and donor atom identity, enabling discrimination
between chemically similar metal ions. Such ligands are typically
introduced through the chemical functionalization strategies
outlined in section 3.3.

Among various methods, one widely adopted
tactic involves using polyaminocarboxylate ligands,
such as ethylenediaminetetraacetic acid (EDTA),
diethylenetriaminepentaacetic acid (DTPA), and nitrilotriacetic
acid (NTA), which are highly effective for divalent and trivalent
metal-ion chelation. Sultana et al. [202] demonstrated that
incorporating EDTA into cellulose enables it to serve as a
cross-linking agent while providing selective, robust chelation
of divalent heavy metal ions (Figure 8). Similarly, DTPA, with
additional carboxylate groups, excels at binding trivalent ions
like Nd3+ and Eu3+ [203]. These ligands can be covalently linked
to biopolymers via esterification or amidation, enabling tailored
metal selectivity (Figure 8). These studies employed spectroscopic
techniques, such as FTIR and solid-state 13C NMR, to confirm the
successful grafting of polyaminocarboxylate functionalities onto
Advanced Sustainable Systems, 2026
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TABLE 4 Metal classes, HSAB-based donor preferences, and representative intrinsically selective ligands used in biopolymer-based metal
separation.

Metal class/Representatives HSAB/donor preference Representative selective ligands Refs.

Precious metals (e.g., Pd2+, Pt2+,
Au3+)

Soft acid–soft base coordination
Redox-assisted binding

Thiols, disulfides, thioamides,
mercaptobenzimidazole,
phosphines, porphyrins

[51, 185–188]

REEs (e.g., Nd3+, Dy3+, Eu3+) Hard acid coordination
Size and geometry discrimination

Lanmodulin, diglycolamide ligands,
macrocyclic polyaminocarboxylates

[189–192]

Toxic heavy metals (e.g., Pb2+,
Cd2+, Hg2+)

Soft/borderline metal affinity
Biomimetic sequestration

Metallothioneins, phytochelatins,
cysteine-rich peptides, thiol-rich

ligands

[193–196]

Transition/base metals (e.g., Cu2+,
Ni2+, Co2+)

Geometry-controlled coordination
Borderline HSAB behavior

Salen-type ligands, cyclams,
terpyridines

[197–199]

Alkali metals (e.g., K+, Na+, Ca2+) Size-fit host–guest recognition Crown ethers (e.g., 18-crown-6),
calixarenes

[200, 201]

FIGURE 8 Incorporation of Na-EDTA ligand onto cellulose structure for chelation of divalent metal ions, adapted from Hu et al. [204].
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ellulose backbones [204]. In addition, shifts in FTIR vibrational
ands associated with carboxylate and amide groups after metal
dsorption indicate coordination through oxygen- and nitrogen-
onor sites of the immobilized ligands [203, 204]. Such spectral
hanges, together with the strong pH dependence of metal
ptake, are consistent with the formation of multidentate metal–
igand complexes, where amino-carboxylate groups coordinate
etal ions through inner-sphere chelation analogous to EDTA-
ype complexes [204]. Combined with adsorption studies such
s pH-dependent experiments and isotherm analysis, these
bservations support a chelation mechanism consistent with
DTA-like amino-carboxylate groups.

oreover, peptides are enriched in amino acids that confer strong
inding properties. Notably, histidine-rich peptides, boasting
midazole side chains, can be covalently attached to polysac-
harides like cellulose or chitosan [205]. The imidazole rings
f histidine serve as the primary binding sites, coordinating
ith transition metals through lone-pair donation from nitro-
en atoms, forming stable metal–ligand complexes [205–207].
dditionally, the amino (─NH2) groups of histidine may also
articipate inmetal binding, particularly under conditions where
hese groups are protonated or deprotonated, creating bidentate
dvanced Sustainable Systems, 2026
or tridentate coordination environments. These coordination
mechanisms make histidine-functionalized biopolymers effec-
tive metal adsorbents. In industrial wastewater treatment, for
instance, histidine-modified chitosan beads have demonstrated
the ability to reduce heavy metal concentrations to parts-per-
billion levels, revealing their efficacy in metal removal [205,
208].

Different classes of proteins selectively bind metal ions, playing
key roles in biological processes. Phytochelatins, small cysteine-
rich peptides, chelate and sequester toxic metals in plants,
especially at higher levels in hyperaccumulators [209]. Previ-
ous studies have shown that synthetic phytochelatin–cellulose
constructs enable efficient and reusable Cd2+ removal in col-
umn systems [193], while more recent phytochelatin–inspired
copolymers grafted onto silica or cellulose achieve ultrahigh Cd2+
affinity and drinking–water–level removal in flow systems [194].
Metallothioneins (MTs), another key protein class, use cysteine-
rich domains to form stable metal–thiolate clusters, a critical
pathway for metal homeostasis and detoxification in living cells
[210]. MTs bind metals through cysteine thiolate clusters, while
histidine and acidic residues in bacterial MTs enable binding
to harder ions such as U6+ [195, 211]. In these studies [195,
13 of 47
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11], the coordination environment and U–MT interactions were
nvestigated using spectroscopic techniques includingNMR,XPS,
V–visible spectroscopy, and mass spectrometry. These analyses
ndicate that uranium binding involves a heterogeneous donor
nvironment within the protein, with contributions from cys-
eine, histidine, and acidic residues. In contrast to the classical
hiolate cluster formation observed for softer metal ions, U(VI)
inding is largely associatedwith coordination to O-donor groups
uch as carboxylate side chains, consistent with the hard Lewis
cid character of the uranyl ion (UO2

2+). This suggests that
Ts accommodate uranium through amixed donor coordination
nvironment rather than the canonical metal–thiolate cluster
ypical of Cd2+ or Zn2+ binding. MTs affinity for soft and
orderline cations follows Cd > Pb > Cu > Hg > Zn ≈ Ag
> Ni > Co, with negligible binding to Mn, Mg, Al, Tl, Cr,
, and Fe [212, 213]. Immobilization on biopolymers enhances
T stability, selectivity, and reusability; for example, a crab MT
used to a cellulose-binding module removed >99% Cd2+ with
igh capacity, rapid kinetics, and at least six reuse cycles, while
avoring Cd2+ over other divalent metals [214]. Similar cellulose-
nchored MT constructs have also been reported for Pb2+ and
n2+ [196]. Another notable protein in this context is Lanmodulin
LanM), a highly stable lanthanide-binding protein from bacteria
ith lanthanide-dependent metabolism. LanM undergoes large
onformational rearrangements upon rare earth element (REE)
inding and displays picomolar affinity, with strong preference
o light REEs (La3+–Sm3+) over heavier ones [189, 190]. Covalent
rafting of LanM onto polysaccharides such as agarose via thiol–
aleimide coupling yields robust, reusable supports [189]. In
study, Dong et al. [215] immobilized LanM on agarose to
reate an all-aqueous, solvent-free REE recovery platform that
inds at low pH, separates Nd/Dy and Y/Nd to high purity,
artitions light REEs from heavy REEs. The binding mechanism
nd selectivity of REEs toward LanM-based materials have been
lucidated through complementary spectroscopic, structural,
nd thermodynamic studies. Circular dichroism and fluores-
ence measurements revealed REE-dependent conformational
esponses, whereas SEC–MALS, SAXS, and isothermal titration
alorimetry showed that Hans-LanM undergoes metal-sensitive
onomer–dimer equilibria, with light REEs promotingmarkedly
tronger dimerization than heavier REEs. X-ray crystallography
urther demonstrated that picometre-scale differences in ionic
adius alter the coordination environment and second-sphere
ydrogen-bonding network at the metal-binding sites, thereby
ropagating into distinct quaternary structures and enhanced
EE selectivity [190, 215].

nother potent strategy leverages thiol-based ligands, renowned
or their strong affinity toward metals that exhibit a preference
or soft donor atoms. According to the HSAB principle, soft
cids such as Au3+/Au+, Pd2+, Pt2+, Cd2+, and Hg2+ preferentially
ind to soft bases like thiols (─SH) or disulfides (─S─S─).
his enhanced performance with thiol groups arises from the
ormation of highly stable metal–thiolate or metal–disulfide
omplexes, which effectively immobilize the metal ions within
he biopolymer matrix [216]. Moreover, soft-acid Pd2+/Pt2+ bind
isulfides via two competing pathways: (i) intact S,S’ coordination
hat yields mono- or binuclear complexes and (ii) redox-driven
leavage to thiolate (± sulfinate) species. Ligand steric, pH,
nd oxidizing power shift the balance between preservation
nd rupture of the S─S bond (Figure 9) [51, 217]. Because S─S
4 of 47
stretching occurs in the low-frequency IR region, conventional
FTIR provides limited information on disulfide coordination.
Therefore, the coordination pathways and the fate of the S─S
bond in these systems have been elucidated using techniques
such as Raman spectroscopy, NMR, UV–visible spectroscopy,
and X-ray photoelectron spectroscopy (XPS), together with DFT
calculations that evaluate the stability and energetics of the
different metal–sulfur coordination modes [51, 216, 217].

Keratin, a cysteine-rich biopolymer, contains abundant disulfide
bonds that contribute to its notable mechanical stability and
insolubility. These structural features make keratin a promis-
ing natural candidate for the highly selective adsorption of
soft metal ions, such as Cd2+ [218] and Pd2+ [219], without
the need for additional chemical modification. Moreover, by
covalent functionalization of biopolymers with sulfur-containing
functionalities into biopolymers such as cellulose, keratin, or
chitosan, the resulting materials exhibit enhanced selectivity and
binding strength toward soft metal ions. For instance, thiol-
functionalized cellulose has shown exceptional sequestration of
Hg2+ from polluted water over other metals such as Co, Cu, Zn,
and Pb [220]. In another study, chitosan was functionalized with
2-mercaptobenzimidazole, introducing soft sulfur and nitrogen
donor sites that enabled strong Pd2+ coordination, resulting in a
highly selective and efficient adsorbent for Pd recovery [185].

