@ ‘ . /
&\ materials MDPI
¢5% dpy
Review

Review: Sustainable Biosorbent and Biopolymeric Materials
for Heavy Metal Adsorption—Advances, Challenges,
and Perspectives

André Lamounier Caixeta ', Ana Carolina Nunes da Silva '/, Sarah Kalli Silva da Silva,
Matheus de Carvalho Dias ‘¥, Camila Monteiro Cholant, Tiago Moreno Volkmer *, André Luiz Missio ',
Amanda Dantas de Oliveira, Mateus Meneguetti Ferrer, Yasir Anwar and Sabir Khan *

Technological Development Center, Federal University of Pelotas, Pelotas 96010-610, Brazil;
andre.caixeta@ufpel.edu.br (A.L.C.); acnsilva@ufpel.edu.br (A.C.N.d.S.); sarah.silva@ufpel.edu.br (5.K.S.d.S.);
matheus.dias@ufpel.edu.br (M.d.C.D.); camila.cholant@ufpel.edu.br (C.M.C.);

tiago.volkmer@ufpel.edu.br (T.M.V.); andre.missio@ufpel.edu.br (A.L.M.); adoliveira@ufpel.edu.br (A.D.d.O.);
mmferrer@ufpel.edu.br (M.M.E); yasir10188@gmail.com (Y.A.)

* Correspondence: sabir.khan@ufpel.edu.br

Abstract

The contamination of water resources by heavy metals poses a serious environmental risk,
and conventional treatment methods face significant limitations. This review addresses the
issue by presenting a critical analysis of the development of sustainable biosorbent and
biopolymeric materials for heavy metal adsorption, highlighting advances, challenges, and
future perspectives. To this end, a systematic bibliometric analysis of 120 documents was
conducted, extracted from the Scopus and Web of Science databases, covering the period
from 2003 to 2025. The results indicate exponential growth in scientific interest in biopoly-
mers such as cellulose, chitosan, lignin, and alginate, especially in the form of aerogels,
which demonstrate high adsorptive capacity through mechanisms such as complexation,
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Academic Editor: Lucjan Chmielarz efficiency, such as pH, temperature, and contact time. It is concluded that, although these
Received: 26 August 2025 sustainable materials are highly promising, challenges related to scalability, selectivity in
Revised: 7 October 2025 complex effluents, and regenerability still need to be overcome to enable their large-scale
Accepted: 13 October 2025 industrial application, in line with the principles of the circular economy.

Published: 16 October 2025
Citation: Caixeta, A.L. Silva, Keywords: adsorption; heavy metals; sustainable biosorbents; adsorption mechanisms;
ACN.d,;Silva,SKS.d;Dias, MdC;  biopolymers

Cholant, C.M.; Volkmer, T.M.; Missio,
A.L.; Oliveira, A.D.d.; Ferrer, M.M.;

Anwar, Y,; et al. Review: Sustainable

Biosorbent and Biopolymeric

1. Introduction
Materials for Heavy Metal

Adsorption—Advances, Challenges, Heavy metal contamination, including As, Pb, Hg, Cd, and Cr, poses a global environ-
and Perspectives. Materials 2025, 18, mental challenge, with serious impacts on human and animal health as well as ecosystem
4752. https://doi.org/10.3390/ integrity. These elements, primarily released through industrial activities, mining, and
mals204752 agriculture, are toxic, persistent, and prone to bioaccumulation along food chains, causing
Copyright: © 2025 by the authors. effects such as oxidative stress, cellular damage, and chronic diseases [1,2].
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For the treatment of contaminated effluents, various technologies have been estab-
lished. Conventional methods include chemical precipitation and ion exchange. Although
effective under certain conditions, these techniques often face significant limitations, such as
high implementation and operational costs, high energy consumption, low selectivity, and
the generation of secondary waste, which requires additional treatment for disposal [1,5].

In this context, adsorption has emerged as a promising alternative, being an efficient,
low-cost, and environmentally sustainable process, especially when utilizing adsorbent
materials derived from biomass or agricultural waste. Such materials are abundant, re-
newable, possess active functional groups on their surface, and exhibit great potential
for regeneration [6,7].

Polymeric membranes, produced from natural or synthetic polymers, are widely
applied in sectors such as gas separation and, especially, in effluent treatment. The technical
feasibility and sustainability of these materials stem partly from the affordable cost of their
polymeric precursors. However, it is crucial to distinguish the material cost from the
operational cost of the filtration process. While low-pressure systems like microfiltration
(MF) and ultrafiltration (UF) are notable for their low energy demand, high-pressure
methods such as reverse osmosis (RO) involve high power consumption, which significantly
increases their application cost. This flexibility, combined with high separation efficiency,
consolidates membranes as a strategic solution for water resource recovery [8-11].

The valorization of agro-industrial waste for the formulation of new materials directly
aligns with the principles of the circular economy and Sustainable Development Goals
(SDGs) 9, 12, and 13. A notable application of this approach is the fabrication of polymeric
membranes, which, although part of filtration systems that can have high operational costs
(such as RO), represent an advancement when produced from sustainable and low-cost
polymers, thereby optimizing separation efficiency and technical feasibility [11-13].

Given the need for integrative analyses in this field, this review provides a critical
and comparative assessment of sustainable biosorbent and biopolymeric materials applied
to the adsorption of heavy metals. The work is structured to address the main advances
in the development of different material forms, including the fabrication of adsorptive
membranes and the formulation of aerogels and hydrogels, all based on biopolymers such
as cellulose, chitosan, lignin, and alginate. Additionally, it discusses the cross-cutting
challenges of selectivity in complex effluents, regenerability, and industrial scalability;
and finally, presents future perspectives for the practical application of these technologies.
The aim is to highlight that, although laboratory efficiency is high, commercial viability
depends on overcoming economic bottlenecks and standardizing synthesis routes from
waste materials, thus consolidating a solution aligned with the circular economy.

2. Database

Bibliometric analyses allow for the quantitative and statistical evaluation of scien-
tific production, identifying patterns, trends, and indicators such as annual publication
output, the most productive countries, co-authorship networks, and the most frequently
used keywords.

A specific bibliometric search focused on the biopolymers worked on in this review
was performed to identify studies evaluating the use of lignin, cellulose, chitosan, and
alginate as adsorbents for the removal of heavy metals from water. Searches were conducted
in two major scientific databases, Scopus and the Web of Science Core Collection (Clarivate
Analytics/ Thomson Reuters), using literal search terms with field-specific tags.

For Scopus, the TITLE-ABS-KEY field was used, while for Web of Science the Topic
field (TS) was applied. The search strings were designed to capture relevant studies, for ex-
ample: TITLE-ABS-KEY(“lignin”) AND TITLE-ABS-KEY (“adsorbent” AND “adsorption”)
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AND TITLE-ABS-KEY (“heavy metal”) AND TITLE-ABS-KEY (“water contamination”) for
lignin; similar structured queries were used for chitosan, cellulose, and alginate. Searches
were conducted using English keywords, without restrictions on the language of publica-
tion. Searches covered the period from 2003 in Scopus and from 2003 in Web of Science
until the first quarter of 2025, reflecting the maximum time coverage of each database.

All retrieved records were exported in CSV format from Scopus and BibTeX format
from Web of Science. Each record contained author names, article title, source, publi-
cation year, DOI, abstract, and keywords. Records were imported into R—4.5.1 [14] on
ambient RStudio (Boston, Ma, USA) [15] using the bibliometrix package for reproducible
bibliometric analysis.

A two-step deduplication procedure was applied, prioritizing DOI-based removal of
duplicates followed by title-based normalization to account for capitalization, punctuation,
and spacing differences. Prior to deduplication, a total of 140 records were identified,
comprising 112 records from Scopus (lignin: 8; cellulose: 44; chitosan: 44; alginate: 16)
and 28 records from Web of Science (lignin: 2; cellulose: 13; chitosan: 9; alginate: 4). After
removal of 20 duplicate records, 120 unique publications remained for analysis.

