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Abstract

The persistent contamination of water bodies by organic compounds, heavy metals, and
pathogenic microorganisms represents a critical environmental and public health concern
worldwide. In this context, polymer composite materials have emerged as promising
multifunctional platforms for advanced water purification. These materials combine the
structural versatility of natural and synthetic polymers with the enhanced physicochemical
functionalities of inorganic fillers, such as metal oxides and clay minerals. This review
comprehensively analyzes recent developments in polymer composites designed to remove
organic, inorganic, and biological pollutants from water systems. Emphasis is placed on key
removal mechanisms, adsorption, ion exchange, photocatalysis, and antimicrobial action,
alongside relevant synthesis strategies and material properties that influence performance,
such as surface area, porosity, functional group availability, and mechanical stability. Rep-
resentative studies are examined to illustrate contaminant-specific composite designs and
removal efficiencies. Despite significant advancements, challenges remain regarding scala-
bility, material regeneration, and the environmental safety of nanostructured components.
Future perspectives highlight the potential of bio-based and stimuli-responsive polymers,
hybrid systems, and AI-assisted material design in promoting sustainable, efficient, and
targeted water purification technologies.

Keywords: functional materials; sustainable nanocomposites; advanced water treatment;
emerging contaminants
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1. Introduction
The contamination of water bodies by organic, inorganic, and biological pollutants

represents one of the most pressing environmental and public health challenges world-
wide [1,2]. Industrial effluents, agricultural runoff, and municipal discharges introduce
a wide range of contaminants, including synthetic dyes, heavy metals, pesticides, phar-
maceuticals, and pathogenic microorganisms, threatening aquatic ecosystems and human
health [3,4]. The persistence and complexity of these pollutants, many of which are toxic,
bioaccumulative, or resistant to biodegradation, exacerbate the scarcity of safe drinking
water and intensify the global water crisis [5,6].

Conventional wastewater treatment technologies, such as biological oxidation, coagu-
lation with inorganic salts, and conventional filtration, can often not completely remove
emerging contaminants or operate efficiently on a large scale [7]. These methods frequently
present additional drawbacks, including high energy consumption, secondary waste gen-
eration, incomplete removal of recalcitrant species, and the use of non-biodegradable
chemical reagents that may pose further environmental risks [8–10]. Although widely
applied in desalination and purification, membrane-based processes still face challenges
related to fouling, mechanical degradation, and cost–performance trade-offs [11]. Conse-
quently, there is a growing demand for multifunctional, sustainable, and efficient materials
capable of overcoming the limitations of conventional technologies [12].

Polymer composite materials have emerged as promising alternatives to address
these challenges due to their structural versatility, tunable physicochemical properties,
and compatibility with diverse functional fillers [13]. Natural and synthetic polymers
provide a wide range of matrices that can be reinforced with inorganic components such as
clays, metal oxides, carbon-based nanomaterials, and biochar [14,15]. This hybrid design
enables the development of materials with enhanced adsorption capacity, ion-exchange
properties, catalytic activity, antimicrobial performance, and mechanical stability [16]. No-
tably, biopolymers such as chitosan, alginate, cellulose, and mucilaginous polysaccharides
from agricultural residues have gained increasing attention as eco-friendly alternatives for
coagulants and adsorbents in wastewater treatment [17].

Recent advances have demonstrated the ability of polymer composites to selectively
remove organic dyes, pharmaceuticals, and volatile organic compounds; capture toxic
metal ions through chelation and electrostatic interactions; and inhibit or inactivate mi-
croorganisms via reactive oxygen species generation or metal ion release [18]. Furthermore,
nanostructured systems, such as electrospun membranes, nanocomposite hydrogels, and
thin-film composites, offer high surface area, hierarchical porosity, and controllable func-
tionalization, directly contributing to improved purification performance [19,20].

This work analyzes polymer composite materials applied to water purification, fo-
cusing on removing organic, inorganic, and biological contaminants. Special emphasis on
removal mechanisms, such as adsorption, ion exchange, photocatalysis, and antimicrobial
action, as well as synthesis strategies and physicochemical characteristics that determine
performance. Representative studies are examined to highlight advances, limitations,
and knowledge gaps. Finally, future research directions are discussed. The main con-
tribution of this review is establishing a comprehensive framework that correlates the
composition, synthesis routes, and functional properties of polymer-based composites with
their efficiency in removing organic, inorganic (including radionuclide), and biological
contaminants. Beyond summarizing existing data, this work integrates these pollutant
classes within a comparative approach, supported by figures and tables synthesizing key
performance parameters. Furthermore, it provides novel insights into emerging research di-
rections, including AI-assisted material design, multifunctional systems combining sensing
and remediation, bio-based polymer–filler hybrids, and advanced manufacturing strate-
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gies (3D/4D printing), thereby offering a perspective for the sustainable development of
next-generation polymer composites for water purification.

2. Polymer Composite Materials: Fundamentals
2.1. Definition and Composition

In general, a composite material can be defined as the combination of two or more
distinct constituents, usually a matrix (continuous phase) and a reinforcement material
(dispersed phase), to achieve superior or differentiated properties compared to those exhib-
ited individually by each component [21]. The matrix, which constitutes the continuous
phase, surrounds and holds the reinforcements together and may be polymeric, metallic, or
ceramic [22,23]. In addition to providing shape to the composite, the matrix is responsible
for distributing mechanical loads and protecting the reinforcements from physical and
environmental damage [24].

The reinforcement, characterized as the dispersed phase, is incorporated into the
matrix to enhance specific properties such as mechanical strength, stiffness, hardness,
thermal stability, or electrical performance. It can take different morphologies, such as
fibers, particles, whiskers, or platelets, and may be of natural or synthetic origin [25]. The
synergistic interaction between matrix and reinforcement provides composite materials
with unique characteristics, making them widely applicable in sectors that demand a high
strength-to-weight ratio, durability, and performance tailored to the requirements of the
final product.

Polymer composite materials are mixtures of polymers and reinforcing agents, created
to enhance specific mechanical and thermal features. The polymers used as matrices may
be natural or synthetic, depending on the desired traits of the final product. Synthetic
polymers, such as polypropylene (PP) and polyethylene (PE), are common due to their
high strength and low cost [26,27]. Natural polymers, such as polylactic acid (PLA) and
chitin, are gaining popularity due to their biodegradable and environmentally friendly
properties [26,28].

2.1.1. Matrix: Natural and Synthetic Polymers

The polymer matrix is a key component of a composite, since it contains the reinforc-
ing materials and determines the final material’s strength and thermal stability. Natural
polymers, like PLA and chitin, have been widely studied because of their low environ-
mental impact, biodegradability, and renewability. However, synthetic polymers, such
as PE and PP, are more common in industry due to their better mechanical properties,
durability, and lower production costs. A rising interest in replacing synthetic materials
with natural polymers is driven by increasing environmental concerns [26]. This movement
is supported by research into using natural fibers as reinforcement, improving polymer
composites’ mechanical and environmental properties [27]. These materials are crucial for
making sustainable composites that satisfy the rising demand for eco-friendly products
with reduced environmental footprints.

2.1.2. Reinforcement: Clays, Metal Oxides, Carbon-Based Nanomaterials, and Fibers

Reinforcing materials are essential for enhancing polymer composites’ mechanical
and thermal properties. Common reinforcements include clays, metal oxides, carbon-based
nanomaterials, and fibers, which can be natural or synthetic. Clays are popular because
they increase rigidity and thermal resistance, especially when treated with modifying
agents [27]. Organophilic clays also boost composites’ thermal stability and fire resistance,
making them suitable for use in tough environments [26].
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Metal oxides, such as TiO2, Fe2O3, and ZnO, are commonly used as reinforcements
because of their catalytic and absorption properties, which boost the corrosion resistance
and thermal stability of polymer composites [28]. These materials have been effectively
employed to enhance the chemical and thermal resistance of polymer composites, making
them more durable in extreme environmental conditions.

Carbon-based nanomaterials, such as carbon nanotubes (CNTs) and graphene, are
especially valuable because of their high surface area and excellent electrical and thermal
conductivity. The use of CNTs and graphene as reinforcements has been thoroughly studied,
with results showing a significant increase in the mechanical and thermal properties of the
composites [27]. These materials offer exceptional features useful in various applications,
including electronics and high-performance materials.