Incorporating amine (─NH2) containing chemicals into a
biopolymer enhances its ability to selectively separate metal
ions based on charge interactions. Under acidic, chloride-rich
conditions, protonation of amino groups (─NH2 → ─NH3

+)
facilitates the selective adsorption of negatively charged metal
complexes, such as [PdCl4]2− and [PtCl6]2−, whereas increasing
the pH causes these groups to lose their positive charge and
become neutral (─NH2), thereby reducing their affinity for
anionic species while promoting the adsorption of positively
charged metal ions (Figure 10) [221, 222]. This pH-dependent
selectivity is beneficial for the efficient separation and recovery
of metals from specific matrices. Figure 10, adapted from studies
by Kettum et al. [223] and Mosai and Tutu [224], represents the
adsorption of [PtCl6]2− andCu2+ by protonated and neutral amine
groups, respectively. The role of amine groups in metal binding
is typically assessed through pH-dependent adsorption behavior
together with spectroscopic characterization, particularly FTIR
and XPS, which are commonly employed to identify changes in
nitrogen functionalities associated with metal coordination [222,
224].

Moreover, crown ethers stand out as a versatile class of ligands
for selectivemetal binding. Crown ethers present specific binding
ability, metal complex stability, and high extraction efficiency,
which are influenced by various factors, such as the diameter of
the cavity and the type of donor atom in the crown ether, as well
as the size and charge of the metal ion, the choice of diluents,
and the nature of the counter ion [225]. These macrocyclic
compounds contain a ring of repeating oxygen donor sites that
exhibit a pronounced preference for alkali metal ions, such as
Na+, K+, or Li+ , based on a size-fit principle [226]. Moreover,
crown ethers with sulfur atoms preferentially bind to soft acid
metal ions like Hg2+ or Pd2+ [226]. For instance, Ciopec et al. [227]
grafted dibenzo-30-Crown-10 ether on the surface of chitosan
and observed a high selectivity and adsorption capacity toward
Advanced Sustainable Systems, 2026
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FIGURE 9 Suggested Pt2+ interaction with disulfides from dithiodipropionic acid, adapted from Petrov [51].

FIGURE 10 Protonation-state switching of amine sites under basic
(left, adapted from Kettum et al. [223]) and acidic (right, from Mosai and
Tutu [224]) conditions and its consequent influence on bindingwith Cu2+

and [PdCl6]2−.
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u3+ (Figure 11). Moreover, 18-crown-6 with a cavity size well-
atched to the ionic radius of K+, was stabilized on chitosan and
esulted in high selectivity in complex mixtures (Figure 11) [200].
s another example, immobilized and stabilized crown ethers on
ellulose have been shown to be selective for the separation and
etention of Gd [228].

ikewise, other macrocycles such as porphyrins, cyclens, and
alixarenes, which can form precise coordination environments
or specific metals, can be integrated into biopolymers, cre-
ting effective and selective materials for capturing and sep-
rating various metal ions. Hong et al. [229] demonstrated
hat alkyl-linked porphyrin porous polymers exhibit high selec-
ivity for precious metals, achieving up to 95.6% Au recov-
ry from e-waste leachates, attributed to their well-defined
icroporosity and strong chelation capabilities. Their multi-
le donor atoms (e.g., nitrogen and oxygen) can be arranged
n specific geometries that favor the binding of particular
etals [230].

aking cues from nature, siderophore-inspired ligands further
xpand the toolkit for selective metal capture. Hydroxamate or
atecholate groups, when introduced onto biopolymers such as
lginate or chitosan, chelate Fe3+ with exceptionally high affinity,
irroring the function of bacterial siderophores [231]. This
iomimetic strategy has been successfully applied to eliminate
race levels of iron in challenging conditions, such as acidic
ine drainage, demonstrating how natural chelators can be
arnessed to enhance the performance of engineered materials.
n a related study, Rahman et al. [232] modified cellulose by
rafting methyl acrylate via ceric ammonium nitrate-initiated
dvanced Sustainable Systems, 2026
polymerization, which was then reacted with hydroxylamine to
form poly(hydroxamic acid), providing strong chelation sites for
efficient heavy metal adsorption.

The effectiveness of metal-specific ligand incorporation can-
not be evaluated solely on intrinsic metal–ligand affinity, but
must be considered within the coupled chemical environment
defined by the biopolymer support, the target metal speciation,
and the surrounding matrix. While strong chelators such as
polyaminocarboxylates provide high binding constants across a
broad range of metal ions, their limited selectivity can become
a liability in multi-metallic systems, where competitive binding
may suppress discrimination between chemically similar ions.
Conversely, soft donor ligands, including thiols and disulfides,
outperform oxygen- and nitrogen-based ligands for noble and
toxic soft metals. However, their performance is strongly depen-
dent on redox conditions, chloride activity, and ligand stability,
which can shift metal speciation or induce ligand degradation.
Macrocyclic and protein-based ligands offer superior selectivity
through geometric and preorganized coordination environments,
yet their effectiveness is often constrained by steric accessibility,
immobilization efficiency, and compatibility with the chemical
functionality of the biopolymer matrix. Importantly, the native
chemistry of the biopolymer itself may compete with ormodulate
ligand binding, particularly at high ligand loadings or under con-
ditionswhere protonation, swelling, ormatrix–metal interactions
dominate. Consequently, ligand selection should be guided not
only by HSAB considerations, but by an integrated assessment
of metal speciation, competing ions, support chemistry, and
process constraints, as ligand-based strategies outperform simpler
functionalization routes only when these factors are deliberately
aligned.

3.5 Performance Implications of Chemical
Modification

Diverse chemical modification routes, from straightforward
derivatization to graft copolymerization, have markedly
improved the ability of biopolymers to capture specific metal
ions. While increased ligand density often enhances adsorption
capacity in single-component systems, true selectivity must
be evaluated under competitive multi-metal conditions using
selectivity coefficients or separation factors. Table 5 compiles
illustrative examples for alginate, cellulose, chitosan, lignin,
pectin, and keratin, linking each modification type to its
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FIGURE 11 Recovery of Ru and K using dibenzo-30-Crown-10 (left, adapted from Ciopec et al. [227]) and 18-crown-6 (right, from Gromov et al.
[200]) doped chitosan.
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referred metal targets and the functional groups responsible for
he observed gains.

n practice, adsorption behavior in modified biopolymers can be
nterpreted through three main uptake regimes linking structure
o performance. Inner-sphere coordination or chelation, provided
y donor atoms such as N, O, or S introduced through functional-
zation, typically governs metal selectivity by forming direct coor-
ination bonds with compatible ions, often rationalized through
SAB considerations. Outer-sphere electrostatic interactions or
nion exchange dominate when surface groups are protonated,
here adsorption is driven by charge attraction and therefore
trongly depends on pH and background ionic composition.
inally, transport- and accessibility-limited uptake occurs when
ore structure, cross-link density, or semi-crystallinity restricts
iffusion to internal binding sites, resulting in lower effective
apacity or slower kinetics despite high theoretical ligand density.
ogether, these regimes illustrate how coordination chemistry,
urface charge, and structural accessibility collectively determine
dsorption performance.

esearch has progressed from simply multiplying reactive sites
o deliberately tailoring surface chemistry for particular coor-
ination motifs. Guided largely by HSAB considerations [233],
urrent work favors N-, S-, and O-containing groups capable of
iscriminating between competing ions. However, the dominant
nteraction pathway is also strongly influenced by the protonation
tate of the material. For instance, in N-donor biopolymers
uch as chitosan, the protonation state of amine groups deter-
ines whether the material behaves primarily as a chelating
igand or as an anion exchanger. In addition, hydrometallurgical
hloride media shift many target metals into stable anionic
hloro-complexes (e.g., PdCl42−), altering the basis of selectivity
nd favoring adsorption on positively charged surfaces through
lectrostatic attraction or on donor groups capable of competing
ith chloride via inner-sphere coordination. Even so, perfect
electivity in multicomponent or extreme-pH environments
emains elusive. Cross-linking and hybridization help improve
echanical and chemical resilience, although sometimes at the
xpense of adsorption kinetics or processability.

hile chemical functionalization enables high selectivity and
unable coordination environments, it often introduces addi-
ional economic and environmental burdens associated with lig-
nd synthesis, coupling reagents, solvent use, and post-treatment
teps. These costs must be weighed against performance gains,
articularly when simpler strategies based on native functional
8 of 47
groups or minimally modified biopolymers already achieve
sufficient selectivity under process-relevant conditions.

In practice, the effectiveness of introduced functional groups
depends on key surface chemistry descriptors. The surface charge
state, commonly expressed by the point of zero charge (PZC), gov-
erns electrostatic interactions, with adsorption of cationic species
generally favored above PZC and anionic species favored below it.
Moreover, effective adsorption depends on site accessibility rather
than total ligand density, and can be strongly influenced by ionic
competition in complex solutions, where background ions such
as chloride may suppress charge-driven uptake.

Recent studies integrate chemical functionalization with hierar-
chical design, such as embedding functionalized NPs in polymer
matrices or forming stimuli-responsive hydrogels, to combine
high binding affinity with facile regeneration and process com-
patibility. These advances underline a key insight: adsorption
efficiency is governed not only by chemistry but also by architec-
ture. The accessibility of active sites, diffusion pathways, and bulk
durability are all determined by the material’s physical structure.
Accordingly, the field is moving toward integrated strategies
where chemical and structural engineering act in concert. The
next sections, therefore, turn to physical and morphological
treatments, like particle-size reduction, porosity control, film and
fiber fabrication, that unlock the full potential of the chemically
modified biopolymers described above.

4 Physical and Structural Treatments

Beyond chemical functionalization, physical and structural
strategies offer powerful tools to tune the metal-binding perfor-
mance of bio-based materials. These methods typically modify
surface chemistry, topography, and porosity, affecting parameters
like functional group accessibility, diffusion rates, and adsorption
kinetics. The main categories include surface functionaliza-
tion (via plasma, ultraviolet/ozone, or irradiation), surface area
enhancement, and film-based assembly techniques.