The study selection process was documented following the PRISMA 2020 Statement
guidelines for transparency in systematic reviews. Although no quantitative synthesis
(meta-analysis) was performed, the PRISMA flow diagram was applied to illustrate the
identification, screening, and inclusion of bibliographic records. All search outputs from
Scopus and Web of Science were merged, and duplicates were removed using a two-step
procedure (DOI-based, followed by normalized titles).

A total of 140 records were initially retrieved, of which 20 duplicates were removed, re-
sulting in a final corpus of 120 unique publications included in the bibliometric assessment,
as illustrated in Figure 1. All raw datasets (CSV files) and R scripts are provided as supple-
mentary material to ensure reproducibility and transparency. The PRISMA 2020 framework
was applied as a methodological guide to document the selection process and enhance
reporting clarity, rather than as an analytical tool (e.g., meta or metafor packages for effect
size aggregation).

Records identified from databases
(n =140)

A 4
Duplicates removed
(n=20)

Articles included for bibliometric analysis
(n=120)

Figure 1. Data flow, showing duplicate removal and final unique records included.

3. Adsorption of Heavy Metals

Heavy metals such as lead, Cd, Hg, and Cr are persistent, toxic, and non-biodegradable
pollutants that pose serious risks to the environment and human health. According to
studies by [16,17], they can be released naturally through geological processes such as
rock weathering and volcanic eruptions, or through anthropogenic activities, including
industrial operations, agriculture, and improper disposal of waste and urban effluents,
leading to soil and water contamination, bioaccumulation in food chains, and toxicity
to aquatic and terrestrial organisms, as well as adverse human health effects, including
neurological, renal, and hepatic damage, cancer, and developmental disorders [18,19].
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In accordance with [18,20], to mitigate these impacts, various removal methods have
been developed: adsorption, using materials such as activated carbon, clays, MOFs, and
biosorbents, is highly efficient, low-cost, and regenerable; membrane filtration provides
near-complete removal but is costly and prone to fouling; chemical precipitation is simple
and inexpensive but generates sludge; ion exchange is selective and efficient, though more
expensive; biological methods, such as biosorption and bioaccumulation, are sustainable
and low-cost but slower; and electrochemical and photocatalytic techniques, including
electrocoagulation and TiO,-based processes, show great potential, yet remain scarcely
applied at industrial scale, as stated by [18,20-24].

3.1. Factors Influencing the Bioavailability of Heavy Metals

Several factors govern the bioavailability of heavy metals, defined as the extent to
which they can be absorbed by organisms or participate in biological processes. The factors
affecting bioavailability can be clearly grouped into three main categories: environmental
factors (e.g., temperature, contact time, adsorption), chemical factors (e.g., solubility, pH,
complexation, interference from other ions), and biological factors (e.g., organism uptake,
metabolic activity, microbial interactions). Understanding these categories is essential
for predicting the mobility, fate, and potential risks of heavy metals in contaminated
environments, according to [25,26].

3.2. Physicochemical Mechanism of Adsorption

The removal of heavy metals from contaminated effluents occurs through various
physicochemical interactions, and the efficiency and selectivity of these mechanisms depend
on the material’s properties, such as surface area, porosity, and the presence of functional
groups [27-29], For instance, in materials like aerogels, the nanoporous structure provides a
vast surface area for adsorption. In hydrogels, performance is governed by the swelling of
the polymer network and the diffusion of metal ions to internal active sites, such as amino
groups [30]. Analogously, advanced membrane techniques, such as Polymer-Enhanced
Ultrafiltration (PEUF), combine the physical separation of the membrane with the chemical
capture of ions by polymers with specific functional groups [18]. This process increases the
overall efficiency and selectivity of heavy metal removal [31,32], as illustrated in Figure 2,
and can be summarized by the following mechanisms:

Factors that favor adsorption:

pH. contact time, temperature,
initial concentration and inter-

Adsorbents ference from other ions

\ Physical-chemical

adsorption processes

/N

Hydrogen bonding, Electrostatic attraction,
cationic interaction and surface complexation,
Van der Walls interaction | |chelation and ion exchange

Addition of adsor-
bent materials

(———

H20

Treated water

Figure 2. General processes of adsorption and removal of heavy metals present in contaminated
effluents.
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3.3. Physical Adsorption

Physical adsorption occurs rapidly and is low-cost, offering excellent cost-effectiveness;
however, it presents lower selectivity compared to chemical adsorption. The adsorption
mechanisms can be classified based on the type of interaction involved: van der Waals
forces, electrostatic interactions (including cationic interactions), or ion exchange [28,33,34].
The predominance of each mechanism depends on the type of metal ion, the pH of the
solution, and the functional groups present on the adsorbent’s surface. When combining
porosity and functionality, porous materials are optimized for efficient removal of heavy
metals from water [28,32,33].

The behavior of metal ions such as Pb%*, Cd%*, and ng‘r in aqueous media involves
their diffusion through the pores of the aerogel (based on silica, carbon, or polymers).
This diffusion leads to their deposition onto the internal surfaces of the porous adsorbent
through van der Waals forces, electrostatic interactions, and /or ion exchange, depending
on the specific metal and functional groups present [29,35]. As a result, the large surface
area of the porous structure provides numerous active sites for the metal ions to physically
and/or electrostatically attach [31,32]. The high porosity and interconnected pore network
act as nanoscale “traps,” enhancing ion diffusion and retention and increasing overall
adsorption capacity.

The greater the specific surface area, the more adsorption sites are available,
as the pores act as traps where the ions are retained by physical processes due to
nanoscale confinement.

The efficiency of physical adsorption is influenced by factors such as pH, ion size,
electronegativity, and hydration radius of the metal ions. Metals like Pb?* typically exhibit
higher affinity due to their greater electronegativity and smaller hydration radius, resulting
in stronger electrostatic interactions.

Thus, the use becomes effective because aerogels undergo supercritical drying, which
results in the preservation of their porous structure. However, physical adsorption presents
a relatively weaker interaction between the product surface (aerogel) and heavy metals.

Hydrogen Bonding

This is an important but secondary intermolecular interaction in adsorption when
adsorbents have functional groups such as -OH, -NH,, or -COOH [29]. This interaction
is particularly significant in hydrogels, where the high capacity for water absorption is
governed by extensive hydrogen bonding between the polymer’s functional groups (-OH
and -NH;) and water molecules, which stabilizes the swollen structure [30]. Hydrogen
bonding is generally considered a type of physical adsorption (physisorption), as it involves
relatively weak interactions compared with covalent or ionic bonds typical of chemical
adsorption (chemisorption) [29]. When applied to the removal of heavy metals from water,
this interaction can indirectly contribute to the efficiency of the adsorbent, such as an
aerogel [29]. The bond can be disrupted by changes in pH or competition with water
molecules, acting synergistically with van der Waals forces and electrostatic interactions to
enhance overall adsorption efficiency [29].

3.4. Chemical Adsorption
3.4.1. Adsorption Mechanism

Chemical adsorption, or chemisorption, involves stronger and more specific inter-
actions than physisorption, resulting in the formation of chemical bonds between the
adsorbate and the adsorbent surface [36]. The primary mechanisms in biosorbents in-
clude surface complexation, chelation, and ion exchange, which are considered chemical
interactions due to the formation of coordination or covalent bonds with functional groups.
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3.4.2. Electrostatic Attraction

Electrostatic attraction, while sometimes grouped with chemical mechanisms, is
mainly a physical interaction when it occurs through the simple attraction of oppositely
charged ions without bond formation [29]. The surface charge of biosorbents is intrinsically
dependent on the pH of the medium, which determines which ions will be attracted.