Natural and synthetic fibers, like sisal, jute, and kenaf, are the most common rein-
forcements used in polymer composites. Natural fibers are more environmentally friendly
and offer a favorable combination of low cost and good mechanical properties. However,
they face challenges related to moisture absorption and adhesion to the polymer matrix.
These issues can be addressed through chemical and hybrid modifications, exploring the
potential of combining natural fibers with synthetic materials to improve adhesion and the
overall properties of the composite [27,28].

Understanding the definition and composition of polymer composite materials is key
to grasping their properties and potential uses. The selection of matrix and reinforcement
materials is vital in shaping the final characteristics, such as mechanical strength, thermal
stability, and moisture resistance. Recent research has demonstrated that combining natural
fibers with synthetic materials can significantly enhance the properties of composites,
making them more sustainable and effective [27].

2.2. Fabrication Techniques

Producing polymer composites involves a wide range of techniques, whose selection
depends on the type of matrix, the reinforcement, and the desired final properties [29].
Traditionally, methods such as pultrusion, filament winding, hand lay-up, resin trans-
fer molding (RTM), vacuum bagging, compression molding, and injection molding have
been applied, particularly in the automotive, aerospace, and construction sectors, due to
their versatility and suitability for large-scale processing [29,30]. More recently, advanced
technologies such as surface coating, additive manufacturing, and magnetic pulse pow-
der compaction have been incorporated, expanding the application field and improving
material performance.

2.2.1. Conventional Methods

The fabrication of polymer composites has historically relied on well-established
processing techniques that combine practicality, scalability, and cost-effectiveness. These
conventional methods, widely adopted in industrial sectors such as aerospace, automotive,
and construction, are characterized by their ability to produce components with consistent
quality and diverse geometries [21]. Each technique presents advantages and limitations,
depending on the matrix type, reinforcement, and final application, as briefly described
below [22,23,25,31].

• Pultrusion: Combines pulling and extrusion, in which fibers impregnated with resin
are drawn through heated molds that define the final geometry (circular, rectangular,
or structural profiles). This process enables high productivity and manufacturing
constant cross-section parts with good mechanical strength.
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• Filament winding: Employs rotating mandrels for controlled deposition of resin-
impregnated fibers in helical, circumferential, or polar patterns. It is particularly
suited for hollow and cylindrical components, such as tanks and pipelines.

• Hand lay-up: An open-mold technique where fibers and resin are manually placed
into molds, generally with release agents and minimal pressure. It is simple, cost-
effective, strongly dependent on operator skill, and offers limited dimensional control.

• RTM: Involves injecting resin into closed molds containing pre-placed fiber reinforce-
ments. It enables high production rates, good surface finish, and the fabrication of
complex geometries, although it requires high tooling costs and strict process control.

• Vacuum bagging: An enhanced version of hand lay-up, in which composite lami-
nates are sealed in vacuum bags, ensuring compaction and improved interlaminar
adhesion. When combined with autoclave curing, it produces high-performance
structural components.

• Compression molding: Is widely employed for thermoset and thermoplastic matrices
using semi-cured compounds (BMC, SMC) or molten thermoplastics subjected to
pressure and sometimes heat. It is commonly applied in the automotive industry due
to its high productivity, dimensional accuracy, and short cycle times.

• Injection molding: A well-established process in the plastics industry that allows
the incorporation of short fibers or particles into polymer matrices. It enables rapid
production of complex shapes, requiring reduced reinforcement dimensions and
careful control to minimize residual stress.

2.2.2. Advanced Technologies

In recent years, the demand for high-performance, lightweight, and multifunctional
polymer composites has driven the development of advanced fabrication technologies.
Unlike conventional methods, which are well established and widely applied in large-scale
production, these innovative approaches aim to overcome limitations related to design flex-
ibility, property tailoring, and environmental constraints [22,23,25,31]. By integrating novel
processing routes with precision engineering, these technologies represent an important
step toward the next generation of polymer composites, particularly in sectors requiring
complex geometries, enhanced durability, and sustainability.

• Surface coating: Consists of depositing thin films on polymer matrices or non-
polymeric substrates to improve corrosion resistance, tribological behavior, or biocom-
patibility. Techniques include plasma spraying, magnetron sputtering, electrochemical
deposition, and sol–gel processing. Each approach offers specific advantages regard-
ing thickness control, adhesion, and uniformity, although limitations such as high
cost or susceptibility to cracking during drying may arise.

• Additive manufacturing (3D/4D printing): Allows the layer-by-layer fabrication
of complex composites by integrating CAD, lasers, and numerical control. While
3D printing is already consolidated, 4D and 5D variants add functionalities such as
responsiveness to external stimuli and enhanced geometric freedom. This technique
enables customization, rapid prototyping, and topological optimization, although it
still faces material limitations and relatively low production speed.

• Magnetic pulse powder compaction: Employs pulsed electromagnetic fields to con-
solidate polymeric or hybrid powders into dense structures. The process is fast,
cost-effective, and suitable for simple parts, with applications in packaging, medical
devices, and electronic components. However, it is limited by low energy efficiency
and restrictions on part geometry.

Conventional methods still predominate in large-scale industrial production due to
their maturity and reliability, whereas advanced technologies represent an evolutionary
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trend toward greater functionality, sustainability, and structural complexity. The choice
of manufacturing route depends on the balance between cost, targeted properties, and
technological feasibility, being a decisive factor in the life cycle of composite materials.

2.3. Characterization and Physicochemical Properties

Characterizing polymer composites is essential to understanding their structure, me-
chanical performance, and physicochemical stability. The application of advanced tech-
niques enables the correlation between morphology, composition, and service behavior,
providing valuable insights for optimizing formulations and manufacturing processes [21].

Structural and chemical analyses include Fourier-transform infrared spectroscopy
(FTIR) and Raman spectroscopy, which identify functional groups, monitor crosslink-
ing reactions, and evaluate matrix–reinforcement interactions. Energy-dispersive X-ray
spectroscopy (EDS), coupled with electron microscopy, complements these techniques by
identifying the elemental composition [2,21,29].

Diffraction and thermal techniques are central in assessing stability and physicochemi-
cal transitions. X-ray diffraction (XRD) provides information on crystallinity and structural
ordering. At the same time, thermal analyses such as differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) allow the determination of glass transition
(Tg), melting (Tm), degradation temperatures, and thermal stability. These data are crucial
for predicting behavior under different operating conditions [24,29,31].

Microscopy represents another critical approach. Scanning electron microscopy (SEM)
is widely employed to investigate fracture morphology, reinforcement dispersion, and
matrix–reinforcement interfacial quality. Transmission electron microscopy (TEM) and
atomic force microscopy (AFM) enable nanoscale analyses, revealing nanoparticle distri-
bution, structural defects, and surface roughness features [2,17,21,22]. Figure 1 shows the
SEM and TEM images of a new porous polymer (C-Daba), containing carboxyl groups in
its structure, synthesized through a traditional Schiff-base condensation reaction [32].

 

Figure 1. (a,b) SEM and (c,d) TEM images of C-Daba. Reproduced with permission from [32].

Tensile, flexural, compression, and impact tests quantify mechanical properties such as
elastic modulus, tensile strength, and toughness. Dynamic mechanical analysis (DMA) com-
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plements these tests by providing insights into viscoelastic behavior, dynamic transitions,
and response to oscillatory loads [26,28,30].

Surface and physicochemical properties are explored through wettability, contact
angle, and adsorption calorimetry, which evaluate surface energy and fluid interactions.
Additionally, electrical and thermal conductivities can be measured by four-point probe
methods and heat-flow analyses, respectively, broadening the understanding of composite
functionalities [27,29].

These techniques provide an integrated view of physicochemical and structural prop-
erties, enabling the establishment of relationships between formulation, processing, and
the final performance of polymer composites. This holistic approach is essential for devel-
oping advanced materials tailored to high-performance applications and contemporary
environmental demands.

3. Removal of Organic Contaminants
Organic contaminants in wastewater represent a chemically diverse group of com-

pounds derived from various sources, including industrial processes, agricultural runoff,
domestic activities, and urban stormwater. These substances include naturally occurring
and synthetic chemicals, many of which are recognized for their toxicity, persistence, and
potential to bioaccumulate in the environment [33].