4.1 Surface Functionalization by
Physicochemical Treatments

4.1.1 Physical Adsorption of Metal Extractants

Physical adsorption of extractants onto biopolymers enhances
metal-binding performance through non-covalent interactions
Advanced Sustainable Systems, 2026
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ike van der Waals forces, hydrogen bonding, and electrostatic
ttractions, offering a simple and reversible alternative to chem-
cal modification [255]. Biopolymers such as cellulose, chitosan,
nd lignin, with abundant hydroxyl, amine, or carboxyl groups,
erve as ideal substrates, stabilizing extractants like chelating
gents (e.g., crown ethers, phosphonates) or nanostructured
aterials (e.g., NPs, MOFs) [256]. Chitosan’s amine groups, for
xample, have been shown to anchor imidazolium-based ILs
ia hydrogen bonding, enabling selective uptake of Cr6+, with a
emarkable uptake capacity of ∼125 mg g−1 [257].

anostructured extractants further boost performance. MOFs
dsorbed onto cellulose nanofibers selectively capture REEs
258], while iron oxide NPs on chitin enhance heavy metal
emoval and enable magnetic recovery [259]. Techniques like
ip-coating or immersion facilitate extractant loading, though
arameters like pHand contact timemust be optimized to prevent
eaching [256]. Applications include wastewater treatment and
recious metal recovery [260], but challenges like extractant sta-
ility under harsh conditions (e.g., extreme pH) require strategies
uch as porous biopolymer designs or protective coatings. Despite
ts simplicity, physical adsorption of metal extractants onto
iopolymermatrices is inherently less robust than covalent chem-
cal modification, as weak non-covalent interactions can result
n extractant leaching under the acidic, high-ionic-strength, or
rolonged operating conditions typical of hydrometallurgical
rocesses. In contrast, chemically grafted extractants offer greater
tability and reusability but require more complex synthesis,
aking physical adsorption more suitable for mild or short-term
pplications.

.1.2 Plasma Treatment

lasma treatment is a well-established technique for modifying
he surface properties of polymers without affecting their bulk
haracteristics. In the context of biopolymers, low-temperature
lasmas (e.g., radio-frequency or dielectric barrier discharge)
an introduce an array of functional groups, such as hydroxyl,
arboxyl, amino, or carbonyl groups by bombarding the sur-
ace with energetic ions, electrons, and radical species [261].
epending on the gas atmosphere used (e.g., oxygen, nitro-
en, argon, ammonia), plasma treatment can either oxidize,
tch, or functionalize the surface, increasing surface energy
nd creating reactive sites that enhance metal-binding capacity
262]. As an example, plasma oxidation of chitin or cellulose
ibers can improve hydrophilicity and introduce carboxyl and
arbonyl groups, thereby increasing their affinity toward specific
etal ions [263]. Similarly, plasma treatments using ammonia
r nitrogen-containing gases can generate amino functionalities
n the surface of lignocellulosic materials, keratin films, or
hitosan membranes [264]. These newly formed amine groups
ot only enhance the adsorption of cationic and anionic metal
ons/complexes but also provide additional sites for further
hemical grafting if a higher selectivity or capacity is needed.
nother advantage of plasma-based modifications is their envi-
onmental friendliness, as they typically require no toxic reagents
nd consume minimal solvents [265]. However, the treated
iopolymers can undergo partial chain scission or degrade under
rolonged plasma exposure, necessitating careful optimization
f process parameters (e.g., exposure time, power, gas flow
dvanced Sustainable Systems, 2026
rate) [266]. When considering plasma treatment, factors such
as the surface-limited nature of the modification, sensitivity to
process parameters, and susceptibility to aging or environmental
exposure should be carefully considered, as they can influence
long-term stability, reproducibility, and scalability of adsorbents
under realistic operating conditions.

These benefits of plasma modification have been effectively
demonstrated in various studies focused on enhancing metal
adsorption performance. Zong et al. [267] treated multi-walled
carbon nanotubes with nitrogen plasma and grafted sodium
carboxymethyl cellulose onto their surface, introducing carboxyl,
hydroxyl, and amino groups. This modification increased Eu3+
adsorption capacity to about 53 mg g−1, nearly ten times higher
than that of untreated carbon nanotubes. In a more recent work,
Dhanabal et al. [268] developed biodegradable films composed
of zein and chitosan, then treated them with oxygen glow-
discharge plasma. The treatment introduced hydroxyl groups and
increased surface roughness and porosity, greatly enhancingCu2+
maximum adsorption capacity to 195 mg.g−1.

4.1.3 UV and Ozone Treatment

Ultraviolet (UV) and ozone treatments are widely used to oxidize
and modify polymeric surfaces. When biopolymers are exposed
to UV radiation, particularly in the presence of atmospheric
oxygen, photochemical reactions can break covalent bonds in
the macromolecular chains and generate free radicals. These
radicals subsequently reactwith oxygen ormoisture, formingnew
functional groups such as carbonyls, hydroxyls, and carboxyls
[269]. This photo-oxidation process increases surface polarity and
can create additional adsorption sites for metal ions.

Ozonation can be performed either in tandem with UV radiation
(e.g., UV/O3 systems) or as a standalone process by bubbling
ozone-rich gas through biopolymer solutions, suspensions, or
onto solid films [270]. In both scenarios, ozone molecules readily
cleave carbon–carbon double bonds (if present) and oxidize avail-
able sites, introducing aldehyde, ketone, and carboxyl moieties.
In a study, ozone treatment of lignin was reported to increase
its phenolic hydroxyl content, which can enhance the chelation
of specific metals, including Fe3+, Cu2+, or REE [271]. However,
similar to plasma treatments, excessive UV or ozone exposure
can degrade the polymer backbone, reducing mechanical sta-
bility [270]. Therefore, these methods are typically applied as
surface-specific treatments or for partial oxidation, carefully
balancing the creation of new binding sites against structural
deterioration.

4.1.4 Electron Beam or Gamma Irradiation

High-energy irradiation techniques, such as electron beam (e-
beam) and gamma (γ) irradiation, are effective for modifying
biopolymer surfaces through radical-mediated processes. When
exposed to ionizing radiation, the polymer matrix undergoes
bond scission and free radical formation, which can trigger
cross-linking, chain cleavage, or grafting reactions, depend-
ing on the biopolymer type and radiation parameters [272].
In metal recovery applications, controlled doses of radiation
19 of 47
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FIGURE 12 Gamma irradiation grafting reaction between cellulose unit and 2-methylacrylamide, adapted from Zhang et al. [275].
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re often used to graft or implant specific functional groups
uch as carboxyl, phosphate, or sulfonate onto the polymer
ackbone, enhancing metal adsorption [273]. When considering
lectron beamor gamma irradiation for biopolymermodification,
igh capital costs, safety requirements, and radiation-induced
egradation must be weighed against scalability, durability, and
ost-performance trade-offs.

or instance, gamma irradiation was effectively employed to
nduce free radicals on chitosan, enabling grafting copolymer-
zation with acrylic acid to generate hydrogels rich in carboxylic
roups, thereby enhancing heavy metal adsorption performance
274]. Moreover, as shown by Zhang et al. [275], gamma rays pro-
uce free radicals in high molecular weight cellulose, facilitating
-methylacrylamide grafting (Figure 12). This process simultane-
usly enhances the solubility of high molecular weight cellulose
n a NaOH/urea system and introduces amide functional groups,
mproving its adsorption capacity [275]. Similarly, e-beam irra-
iation has been employed to generate radicals on cellulose
ubstrates, enabling the grafting of functional monomers like
crylic acid and glycidyl methacrylate [276].

.1.5 Considerations and Design Guidance

hysicochemical surface treatments offer reagent-free, fast routes
o upgrade natural or pre-formed (Section 6) structures by
nriching near-surface functionality. Their principal strengths
re the ability to place active sites exactly where mass transfer is
astest and to decouple interfacial chemistry frombulkmechanics
nd porosity. Yet their limitations are evident: effects are largely
onfined to nanometric layers that can age, non-covalent phases
ay leach under harsh low-pH/high-salinity conditions, and
odification can be spatially heterogeneous in thick or porous
odies. Thus, improvements seen in batch assays often diminish
nder process-relevant conditions with complex speciation and
low [277]. From a sustainability perspective, physicochemical
nd chemical modification routes should also be evaluated in
erms of reagent intensity, energy input, and waste generation,
s these factors can partially offset the inherent environmental
dvantages of biopolymer-based materials. Thorough validation
nder flow with real leachates, defined speciation, full mass
alances, and durability, should therefore be considered integral
o method development.
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In practical applications, these treatments are most powerful
when employed as priming steps or stabilizing frameworks rather
than as standalone modifications. Plasma or UV activation can
be used to introduce controlled populations of reactive groups,
followed by graft-from coupling of selective ligands to secure
durable binding motifs [278]. MOFs and NPs can be stabilized
through biopolymer or ultrathin cross-linked interlayers [279],
host–guest trapping [280], or core–shell encapsulation [281],
reducing leaching and extending operational lifetimes. Across
all approaches, systematic characterization of surface chem-
istry is essential, alongside careful mapping of dose-response
or energy-response windows to prevent over-oxidation, chain
scission, or backbone degradation. Just as importantly, surface
chemistry must be matched to the speciation of the target
matrix to maximize selectivity, stability, and long-term process
compatibility.

4.2 Surface Area Enhancement

4.2.1 Particle Size Reduction and Surface Area
Enhancement

Reducing a material to micro or nanoscale, such as producing
nanocellulose, nanolignin, or nanochitin, greatly increases sur-
face area and exposes more functional groups per unit mass.
Techniques like milling, grinding, ultrasonication, and high-
pressure homogenization can generate micro- or nanosized
particles, enhancing the kinetics and capacity of metal bind-
ing [282–285]. High surface areas are especially beneficial in
adsorption-based applications, where rapid and efficient metal
uptake is essential. However, the size of the material should be
carefully selected based on the application, as controlling fine
nanosizedmaterials can pose significant challenges in large-scale
processes. Issues such as agglomeration, material loss during
handling, and difficulties in separation and/or recovery of fine
particlesmust be consideredwhen scaling up. Balancingmaterial
size to optimize both reactivity and manageability is therefore
crucial for practical implementation. One way to keep nano
reactivity while solving operability is to anchor the NPs on a
micro-core. For example, Chaturbedi et al. [286], lightly coated
hetero-aggregates (≈1.8 mm alginate beads carrying a sparse shell
of 250 nm chitosan NPs) and delivered about 154 mg g−1 of
Cu2+, an order-of-magnitude jump over the bare bead and even
Advanced Sustainable Systems, 2026
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igher than free NPs when normalized to wet mass. Because the
P layer is thin, diffusion resistance stayed low, and crucially,
u2+/MoO4

2− selectivity increased (Cu/Mo qmax ratio ≈ 27), since
oth the negative alginate interior and the positive chitosan shell
ould cooperate in binding Cu2+. The bead’s millimeter size
eans it can be filtered, back-washed, or packed in a column
ithout dust losses.