For example, at pH levels where functional groups like carboxyl (-COOH) and hy-
droxyl (-OH) are deprotonated (-COO~, -O~), the surface becomes negative, attracting
metal cations such as Pb?*, Cd?*, and Cu?*. Conversely, at acidic pHs, groups like amino
(-NH,) can be protonated (-NHj3*), creating positive sites that attract metal anions, such as
CrO4%~ and AsO43~ [34].

Specific cases such as cation— interactions in carbon-based aerogels contribute to
adsorption but may also have a partial chemical character [16]. However, the term can also
refer to aerogels derived from synthetic precursors (e.g., resorcinol-formaldehyde), which
do not fall under the definition of a biosorbent [37].

3.4.3. Surface Complexation

Surface complexation is an adsorption mechanism in which metal ions form coordi-
nated complexes with functional groups present on the surface of the adsorbent, mainly in
functionalized porous materials such as carbon or silica aerogels, biopolymeric hydrogels,
and membranes used in complexation-ultrafiltration processes [30,38]. Silica aerogels are
inorganic materials formed from a silicon dioxide network [39], while carbon aerogels are
typically derived from the pyrolysis of organic precursors [40]. These materials have active
sites such as -OH, -COOH, and -NH,, which can donate electron pairs to heavy metals such
as Pb?*, Cd?*, and Cu?*, forming coordination bonds and thereby engaging in chemical
adsorption through partial or full sharing of electron pairs to stabilize the metal ion on the
surface [30,31,38,41]. This process can be used both to remove heavy metals from water
and to mobilize them, depending on the characteristics of the complexing agent and the
solution conditions [22].

Its mechanism occurs mainly through coordination with oxygenated groups, where
transition metals such as Cu?* or Hg?" bind to carboxylic (-COOH) or hydroxyl (-OH)
groups, forming structures of the type M**-O-R [31].

The effect of pH alteration <4, the protonation of the groups reduces complexation,
while at neutral/alkaline pH (5-9), deprotonation favors metal-ligand binding. Finally, the
selectivity for metals shows high affinity for hard ligands (Fe>*, A13*) or soft ligands (Hg?",
Ag"), which can result in their selective capture [31,41,42].

On the other hand, the effectiveness of physical adsorption in aerogels is intrinsi-
cally linked to their highly porous structure [43]. This structure, characterized by a vast
internal surface area, is preserved through specialized drying processes such as super-
critical drying or lyophilization. Unlike conventional drying, which causes pore collapse
(and loss of surface area), these methods remove the solvent from the gel without de-
stroying the nanoporous network, thereby ensuring the availability of numerous sites for
physical adsorption [44].

3.4.4. Chelation

Chelation is a specific form of chemical adsorption, where a metal ion is surrounded
by multiple functional groups from the adsorbent, forming a stable cyclic structure.

According to studies by [27,28], the chelation process is a specific case of complexation
in which a metal ion is surrounded by multiple functional groups from the adsorbent,
forming a highly stable cyclic structure. This mechanism is critical for the removal of
highly toxic metals, as is the case with metal cations such as Cd?>* and Hg?*. Among its
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characteristics, groups such as EDTA (-N(CH,COO™),), dithizones, or thioureas act as
“molecular claws,” functioning as polydentate ligands in this system. They exhibit a high
stability constant of formation (Kf), as seen in the Hg?*-EDTA complex (log Kf ~ 21.5). The
use of aerogels functionalized with amino (-NH3) or thiol (-SH) groups has demonstrated
high efficiency for the chelation of Hg?* [45]. Furthermore, it is important to note that the
desorption process requires strong eluents, such as 1 M HNO3, which may degrade the
material after repeated cycles.

3.4.5. Ion Exchange

In ion exchange is also a chemical mechanism, metal ions in solution are captured by
substituting lighter cations (e.g., H*, Na*), that is, by ions with similar charges previously
bound to a given solid material [46]. The metal ions present in contaminated water are
attracted to functional groups and replace the less desirable ions. This is a reversible process
that relies on bonding interactions between the ions and the surface functional groups,
with the equilibrium of the solution affected by ion concentration, selectivity, and pH,
distinguishing it from purely physical adsorption [46,47].

The presence of competing ions in real wastewater reduces the removal efficiency of
heavy metals, especially for conventional adsorbents. Advanced and selective materials,
such as MOFs and nanocomposites, show better performance but still face challenges in
complex environments. Testing under real conditions is essential for validation prior to
large-scale application [18,48].

This mechanism is dominant in aerogels with charged groups such as -SO3~ and
-COO™ [49] Its fundamental principle lies in the exchange capacity, which is directly
influenced by the density of functional groups present in the aerogel [49]. Regarding
selectivity, it is known that this process is influenced by the charge and radius of the ion.
Regeneration is a crucial step in ion exchange, in which acidic (e.g., HCI) or saline (e.g.,
NaCl) solutions are used to restore the active sites of the aerogel [50].

3.4.6. Factors Affecting Adsorption
pH

The pH factor directly influences adsorption through the protonation and deproto-
nation of surface groups. At low pH (acidic medium), competition with H* can reduce
adsorption, whereas at neutral/alkaline pH, deprotonation of -OH or -COOH groups is
promoted, favoring the binding with metal cations [27,29].

Contact Time

Research such as that reported in [27,29,51] discuss contact time as a critical parameter
in the adsorption of heavy metals by aerogels, due to its direct influence on process
kinetics and maximum removal capacity. These authors highlight that the process can be
divided into three phases: (1) diffusion of ions to the aerogel surface, occurring rapidly;
(2) adsorption at active sites, which is controlled by surface chemistry; and (3) filling of
internal pores, which occurs more slowly and varies according to porosity.

Temperature

Temperature is a critical parameter that influences both the kinetics and equilibrium
of adsorption. The thermodynamic nature of the process can be endothermic (favored
by an increase in temperature) or exothermic (disfavored by an increase in temperature),
depending specifically on the adsorbent-adsorbate system. Generally, physisorption is
an exothermic process, whereas chemisorption can be endothermic, requiring energy to
activate bond formation [27].
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An example of this complexity is observed in studies with cellulose aerogels, such as
that by [41]. In that study, the adsorption capacity for metal ions initially increased with
temperature, a behavior attributed to the activation of more adsorption sites. However,
after reaching an optimal temperature, the capacity began to decrease, indicating that
the predominantly exothermic nature of the process then governed the equilibrium. This
demonstrates that generalization is not appropriate and that temperature optimization is
essential to maximize the removal efficiency of heavy metals for each specific system.

Initial Concentration

Previous studies such as [52,53] highlight that the initial concentration of heavy metals
in solution is an important factor affecting adsorption efficiency. The higher the initial
concentration, the greater the amount of metal that can generally be adsorbed until the
adsorbent reaches saturation.

However, the adsorption rate and removal capacity can also be influenced by this
concentration, as high concentrations may lead to rapid exhaustion of adsorption sites and
potentially reduce process efficiency if the system is not properly optimized.

Additionally, different adsorption kinetic models consider the initial concentration to
determine the process rate and the maximum number of metals the adsorbent can retain.
Thus, initial concentration is a crucial parameter in optimizing the adsorption process to
ensure maximum removal of heavy metals from aqueous solutions.

Interference from Other Ions

The presence of competing ions, such as Na*, Ca%t, and Mg2+, as well as anions like
Cl~ and SO,?~—for example, in industrial effluent environments—can compromise the
adsorption efficiency of target metals [27]. Among these, divalent cations (Ca?*, Mg?") exert
greater interference than monovalent ones (Na*, K*) due to their higher charge, resulting
in more intense competition for the adsorbent’s active sites.

According to [52], the adsorption efficiency of heavy metals by materials such as fly
ash and conducting polymers is directly affected by the presence of other ions in solutions.
Among the determining factors, pH stands out as one of the most relevant, as it influences
both the speciation of metals and the surface charge of the adsorbent, modifying its affinity
for different competing ions. Furthermore, the concentration of metals and the pH of the
medium affect the selectivity of the adsorbent, making it possible for the removal capacity
of a given metal to decrease due to competition for adsorption sites.