Discharging wastewater with a high organic load into natural water bodies can trigger
a cascade of adverse environmental effects primarily driven by the elevated biochemical
and chemical oxygen demand (BOD and COD, respectively). The microbial degradation
of organic matter rapidly consumes dissolved oxygen, potentially leading to hypoxic or
anoxic conditions that compromise aquatic life and reduce biodiversity [34]. Concurrently,
associated nutrient inputs, such as nitrogen and phosphorus, can promote eutrophication,
resulting in excessive algal blooms whose subsequent decomposition further exacerbates
oxygen depletion [35]. Under low-oxygen conditions, anaerobic microbial pathways domi-
nate, producing malodorous and potentially toxic compounds, including hydrogen sulfide,
ammonia, and methane [36,37]. These changes alter aquatic community structure, degrade
water quality, and may result in water unsuitable for recreational or potable uses.

Given their potential toxicity and environmental consequences, the effective removal
of organic contaminants from wastewater is a critical aspect of environmental protection.
This section discusses the types of organic pollutants, challenges, and current strategies
for eliminating these compounds from wastewater, as well as some examples of polymer
composite materials that can be applied as alternative treatment methods.

3.1. Types of Contaminants

Different types of organic contaminants can be detected depending on the wastewater
source. Table 1 shows the commonly found organic contaminants for different wastewaters.
Moreover, the wastewater source also dictates whether the organic compounds are readily
degraded by conventional wastewater treatment methods or need special treatment pro-
cesses. For example, the organic load of food and beverage wastewater is generally readily
biodegradable since it mainly consists of sugars, soluble starches, ethanol, fatty acids,
etc. [38]. In contrast, petroleum refining and the petrochemical industry generate complex
effluents containing aliphatic and aromatic hydrocarbons (e.g., benzene, toluene, xylene),
polycyclic aromatic hydrocarbons (PAHs), phenols, organic acids, and oil and grease. These
compounds are hydrophobic and often exhibit high toxicity and low biodegradability [39].
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Table 1. Organic compounds found in different wastewater.

Wastewater Source Organic Contaminants Reference

Domestic wastewater
(sewage)

• Pharmaceuticals (e.g., antibiotics)
• Personal care products
• Surfactants and detergents
• Food residues
• Fats, oils, and greases
• Microplastics
• Amino acids
• Sugars
• Volatile fatty acids

[40]

Food and beverage
industry

• Carbohydrates
• Proteins
• Fats, oils, and greases
• Dyes
• Organic acids
• Reducing sugars
• Polyols
• Microplastics
• Alcohols
• Flavors
• Preservatives
• Cleaning agents
• Blood
• Organic salts

[38,41]

Textile and dyeing
industry

• Dyes
• Surfactants
• Detergents
• Starch
• Solvents
• Microplastics
• Dyeing auxiliaries
• Finishing compounds
• Aromatic amines

[42–44]

Petrochemical industry

• Aliphatic hydrocarbons
• Solvents
• BTEX
• Oxygenated compounds
• Polycyclic aromatic hydrocarbons
• Phenols
• Organic acids
• Oil and grease

[45,46]

Pulp and paper
industry

• Lignin-derived compounds
• Cellulose
• Chlorinated organic compounds
• Resins
• Solvents
• Humic acid
• Fulvic acid
• Bleaching byproducts
• Fatty acids
• Carbohydrates

[47,48]
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Table 1. Cont.

Wastewater Source Organic Contaminants Reference

Pharmaceutical and
chemical industry

• Active pharmaceutical ingredients (APIs)
• Solvents
• Metabolites
• Steroidal compounds
• Heterocyclic amines
• Microplastics
• Intermediates
• Hormones
• Antibiotics

[49,50]

Agrochemical industry

• Pesticides
• Herbicides
• Insecticides
• Fungicides
• Solvents
• Microplastics
• Degradation metabolites

[51]

Among organic contaminants, persistent organic pollutants (POPs) are particu-
larly concerning due to their toxicity, environmental persistence, carcinogenic potential,
lipophilicity, long-range atmospheric transport, and tendency to bioaccumulate through
the food chain [52,53]. This group includes compounds such as organochlorine pesti-
cides (OCPs), polybrominated diphenyl ethers (PBDEs), polycyclic aromatic hydrocarbons
(PAHs), polychlorinated naphthalenes (PCNs), polychlorinated biphenyls (PCBs), perfluo-
roalkyl and polyfluoroalkyl substances (PFAs), among others [53,54]. As shown in Table 1,
these POPs are found in various wastewaters originating from industrial and domestic
sources. POPs are known for their resistance to conventional wastewater treatment pro-
cesses such as filtration, flocculation, coagulation, and activated sludge, necessitating the
development and application of more advanced and targeted treatment technologies.

3.2. Removal Mechanisms

The removal of organic contaminants from wastewater can be performed by physical,
chemical, and biological processes, often applied in combination depending on the charac-
teristics of the wastewater. Physical methods, such as screening, sedimentation, flotation,
and filtration, primarily target the separation of particulate and colloidal organics [55].
Chemical treatments, generally coagulation-flocculation, effectively remove dissolved and
refractory organic compounds [56]. Biological processes, such as activated sludge sys-
tems, moving bed biofilm reactors (MBBRs), and membrane bioreactors (MBRs), rely on
microbial communities to biodegrade the biodegradable fraction of organic matter [57].
In practice, wastewater treatment facilities combine these approaches to achieve higher
removal efficiencies and meet discharge or reuse standards.

Conventional wastewater treatment generally relies on a primary clarification fol-
lowed by activated sludge. In the clarification step, suspended solids and the hydrophobic
organics adsorbed to them are separated from the wastewater by flocculation and coagula-
tion. This stage requires the addition of coagulants and flocculants to destabilize colloidal
particles, promoting their aggregation into larger flocs, which can then be removed through
sedimentation, filtration, or dissolved air flotation [56]. Subsequently, the conventional
activated sludge (CAS) mineralizes readily biodegradable carbon while sorbing part of the
more hydrophobic or cationic compounds to sludge flocs [58].
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Process variants that extend sludge-retention time, such as MBR, or employ attached
biomass, such as MBBR or integrated fixed-film activated sludge (IFAS), can boost organic
matter removal and elimination of some organic compounds that the conventional process
would not remove. For example, Cesaro et al. (2013) compared an integrated fixed-film
activated sludge membrane bioreactor (IFAS-MBR) with conventional activated sludge
to remove 17 pharmaceutically active compounds and 22 trace organic pollutants [58].
The IFAS-MBR achieved the highest overall elimination, particularly for hormones (100%
removal), other pharmaceuticals, and linear alkylbenzene sulfonates (65–100% removal). In
contrast, the removal of nonylphenols and phthalates was limited to 10–30%. The superior
performance of the IFAS-MBR is likely attributable to the presence of biofilm, which
creates a range of redox conditions (aerobic, anoxic, and anaerobic) along its depth, thereby
enhancing degradation pathways. Additionally, the higher sludge retention time promotes
microbial acclimation to the target contaminants, further improving removal efficiency.

To increase the removal of phenolic compounds and phthalates, as well as many
polar, recalcitrant species, such as certain PFAS, that escape essentially unchanged from
biological treatment, advanced treatment methods can be applied [59–61]. Advanced treat-
ment technologies, including adsorption (with activated carbon, for example), oxidation
(ozonation, photocatalysis, Fenton and other radical-based advanced oxidation processes,
AOPs), high-pressure membrane separations (nanofiltration and reverse osmosis), and
hybrid treatments, provide higher removal of POPs than conventional methods [62,63]. For
example, the addition of activated carbon (AC) at 10–20 mg/L in municipal wastewater
removed 60–85% of a broad suite of drugs and endocrine disruptors [60,64]. Nanofiltration
and reverse osmosis provide ≥90% rejection across polarity classes, including recalcitrant
PFAS [65]. However, membrane separation processes demand higher energy inputs than bi-
ological or adsorptive methods and generate a concentrate stream that retains the pollutants,
requiring further handling [65,66]. Hybrid configurations such as MBR or UF followed by
AC adsorption integrate complementary mechanisms and have demonstrated >80–90%
removal of pharmaceuticals, PFAS, and phenolics over multi-year pilots while consuming
less energy or carbon than the corresponding single-step advanced processes [67,68].