.2.2 Porosity Control and Template-Directed
ynthesis

ontrolling the internal porosity and pore structure of biopoly-
ers can optimize metal-ion diffusion to binding sites. This
an be achieved via templating methods, freeze-drying [287],
upercritical drying [288], or using sacrificial templates (e.g.,
alts or colloidal particles) that can be leached out after the
ormation of the matrix [289]. Other methods include phase
eparation, where thermally or solvent-induced phase separation
reates distinct porous structures, and electrospinning, which
orms fibrous materials with controlled porosity and high surface
rea by adjusting parameters like solution viscosity and electric
ield strength [290, 291].

n a study, Boccia et al. [292] prepared a cellulose-
anofiber/chitosan aerogel reinforced with acid-activated
ontmorillonite by freezing the hydrogel from one side,
etting the growing ice crystals template vertical, lamellar
hannels. After sublimation, the monolith exhibited an aligned
acroporous network (porosity > 95%, average channel width ≈

0–40 µm). The oriented pores cut diffusion paths dramatically:
u2+, Cd2+, and Pb2+ were all taken up to equilibrium within
inutes, and the maximum capacities reached 80–130 mg g−1
hile remaining almost unchanged after five adsorption–
esorption cycles. The authors credit the directional pores
or the fast kinetics and the easy re-elution of metal ions
ecause the solution can penetrate the whole scaffold without
ortuous dead-ends. In another study, calcium alginate/chitosan
omposite beads were gelled in the presence of dispersed CaCO3
owder [293]. During mild acid washing, the CaCO3 dissolved,
eaving behind interconnected macropores (average 5–50 µm)
hroughout the 3-mm bead. The resulting material showed a
angmuir capacity of 291 mg g−1 for Cu2+, over threefold higher
han non-porous alginate beads. The authors emphasized that the
emovable salt template simultaneously created a high internal
urface area and left extra Ca2+ sites that favor ion-exchange with
ivalent metals [293].

.2.3 Layer-By-Layer Assembly and Thin-Film
abrication

ayer-by-layer (LbL) assembly of biopolymers is a method in
hich alternating layers of oppositely charged or complementary
unctional biopolymers (e.g., chitosan, alginate, and cellulose
erivatives) are sequentially deposited to create thin films or
oatings with tunable thickness and surface properties [294,
95]. By carefully selecting and combining biopolymers that bear
pecific chemical groups (such as carboxyl, amine, or hydroxyl),
ne can introduce binding sites for metal ions directly into each
ayer [294]. This hierarchical approach not only preserves the
ative biopolymer functionality but also maximizes surface area
dvanced Sustainable Systems, 2026
and adsorption capacity [296]. Once assembled, the LbL films or
coatings offer a high density of functional groups that can chelate
or bind metal ions from solutions, making them particularly
effective for water treatment applications or resource recovery
where removal or capture of heavy metals is desired [296].

A representative example is provided by Kazemi et al. [297], who
developed a polyethersulfone (PES) ultrafiltration membrane
with enhanced photocatalytic activity (Figure 13). They first
applied 3.5 bilayers of chitosan (positively charged) and sodium
alginate (negatively charged) onto the PES surface through LbL
assembly, thereby enriching the surface with amino (─NH2)
and carboxyl (─COOH) groups while maintaining membrane
porosity. Fe0@WO3 NPs (zero-valent Fe NPs supported on or
embedded within WO3) were then anchored onto the outer chi-
tosan layer to form the final photocatalyticmembrane (Figure 13).
When tested for Cr6+ removal under visible light, the modified
membrane outperformed pristine PES, with rejection improving
from less than 20% (pristine PES) to over 99% at 5 mg L−1

and 78% at 50 mg L−1. This enhancement was attributed to
the abundance of protonated amino groups in the chitosan
layers, which electrostatically pre-concentrate chromate anions,
and the thin-film architecture, which shortens diffusion paths
while facilitating Cr6+ photoreduction to Cr3+ for more efficient
capture.

4.2.4 Practical Gains and Process Liabilities

Surface-area engineering enhancesmetal adsorption primarily by
increasing the accessibility of binding sites and reducing diffusion
limitations, which translates into higher apparent capacities and
faster kinetics. However, these benefits come with inherent con-
straints. NPs tend to agglomerate, complicating recovery; aerogels
and cryogels, while highly porous, may shed fines and lose
structural integrity under hydraulic stress; and thin multilayered
films are prone to swelling, interdiffusion, or delamination in
harsh acidic environments. At larger scales, improvements in
sorption kinetics may be counterbalanced by challenges such as
higher pressure drop, fouling, or increased solvent and energy
demands.

In addition to total surface area, adsorption performance is
governed by the interfacial density and accessibility of functional
groups available for metal binding. The effective concentration
of active sites at the solid–solution interface is often significantly
lower than the theoretical ligand density because a fraction of
functional groups may reside within sterically hindered domains
or regions that are poorly accessible to solvated metal complexes.
Factors such as pore tortuosity, cross-link density, polymer chain
packing, and swelling behavior can restrict mass transfer and
reduce the fraction of sites participating in adsorption. Moreover,
the relationship between pore size and the hydrated radius
of metal species determines whether diffusion into internal
domains is thermodynamically and kinetically feasible. Inter-
facial properties such as surface hydrophilicity and wettability
further influence adsorption by controlling solvent penetration
and the effective exposure of binding sites; materials exhibiting
lower contact angles typically allow more efficient wetting and
improved access to internal coordination domains. Consequently,
the apparent adsorption capacity and kinetics are governed not
21 of 47
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FIGURE 13 Schematic representation of themultilayer polyethersulfonemembranemodified with Fe0@WO3 NPs and chitosan–alginate bilayers,
showing the visible-light-driven photocatalytic removal of Cr6+ from aqueous solution. Adapted with permission from Kazemi et al. [297]. Copyright
2025, Elsevier.
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nly by the chemical identity and nominal density of functional
roups but also by the structural architecture that regulates
ite accessibility and mass transport under realistic solution
onditions.

obust designs mitigate these drawbacks by confining nanos-
ructures within stable supports, while maintaining hierarchical
orosity (as discussed in Section 4.1.5). Macropores provide
onvective pathways to resist clogging, whereas meso- and
icropores preserve site density. Mechanical reinforcement can
e introduced through modest cross-linking, fibrillar additives
e.g., nanocellulose whiskers), ultrathin inorganic layers, or the
esign of composites and hybrid materials (Section 5). Such
trategies enhance wet modulus and resistance to deforma-
ion without blocking access to active sites. For thin coatings,
trong interfacial bonding between layers is essential to prevent
elamination under flow. At the same time, the deposition
ethod should be scalable and uniform; approaches such as
pray coating, spin coating, electrophoretic deposition, or roll-
o-roll processing are advantageous because they maintain per-
eability while allowing controlled layering [298, 299]. These
ethods can also generate gradient architectures, where the
istribution of functional groups across the film enhances
re-concentration, selective binding, or even in-film redox
ransformations [300].

or translation into real process environments, evaluation should
xtend beyond batch adsorption assays. Relevant parameters
nclude permeability and pressure–flux behavior, breakthrough
apacity, mass-transfer-zone length, mechanical stability under
ackwashing, chemical resistance to oxidants or chlorine, and
ulti-cycle durability. Equally important are techno-economic
nd life-cycle assessments, which should report regenerant con-
umption, adsorbent lifetime, and end-of-life options such as
ecycling or safe incineration.
2 of 47
Current research focuses predominantly on chitosan, alginate,
and cellulose derivatives, while other renewable matrices such
as lignin, hemicellulose, bacterial cellulose, pectin, keratin, and
starch remain underexplored. Extending surface-area engineer-
ing strategies to these less-studied polymers, or different com-
posites would broaden the available chemistries and may yield
materials with improved stability or selectivity in chloride-rich
and acidic environments. Low-cost feedstocks, such as lignosul-
fonates from paper mills or keratin from poultry waste, could
further improve economic feasibility for large-scale deployment.

5 Composite and Hybrid Materials

Beyond introducing metal-interacting groups or applying phys-
ical treatments, integrating biopolymers with natural or syn-
thetic components broadens their applicability and enhances
metal-binding performance. The combination of biopolymers
with complementary substances, along with targeted chemical
modifications and physical treatments, creates composites and
hybrids with synergistic properties. These modifications enhance
adsorption capacity, mechanical strength, chemical stability, and
metal selectivity. These strategies are discussed in the following
sections.

5.1 Inorganic–Biopolymer Hybrids

By incorporating metal oxides, silicates, or clay minerals into
biopolymer matrices, hybrids with synergistic properties can be
formed. The inorganic phase often provides additional adsorption
sites, improves mechanical strength, and enhances thermal or
chemical stability [301, 302]. These materials can be incorporated
through methods such as physical blending (such as physically
modified chitosanwith silicon dioxide) [303], in situ precipitation
Advanced Sustainable Systems, 2026
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such as chitosan/hydroxyapatite nanocomposites) [304], or sol–
el processing (such as hybrid sol–gel electrospun silica-cellulose
ase nanofibers) [305], depending on the compatibility of the
iopolymer with the inorganic additive. For instance, NPs or
anosheets can be dispersed in a polymer solution before gela-
ion or printing, ensuring homogeneous distribution within the
atrix. Alternatively, the biopolymer may be cross-linked in the
resence of inorganic particles, which become entrapped within
he polymer network [306].

classic example is chitosan–clay composites, which not only
isplay enhanced adsorption capacities for heavy metals but
lso gain superior mechanical robustness compared to pristine
hitosan [307]. In the realm of water remediation, alginate or
hitosan functionalized with layered double hydroxides (LDHs)
an serve as efficient, high-capacity adsorbents. By integrating
agnetic NPs (e.g., Fe3O4) into the biopolymer matrix, the
ybrids become magnetically recoverable, greatly simplifying
eparation processes [308].

hen designing inorganic–biopolymer hybrids, additional func-
ionalization steps described previously, such as surfacemodifica-
ion or cross-linking the biopolymer chains, can further enhance
echanical and thermal properties, as well as control porosity
nd adsorption behavior.