Therefore, it is essential to consider the presence of other ions when analyzing adsorp-
tion performance, as their interference can alter the chemical conditions of the system and
consequently reduce the efficiency of the heavy metal removal process.

4. Sustainable Materials and Technologies for Water Purification
4.1. Biopolymers as Adsorbents

As previously reported in this work, adsorption by adsorbent materials stands out as
one of the most effective methods for removing metal ions from aqueous solutions, due to
its operational simplicity, low cost, and high efficiency [54]. It is also noteworthy that the
advantages of this process are significantly enhanced when the adsorbent has regeneration
potential and can be properly disposed of after use [55].

In this context, the choice of adsorbent material becomes an essential factor for process
efficiency [56]. Among the different classes of materials, biopolymers have received in-
creasing attention due to their abundance, biodegradability, adjustable chemical structure,
and renewable origin. These sustainable polymers can be obtained from agro-industrial
residues, such as sugarcane bagasse, rice husks, and fruit and vegetable waste [57], for in-
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stance, lemon waste used to remove phosphate [58] or from fishery industry residues, such
as crustacean shells [59], promoting the utilization of by-products and the development of
environmentally responsible technologies.

Biopolymers have been applied in various stages of wastewater treatment, including
coagulation and flocculation, sludge dewatering, chemical contaminant removal, mem-
brane fouling control, and advanced processes such as oxidation and adsorption, although
most applications are still restricted to the laboratory scale [60]. Among the polymeric
adsorbents, those derived from carbohydrates, such as cellulose, chitosan, lignin, and
alginate, stand out. These materials combine environmental sustainability with functional
properties that favor the adsorption of metal ions.

Such polymers have high surface area, structural variety, and active functional groups,
such as amines, hydroxyls, and phenolic hydroxyls. These groups promote physicochemical
interactions with metal ions, forming stable complexes through chelation mechanisms,
conferring high hydrophilicity and efficiency in the treatment of wastewater contaminated
by heavy metals [61,62].

Below, we will detail some of the most commonly used natural biopolymers as
adsorbents—cellulose, chitosan, lignin, and alginate—highlighting their relevant properties,
origins, modes of interaction with metal ions, and sustainable applications in wastewa-
ter treatment.

4.1.1. Cellulose

Cellulose is the most abundant natural polysaccharide on the planet, being the main
structural component of plant cell walls. It is a linear homopolymer composed of repeating
-D-anhydroglucopyranose units linked by (3-1,4 glycosidic bonds [63]. Its wide availability
from sources such as trees, plants, algae, and agro-industrial residues—such as corn
straw and rice husk—and textiles [64,65], makes it a promising and economically viable
precursor to produce adsorbent materials. As illustrated in Figure 3a, different forms
of cellulose have been explored in the manufacture of functional aerogels, applied in
areas ranging from controlled release systems to thermal insulation and adsorption of
environmental contaminants [66].

In this context, ref. [67] demonstrated the application of a mold made from recycled
cellulose, obtained from used paper, as a support for the fabrication of a cobalt nanosen-
sor (SNC) functionalized with 1-(2-hydroxy-1-naphthylazo)-2-naphthol-4-sulfonic acid
(HNNSA). The resulting material showed high sensitivity and selectivity in the detection
and removal of Co (II) ions, with a detection limit as low as 1.13 x 107 M. The porous
structure of the cellulosic matrix, confirmed by techniques such as XRD, SEM, TEM, and
nitrogen adsorption analysis, was fundamental to the efficiency. Other researchers have
also demonstrated the versatility of cellulose-based matrices in various environmental
remediation contexts. For example, ref. [68] developed a hybrid aerogel composed of a
metal-organic framework modified with ethylenediaminetetraacetic acid (UiO-66-EDTA)
incorporated into a matrix of cellulose nanofibers (CNF) and carboxymethyl cellulose
(CMC) for applications in the remediation of wastewater containing heavy metals. In the
study, nine metal ions (Cr3*, Cu?t, Co%t, Ni2*, Mn?*, Zn%*, Sn**, Fe3*, and Zr**) were
tested, and the U-EDTA CCA aerogel exhibited excellent adsorption capacity, achieving
up to 98% removal for the most efficiently adsorbed metal ion and maintaining efficiency
above 91% in mixed solutions containing five types of metal ions. The superior performance
compared to pure CNF aerogels was attributed to the strong chelation between the target
ions and EDTA, combined with the micrometer-scale porosity and anisotropic structure of
the aerogel, which enhanced the contact between active sites and metal ions, rendering the
material highly effective and reusable for the removal of multiple heavy metals.
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4.1.2. Chitosan

Chitin is the second most abundant biopolymer in nature, found mainly in the exoskele-
ton of crustaceans, insects, and in the cell walls of fungi. Through its partial deacetylation,
chitosan is obtained—a linear polysaccharide that combines structural and functional
characteristics making it highly promising for adsorption applications. As illustrated in
Figure 3b, this conversion process involves the removal of acetyl groups from chitin, result-
ing in a structure rich in free amine groups, which are highly reactive and fundamental
for the complexation of metal ions in aqueous solutions [69]. Its main sources include
crustacean shells and residues from fungi and insects, contributing to its profile as a renew-
able, accessible resource with strong environmental appeal [70]. The presence of primary
amine functional groups in its structure favors complexation with metal ions through
electrostatic interactions, increasing its efficiency in contaminant removal processes in
aqueous media [71]. Recently, this biopolymer has received growing attention as a basis for
the formulation of sustainable adsorbents, due to its biodegradability, economic viability,
and abundance in organic waste [72].

A study conducted by [73] demonstrates the potential of chitosan in its nanostructured
form, by coating cotton fibers with nano chitosan (NCCF) crosslinked with citric acid for
the removal of heavy metals from industrial effluents. The modification provided the
material with greater surface area and porosity, resulting in adsorption capacities superior
to those of the natural fiber. The tests revealed maximum adsorption values, according to
the Langmuir model, of 4.76 mmol/g for Cd?*, 6.40 mmol/ g for Pb2*, and 12.50 mmol/ g
for Cr®*. This work reinforces the feasibility of nanostructured chitosan as an efficient and
sustainable material for industrial applications in the treatment of water contaminated with
heavy metals.

In the study conducted by [30], an adsorbent nanocomposite was developed from
chitosan extracted from shrimp shell waste, a widely available byproduct of the fishing
industry. The resulting CS-TPP-NSi nanocomposite demonstrated outstanding adsorptive
performance in the removal of heavy metals, with maximum capacities of 112.35 mg/g
for lead and 60.97 mg/g for Zn, according to the Langmuir model. In addition to its
high capacity, the material exhibited rapid adsorption kinetics and good efficiency at
different pollutant concentrations, demonstrating versatility and high potential for real-
world applications in the treatment of contaminated water.

4.1.3. Lignin

Unlike linear polysaccharides such as cellulose and chitosan, lignin is an amorphous
aromatic polymer with a complex three-dimensional structure formed by phenylpropane
units—guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H). As shown in Figure 3c, this
structural configuration gives lignin and nanolignin properties such as high rigidity, ther-
mal stability, and chemical resistance, making it a promising matrix for application in
functional materials [74]. From a sustainability perspective, one of the most relevant as-
pects of lignin is its origin: it is a large-scale byproduct of the pulp and paper industries
and bioethanol production, generally underutilized as a low-value energy source or simply
discarded. In this sense, its valorization as a precursor for high-performance adsorbent
materials represents a clear example of the circular economy, promoting the conversion of
industrial waste into technological solutions for environmental remediation.