Most advanced treatment technologies rely on engineered materials to achieve high
removal efficiencies. Polymeric composite materials are rapidly emerging as a complemen-
tary strategy for removing organic contaminants from wastewater [69,70]. By tailoring
surface chemistry and pore architecture at the nano- to meso-scale, these composites can
be used as adsorbents and photocatalytic surfaces [71,72]. Recent studies have demon-
strated their utility in synergistic removal approaches, particularly when integrated into
membrane or filtration systems [73,74]. The following section will show examples of poly-
meric composite materials that can improve the removal efficiency of organic pollutants
from wastewater.

3.3. Reported Application Studies

Polymeric composite materials introduce selectivity and/or reactivity directly into
bead formats, nanoparticles, or membranes, potentially reducing footprint and enabling
multi-function operation (separation plus adsorption or oxidation). These materials can
have improved adsorptive and catalytic capacities.

Polymeric composite beads and nanoparticles can improve the adsorption of or-
ganic contaminants and their oxidation through photocatalysis. Wang et al. (2022), for
example, demonstrate a multifunctional polymer–inorganic nanocomposite made of mag-
netic polymeric microspheres (Fe3O4/poly(N-isopropylacrylamide-co-methacrylic acid or
Fe3O4/P(NIPAM-co-MAA)) with silver-decorated titanium dioxide nanoparticles (Ag-TiO2

NPs), in which carboxylated P(NIPAM-co-MAA) magnetic microspheres selectively adsorb
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cationic dyes while Ag-decorated TiO2 enables visible-light-driven photocatalytic degrada-
tion of antibiotics [75]. The nanocomposite exhibited a Langmuir maximum adsorption
capacity of 150.4 mg/g for the cationic basic dye fuchsin (BF), reaching equilibrium within
30 min in the dark. In contrast, dark adsorption of ciprofloxacin (CIP) and norfloxacin (NFX)
was negligible, with only 2% and 1% removal after 180 min, respectively. Under visible
light irradiation, the composite photodegraded 47% of both CIP and NFX within 180 min.
Reusability tests revealed a decline in BF adsorption efficiency from 87% to 36% and CIP
photodegradation from 49% to 19% over five cycles. Moreover, the material is magnetically
separable and demonstrates qualitative antibacterial activity against Escherichia coli.

Besides adsorption and photocatalysis, some polymeric composite materials have
been studied for Fenton or photo-Fenton oxidation of organic pollutants. Overall, poly-
meric composites for Fenton degradation immobilize Fe-based catalytic sites on polymer
carriers, enabling heterogeneous OH generation with photo-assisted Fe2+/Fe3+ cycling
while simplifying catalyst recovery. Naumova et al. (2018), for example, demonstrated that
polypropylene fibers modified with nano dispersed iron act as an efficient heterogeneous
photo-Fenton catalyst under visible light, delivering 80–100% decolorization of both water-
soluble dyes (eosin, brilliant green, rhodamine C) and fat-soluble dyes (blue, yellow, red)
in aqueous and aqueous-organic media [76]. These composites can reach high degradation
efficiencies but have durability and engineering challenges, such as polymer damage by
ultraviolet light (UV) and reactive oxygen species, catalyst detachment/leaching, and the
need for rigorous mineralization (TOC/COD) and real-wastewater validation alongside
reactor-level optimization for industrial viability [76,77].

Mixed-matrix membranes have emerged as promising alternatives for wastewater
treatment, combining the structural advantages of polymeric membranes with the func-
tional properties of embedded adsorbents or catalysts. For example, among mixed-matrix
membranes used as in-membrane adsorbers, polyvinylidene fluoride (PVDF) hollow-fiber
membranes loaded with polymeric adsorber particles have demonstrated simultaneous
uptake of pharmaceuticals such as diclofenac (DCF), sulfamethoxazole (SMX), and car-
bamazepine (CBZ) under dynamic flow [78]. At 5 mg/L in tap water, reported area-
normalized capacities reached up to 13.7 g/m2 for DCF while co-adsorbing SMX or CBZ,
illustrating the feasibility of coupling membrane separation with fast in-matrix adsorption.
Building on the same concept, multi-channel polyethersulfone (PES) membranes with
embedded powdered activated carbon (PAC) have been fabricated and tested for CBZ and
paracetamol (PAR) removal, with additional evaluation of solvent regeneration [79]. In
a crossflow filtration mode, the membrane with PAC removed 88.9% of CBZ and 92.2%
of PAR after 8 h. The PES membrane with no GAC removed only 4.2% and 5.1% of CBZ
and PAR, respectively. Cyclic regeneration with 50–100% ethanol at 20–40 ◦C restored a
large fraction of initial retention over multiple cycles and highlighted practical trade-offs
(e.g., higher ethanol improving desorption but potentially altering polymer hydrophilic-
ity/permeability). Fouling with humic matter was also examined, and the authors caution
that pharmaceuticals in real effluents occur at far lower concentrations than in the test
solutions, underscoring the need to validate the membrane adsorbers under competitive
dissolved organic carbon and mixed organics conditions.

Guo et al. (2023) developed polyethylene terephthalate (PET) ion track-etched mem-
branes chemically grafted with propyl groups to enhance hydrophobicity for oil/water
separation [80]. Channel sizes ranging from 310 to 1950 nm were tested, and the modifi-
cation resulted in a maximum water contact angle of 140.8◦. The membranes exhibited a
high separation efficiency of 99.87%, a water flux of 12,158 L/m2·h, and stable long-term
operation. The work demonstrates a cost-effective and efficient strategy for treating oily
wastewater. Figure 2 presents the preparation route and application of the hydrophobic
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PET track-etched membrane. The process involves ion irradiation to generate tracks, chem-
ical etching to form the membrane structure, and subsequent surface modification with
propyltrichlorosilane. The schematic also illustrates the oil/water separation mechanism,
supported by a photograph of a 9:1 oil/water emulsion and a microscopic image showing
water droplets with diameters ranging from 0.5 to 10 µm.

 

Figure 2. (a) Preparation of hydrophobic PET TeM: SHI irradiation, chemical etching, and sur-
face modification with propyltrichlorosilane. (b) Overall preparation and modification process.
(c) Schematic of oil/water separation. (d) Photograph of 9:1 oil/water emulsion. (e) Microscopic
image of emulsion droplets (0.5–10 µm). Reproduced with permission from [80].

Zhao et al. (2018) used a simple casting method to produce a gravity-driven oil/water
separator using a PET nonwoven coated with poly(butyl methacrylate) (PBMA) and
graphene [81]. The resulting surface exhibited hydrophobic and oleophilic properties,
allowing continuous separation without external pressure. The coated nonwovens main-
tained over 95% separation efficiency for up to eight cycles. This low-cost and facile
approach can be applied for oil spill remediation and removing organic pollutants from
water surfaces.

Wang et al. (2020) fabricated cellulose acetate (CA) nanofiber membranes through
electrospinning, followed by deacetylation to obtain a dual super-amphiphilic material [82].
The membranes displayed superhydrophilicity in oil and oleophobicity underwater, en-
abling efficient separation of free oil/water mixtures, emulsions, and even corrosive aque-
ous systems. Driven only by gravity, the membranes achieved ultrahigh fluxes up to
38,000 L/m2·h and separation efficiencies of 99.97%. They also exhibited excellent an-
tifouling and reusability, making them promise for wastewater treatment in chemical,
food, and textile industries and offshore oil spill cleanup. Figure 3 presents the separation
performance of commercial cellulose acetate (c-CA) and deacetylated cellulose acetate
(d-CA) membranes. The results include the separation flux for different oil/water mix-
tures, petroleum ether/water flux over successive cycles, and the corresponding separation
efficiencies. Overall, the data demonstrate the superior flux and stability of the d-CA
membranes compared with c-CA membranes under repeated operation.
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Figure 3. (a) Separation flux of commercial cellulose acetate (c-CA) and deacetylated cellulose acetate
(d-CA) membranes for different oil/water mixtures. (b) Separation flux of petroleum ether/water
over successive cycles for c-CA and d-CA membranes. (c) Separation efficiency of c-CA and d-CA
membranes for various oil/water mixtures. (d) Separation efficiency of petroleum ether/water at
different cycles for c-CA and d-CA membranes. Reproduced with permission from [82].