.2 Biopolymer–Biopolymer Blends

lending different biopolymers often yields a synergy that cap-
talizes on each component’s unique functional groups and
tructural characteristics. For example, combining a S-rich
rotein like keratin with a carboxyl or amino-rich polysac-
haride, such as cellulose or chitosan, respectively, can pro-
uce a composite that presents multiple classes of binding
ites (e.g., thiols, carboxyls, hydroxyls, or amino) [309, 310],
roadening the spectrum of metals that can be sequestered.
eyond increasing metal-binding diversity, such composites also
enefit from the robust fibrous network of cellulose (or the
el-forming properties of alginate) and the functional flexi-
ility of keratin, thereby enhancing both mechanical stabil-
ty and adsorption capacity [310]. This approach is particu-
arly valuable in wastewater treatment or similar approaches,
here efficient separation of metals from diverse groups is
equired [311].

imilarly, chitosan or keratin blends with lignin illustrate how
ntroducing amine groups (from chitosan or keratin) and phe-
olic hydroxyl groups (from lignin) can improve selectivity and
inding efficiency toward specific metals [312]. The incorpora-
ion of these amine groups can also fine-tune the material’s
esponse to varying pH conditions, further optimizing metal
ptake [313, 314]. In addition, carefully adjusting the relative
roportions of each biopolymer can modulate properties such
s solubility, swelling behavior, thermal, and structural stability
315, 316]. This tailoring strategy enables the development of
ersatile biopolymer blends that can be customized for diverse
pplications, ranging from wastewater remediation to catalysis,
here enhanced adsorption, structural integrity, and chemical
unctionality are paramount.
dvanced Sustainable Systems, 2026
5.3 Nanoparticle andMolecular
Functionalization for Enhanced Metal Adsorption

Functionalizing biopolymers with metallic NPs [317, 318], quan-
tum dots (QDs) [319–322], or metal–organic frameworks (MOFs)
[258, 323–325] can greatly enhance their metal adsorption capac-
ity and specificity. The surface attachment of some of these
functional agents, such as QDs, may also impart sensing capabili-
ties, enabling the development of biosensors that not only capture
a target metal but also signal its presence [319, 321]. Techniques
such as physical adsorption [326], chemical grafting, in situ
synthesis, blending, or cross-linking [327] are used to embed these
materials within films, hydrogels, or fibers, improving metal
adsorption and sensing performance.

Incorporating stimuli-responsive components, such as
temperature-sensitive polymers, pH-responsive groups, or
photoactive units, into biopolymers can create dynamic
systems with tunable metal-binding behavior. For example,
pH-responsive chitosan hydrogels have been developed to adsorb
heavy metals such as copper and zinc at neutral pH and release
them in acidic environments, enabling effective recovery cycles
[328–330]. Additionally, photoactive MOFs have been employed
to selectively bind metals under specific light wavelengths [331,
332].

5.4 Practical Considerations

Composite and hybrid architectures offer clear advantages over
pristine biopolymers. By combining complementary functional
groups, they enhance the density and diversity of metal-binding
sites and, when required, can be engineered to simultaneously
capture a broad range of metal species. Selectivity can be
tuned via the inorganic phase or by grafting tailored ligands.
Nanostructured fillers and templated porosity shorten diffusion
paths and expose more active surface, boosting adsorption
kinetics; inorganics also stiffen gels, films, and fibers, while
blends reduce brittleness, enabling robust beads, membranes,
aerogels, and electrospun/printed fibers. In practice, embedding
iron oxides alongside other functional nanophases (metallic
NPs, QDs, MOFs), couples’ separation and function in one
body: magnetic domains enable rapid recovery; MOFs/QDs add
selective coordination and sensing; redox- or photoactive units
enable stimulus-responsive release.

These benefits carry trade-offs in realistic matrices. In low-pH,
chloride-rich streams, hybrids with inorganic fillers may suffer
dissolution, ion exchange, or redox reactions (LDHs and some
oxides are especially vulnerable [333, 334]). Magnetic recovery
can degrade over time via oxidation, aggregation, or surface corro-
sion; in columns, attrition raises fines and increases pressure drop
[335]. Protective shells (silica/carbon) or conformal 2D coatings
help suppress oxidation/leaching and stabilize interfaces.

Flow performance and sustainability also demand attention.
Hierarchical pores (micro–meso–macro) balance high capacity
with fast transport and low pressure drop; greener fabrica-
tion (e.g., closed-loop solvent recovery for sol–gel/templating)
reduces environmental burden. Blends can suffer limited mis-
23 of 47
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FIGURE 14 Overview of the advanced architectures and design strategies outlined in Section 6.
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ibility, phase segregation, and batch variability from natu-
al feedstocks; strong cross-linkers may block sites or intro-
uce extractables, and pH-responsive domains can swell and
gain increase pressure drop and fouling. Productive routes
nclude mapping miscibility windows and network topology,
sing mild/orthogonal cross-linking that preserves accessibil-
ty, and designing sequence-defined or blocky architectures to
ontrol domain distribution and transport. Rigorous stability
ssessment (accelerated acid/oxidant aging, extended fixed-bed
ycling with full mass balances) should accompany capacity and
inetics.

inally, embedding metallic NPs, QDs, or MOFs, whether with
ron oxides or instead of them, raises issues of phase stability,
eaching, pore blockage, and safety. Physical attachment sheds
nder acid/high ionic strength; in situ growth or high loadings
an occlude transport; photoactive systems may generate ROS
hat damage the matrix [336]. Reporting should normalize capac-
ty to active-phase loading and accessible surface/crystallinity,
uantify flux and low pressure, track leached mass per cycle,
nd demonstrate long-horizon cycling in relevant leachates with
omplete mass balances.

Advanced Processing andMaterial
rchitectures

aving established the fundamental properties of biopolymers
nd their metal-binding functionalities and having explored
trategies to enhance and tailor these properties in previous
ections, the next logical step is to consider how these engi-
eered materials can be further transformed into advanced
rchitectures that broaden their practical utility. The conversion
f biopolymers into formats such as activated carbons, thin
ilms,membranes, fibers, aerogels, hydrogels, and the subsequent
ssembly of these components into hierarchical or hybrid struc-
ures can profoundly affect their metal-interaction performance.
n overview of these advanced architectures is illustrated in
igure 14.
4 of 47
6.1 Conversion into Carbonaceous Adsorbents
and Activated Carbons

Biopolymers rich in carbon, such as cellulose, lignin, chitosan,
or other biomasses, can be thermochemically transformed into
carbonaceous adsorbents. Processes like pyrolysis, hydrothermal
carbonization, and chemical activation yield materials with
extensive internal surface areas, diverse pore structures, and
abundant surface functional groups.

When lignocellulosic biomass, chitinous shells, or other similar
biomaterials are subjected to pyrolysis at elevated temperatures
(typically 400–800◦C) in an inert atmosphere, stable carbon-rich
solids known as biochars form [337]. Subsequent activation steps,
often involving steam or chemical agents (e.g., KOH, H3PO4),
not only create micropores and mesopores by etching the carbon
matrix but also modify or introduce functional groups onto
the surface [338]. The resulting activated carbons can exhibit
surface areas exceeding 1000 m2 g−1, dramatically increasing
metal-binding sites exposure and enhancing adsorption kinetics
[337, 339]. Chaisit et al. (2020) prepared activated carbon from
cassava starchusingKOHat ratios of 1:1, 1:3, and 1:5 (KOH:starch).
The surface area increased from 14.8 to 1350 m2 g−1 with higher
KOH ratios, with SEM images showing the progressive porosity
increase and surface roughness (Figure 15). KOHactivated carbon
has been widely shown as efficient material for heavy metal
adsorption; for example, Douglas-fir biochar with large surface
area (∼1050 m2 g−1) was shown Langmuir capacities of 140
mg g−1 for Pb2+, 127 mg g−1 for Cr6+, and 29 mg g−1 for Cd2+,
more than triple those of the non-activated char, thanks to
abundant micropores and newly exposed oxygenated sites that
favor inner-sphere complexation [340].

Such porous activated carbons derived from bio-based precur-
sors can be further modified to tailor their metal selectivity.
Techniques include grafting amino [342], carboxyl [343], thiol
[344], or phosphonate groups [345] onto the carbon surface,
enabling stronger and more efficient binding interactions with
specific metal ions and improving both selectivity and adsorption
Advanced Sustainable Systems, 2026
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FIGURE 15 SEM images of (A) non-activated carbon and activated carbons prepared with cassava starch:KOH ratios of (B) 1:1, (C) 1:3, and (D) 1:5.
Reproduced from open access work of Chaisit et al. [341].
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apacity. As an example, chitosan flakes carbonized at 600◦C
nd activated with a K2CO3/urea blend yielded a nitrogen-doped
arbon (≈16 wt% N, 1556 m2 g−1, 0.69 cm3 g−1) [346]. Its amine-
ich surface removed > 95% of Cr6+ and Pb2+ within 30 min, clear
vidence that nitrogen donor sites can drive fast and selective
etal chelation [346].

.2 Fabrication of Films, Membranes, and Fibers

ransforming modified biopolymers into films or membranes
dds a level of morphological control and processability. These
wo-dimensional architectures can act as selective barriers, sup-
ort layers, or sensor substrates, depending on their thickness,
orosity, and surface chemistry.

.2.1 Thin Films and Coatings

asting solutions of biopolymers such as chitosan, alginate,
ignin, pectin, or protein-based materials onto substrates, fol-
owed by drying, can produce thin films that retainmetal-binding
unctionalities [347]. Cross-linking (e.g., with genipin or citric
cid) can improve film strength, stability, and metal retention
nder diverse pH and ionic conditions [118, 119]. Not only can
uch films serve in metal adsorption [348, 349], but they can
lso serve as edible coatings that stabilize essential trace metals
n food packaging, preserving nutritional quality and preventing
xidative degradation [350, 351]. In other scenarios, thin bio-based
oatings onmedical devices or sensors can capture targetedmetal
ons for diagnostic or therapeutic purposes [352]. For instance,
iu et al. [353] prepared a chitosan-based film blended with
olyethylene glycol and cross-linked with genipin, forming a
obust, water-insoluble coating rich in surface amine groups. This
ilm exhibited high adsorption capacities for Pb2+ (∼113 mg g−1)
nd Ni2+ (∼40 mg g−1), maintained stability from pH 3 to 10,
dvanced Sustainable Systems, 2026
and retained about 80% of its initial capacity over five reuse
cycles, revealing its durability and practical potential for treating
metal-contaminated water [353].