Furthermore, lignin stands out as a low-cost adsorbent compared to conventional
materials such as activated carbon, especially in the removal of toxic metal ions. Due to the
presence of polyhydric phenols and additional functional groups on its surface, it exhibits
high adsorptive efficacy, which favors interactions with contaminant species and increases
the retention capacity of metals in solution [75].
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4.1.4. Alginate

Alginate is a linear anionic polysaccharide extracted from brown algae such as Asco-
phyllum nodosum, Macrocystis pyrifera, and Laminaria hyperborea [76], making it a renewable
marine resource with low environmental impact, as shown in Figure 3d. Its structure is
composed of 3-D-mannuronic acid (M) and «-L-guluronic acid (G) units, whose proportion
and distribution directly influence its physicochemical properties. It stands out for its ability
to form hydrogels through ionic interactions between G-blocks and multivalent cations
such as Ca?* and AI**, resulting in a three-dimensional network widely used in adsorption
processes [77]. While monovalent salts such as Na* and K* generate viscous solutions,
divalent and trivalent cations induce the formation of insoluble gels, which reinforces their
applicability in effluent treatment systems [78]. Additionally, alginate contains hydroxyl
and carbonyl groups in its chain, which can be chemically modified through techniques
such as crosslinking or surface grafting to further enhance its adsorptive capacity [79].
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Figure 3. Schematic representation adapted from the sources, structures, and applications of natural
biopolymers: (a) cellulose, reproduced from [66], Ma, Y.; Hu, Y.; Yang, X.; Shang, Q.; Huang, Q.; Hu,
L.;Jia, P; Zhou, Y. Fabrication, Functionalization and Applications of Cellulose Based Aerogels: A
Review. International Journal of Biological Macromolecules 2025, 284, 138114. Copyright Elsevier
2025. (b) chitosan, reproduced from [69], Gongalves, J.O.; Strieder, M.M.; Silva, L.E.O.; dos Reis, G.S.;
Dotto, G.L. Advanced Technologies in Water Treatment: Chitosan and Its Modifications as Effective
Agents in the Adsorption of Contaminants. International Journal of Biological Macromolecules 2024,
270, 132307. Copyright Elsevier 2025. (c) lignin and nanolignin, reproduced from [74], Camargos,
C.H.M,; Yang, L.; Jackson, J.C.; Tanganini, I.C.; Francisco, K.R.; Ceccato-Antonini, S.R.; Rezende, C.A;
Faria, A F. Lignin and Nanolignin: Next-Generation Sustainable Materials for Water Treatment. ACS
Appl. Bio Mater. 2025, 8, 2632-2673, under the CC BY 4.0; and (d) sodium alginate, reproduced
from [32], Zheng, D.; Wang, K.; Bai, B. A Critical Review of Sodium Alginate-Based Composites in
Water Treatment. Carbohydrate Polymers 2024, 331, 121850. Copyright Elsevier 2025.
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In this context, [80] proposed the synthesis of an advanced composite based on
crosslinked alginate with rice husk ash, graphene oxide, and chitosan nanoparticles (CL-
ARCG-CNP), aiming for the efficient removal of Pb?* ions in aqueous systems. The material
exhibited favorable morphological and structural properties, as well as a surface area of ap-
proximately 148.44 m?/g. It achieved an adsorptive capacity of 242.5 mg/g and a removal
efficiency of 95.2% after 240 min of contact. Furthermore, reusability tests showed stable
performance for up to five consecutive cycles. These results reinforce the feasibility of
modified alginate as a functional platform for the adsorption of heavy metals in wastewater.

4.1.5. Sustainable Aerogels

Aerogels are highly porous solid materials with a three-dimensional structure charac-
terized by extremely low density, ranging from 0.0011 to 0.5 g/cm?, and porosity between
90% and 99% [81]. As described by [82], and later reinforced by [83], the formation of
aerogels occurs by replacing the liquid in a gel with a gaseous phase, resulting in a network
of nanometric pores. Additionally, these materials exhibit a very large specific surface
area, which can reach values between 10 and 2000 m? /g [84]. This structural combination
gives aerogels remarkable efficiency in capturing contaminants in aqueous media, favored
by the high surface area and highly organized pore network, which enhance adsorption
processes [85]. Due to these properties, aerogels have attracted increasing interest in the
scientific community, especially for their ability to establish effective adsorptive interactions
with heavy metals and other pollutants [86].

According to the study by [87] who developed a sustainable aerogel from mandarin
peel, a promising alternative was proposed for dye removal and the valorization of agro-
industrial waste. The process involved purifying the biomass with NaOH to remove
non-cellulosic components, followed by modification with Tween 80 to increase porosity
and lyophilization. Gelation was achieved without the use of conventional solvents, using
only pectin and NaOH. The resulting aerogel exhibited remarkable porosity (88% of the
mesopore volume), a specific surface area of approximately 154 m?/g, and an average
adsorption capacity of 79 mg-g~! of methyl orange in aqueous solution. Due to its high
porosity, natural origin, and remarkable adsorption capacity, the material shows strong
potential for use in pollutant remediation systems, gas capture processes, and broader
environmental protection applications.

In addition to being economical, environmentally friendly, and efficient in producing
a good adsorbent product with ideal porosity, it proved to be a new opportunity for
the application of value-added and environmentally sustainable materials through the
economic recycling of food by-products.

Given the above, the pursuit of even greater performance and multifunctional solu-
tions has driven the synergistic combination of biopolymers with other advanced technolo-
gies. Instead of acting only as dispersed adsorbents, these sustainable materials can be
incorporated as active components in engineering matrices, such as filtration membranes.
This hybrid approach not only leverages the high surface area and functional groups of
biopolymers but also integrates them into a robust physical separation process, giving rise
to a new class of high-performance composite materials.

4.2. Purification Techniques
4.2.1. Filtration and Membrane Separation

Membrane-based techniques for filtration and separation of metal ions have gained
prominence in wastewater treatment, especially due to their efficiency in removing heavy
metals [18]. These technologies include nanofiltration, forward osmosis, reverse osmosis,
electrodialysis, microfiltration, and ultrafiltration, and are classified according to their
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different filtration techniques as represented in Figure 4a—c, membrane pore size, operating
pressure, solution concentration, and the size of the particles or ions to be removed, as
illustrated in Figure 4d [18,38]. Membranes have demonstrated high efficacy in retaining
metal ions such as Cd?*, Pb2+, Ni2*, Cu?*, A3+, Co?*, ZnZ*, Min?*, and Crf", contributing
significantly to the treatment of contaminated waters [88].
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Figure 4. Different types of membrane filtration techniques: (a) nanofiltration, ultrafiltration, or
reverse osmosis method; (b) forward osmosis process; (c) electrodialysis method in which alternative
charged positive and negative membranes take place; and (d) the separation capabilities of different
membranes against different pollutants. Reproduced from [18], Qasem, N.A.A.; Mohammed, R.H.;
Lawal, D.U. Removal of Heavy Metal Ions from Wastewater: A Comprehensive and Critical Review.
npj Clean Water 2021, 4, 36, under the CC BY 4.0.

Despite the high technical efficiency of membrane filtration processes, a complete
assessment of their sustainability requires an analysis of their entire life cycle. In this
context, Life Cycle Assessment (LCA) is a important tool for quantifying environmental
impacts, such as CO, emissions.

Comparative analyses indicate that the main source of emissions for polymeric mem-
branes operating under pressure (such as UF/RO) occurs during the operational phase, due
to the high electricity consumption of the pumps. In contrast, for sustainable adsorbents
like aerogels and hydrogels, the greatest environmental impacts are concentrated in the
production phase, stemming from the energy-intensive drying processes and the use of
solvents. Thus, the choice between these technologies involves a fundamental trade-off: the
operational energy impact of membranes versus the production energy and materials im-
pact of adsorbents. This environmental cost-benefit perspective is vital when considering
large-scale applications [89,90].
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In addition to life cycle analysis, a fundamental practical challenge for large-scale
application is the performance of membranes in real wastewater, which is often hampered
by fouling and scaling. The presence of a complex ionic matrix and organic matter in
industrial effluents leads to the clogging and degradation of membranes, a major drawback
for systems like Reverse Osmosis. This phenomenon not only reduces removal efficiency
but also necessitates pre-treatment steps and periodic cleaning, which incur additional
operational and energy costs. The literature highlights a clear knowledge gap in this
area, as most studies utilize synthetic wastewater, which does not represent the complex-
ity of real effluents. Therefore, the successful transition of these technologies from the
laboratory to industry critically depends on the development of new membranes with
enhanced anti-fouling properties and the validation of their performance under realistic
operating conditions [18].