Guo et al. (2024) reported the fabrication of sub-nanoporous polyetherimide (PEI)
membranes via the track-UV method, which generates sub-nanometer gaps for selective
ion transport [83]. The membranes exhibited remarkable monovalent/divalent ion selec-
tivity, achieving a K+/Mg2+ ratio 8900 in electrodialysis tests, with a potassium flux of
0.49 mol/h·m2. A K+/Li+ selectivity of up to 6 was also achieved. These results highlight
the potential of such membranes for highly selective ion separation, desalination, and
energy conversion processes.

Li et al. (2016) designed cellulose acetate membranes reinforced with polyethylene
terephthalate (PET) mesh using phase inversion [84]. Various fabrication parameters were
optimized to enhance water flux and minimize internal concentration polarization. The
optimized forward osmosis membrane exhibited a water flux of 3.47 L/m2·h and salt
rejection of 95.48%, while in pressure-retarded osmosis mode, it reached 4.74 L/m2·h
with 96.03% rejection. These results confirm the potential of PET mesh-enhanced CA
membranes for applications such as desalination, water purification, food processing, and
pharmaceutical uses.

Gu et al. (2021) prepared poly(vinylidene fluoride) (PVDF) microfiltration membranes
that were modified by directly anchoring poly(vinyl alcohol) (PVA) chains using γ-ray irra-
diation without additional additives [85]. The resulting membranes gained hydrophilicity
and underwater superoleophobicity, leading to oil rejection rates of 99.5% and fluxes of
690 L/m2·h·bar under ultralow pressure. Fouling was found to be almost fully reversible,
with flux recovery increasing from 33% in pristine PVDF to 98% in the modified version.

Zhang et al. (2021) fabricated a porous cellulose acetate monolith reinforced with
carboxylated multiwalled carbon nanotubes (OMWNTs) using a green phase separation
method [86]. The material exhibited superhydrophobicity (water contact angle 155◦) and
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superoleophilicity (~0◦), along with a high porosity of 93.7% and specific surface area of
85.36 m2/g. It showed strong adsorption capacities for various oils and organic solvents
(7.39–19.84 g/g) and retained performance under extreme pH (1–14) and temperature
(−20 to 160 ◦C) conditions. Figure 4 illustrates the preparation and mechanical robustness
of the porous CA/OMWNTs monolith. Table 2 provides an overview of the principal
materials, fabrication strategies, and key performance metrics of polymeric and composite
membranes designed for oil/water separation.

 

Figure 4. (a) Schematic diagram of preparation procedure of porous CA/OMWNTs monolith; Digital
images of CA/OMWNTs-1.5% monolith (b) standing on a leaf and (c) supporting weight without
deformation. Reproduced with permission from [86].

Table 2. Comparative overview of polymeric and composite membranes for oil/water separation
and related applications.

Material/System Method Performance Reference

PET ion track-etched membrane
(propyl-grafted)

Chemical grafting with
propyltrichlorosilane

Water contact angle 140.8◦,
separation efficiency 99.87%, flux

12,158 L/m2·h
[80]

PET nonwoven coated with PBMA
and graphene

Facile coating method
(casting)

≥95% separation efficiency, stable
up to 8 cycles [81]

Electrospun cellulose acetate
nanofibers (deacetylated)

Electrospinning and
deacetylation

Flux up to 38,000 L/m2·h, efficiency
99.97%, excellent antifouling

[82]

Polyetherimide membranes with
sub-nano channels Track-UV irradiation K+/Mg2+ selectivity 8900, K+ flux

0.49 mol/h·m2, K+/Li+ selectivity 6
[83]

Cellulose acetate with PET mesh
reinforcement

Phase inversion + PET
mesh embedding

FO flux 3.47 L/m2·h, PRO flux
4.74 L/m2·h, salt rejection > 95%

[84]

PVDF membranes modified with
PVA under γ-ray Radiation-induced grafting Oil rejection 99.5%, flux

690 L/m2·h·bar, flux recovery 98% [85]

Cellulose acetate with carboxylated
MWCNTs

Phase separation (TINIPS)
with CNTs

Superhydrophobic (155◦),
adsorption 7.39–19.84 g/g, stable

pH 1–14, −20–160 ◦C
[86]
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Photocatalytic polymeric membranes extend the composite concept by embedding
a catalytic phase (often TiO2) to combine separation with advanced oxidation. Shi et al.
(2023), for example, fabricated a composite membrane by first producing a membrane
from dopamine-modified PVDF powder, followed by depositing TiO2 nanoparticles via a
liquid deposition method [87]. The composite membrane exhibited outstanding rejection
performance for wastewater containing organic pollutants, achieving removal rates of
approximately 99.0% for Congo red and Coomassie Brilliant Blue dyes, 98.2% for humic
acid, and 86.7% for bovine serum albumin. Following filtration of a humic acid solution
and subsequent 60 min of UV irradiation, the membrane recovered more than 87.2% of
its initial water flux. Due to its favorable wetting characteristics and low underwater oil
droplet adhesion, the membrane also demonstrated high rejection efficiency and excellent
antifouling behavior during oil-water emulsion separation. This study indicates that
photocatalytic polymeric membranes can remove a broad range of organic pollutants from
wastewater and have antifouling capacity.

Yang et al. (2018) reported the fabrication of cellulose acetate (CA)-based SiO2/TiO2

hybrid microsphere composite aerogel films through a facile water vapor-induced
phase inversion method combined with sol–gel reactions of tetrabutyl titanate and 3-
aminopropyltrimethoxysilane [88]. The incorporation of SiO2 and TiO2 generated micro-
nano hierarchical structures, imparting the films with high porosity (>76%), low density,
and strong hydrophobic-oleophilic surface properties. These structural features enabled
the efficient separation of surfactant-stabilized water-in-oil emulsions at ambient pres-
sure, achieving fluxes up to 667 L/m2·h and separation efficiencies above 99.99 wt%. The
films also showed excellent recyclability over multiple cycles and photocatalytic antifoul-
ing capacity under UV irradiation due to the TiO2 component, highlighting their dual
functionality for emulsion separation and contaminant degradation.

Liu et al. (2015) presented the development of a pure inorganic ZnO-Co3O4 overlapped
membrane via a low-cost and straightforward hydrothermal approach [89]. Constructed
on a copper mesh substrate, the hierarchical micro/nano flower-like architecture provided
the membrane with underwater superoleophobicity and under-oil superhydrophobicity.
This dual superwetting behavior allowed gravity-driven separation of surfactant-free and
surfactant-stabilized emulsions, including oil-in-water and water-in-oil systems, with oil
concentrations in filtrates below 50 ppm and oil purities above 99.97%. In addition, the
membrane exhibited outstanding flux (up to 300 L/m2·h depending on emulsion type),
excellent antifouling resistance, and thermal stability up to 300 ◦C.

However, several studies have shown that their success hinges on wastewater compo-
sition (inorganics, alkalinity, DOC). Tran et al. (2022), for example, show that the presence
of co-contaminants strongly modulates organic removal by altering both fouling and
selectivity of PVDF-TiO2 photocatalytic membranes [90]. Most common inorganic ions
did not hinder performance, but a trace amount of Cu2+ in the presence of bicarbonate
(HCO3−) triggered inorganic fouling that collapsed flux and effectively shut down the
membrane’s photo-induced properties. For organic matter, the membrane was highly
resistant to sodium alginate but less so to humic acids. Humic acids were photo fragmented
into smaller molecules that passed the membrane, lowering apparent rejection even though
photo-filtration still sustained higher flux than dark filtration up to about 5 mg/L humic
acid (and 50 mg/L alginate). The data indicate that specific ion pairs (e.g., Cu2+ with
alkalinity) can negate photocatalytic benefits. At the same time, natural organic matter
can reduce measured “removal” by converting to more permeable fragments. Thus, while
photocatalytic polymeric membranes hold strong potential for simultaneous contaminant
removal and fouling mitigation, their practical performance will depend on careful op-
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timization for real wastewater conditions, including strategies to address competitive
adsorption, light penetration limitations, and catalyst deactivation.