6.2.2 Membrane Technologies

Controlling parameters such as solution concentration, biopoly-
mer molecular weight, and the specific conditions of phase inver-
sion or electrospinning enables the fabrication of biopolymer
membranes with precisely tuned pore sizes, surface chemistries,
and charge densities [354]. By manipulating these factors, it is
possible to tailor the membrane morphology, from symmetric
to asymmetric structures, and optimize the distribution and
density of functional groups [354]. Common biopolymers used
for metal ion separation include cellulose acetate, chitosan, and
protein–polysaccharide blends [354, 355]. Each material offers
unique advantages: cellulose acetate exhibits robust mechanical
properties and chemical stability; chitosan contains abundant
amino groups that can bind or repel specific ions; and protein–
polysaccharide systems can be engineered for a range of charge
interactions [356]. Together, these materials afford membranes
capable of selectively removing or concentrating particular metal
ions from complex solutions.

Themechanismunderlyingmetal ion separation in these biopoly-
mer membranes often involves a combination of size exclusion,
electrostatic interactions, and chelation [357]. Beyond conven-
tional separation, advanced designs incorporate responsive or
smart layers with immobilized metal-chelating ligands, enabling
the membrane to open or close in response to stimuli such as
pH changes or the presence of specific ions, thus providing better
control over separation efficiency [358–360].

Beyond selectivity, membrane architecture strongly governs
mass transport and overall performance. Thin, highly porous
25 of 47
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embranes with well-defined pore size distributions reduce
iffusion resistance, enabling higher flux and faster adsorption–
esorption kinetics, whereas thicker or poorly interconnected
tructures impede ion transport [194]. Hierarchical or asymmetric
rchitectures, incorporating macro- and mesopores or porosity
radients, furtherminimize diffusion barriers and improve access
o active sites, revealing the criticality of architectural design as
hemical functionality.

.2.3 Electrospun Fibers

lectrospinning enables the production of nanofibers with diam-
ters in the sub-micron range, dramatically increasing the surface
rea-to-volume ratio and thus enhancing metal-binding capacity
nd kinetics [348]. The versatility of this technique allows the
se of diverse biopolymer feedstocks, including lignin, chitosan,
lginate, collagen, and cellulose derivatives, each offering distinct
inding sites (e.g., phenolic, amino, or hydroxyl groups) and cus-
omizable fiber morphologies [361]. As a result, electrospun mats
xhibit high adsorption efficiencies even in dilutemetal solutions,
aking them promising for environmental remediation and
esource recovery [361].

eyond adsorption, these nanofibrous mats can be chemically
r physically modified to deliver beneficial ions in biomedical
ontexts. For instance, incorporating Ag or Zn ions into electro-
pun dressings can provide antimicrobial or tissue-regenerative
roperties, aiding wound healing and infection control [362]. The
ightweight and flexible nature of electrospun membranes also
acilitates their integration into portable devices and wearable
ensors, expanding their utility from water purification systems
o real-time monitoring of metal ion concentrations in various
nvironments [363].

lectrospinning provides flexible strategies for incorporating
olymeric fibers, enabling the design of systems with spe-
ific profiles and functionalities. These structural features
ot only enhance the accessibility of functional groups but
lso provide flexible platforms for further chemical modifi-
ation. As illustrated in Figure 16, different electrospinning
onfigurations, such as blend, emulsion, coaxial, or side-
y-side spinning, enable the incorporation of active com-
ounds directly into the fiber matrix or in defined domains,
roducing architectures that can influence stability, diffu-
ion pathways, and interaction efficiency [364]. Such elec-
rospun systems combine structural versatility with chemical
unability, making them promising candidates for advanced
eparation processes in hydrometallurgy and environmental
emediation.

he performance of electrospun fiber assemblies is governed
y their hierarchical pore structure and overall thickness.
heir interconnected pore networks reduce external diffusion
esistance and facilitate rapid mass transfer. Incorporation of
ydrophilic or charged additives can further enhance accessibility
f binding sites and improve wettability, thereby promoting
igher solution permeability and reducing fouling. However,
xcessive thickness of the electrospun layer may introduce
nternal diffusion limitations. Therefore, precise control of fiber
iameter, layer thickness, and porosity is essential to balance
6 of 47
adsorption efficiency with effective mass transfer under opera-
tional conditions [361].

6.3 Aerogels, Hydrogels, and Other Porous 3D
Structures

Shaping biopolymers into three-dimensional porous structures
offers additional pathways for controlling metal-ion interactions.
These lightweight, high-porosity architectures provide a large
surface area, enhancing accessibility to interior functional groups
and improving interaction efficiency.

6.3.1 Hydrogels and Ion-Responsive Gels

Hydrogels formed by cross-linking metal-binding biopolymers
(e.g., alginate, pectin, chitosan) create soft, water-swollen net-
works with tunable chelating properties [12, 365]. These net-
works can be assembled through ionic or covalent cross-linking,
enabling control over mechanical strength, porosity, and respon-
siveness to environmental factors [365]. For example, Zhang
et al. [366] grafted deoxyribonucleic acid (DNA) onto cellulose
backbones to create bio-based hydrogels, offering a sustain-
able solution for environmental remediation. Moreover, Lone
et al. [367] developed a cost-effective, biodegradable gelatin–
chitosan hydrogel cross-linked with glutaraldehyde, with tunable
swelling/deswelling behavior for the efficient adsorption of
Hg2+ through chelation by amine and hydroxyl groups. These
hydrogels, leveraging charge-assisted hydrogen bonding, achieve
high contaminant-capture capacity and mechanical strength,
enabling efficient sequestration of heavy metal ions, with min-
imal interference from coexisting substances. By adjusting pH
or ionic strength, the hydrogel can selectively release or capture
metal ions, making it highly effective in metal recovery systems.
Dynamic swelling and deswelling cycles allow for repeated
adsorption and desorption of heavy metals, thus reducing oper-
ational costs and improving resource recovery [368]. Beyond
industrial applications, the versatility of these hydrogels extends
to agricultural systems. They can be designed to gradually supply
essential micronutrients (like Fe or Zn) to plant roots, enhancing
nutrient efficiency and crop productivity [369].

The three-dimensional network of hydrogels governs ion trans-
port to internal binding sites. A balanced combination of nano-
and micro-scale pores enables rapid diffusion of solvated ions
while maintaining mechanical stability. Cross-linking density,
extractant dosage, pore size distribution, and water content
critically affect diffusion coefficients and swelling kinetics: highly
cross-linked and/or functionalized gels exhibit smaller pores and
slower diffusion, whereas more open networks enhance mass
transport but may reduce structural integrity [368]. Hierarchical
or asymmetric hydrogel membranes with engineered pore gradi-
ents can further improve ion transport by promoting directional
or convective flow.

6.3.2 Polymeric Gel Materials

Freeze-drying, supercritical drying, or templating methods
applied to biopolymer gels produce aerogels or cryogels with
Advanced Sustainable Systems, 2026
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FIGURE 16 Routes for incorporating active compounds into polymer carriers, and below, the cross-section of fibers generated using different
electrospinning methods, reproduced from the open-access work of Zare et al. [364].
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xtensive pore networks and very low densities [370]. These
D scaffolds can encapsulate metal ions, metal NPs, or metal-
inding ligands, resulting in lightweight adsorbents, catalysts,
r sensor components [370–372]. Different biopolymer-based
erogels, including lignin, cellulose, chitosan, alginate, or their
ybrids [373–376], and cryogels based on chitosan, keratin,
ellulose, or their hybrids [377–379], have been developed
or environmental remediation purposes, indicating that their
igh potential in water purification applications, offering a
ow environmental impact solution for removing contaminants
rom water sources. Cheng et al. [380] developed a chemi-
ally cross-linked cellulose nanofiber-supported cryogel using
-glycidoxypropyltrimethoxysilane and branched polyethylen-
mine. The resulting flexible 3D network, rich in amino groups,
xhibited a highCu2+ adsorption capacity (138mg.g−1) at pH 5 and
aintained 75% of its capacity after four adsorption–desorption
ycles, demonstrating good reusability and mechanical stability.
n another study, Braga et al. [381] developed carboxymethyl
ellulose–sugarcane bagasse cryogels for treating multi-metal
aste solutions. The material exhibited strong selectivity toward
u2+ over Ni2+ and other coexisting metals, achieving ∼97% Cu2+
emoval and a maximum adsorption capacity of ∼44 mg g−1 in
ixed-bed tests at pH 7, attributed to metal–OH chelation and
etal–carboxylate interactions.

ass transport in aerogels and cryogels is governed by their
ighly porous and often hierarchical networks. Interconnected
dvanced Sustainable Systems, 2026
or directionally aligned macropores reduce diffusion distances
and enable rapid solution penetration, leading to fast adsorp-
tion kinetics and high utilization of internal sites. Hierarchical
structures combining macro- and mesopores support convective
flow and high flux, while microporous domains provide a large
surface area for binding. In contrast, predominantly microporous
materials may experience intraparticle diffusion limitations and
slower adsorption rates.

6.3.3 3D-Printed Biopolymer Architectures

Advances in 3D printing enable the precise fabrication of
biopolymer-based structures optimized for different applications,
includingmetal ion adsorption.Methods such as fused deposition
modeling (FDM), direct ink writing (DIW), stereolithography
(SLA), and bioprintingwere employed to construct scaffolds from
keratin, chitosan, alginate, cellulose, and lignin derivatives [382–
384]. By controlling viscosity, rheology, and cross-linking, these
polymers can be formulated into printable inks or filamentswhile
preserving their chelating functionalities [382].