4.2.2. Nanofiltration

Nanofiltration (NF) is a pressure-driven separation technique that uses semi-
permeable membranes with pore sizes ranging from 0.5 to 10 nm, thus operating between
ultrafiltration and reverse osmosis technologies [91]. This characteristic allows NF to re-
tain divalent ions such as Mg2+, CaZ*, Pb?*, Co?*, Mn?*, and Zn?, making it effective in
the purification of aqueous solutions. It is also notable for enabling the relatively simple
and large-scale production of membranes. The main manufacturing methods for these
membranes include interfacial polymerization and phase inversion, techniques widely
employed in industry due to their efficiency and technical feasibility [92].

The search for NF membranes with greater selectivity, permeability, and durability
has driven the development of new technologies. In this context, ref. [93] detailed the
advancement of thin-film nanocomposite (TFN) membranes, which have emerged as an
evolution of the conventional thin-film composite (TFC) architecture, widely used in NF,
FO, and RO membranes). The TFC structure, which consists of a selective polyamide (PA)
layer over a porous support, presents challenges such as susceptibility to fouling and a
trade-off between permeability and selectivity. TEN technology overcomes these limitations
by incorporating nanofillers into the selective PA layer during its formation. This approach
enhances membrane performance, positioning TFN membranes for nanofiltration as a
next-generation solution for the efficient removal of heavy metal ions from water [93].

4.2.3. Microfiltration

Microfiltration is a separation technique that uses microporous membranes capable
of retaining particles with sizes between 0.1 and 10 um, operating under low pressure. Its
application is quite diverse, being used in the treatment of solvents, fluids, and solutions
for the removal of micrometric particles such as bacteria, protozoa, viruses, pollutants, and
other contaminants [18]. By operating similarly to conventional filtration but with greater
precision, MF is especially suitable for the removal of suspended matter. The process is
driven by a static pressure difference, while separation occurs predominantly by a sieving
mechanism. In general, microfiltration is preferably applied for the retention of dissolved
solids and macromolecular organic compounds [94].

In their study, ref. [95] developed innovative microfiltration membranes composed of
tin oxide (SnO,) dispersed in a polyvinyl chloride (PVC) matrix, aiming to separate oil-in-
water emulsions. Using the phase inversion method, the authors produced membranes
with different nanoparticle concentrations, highlighting the formulation with 1 wt% SnO;,
which showed rejection rates of up to 99.6% for chemical oxygen demand (COD). This
superior performance was attributed to the higher porosity and reduced hydrophobicity
of the membrane, as well as the negative surface charge promoted by the nanoparticles,
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which intensified the repulsion between oily contaminants and the membrane surface.
Furthermore, this formulation demonstrated excellent fouling resistance, maintaining a
high flux recovery rate after multiple filtration cycles [95].

4.2.4. Forward Osmosis

Forward osmosis (FO) is a separation process that utilizes the difference in osmotic
pressure between a feed solution and a draw solution, which are separated by a semi-
permeable membrane. This osmotic potential difference spontaneously drives water from
the feed solution to the draw solution, while undesirable solutes remain retained on the
feed side [96].

Among the main advantages of FO are its low energy consumption, since the process
does not require applied hydraulic pressure, low membrane fouling propensity, and high-
water recovery efficiency. These characteristics make the technology especially attractive
for wastewater treatment [18]. However, FO also presents limitations, such as the scarcity
of ideal draw solutes, challenges in selecting suitable membranes, and issues related to
both internal and external concentration polarization [18,97].

As an example of forward osmosis application, ref. [96] developed a membrane based
on a continuous layer of Na-ZSM-5 aluminosilicate zeolite crystals, synthesized directly on
the outer surface of a porous a-alumina tubular support. This membrane was evaluated
for its rejection performance and fouling resistance. The results indicated high rejection
efficiency, reaching 99% for various metallic species, including As (III), As(V), Se (IV), Se
(VI), and Cr (VI). This high performance was attributed to the molecular sieving effect
provided by the zeolite pores and the electrostatic repulsion between the anions present in
the solutions and the anionic structure of the membrane.

4.2.5. Ultrafiltration

UF membranes have pore sizes between 5 and 20 nm, suitable for isolating heavy
metals, suspended solids, and macromolecules with molecular weights in the range of
10,000 to 100,000 Da [94]. They offer advantages such as lower operating pressure compared
to other techniques, reduced space requirements, lower chemical addition, mild operating
temperature, and higher permeability than RO and NF [97].

UF can be applied through two techniques specifically developed for the removal of
metal ions: micellar-enhanced ultrafiltration (MEUF) and polymer-enhanced ultrafiltration
(PEUF) [97]. The MEUF technique is particularly suitable for treating wastewater with low
concentrations of heavy metals, being based on the combination of UF membranes with
surfactants. This approach offers high permeate flux and high selectivity. However, the
recovery of surfactants in the UF concentrate stream and the operational cost still represent
technical and economic challenges to be overcome [18,97].

On the other hand, PEUF is formed by integrating UF membranes with binding
polymers, aiming to separate heavy metals and dissolved organic compounds in aqueous
solutions. This technique has demonstrated effective performance in removing various
metal ions, such as Cr*, Pd?*, Ni2*, MnZ*, Cu?*, Hg2+, and Cd?*, and is widely applied in
the treatment of industrial effluents contaminated with toxic metals [18,97].

Indeed, to overcome the aforementioned technical and economic challenges, reagent
recovery is a critical factor for the industrial viability of both MEUF and PEUF. For MEUF,
surfactant recovery is addressed by strategies that include chemical precipitation via
acidification and foam fractionation. Analogously, in PEUF, polymers are regenerated by
eluting the bound ions using strong acids or ligands, or through electrolysis to promote the
electrodeposition of contaminants. The development and optimization of these recovery
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routes remain a fundamental step for the successful transition of these technologies to an
industrial scale [98].

4.2.6. Reverse Osmosis

Membranes used in reverse osmosis (RO) processes can retain particles and solutes
with extremely small sizes, ranging from 0.00025 to 0.003 pum. The process operates
under high pressure, reversing the natural osmotic flow by forcing water through the
semi-permeable membrane from the feed solution to the permeate side. This technology
stands out for its remarkable separation capability, being efficient in removing microscopic
particles and monovalent ions such as sodium (Na*) and chloride (C17), achieving rejection
rates of 95 to 99% for inorganic salts and charged organic compounds [18].

Reverse osmosis has been widely used in water treatment and desalination, accounting
for more than 65% of desalination plants in operation worldwide. Technology enables the
production of high-purity water, suitable for human consumption, agricultural use, and
industrial applications, promoting the efficient removal of salts, minerals, and ions present
in the feed water [99].

One of the main challenges in the application of traditional RO membranes is their
limited lifespan, often compromised by fouling processes, degradation of the polymeric
structure, reduction in salt rejection rate, and decreased water flux as the membrane
ages [99]. In response to these limitations, research focused on membrane modification
has gained prominence in recent years. Among the most promising strategies is the
incorporation of nanomaterials into the PA matrix, aiming to enhance its physicochemical
properties. Thin-film composite (TFC) membranes have become the main class used in the
manufacture of modified RO membranes, offering significant improvements in separation
efficiency, wear resistance, and operational durability [99,100].