These studies show some insights regarding the application of polymeric compos-
ite materials for removing or degrading organic contaminants from wastewater. First,
wastewater composition strongly influences the performance: results obtained in ultra-
pure or low-DOC waters often overestimate removal efficiencies for both catalytic and
adsorptive composites, underscoring the need for studies on real wastewaters that also
include transformation-product analysis. Second, regeneration and long-term durability
are critical to practical deployment. While solvent-based regeneration protocols have been
demonstrated, further work is needed to establish standardized multi-cycle procedures,
monitor potential leachates (e.g., catalyst particles or polymer fragments), and assess
mechanical integrity over extended use. Overall, current evidence supports polymeric com-
posites as promising, modular add-on technologies that integrate selective adsorption or
catalytic degradation into compact treatment units. Their transition to full-scale application
will depend on robust demonstrations that quantify long-term performance, regeneration
efficiency, and toxicity reduction under realistic wastewater conditions.

4. Removal of Inorganic Contaminants
4.1. Types of Contaminants

Inorganic pollutants in aquatic environments include heavy metals, nutrients, sedi-
ments, and industrial residues. The intensification of anthropogenic activities, particularly
those linked to mining, agriculture, and related industrial operations, has accelerated the
release of such contaminants into various water bodies. These pollutants are of particular
concern due to their non-biodegradable nature and tendency to bioaccumulate, which
leads to their persistence in ecosystems and a progressive increase in concentration [91].
As a result, they are strongly associated with severe health issues, including cancer and
microbial-related diseases. Therefore, inorganic contaminants generally consist of byprod-
ucts from radiation, noise, heat, or light processes. Typical examples include heavy metals.
These compounds are highly resistant to degradation and can persist for extended periods
in the environment [92].

Contamination of water resources by toxic heavy metals has become a critical en-
vironmental concern. These non-biodegradable pollutants frequently enter agricultural
soils and aquatic ecosystems through industrial discharges, chemical waste, and other
anthropogenic activities. Given their persistence and hazardous effects, removing heavy
metals from aquatic environments and ensuring their appropriate disposal is essential [93].
Water pollution by these elements is particularly concerning due to their high toxicity
and strong bioconcentration potential. Therefore, effective remediation is relevant to both
environmental and public health. Heavy metals accumulate in living organisms at elevated
concentrations via ingestion or direct contact, posing significant risks to ecosystems and
human health [94]. Despite their importance, detecting and effectively removing these
contaminants remain significant challenges.

Among the most problematic metals found in polluted waters are arsenic (As), lead
(Pb), chromium (Cr), cadmium (Cd), iron (Fe), and vanadium (V), all of which have been
linked to severe health issues such as cancer, neurological damage, and systemic disorders,
even at relatively low exposure levels in domestic water [95]. Additionally, cadmium
(Cd), copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn) are particularly notorious for their
ability to accumulate in biological tissues, where they can trigger a wide range of diseases
and dysfunctions. These metals are considered the most hazardous to environmental and
human health, as they enter the body primarily through food and water consumption,
leading to long-term health complications [96].
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Industrial activities represent a primary source of heavy metal contamination in
aquatic systems, posing significant environmental risks. The problem is exacerbated by
increasing population density, intensifying water demand and pollution. Significant sources
of inorganic pollutants are linked to mining, fossil fuel combustion, fertilizer application,
municipal solid waste disposal, and various industrial discharges. The presence of these
pollutants in water has been directly correlated with numerous diseases and comorbid
health conditions. Their toxicity has been ranked as follows: Cd > Hg > Pb > Cu > Zn > Cr
> Co > Fe [97]. The harmful effects of these metals extend to microbial metabolism and the
nervous and cellular systems of humans and animals [98,99].

The degree of toxicity of heavy metals in water is influenced by several environmen-
tal parameters, such as pH, temperature, redox potential, and ionic composition of the
medium [100]. Because these elements tend to bioaccumulate in aquatic systems, they have
been extensively studied and monitored. Furthermore, their non-biodegradable nature
leads to biomagnification across food chains.

In the literature, heavy metals are commonly defined as metallic or metalloid ele-
ments with a density above 4 g/cm3 [101], above 5 g/cm3 [102], or within the range of
3.5–7 g/cm3 [103], and they are considered toxic even at trace concentrations (µg/L). While
heavy metals occur naturally in the environment, their levels are often exacerbated by the
improper disposal of domestic, industrial, and agricultural effluents. Over recent decades,
human exposure to these pollutants has intensified due to their extensive application in
industrial processes [102]. Consequently, increasing urbanization and industrialization are
the main drivers of heavy metal contamination in water systems.

4.2. Removal Mechanisms of Inorganic Pollutants

Different treatment methods have been developed to remove inorganic pollutants from
industrial effluents, including coagulation/flocculation, ion exchange, flotation, membrane
filtration, chemical precipitation, electrochemical processes, adsorption, and biological ap-
proaches. Each method presents specific advantages and drawbacks, and their applicability
largely depends on the nature and concentration of the pollutant present [104].

For example, in coagulation/flocculation, heavy metals are converted into insoluble
carbonates, sulfides, and hydroxides, forming colloidal particles with densities similar to
water [105]. To enhance particle settling, coagulants are typically combined with flocculants,
which aggregate the precipitated particles into larger, denser flocs that can be removed by
filtration [104]. However, this method often results in high heavy metal content sludge,
raising concerns about disposal and the extensive use of chemicals [106].

Furthermore, ion exchange relies on resins, usually composed of cross-linked polymer
matrices functionalized with covalently bonded groups. Acidic resins, containing sulfonic
acid groups, are generally more effective than basic resins, which incorporate carboxylic
acids, for metal removal [104]. The flotation process involves the introduction of charged
air bubbles into contaminated water. These bubbles attract and remove metallic ions
through surface migration, making flotation effective for metals with varying chemical
characteristics [107]. While this technique produces minimal sludge, its application is
limited by high operational costs [104].

Membrane filtration operates primarily on the size exclusion principle and is suitable
for separation via microfiltration, ultrafiltration, nanofiltration, or reverse osmosis [108,109].
This method provides high removal efficiency, compact modular systems, and ease of
operation; however, its use is restricted by high installation costs, membrane fouling, and
the need for periodic replacement [110].

Chemical precipitation, one of the most widely applied and cost-effective methods,
relies on pH adjustment to convert dissolved metals into insoluble species. It is commonly
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employed to treat effluents containing Cu(II), Cd(II), Mn(II), and Zn(II) [111]. However,
like coagulation/flocculation, it generates large amounts of sludge that are difficult to
manage [112].

Electrochemical methods are generally applied as secondary treatments after precip-
itation or ion exchange. Electrons provide a versatile means of treatment by inducing
coagulation, deposition, or flotation of metals through electron transfer [113]. Despite their
potential, these techniques face limitations due to high energy requirements, operational
costs, low mass transfer rates, and effluent heating.

Adsorption is widely regarded as one of the most efficient and environmentally sus-
tainable approaches, offering low operational costs, limited fouling, and the possibility of
adsorbent regeneration. It operates through interactions between metal ions and adsorbent
functional groups, or via physical adsorption, with effectiveness largely determined by
adsorbent surface area, pore size distribution, polarity, and functional groups [114,115].

Biological treatments, often used as secondary processes in activated sludge systems,
represent an alternative for removing inorganic pollutants [116]. These rely on either
biosorption, non-metabolic processes mediated by extracellular polymeric substances (EPS),
or bioaccumulation, which involves metal uptake and transformation within microbial
cells. While effective at removing metals even at high concentrations, biological systems
may be inhibited by metal toxicity, which can deactivate microbial communities and limit
practical application [117,118].

4.3. Reported Application Studies

Growing wastewater production has intensified the need for efficient and sustainable
technologies to remove inorganic pollutants from aquatic environments. Adsorption has
emerged as one of the most promising strategies, with a wide range of naturally occurring
and synthetic adsorbents explored for this purpose. Nanomaterials (NMs) have gained
considerable attention due to their high surface area, porosity, and chemical stability,
significantly enhancing their adsorption performance. Nanoscale adsorbents exhibit faster
adsorption kinetics and higher removal efficiencies than bulk materials. However, issues
related to their synthesis and potential environmental impacts must still be addressed to
ensure their safe large-scale application [119].