Once printed, the resulting architectures exhibit hierarchical
porosity, featuring macro-channels from layering and intrinsic
micro- or mesopores that enhance metal ion diffusion and
binding [385]. Postprocessing techniques such as freeze-drying,
chemical cross-linking, or thermal treatments, further improve
27 of 47
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FIGURE 17 Schematic illustration representing stages including solution preparation, fabrication of 3D-printed chitosan scaffolds (10% (w/v)) and
solvent evaporation, adapted with permission from Sadeghianmaryan et al. [386]. Copyright 2025, Elsevier.
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echanical properties and adsorption performance. Sadeghian-
aryan et al. [386] developed 3D-printed chitosan scaffolds using
straightforward extrusion method, followed by ambient drying
o preserve structural integrity (Figure 17). After air drying, the
D-printed material was cross-linked by immersing it in 5%
aOH, which deprotonated ─NH3

+ groups to ─NH2, promot-
ng ionic interactions and hydrogen bonding, and enhancing
tructural stability.

ass transport considerations are central to the design of
D-printed biopolymer scaffolds for metal recovery. Additive
anufacturing, particularly when combined with thermally
nduced phase separation, produces lattices with hierarchical
orosity: macro-channels from the printed scaffold geometry
nable convective flow and shorten diffusion paths, while micro-
ores provide high surface area for adsorption. This structure
nsures rapid solution permeation, uniform contact with active
ites, and high removal efficiency. The approach yields stable
echanical integrity, easy recovery, and reusability over multiple
ycles,making it highly effective for continuous-flow heavymetal
emoval from water [387].

dditionally, these 3D-printed biopolymer scaffolds can host
etal NPs, enabling simultaneous adsorption and catalytic
ransformations. Incorporating NPs into the ink or through
ost-printing reduction steps boosts functionality, while complex
attice or honeycomb geometries maximize surface area and
inimize material usage, ideal for continuous flow systems
ith efficient mass transfer and low pressure drop [36, 388].
oreover, Gong et al. [389] developed “shrinking printing,”
here 3D-printed hydrogels made from anionic polymers such
s hyaluronic acid methacrylate or alginate are immersed in a
olycationic chitosan solution. The resulting charge complexa-
ion induces water expulsion, reducing linear dimensions by up
o 60% while maintaining structural integrity and cytocompati-
ility [389]. This approach improves resolution without requiring
8 of 47
complex hardware upgrades, making it suitable for creating
high-precision scaffolds for metal ion adsorption.

3D-printedmaterials are relatively underutilized inmetal adsorp-
tion studies; however, they recently gained more attention for
their potential in metal recovery and removal applications.
Notable examples include 3D-printed porous chitosan/ZIF-67
composites that selectively adsorbed Pb2+ from water with
high efficiency through ion exchange and surface complexation
mechanisms [390]. Another study fabricated reusable chitosan
monoliths via SLA printing, achieving fast Cu2+ removal with a
maximum capacity of 13.7 mg g−1 and up to 92% desorption using
EDTA, demonstrating high reusability and structural stability
[391]. Furthermore, Liakos et al. [392] developed heat-extruded
PCL/alginate composite filaments for FDM printing, which were
used to create biomimetic structures capable of adsorbing Cu2+
up to 90 mg g−1, even under dynamic conditions such as
flow-through application.

6.4 Advantages and Disadvantages of
Biopolymer-Based Structures

Biopolymer-based architectures, such as films, membranes,
fibers, aerogels, hydrogels, and 3D-printed structures, enhance
the metal-binding potential of biopolymers for environmental
and resource recovery approaches, as detailed in sections 6.1
to 6.3 and summarized in Table 6. These advanced forms offer
morphological control but face practical challenges.

Biopolymers, sourced from renewable and often low-cost waste
materials like lignin, chitosan, and keratin, offer sustainable and
biodegradable alternatives for advanced material architectures.
Their inherent functional groups facilitate robust metal-binding
interactionswithminimal chemicalmodification, enhancing eco-
friendliness. These materials can be transformed into versatile
Advanced Sustainable Systems, 2026
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TABLE 6 Overview of biopolymer-based structures and representative examples of their conversion into functional materials applied in metal
adsorption.

Subtype Fabrication method Enhanced properties Biopolymer-based example

Carbonaceous adsorbents Pyrolysis, activation
(KOH/H3PO4)

Surface area Cellulose [393], chitosan [393], lignin
[394]

Thin films/coatings Solvent Casting Morphological control,
stability, reusability

Calcium Alginate [395], chitosan
[396]

Membranes Phase inversion, electrospinning Pore tuning, ion selectivity Cellulose [355], keratin [397]
Electrospun fibers Electrospinning (blend/coaxial) Surface area, tunable fiber,

rapid kinetics
Chitosan [398], gelatin [399],

cellulose [400]
Hydrogels Ionic/covalent cross-linking,

graft polymerization
High surface area, swelling
tunability, dynamic release

Cellulose [366], gelatin–chitosan
[367], alginate [401]

Aerogels/cryogels Freeze-drying, templating High surface area, high
porosity, low density

Alginate [373], cellulose [379],
chitosan [378]

3D-printed structures FDM, DIW, SLA Hierarchical porosity, custom
geometry

Chitosan [390], alginate [392]
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orms, including membranes, fibers, hydrogels, aerogels, and
D-printed scaffolds, to meet diverse application demands in
etal remediation and recovery. Activated carbons derived from
iopolymers achieve high surface areas (often >1000 m2/g),
ivaling synthetic resins in adsorption capacity. Hydrogels and
erogels provide exceptional porosity and tunable swelling,
nabling dynamicmetal capture and release for reusable systems.
he structural and chemical flexibility of biopolymers allows pre-
ise performance optimization, while their reactive chemistries
upport easy functionalization to improve metal selectivity.
dditionally, 3D printing enables intricate architectural control,
aximizing surface accessibility and facilitating integration into
dvanced platforms like continuous-flow recovery systems or
eal-time sensors.

owever, biopolymers often lack mechanical strength, limiting
heir use in high-stress settings and requiring reinforcement.
hey are prone to degradation under harsh conditions like
xtreme pH ormicrobial exposure, affecting durability. Advanced
rocessing methods, such as electrospinning or 3D printing, can
e costly or hard to scale. Natural variability causes inconsistent
erformance, and selectivity in complex mixtures is challenging
ue to competitive ion binding. High hydrophilicity may cause
welling or dissolution, demanding careful design. Furthermore,
heir performance can vary with solution conditions, and achiev-
ng consistent quality at an industrial scale remains a challenge.
n contrast, synthetic adsorbents often offer superior robustness,
redictable selectivity, and mature manufacturing pathways.

Industrial Translation andMarket Readiness

hile biopolymer-based adsorbents have demonstrated promis-
ng performance at the laboratory scale, their transition into
ndustrial practice requires evaluation beyond selectivity and
dsorption capacity. Industrial translation demands reproducibil-
ty, durability under realistic operating conditions, scalable
rocessing routes, and clear economic justification relative to
stablished technologies.
dvanced Sustainable Systems, 2026
7.1 Technical and Performance Barriers to
Industrial Deployment

Despite the promising laboratory performance of engineered
biopolymer adsorbents, translation to industrial practice has been
limited and faces several bottlenecks. Natural biopolymers can
exhibit batch‑to‑batch variability in composition and molecular
weight, leading to inconsistent adsorption capacities; their selec-
tivity in complex effluents is often lower than that of synthetic
ion‑exchange resins and declines after a few regeneration cycles.
The weaker mechanical strength of many biopolymer‑derived
architectures and their susceptibility to swelling or degradation
under extreme pH, salinity, or microbial attack impede their
use in continuous‑flow systems and necessitate reinforcement or
composite fabrication.

Scale‑up also presents engineering challenges. Most studies
remain at laboratory scale, and the absence of pilot‑scale demon-
strations means that process parameters (flow rates, packing
density, and sorbent lifetime) are notwell established. Adsorption
processes often struggle to treat large volumes and to handle
multi‑metal mixtures; competing ions slow uptake and increase
retention times. Immobilization strategies can enhance mechan-
ical robustness and enable reuse, but current techniques (e.g.,
embedding cells on carriers or magnetic nanoparticles) can be
costly and are not yet optimized for industrial throughputs.
Furthermore, research predominantly uses synthetic or sim-
plified wastewaters; evaluation with real industrial effluents is
necessary to assess fouling, sorbent poisoning, and pre‑treatment
requirements.

In addition to these technical barriers, the field suffers from a
lack of systematic quantitative benchmarking across materials.
Adsorption capacities, selectivity factors, kinetics, and reusability
are frequently reported under non-comparable experimental
conditions, including different initial concentrations, pH ranges,
ionic strengths, competing ions, and solid-to-liquid ratios. As
summarized in Table 7, reported values often originate from
synthetic single-metal systems, whereas performance in real
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ffluents or leachates can differ substantially due to complex
peciation and competitive adsorption. The absence of standard-
zed performance indicators and harmonized testing protocols
omplicates direct comparisons between pristine and modified
iopolymers, and between biopolymers and established commer-
ial resins. Without standardized evaluation frameworks that
ncorporate column testing, multi-cycle stability, and realistic
atrices, it remains difficult to identify genuinely application-
eady materials. This comparability gap not only obscures true
echnological progress but also hinders techno-economic assess-
ent, as process design and cost estimation depend critically on
eliable, transferable performance metrics.

eyond these engineering constraints, systematic quantitative
enchmarking remains a critical need for application-driven
evelopment. Although numerous adsorption capacities, selec-
ivity trends, kinetic data, and reusability cycles are reported
n the literature, these metrics are often obtained under dis-
arate experimental conditions, limiting direct comparability. To
ddress this, Table 7 compiles representative pristine and mod-
fied biopolymers alongside commercial resins, explicitly indi-
ating adsorption capacity, selectivity, kinetic ranges, reusability,
nd solution type. Where possible, values are distinguished
etween synthetic model solutions and real or leachate-based
atrices, as performance can differ substantially due to complex
peciation, competing ions, and fouling effects. Nevertheless,
he lack of normalized testing protocols, such as standardized
nitial concentrations, ionic strengths, column conditions, and
ycling criteria, continues to complicate cross-material eval-
ation. Without harmonized benchmarking frameworks and
learer reporting of operating conditions, it remains challenging
o identify truly application-ready materials or to rationally
ompare emerging biopolymers with established ion-exchange
esins. This interpretability gap ultimately constrains reliable
rocess design and underscores the importance of integrat-
ng quantitative performance metrics with techno-economic
onsiderations.