4.2.7. Electrodialysis

Electrodialysis is a separation process that uses an electric field as the driving force
to promote the migration of ions between solutions through selective ion-exchange mem-
branes [99]. The system consists of a series of cation exchange membranes (CEM) and
anion exchange membranes (AEM), alternately arranged in parallel within an electrodial-
ysis stack. During the process, anions pass through the AEMs, while cations migrate
through the CEMs, allowing for the separation of ionic solutes. Consequently, half of the
channels in the stack produce the diluted stream, while the other half accumulates the
concentrated stream [18].

A detailed study conducted by [101] presented a practical example of this process,
in which dissolved cations such as K*, Ca%*, Mg2+, and Na*, present in feed water (such
as seawater or brackish water), migrate toward the cathode (negative electrode) through
the CEMs, which selectively allow the passage of positively charged ions. Simultaneously,
anions such as C1~, 50,42, and NO; ~ are directed to the anode (positive electrode) through
the AEMs, which, in turn, are selective for the passage of negatively charged ions.

The CEMs, negatively charged, prevent the passage of anions by electrostatic repulsion,
while the AEMs, positively charged, block the migration of cations. In this way, the ion-
exchange membranes play an essential role in the precise control of ion movement in
electrodialysis, ensuring the efficiency of the separation process [101].

5. Results
5.1. Data Sources and Methodology

This bibliometric analysis enabled the mapping and characterization of scientific out-
put related to advanced materials for heavy metal removal, highlighting trends, temporal
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evolution, and main research topics. The use of the Scopus and Web of Science databases
ensured a robust and representative sample, with 120 documents analyzed, covering a
period of 2003-2025, including 98 articles, 21 reviews, and 1 early access review, Figure 5.
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Figure 5. Classification of documents obtained from the literature search on the Web of Science and
Scopus platforms.

The analysis of keywords revealed the main research focuses in the field. The term
“adsorption” appeared most frequently, with 166 occurrences, followed by “chitosan”
(99 occurrences), “cellulose” (78 occurrences), “water pollutants, chemical” (77 occurrences),
and “water contamination” (75 occurrences). These results indicate that the primary
research efforts concentrate on adsorption processes and the use of biopolymeric materials
for addressing chemical contamination in water, as shown in Figures 6 and 7
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Figure 6. Frequency of occurrence of keywords identified in the bibliographic search. The keywords:
adsorption, chitosan, cellulose, water pollutants, chemical and water contamination.

The results demonstrate not only the growth of the field but also the need for continued
investment in research and innovation, especially in interdisciplinary approaches focusing
on real solutions to environmental challenges.
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Figure 7. Word cloud of the most searched keywords.

5.2. Adsorptive Capacity

Aerogels and hydrogels derived from biopolymers show significant performance
in the adsorption of metal ions from aqueous solution, combining high surface area,
the presence of active functional groups, and the possibility of regeneration. Among
the materials studied, cellulose aerogels exhibit typical adsorptive capacities between
20 and 200 mg-g_l, acting mainly through complexation via hydroxyl (-OH) and carboxyl
(-COOH) groups when functionalized. The optimal pH is generally between 5 and 7, and
regeneration maintains about 80-95% of capacity after three to five desorption cycles with
dilute acids or EDTA [102-104].

Chitosan aerogels stand out for their high performance, reaching 100400 mg-g~?,
with mechanisms dominated by chelation of metal ions via amino (-NHj;) and hydroxyl
groups. The ideal pH range is around 5-6, and regeneration, usually with dilute HCI or
HNOj3 solutions, maintains 85-98% of the initial capacity for up to five cycles [105-107].

Lignin aerogels, including their carbonized versions, show intermediate capacities
(50-300 mg-g~1), with adsorption based on the complexation of phenolic and carboxylic
groups, as well as m-7t interactions, especially relevant for dyes. The optimal pH is
also concentrated in the 5-7 range, and regeneration efficiency can reach 90-96% after
five cycles [108,109].

Alginate-based systems, whether applied as aerogels or hydrogels, exhibit comparable
performance (80-300 mg-g 1), where the predominant mechanism is ion exchange via the
“egg-box” structure and complexation through carboxylate groups. The optimal pH is
slightly more acidic (4-6), and regeneration with CaCl, or weak acids maintains 70 to 95%
of the initial efficiency [110,111].

More generally, bio-based aerogels can achieve capacities of up to 600 mg-g~! when
functionalized for specific ions, combining physical adsorption in nanometric pores with
chemical functionalization (-NH,, -COOH, -SH). The optimal pH ranges from 4 to 7, and
their structural stability allows for more than five regeneration cycles while maintaining
80-95% of the initial capacity [112]. Bio-based hydrogels, in turn, show capacities of
50-300 mg-g~!, with performance governed by diffusion and swelling of the polymeric
network, in addition to ion exchange mechanisms. They typically operate at pH 4-6 and
retain between 70 and 90% efficiency after three to five cycles [60,110]. A comparative
summary of these properties is presented in Table 1.
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Table 1. Comparison of the adsorptive and operational properties of biopolymer aerogels and
hydrogels in the removal of metal ions from aqueous solution.

Adsorption Predominant Optimum pH
Material Capacity . P P Regeneration Efficiency ! References
Mechanisms for Metals
for Metals
Complexation by -OH
(and -COOH/-NHj; after ozo . N
Cellulose 20-200 functionalization), 5-7 80-95% of capacity after 35 1,5 104
. S cycles (diluted acids/EDTA)
electrostatic interactions;
diffusion in pores
Chelation via -NH, /-OH,
ion exchange, and 85-98% after 3-5 cycles
Chitosan 100-400 electrostatic interactions; 5-6 (diluted HC1/HNO3), [105-107]
strong affinity depending on modification
for Pb?t, Cu?t
Complexation via
Lignin 50-300 phen.ohc -OH/ -COOH, 5 7 ~90-96% after up to 5 [108,109]
m-interactions (for reported cycles
dyes), electrostatics
Ion exchange (egg-box
. g structure), complexation . 70-95% after 3-5 cycles
Alginate 80-300 by -COO~; occasional 46 (CaCl, /weak acids) [110,111]
cross-linking with Ca?*
Physical adsorption in
Bio-based 50-600 2 hlgh specific area + 4y >80-95% for 5-8 chles in [112]
aerogels functional groups (-NH,, many studies
-COOH, -SH, etc.)
. Ion exchange, chelation; o
E“gf(fs:i 50-300 controlled uptake by 46 ( dzofr? d/i"naﬂ;rl i’;j;ﬁﬁir) [60,110]
yarog swelling/diffusion P &
! Regeneration efficiency expressed as retention of capacity after adsorption—desorption cycles with common
eluents (dilute acids/saline solutions). 2 The upper limit (=600 mg-g~!) appears in highly functionalized aerogels
for specific metals; “typical” values are lower.

In summary, although all studied biopolymers show potential for environmental
applications, materials rich in amino groups, such as chitosan, and those with specific
functionalizations stand out for their higher performance and better regeneration, while
cellulose, lignin, and alginate offer sustainable alternatives with good efficiencies under
controlled conditions. These high-performance materials represent the most recent ad-
vances in the field, where biopolymers are engineered into composites or are chemically
functionalized to create structures designed specifically to maximize adsorption. Table 2
illustrates these advanced applications with concrete examples, detailing the remarkable
adsorption capacities achieved by these next-generation biosorbents.

Table 2. Adsorption capacity of specific biopolymeric adsorbents for the removal of heavy metal ions.
Biopolymer Type Specific Adsorbent Material Metal Ion Adsorption Capacity (mg-g~1)  References
Spherical-shaped graphene
Cellulose oxide-embedded Cd?+ 126.58 [110]
chitosan/gelatin hydrogel
Polyethyleneimine (PEI)-grafted
adsorbent, a cellulose@PEI Cré* 96.8 [102]
aerogel (CPA-2)
C6 carboxylic Cu2t 1655 [41]

microcrystalline cellulose
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Table 2. Cont.