Among the advanced materials under investigation, metal–organic frameworks
(MOFs) and their composites stand out due to their unique structural and catalytic prop-
erties. MOFs have been widely studied as adsorbents and photocatalysts for removing
heavy metals and dyes from wastewater. More recently, carbonaceous derivatives of MOFs
have been highlighted as highly effective sorbents, benefiting from large pore volume,
high porosity, and excellent stability, which enhance their applicability in detoxification
processes. Research has also focused on developing synthesis strategies for MOFs and
their composites to optimize performance and enable multifunctional applications in water
remediation [120,121].

Natural clay-based materials such as halloysite nanotubes (HNTs) offer another eco-
friendly platform for water purification. Their tubular morphology, mesoporous interior,
and modifiable surface make them highly suitable as supports for functional agents, includ-
ing nanoparticles, polymers, surfactants, and enzymes. These functionalized HNT-based
hybrids have improved adsorption capacity, catalytic activity, and selectivity toward persis-
tent and non-persistent contaminants. While HNTs themselves are biocompatible, concerns
about chemical modifiers’ environmental risks have been raised. Hence, recent research
emphasizes the development of greener functionalization strategies to minimize secondary
pollution and enhance the sustainability of HNT-based remediation technologies [122].
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Biochar has also been widely investigated for its potential in removing emerging
inorganic pollutants (EIPs) such as vanadium, antimony, thallium, mercury, fluoride, and
rare earth elements. Its low cost, environmental compatibility, and adsorption efficiency
make it a promising material. Recent advances have incorporated artificial intelligence
tools to predict adsorption efficiency and optimize biochar design parameters, such as
pyrolysis temperature and reaction pH, which strongly influence its performance. Machine
learning models, particularly XGBoost, have shown high predictive accuracy, offering
valuable insights for tailoring biochar properties to specific pollutants [123].

In addition, metallic nanoparticles are increasingly explored due to their large surface
area, high reactivity, and adaptability. Strontium-based nanomaterials have attracted
interest because of their structural similarity to magnesium and calcium, enabling their
application in water treatment and biomedical fields. These materials have effectively
removed heavy metals, inorganic ions, dyes, and antibiotics via degradation and adsorption.
Hydrothermal and co-precipitation methods are the most widely employed synthesis
techniques due to their simplicity, low toxicity, and reproducibility, further supporting the
potential of Sr-based nanomaterials in future water treatment technologies [124].

Pandey et al. (2025) developed zerovalent iron (ZVI) encapsulated shellac polymer
composite particles using the electrospraying technique to treat alkaline textile wastewater
and oil-water separation [125]. The fabricated particles, with an average diameter of
6.7 ± 1.8 µm, achieved over 99% removal of methyl orange dye at pH values of 8, 10, and
12, maintaining stability and reusability for up to five cycles. The key innovation of this
system lies in the controlled release of ZVI through the gradual dissolution of the shellac
matrix under alkaline conditions, which prevents surface passivation and oxidation of
the iron core. The polymer composite acts synergistically: the bio-based shellac provides
a protective barrier that stabilizes the reactive metal and regulates ion release kinetics,
while its amphiphilic nature enhances adsorption of both hydrophilic and hydrophobic
contaminants. This combination of ZVI’s redox reactivity with the chemical versatility of the
polymer matrix leads to a material that integrates high catalytic efficiency, chemical stability,
and magnetic recoverability, illustrating how polymer composites enhance durability and
selectivity in wastewater remediation.

Elkahlout et al. (2024) designed a polyacrylamide/silica/magnetic nanoparticle com-
posite for the purification of produced water from oil extraction, which typically contains
high levels of suspended solids and organic compounds [126]. The composite achieved re-
moval efficiencies of 98% for turbidity, 93% for chemical oxygen demand, and 76% for total
solids, demonstrating excellent stability and regenerability over multiple reuse cycles. The
hybrid structure combines the hydrophilicity and flexibility of the polymer matrix, which
facilitates contaminant diffusion and mass transport, with the mechanical strength and
thermal stability of silica, and the magnetic recoverability provided by the iron nanopar-
ticles. This multiphase design results in a larger active surface area, increased density of
adsorption sites, and enhanced mechanical integrity, outperforming single-component
materials. The improved performance arises from the synergistic interaction between the
organic polymer and inorganic fillers, which stabilizes the nanoparticles, prevents aggre-
gation, and preserves the accessibility of functional groups. Consequently, the composite
exhibits higher removal efficiency, extended reusability, and reduced environmental risks,
underscoring the critical role of polymer composites in developing sustainable and efficient
water treatment technologies.

Yousefi et al. (2015) focused on the development of a polyaniline-based nanocomposite
incorporating cobalt hexacyanoferrate (CoHCF) for the efficient removal of radioactive
cesium (Cs+) from aqueous solutions [127]. The nanocomposite was synthesized through
oxidative polymerization of aniline in the presence of CoHCF precursors, yielding core–
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shell particles with CoHCF embedded within the polyaniline matrix. Characterization by
XRD, SEM, TEM, and TGA confirmed the crystalline nature of the composite, its enhanced
thermal stability, and a uniform dispersion of nanoparticles. Batch adsorption experiments
revealed that the composite exhibited a maximum sorption capacity of 181.8 mg/g at 60 ◦C,
following Langmuir isotherm behavior and pseudo-second-order kinetics. The adsorption
process was spontaneous and endothermic, with efficiency strongly dependent on pH,
contact time, and CoHCF loading, thereby highlighting the material’s performance for
cesium remediation in nuclear wastewater.

Anirudhan et al. (2010) investigated the preparation and application of a poly(methacrylic
acid)-grafted chitosan/bentonite composite (PMAA-g-CTS/B) for the adsorption of thorium
(Th4+) ions from aqueous and simulated seawater systems [128]. The graft copolymeriza-
tion process yielded a porous, thermally stable composite with functional carboxyl groups
introduced by methacrylic acid and structural reinforcement by bentonite. Extensive char-
acterization using FTIR, XRD, XPS, SEM, TG/DTG, and surface area analysis confirmed all
components’ successful synthesis and incorporation. Adsorption studies demonstrated that
the composite exhibited optimal uptake at pH 5–6, with a maximum capacity of 110.5 mg/g
at 30 ◦C, fitting well to the Langmuir isotherm model and pseudo-second-order kinetics.
Moreover, regeneration tests showed stable adsorption–desorption performance across four
cycles, underscoring the material’s applicability in the sustainable treatment of radioactive
thorium-contaminated effluents.

Han et al. (2020) reported the design of a novel magnetic adsorbent based on
trioctylamine-modified polystyrene microspheres incorporating Fe3O4 nanoparticles
(Fe3O4/PS/TOA) for the selective removal of cerium (Ce3+) ions, used as a model for
radioactive rare-earth elements [129]. The adsorbent was prepared by multiple permeation-
deposition steps of Fe3O4 into porous PS microspheres, followed by swelling-deswelling
with trioctylamine. Characterization with SEM, FTIR, TGA, and VSM confirmed the
hierarchical core–shell structure, strong magnetic properties (saturation magnetization
19.78 emu/g), and stable chemical composition. Adsorption experiments revealed rapid
uptake of Ce3+, with equilibrium achieved within 180 min and a maximum adsorption
capacity of 39.7 mg/g, following the Langmuir isotherm and pseudo-second-order kinetics.
The microspheres could be easily separated under an external magnetic field, combining
high efficiency with operational simplicity and demonstrating potential for large-scale
nuclear wastewater treatment. Figure 5 illustrates the synthesis route of Fe3O4/PS/TOA
microabsorbents and their application in the adsorption of Ce3+ ions. The scheme depicts
the permeation-deposition of Fe3O4 nanoparticles into porous polystyrene microspheres,
followed by the swelling-deswelling process with trioctylamine, resulting in magnetic
extractant microspheres. The final step highlights the selective adsorption of Ce3+, demon-
strating the functional capability of the prepared material for radionuclide removal. Table 3
provides a comparative overview of recent advances in materials and treatment systems
applied to the removal of inorganic contaminants from water.

As shown in Table 3, the performance of these materials and the choice of the method
varies depending on the contaminant type and operational conditions, underscoring the
importance of treatment strategies to specific water quality challenges.



Eng 2025, 6, 284 21 of 35

 

Figure 5. Synthesis of Fe3O4/PS/TOA microabsorbents and their adsorption of Ce3+ ions. Repro-
duced with permission from [129].

Table 3. Advanced materials for the removal of inorganic contaminants from water.