.2 Economic Viability

conomically, the application of biopolymers in metal recovery-
elated applications faces a dual-edged sword. In principle, a
orbent made from abundant biomass could cost orders of
agnitude less than a specialty synthetic resin. Indeed, many
iopolymers are essentially agricultural or industrial waste,
vailable at a marginal price. This gives them a significant cost
dvantage if minimal processing is required. Yet the extensive
rocessing required to match the performance of synthetic
aterials can erode this edge. However, in scenarios targeting
igh-valuemetals (e.g., platinum groupmetals or rare earths), the
conomics shift favorably, transforming biopolymers from mere
aste treatment tools into profitable platforms for resource recov-
ry. A direct comparison between biopolymer-based adsorbents
nd conventional synthetic resins reveals both their progress
nd remaining gaps. Table 7 compiles data on maximum Cu2+
dsorption capacity, selectivity, and cost per gram of several
orbents: pristine biopolymers, chemically modified biopoly-
ers, and benchmark commercial resins. The trends indicate
hat pristine biopolymers, while having lower metal uptakes,
re extremely cheap and environmentally benign, making them
dvanced Sustainable Systems, 2026
suitable for large-volume, low-cost applications, especially when
interactionwith a specificmetal is not the target (e.g., heavymetal
removal from wastewater or acid mine drainage). For instance,
raw chitosan, keratin, or alginate material might only bind on the
order of a few tens of milligrams of Cu2+ per gram in unaltered
form, but it costs very little and requires no chemical treatment,
a compelling trade-off for situations where ultra-high capacity is
not critical. In contrast, modified biopolymers (those augmented
with extra functional groups or composite structures) show
markedly higher capacities and metal specificity, often rivaling
or even exceeding commercial ion-exchange resins (Table 7).
Additionally, modified biopolymers generally exhibit excellent
performance-to-cost ratios. Even when their adsorption capac-
ities rival or exceed those of synthetic resins, their ingredient
costs remain low. As a concrete example, Sireesha and Sreedhar
[402] developed a biochar–alginate–pectin composite bead with
an impressive Cu2+ adsorption capacity of ∼937.4 mg g−1. This
is nearly an order of magnitude higher than many conventional
biosorbents. It notably outperforms the standard iminodiacetate
resin Amberlite IRC-748, which has a Cu uptake of ∼250–
300 mg g−1 under similar conditions [403]. The composite’s
production cost was only ∼$1.51/kg (∼0.0015 USD/g), due to
the use of low-cost agricultural biochar and polysaccharides.
In contrast, commercial resins like Amberlite cost $110/kg and
rely on petrochemical feedstocks [403]. Similarly, carboxymethyl
cellulose/alginate beads, with Cu2+ capacities similar to Amber-
lite (∼286 mg g−1), can be produced at a fraction of the cost
[402], revealing their economic potential. That said, commercial
resins still outperform in many respects. The compiled data
indicate that commercial resins remain more selective for Cu2+
over competing ions, thanks to decades of optimization in ligand
density, porosity, and cross-linking. They also exhibit superior
durability across tens of use cycles, an aspect where many
biopolymers are not extensively tested. Biopolymer performance
is advancing rapidly, and with targeted modification strategies,
thesematerials may approach or exceed synthetic resins in capac-
ity and selectivity. While commercial resins currently hold a lead
in fine-tuned performance, biopolymer adsorbents are closing the
gap and offer compelling advantages in cost and environmental
impact.

8 Critical Perspective

Bio-based polymers, such as cellulose, chitin, lignin, keratin,
collagen, and alginates, are promising platforms formetal capture
because they pair abundant renewable feedstocks with metal-
binding motifs (hydroxyl, carboxyl, amine, thiol, and phenolic).
Their chemical structures can be systematically engineered
through covalent modification, cross-linking, and control of
form factors (e.g., beads, fibers, membranes, and monoliths) to
tune adsorption selectivity, capacity, kinetics, and mechanical
stability across applications ranging from wastewater polish-
ing to the recovery of precious and rare-earth metals from
complex leachates. Industrial performance of these materials is
governed by a coupled structure–function–process relationship,
where binding chemistry (donor atom type and ligand density),
material architecture (porosity, cross-link density, and swelling
behavior), and operating chemistry (pH, ionic strength, andmetal
speciation) collectively determine site accessibility, adsorption
selectivity, and mass-transfer behavior under realistic process
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onditions. Despite these advantages, the transition from labora-
ory promise to industrial implementation remains constrained
y six interconnected challenges:

i. Material consistency and specification control remain fun-
damental barriers to translation. Natural feedstocks exhibit
intrinsic variability in molecular weight distribution, chem-
ical composition, functional group density, crystallinity,
ash content, and impurity profiles. This batch-to-batch
variability propagates into adsorption performance and
complicates reproducibility, particularly in regulated sectors
where guaranteed specifications are mandatory. Trans-
lation will therefore require standardized preprocessing,
clear physicochemical descriptors, and quality-control met-
rics that quantitatively link polymer structure and sur-
face chemistry to adsorption performance. Without such
specification-driven frameworks, low-cost biomass can-
not reliably yield low-cost sorbents with reproducible
behavior.

ii. Operational stability under realistic conditions presents an
equally critical constraint. Many native or lightly modi-
fied biopolymers lose capacity in aggressive environments
characterized by strong acidity, oxidants, or high ionic
strength, where conventional petrochemical ion-exchange
resins remain robust. These limitations often originate from
intrinsic polymer chemistry. For instance, chitosan becomes
soluble under acidic conditions due to protonation of
amine groups, alginate gels may destabilize when chelating
agents remove cross-linking ions, and cellulose can undergo
acid-catalyzed hydrolysis of glycosidic bonds, progressively
weakening the polymer structure. While ligand grafting,
cross-linking, and templated porosity can enhance selectiv-
ity and chemical resistance, these modifications introduce
synthetic complexity, potential leachable compounds, and
added cost. Long-term chemical and mechanical stabil-
ity under cyclic adsorption–desorption conditions, partic-
ularly in continuous-flow systems, remains insufficiently
demonstrated. Stability assessment must therefore extend
beyond equilibrium batch tests to include breakthrough
behavior, competitive ion effects, swelling and attrition resis-
tance, and multi-cycle durability under realistic speciation
conditions.

iii. Process integration and regeneration performance ulti-
mately determine industrial relevance. Adsorption effi-
ciency alone does not define industrial viability. Sorbents
must exhibit low pressure drop, limited swelling, resis-
tance to attrition, and predictable mass-transfer behavior
in packed or structured beds. Recent studies highlight
the importance of evaluating materials under continuous-
flow conditions. For example, functionalized biopolymer
aerogel beads have been tested in fixed-bed columns with
breakthrough curves described using the Thomas model
and regenerated using citric acid eluents [427]. Similarly,
alginate-based composite beads have been investigated for
La(III) recovery in fixed-bed columns, demonstrating stable
breakthrough performance and efficient desorption using 1
M HCl with high recovery yields [428]. Regeneration strate-
giesmust deliver concentrated eluates withminimal reagent
consumption and limited capacity decay across cycles. In
many reported systems, regeneration chemistry becomes the
2 of 47
dominant operational cost or source of secondary waste.
Designing sorbents and regeneration protocols as a cou-
pled system is therefore essential. Future development of
biopolymer-based adsorbents should prioritize modification
strategies that balance selectivity gains with economic via-
bility and environmental footprint, favoring low-toxicity
reagents, solvent recycling, and scalable processing routes
compatible with industrial deployment.

iv. Economic and environmental realism must accompany
material innovation. Although biomass precursors are inex-
pensive, the total cost of ownership is governed by process-
ing, shaping, activation, service life, regeneration efficiency,
and end-of-life management. Energy-intensive fabrication
routes such as electrospinning or supercritical drying, as
well as harsh functionalization chemistries, can negate
sustainability advantages. The business case is strengthened
in high-value streams, particularly whenmaterials maintain
performance over multiple adsorption–desorption cycles
withminimal capacity loss and low eluate volumes, yielding
concentrated metal products. Early integration of techno-
economic analysis (TEA) and life-cycle assessment (LCA)
with process-level inventories is critical to prevent the field
from optimizing performance metrics that are economically
or environmentally irrelevant at scale. Indeed, techno-
economic studies comparing chitosan-derived sorbents with
commercial ion-exchange resins show that regeneration
efficiency and sorbent lifetime often dominate the overall
treatment cost [429], emphasizing the need to evaluate
adsorption performance together with process economics.

v. Mechanistic understanding and standardized benchmark-
ing represent additional structural weaknesses in the field.
A further limitation of the field is the predominance of
equilibrium capacitymetrics and simplifiedmodel fits, often
obtained in single-metal synthetic systems. In hydromet-
allurgical contexts, metal speciation, complexation equi-
libria, and competitive adsorption fundamentally govern
selectivity and kinetics. Mechanism-driven design, sup-
ported by advanced characterization, speciation analysis,
and structure–function correlations, should replace purely
empirical screening approaches and be supported by direct
evidence linking functional groups to metal binding. In
parallel, the absence of harmonized testing protocols (pH
control, ionic strength, competing ions, cycling criteria,
and column testing standards) hinders rational bench-
marking and obscures meaningful comparison with com-
mercial ion-exchange resins. Beyond equilibrium capacity,
studies should therefore report dynamic metrics such as
breakthrough capacity, mass-transfer behavior, regeneration
efficiency, and multi-cycle stability under realistic solution
conditions [430].

vi. Positioning against mature technologies further defines
the adoption landscape. Biopolymer-based sorbents are not
entering an empty landscape; they compete with decades-
optimized synthetic resins that offer proven durability,
well-characterized regeneration chemistry, and established
supply chains. Industrial adoption will therefore depend not
on achievingmarginally higher laboratory capacities, but on
demonstrating reproducibility, durability, and process com-
patibility under conditions where conventional materials
already perform reliably.
Advanced Sustainable Systems, 2026
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egulatory acceptance and market adoption further depend on
alidated pilot-scale data, low extractables, long-term stability,
nd secure feedstock supply chains. Policy drivers supporting
ritical rawmaterial recovery and low-carbon technologies create
trong incentives, but industrial deployment will favor materials
hat combine reproducibility, durability, and straightforward
rocessing over maximal laboratory capacities.

rogress will hinge on coordinated advances that connect molec-
lar design to process performance:

i. discovery and integration of metal-specific ligands that
remain active in acidic, basic, or saline media;

ii. scalable modification routes that minimize toxic reagents
and leachable species;

iii. architectures that balance hierarchical porosity with
mechanical integrity and low hydraulic resistance;

iv. durable regeneration using benign eluents that deliver high-
purity concentrates and enable multiple reuse cycles; and

v. standardized testing protocols linking molecular design to
column-scale performance, supported by integrated TEA
and LCA at early development stages.

hrough targeted research and process-aware engineering,
iopolymer-based sorbents can become both efficient and eco-
omically competitive with commercial resins, positioning them
o approach or rival the performance of established synthetic
esins in capacity, selectivity, and reusability, while delivering
erifiable sustainability gains.
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