Biopolymer Type

Specific Adsorbent Material

Metal Ion

Adsorption Capacity (mg-g—1)  References

Salix psammophila
cellulose aerogel

Cu?t, Mn?* and Zn?*

272.69, 253.25 and 143.00 [41]

Bacterial cellulose graphene
oxide composite

Pb2+

116.54 [102]

TEMPO-oxidized (TO)
nanofibrillated cellulose
(TO-NFC) aerogel

Hg2+

140.25 [102]

Chitosan

Polyethyleneimine modified
carboxymethyl chitosan aerogel

Cu2+

175.56 [106]

Bentonite-modified
chitosan/microcrystalline
cellulose aerogel-prepared

Pb2+

116.54 [102]

Gallic acid modified
carboxymethyl chitosan/iron ion
complex hydrogels

Pb%*, Cd%* and Cu?*

97.15,99.75 and 98.50 [106]

Magnetic mesoporous
silica/chitosan (MMS/CS)

Hg2+

478.47 [113]

Polydopamine functionalized
graphene oxide/carboxymethyl
chitosan composite aerogels

Cu?*, Ni%* and Pb?

170.3, 186.8 and 312.8 [82]

Lignin

Fluorescent lignin-based
hydrogel with cellulose
nanofibers and carbon dots

Cré6*

599.9 [86]

Organosolv Lignin with
H3[PMo12040](POM)

Cd?* and Pb?*

35.9 and 155.4 [114]

Polyethyleneimine
functionalized chitosan-lignin
(PEI-CS-L)

Hg2+

663.5 [114]

Poly (ethylene imine) anchored
lignin composite

Cu2+

98 [114]

Alginate

Magnetic sodium
alginate/carboxymethyl
cellulose

Mn2*, Pb2+ and Cu?*

71.83, 89.49 and 105.93 [86]

Phosphate-embedded calcium
alginate beads

Pb%* and Cd?*

263.16 and 82.64

Calcium
alginate/carboxymethylated
chitosan/Na-bentonite

Ni2+

159 [86]

Calcium-alginate
immobilized-algal beads

Hg2+

116.8

Sodium
alginate/polyethyleneimine
composite hydrogel

Cu?* and Pb?*

322.6 and 344.8 [36]

It is important to note that the adsorption capacities summarized in Table 1 are indica-

tive ranges collected from diverse studies, often performed under different conditions (e.g.,

solution composition, pH, contact time, isotherm model, real vs. model effluents). There-

fore, they should be interpreted as qualitative guidelines rather than direct quantitative

comparisons. For rigorous evaluation, Table 2 provides specific case studies with complete

experimental conditions and reported adsorption values.
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6. Practical Applications and Case Studies

The use of sustainable adsorbents has advanced significantly, with recent studies
demonstrating their effectiveness in removing heavy metals from industrial effluents.
Materials derived from agro-industrial waste, such as coconut shells, stand out for their low
cost, wide availability, and regeneration capacity, as well as high efficiency in adsorbing
metal ions, including chromium and lead [116]. Analogously, other low-cost carbonaceous
materials, such as coal, have also been evaluated as efficient adsorbents for the removal of
different types of pollutants, like phosphate, from aqueous effluents [117].

In the electroplating industry, research has investigated the use of iron-doped activated
carbon derived from coconut shells for the removal of heavy metals such as hexavalent
chromium from industrial effluents. The material showed high adsorption capacity for Cr
(VI), and studies indicate that its production cost may be lower than that of commercial syn-
thetic adsorbents. This approach combines technical efficiency with reduced environmental
and economic impacts [116].

In the agricultural sector, residues such as rice husks have been used to treat wastew-
ater contaminated with metals. These biosorbents demonstrate the potential of these
materials to promote sustainable agriculture. The use of biosorbents derived from agro-
industrial waste is relevant for the removal of metals that can contaminate the environ-
ment [118]. These successful case studies highlight the potential economic advantages
of biosorbents, which merits a broader analysis of their cost-benefit ratio compared to
established technologies.

Comparative studies showing the cost-benefit ratio of biosorbents versus polymeric
membranes for large-scale wastewater treatment are scarce in the scientific literature. How-
ever, the general consensus is that biosorption presents a significant economic advantage,
mainly due to the low cost of the materials used [10]. The main reason for the favorable
cost-benefit of biosorbents is that they are produced from agricultural or industrial waste,
considered low-cost or “zero-cost” materials. In contrast, conventional methods such
as membrane techniques are often cited as expensive, involving high operational and
capital costs [11,119].

Economic analysis shows that biosorption can reduce capital costs by about 20% and
operational costs by 36% compared to conventional systems. While the cost of biosorbents
depends on factors such as processing and regeneration potential, the use of waste as a
raw material represents a clear economic advantage [120]. On the other hand, the cost of
membrane technologies is impacted by the high prices of resins and modules, in addition
to the vulnerability to fouling by organics, especially on a large scale [11]. The literature
acknowledges that the lack of pilot-scale studies makes a direct numerical comparison
difficult, but the current consensus is that the operational simplicity and low cost of
materials give biosorbents a significant economic advantage [10].

Despite advances, various regulatory and economic barriers hinder large-scale adop-
tion. Many countries lack specific regulations that recognize and regulate the use of
alternative adsorbents, which limits their formal use in industrial processes. Additionally,
the initial cost of adapting industrial plants and the absence of tax incentives or subsidies
make it difficult for these materials to compete with traditional solutions. In developing
countries, technological adoption has advanced through partnerships between universities,
research centers, and companies [121].

There are commercial products that fit into the category of sustainable adsorbents,
especially those derived from agro-industrial waste. Although the market for these
may not be as developed as that for traditional synthetic adsorbents, their potential
is significant [121].
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7. Conclusions

A preliminary study was conducted using data collection from databases on the topic
addressed in this work, followed by the use of R software, ensuring that the methods
employed can be reproduced and adapted as needed. The bibliometrix package proved to
be a valuable tool for organizing and analyzing bibliographic data.

Although studies on multifunctional materials focused on the adsorption of heavy
metals have shown significant progress, the analysis revealed some issues that have not yet
been thoroughly investigated. These limitations highlight the importance of developing
research that combines knowledge from various fields, including materials development,
toxicity studies, and sustainable production models.

In this way, advanced materials can become a highly viable alternative for the treat-
ment of polluted waters. Nevertheless, it is essential to focus on experiments with real
effluent samples and on improving the removal capacity of various pollutants, aiming
also to reduce production and operational costs, and to ensure that the processes are
environmentally safe and scalable.

Another aspect that deserves attention is the emergence of new technologies, such as
advanced nanomaterials and methods for treating multiple contaminants simultaneously,
which have not yet been sufficiently investigated. Future studies aim to focus on making
these solutions financially viable, testing them in real-world situations, and incorporating
computational simulation techniques to optimize their performance.

Furthermore, there are still possibilities to improve certain parameters.

The practical application of sustainable adsorbents for adoption on industrial scale.
The sustainability of the synthesis methods for these materials.

These materials need to be integrated with the emerging technologies.

These adsorbents can be combined with sensors for real-time monitoring.

SRR

Adequate infrastructure and qualified manpower are to be developed for these adsor-

bent materials.

6. Low selectivity, loss of efficiency after a few regeneration cycles, and difficulty in
application to complex effluents with multiple contaminants.

7. Adsorbents which have greater chemical stability and which can be reused without
compromising the performance still need to be developed.

8.  The disposal of these adsorbents after their useful life is a problem that needs to
be addressed.

9.  There is still lack of regulation for ensuring the safety of environment in the use and
reuse of adsorbents which needs to be considered.

10. Standardized and efficient synthesis routes must be utilized to overcome

certain limitations.
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