Material Target Inorganic Contaminants Reference

MgO (neutralization and selective precipitation) Ni, Al, Fe, Zn, Cu, Mn, SO4
2−, and

TDS
[130]

Fe-MOF and Ni-MOF Fluoride (F−) [131]

C-LDH/carbon nanocomposites As(V), F−, and Fe(II)/Fe(III) [132]

Quaternary ammonium-modified chitosan As(V) and Cr(VI) [133]

Chitosan/pumice composite Pb(II) and Cd(II) [134]

Permeable reactive barrier (activated carbon/zeolite/nano iron) Pb, Zn, Cu, Ni, Cr, Co, and cyanides [135]

Polyaniline-based nanocomposite incorporating cobalt
hexacyanoferrate Cs+ [127]

Poly(methacrylic acid)-grafted chitosan/bentonite composite Th4+ [128]

Adsorbent based on trioctylamine-modified polystyrene
microspheres incorporating Fe3O4 nanoparticles Ce3+ [129]

5. Removal of Biological Contaminants
Biological contaminants, such as bacteria, viruses, protozoa, and parasites, represent

a significant risk to public health in water treatment systems [136]. Effective disinfection
guarantees safe water for both human consumption and environmental release. Chlori-
nation remains a conventional and widely applied method; however, its use can lead to
the formation of disinfection by-products such as trihalomethanes and haloacetic acids,
compounds linked to potential health risks [137].
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To overcome the limitations of conventional disinfection methods, complementary treat-
ment approaches such as membrane filtration have gained increasing attention [138–140].
Membrane technologies enable the efficient removal of microbial contaminants and facilitate
compliance with stringent water quality standards [141]. Nevertheless, conventional poly-
meric membranes typically lack inherent antimicrobial properties, often leading to biofouling
and consequently reducing their operational efficiency. This persistent challenge has driven
recent research efforts toward developing composite membranes incorporating antimicrobial
agents, thereby enhancing membrane performance and longevity [140,142]. Significant ad-
vances in antimicrobial polymers have been achieved over the past decades. These include the
synthesis of novel polymeric structures and the functionalization of existing polymers with
metallic nanoparticles. Such modifications endow the polymers with potent antimicrobial
properties [143,144].

Despite these developments, the antimicrobial mechanisms underlying polymer action
remain incompletely understood. The efficacy of antimicrobial polymers varies with poly-
mer composition, structural attributes, and the specific target microorganism, complicating
the establishment of a universal mode of action. Elucidating the molecular interactions
between antimicrobial polymers and microbial membranes is challenging. This knowledge
is essential for rationalizing design and optimizing materials intended for health, food
safety, and environmental remediation.

Electrospun nanofiber membranes (NFMs) have shown considerable promise among
innovative membrane technologies. NFMs enable precise control over pore size and distri-
bution, parameters important for effective microorganism removal through size exclusion.
Typically, bacteria found in water are larger than 0.2 µm, making microfiltration a highly
effective physical barrier. For instance, polyacrylonitrile-based NFMs functionalized with
cationic monomers such as 1-(1-vinylimidazolium)ethyl-3-vinylimidazolium dibromide
and ethoxylated trimethylolpropane triacrylate demonstrated superior bacterial (E. coli)
and viral (bacteriophage MS2) retention efficiencies of 99.9999% and 99.99%, respectively.
These membranes, polymerized through potassium persulfate-induced reactions, exhibited
enhanced hydrophobicity, mechanical strength, and uniform pore structure, outperforming
commercial alternatives [139].

Another approach combined electrospinning with radiation-induced grafting to pro-
duce polyethersulfone (PES) NFMs functionalized with ionic liquids (PES-g-IL). These
membranes displayed high adsorption capacities for bacteria, dyes, and heavy metals. They
achieved nearly 99% E. coli elimination and demonstrated antimicrobial activity against
S. aureus, underscoring their multifunctional potential in wastewater treatment [138]. The
structural parameters of electrospun nanofibrous membranes, including fiber diameter,
porosity, and thickness, directly influence microfiltration performance. A polyacrylonitrile
nanofiber membrane supported on polyethylene terephthalate (PAN/PET) exhibited supe-
rior water flux and efficient E. coli removal, facilitated by an average pore size of 0.22 µm
and porosity of up to 80% [145]. Figure 6 shows SEM images of the electrospun PAN/PET
membrane after E. coli suspension filtration.

Multilayer filtration systems have also been innovated using electrospun poly(L-lactic
acid) fibers integrated with biomass-derived graphene and silver-decorated graphene.
These composite membranes removed contaminants over 87%, reduced total dissolved
solids to potable levels, and exhibited excellent antibacterial performance attributable to
silver nanoparticles’ high surface area and bactericidal activity [146].
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Figure 6. SEM images of electrospun PAN/PET membrane after E. coli suspension filtration, from
(A) surface and (B) cross-section views. Reproduced with permission from [145].

Silver nanoparticles (AgNPs) are among the most widely applied antimicrobial agents
in filtration membranes due to their potent bactericidal properties. However, the an-
timicrobial efficacy of AgNPs can be compromised by sulfidation and oxidation processes
catalyzed by sulfur species commonly found in natural waters, which degrade their biofoul-
ing resistance. To address this limitation, Maharubin et al. (2019) developed an innovative
system combining polysulfone membranes embedded with AgNPs and low-intensity elec-
trofiltration technology [142]. The continuous application of an electric field using a carbon
anode minimized silver oxidation, retained Ag+ ions in the aqueous medium, and pro-
longed antimicrobial activity. Membranes produced by wet phase inversion, containing
either AgNPs or polyaniline nanofibers, were evaluated for biofilm resistance against Gram-
positive (Staphylococcus aureus, ATCC 25923) and Gram-negative (Escherichia coli, ATCC
47076) bacteria. While electrical activation alone yielded limited antibiofilm effects, its
integration with AgNPs significantly reduced biofilm formation, enhanced silver retention,
and improved filtration performance compared to conventional membranes. This hybrid
system shows high potential for sustainable biofouling control in water treatment.

In a related sustainable approach, mixed matrix polyethersulfone membranes incor-
porating AgNPs synthesized via green chemistry methods using Hibiscus rosa-sinensis
extract have been developed for nanofiltration applications with enhanced antifouling
performance. This biogenic synthesis route and advanced membrane fabrication improved
permeability, selectivity, mechanical strength, hydrophilicity, and antimicrobial efficacy.
These membranes also exhibited reduced protein adsorption and favorable surface charge
modifications. Antifouling tests revealed that membranes containing 0.75% (w/w) Ag-
NPs exhibited the lowest irreversible fouling and highest flow recovery, attributed to
the combined antibacterial activity and optimized surface properties imparted by the
nanoparticles. These findings highlight the promise of AgNPs as efficient nanofillers in
fabricating high-performance, environmentally sustainable membranes for wastewater
treatment [140].

Cellulose-based water filters represent a cost-effective alternative for removing par-
ticulate matter; however, size exclusion alone is insufficient for bacterial retention. To
enhance antimicrobial performance, filters fabricated by layer-by-layer assembly combined
polypropylene-polyethylene (PP/PE) fabrics, AgNPs, and cellulose. Functionalization of
PP/PE fabrics with a higher density of AgNPs resulted in significant reductions of 96.7%
and 97.9% in E. coli and S. aureus growth, respectively. Filters composed of AgNP@PP/PE
layers combined with cellulose achieved inactivation efficiencies of approximately 99.4%
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and 98.7% for the same bacteria. The antimicrobial efficacy increased when AgNPs were
synthesized at lower pH, with most microorganisms retained on the filter’s surface layers.
The antimicrobial mechanism was attributed to physical adsorption and bacterial detoxi-
fication via direct contact without release of AgNPs into the water, as cellulose provided
additional surface area for interaction [147].

Inorganic-organic hybrid materials such as clay-polymer composites have also demon-
strated potential in water disinfection. Cationic starches modified with quaternary am-
monium ethers were adsorbed onto bentonite, forming filter materials capable of revers-
ing surface charge and enhancing bacterial adhesion and lysis. Composites containing
commercial cationic starches (Topcat L-98 and L-95) achieved bacterial adsorption effi-
ciencies greater than 93%, and cell death rates exceeding 85%. Compared to activated
carbon, these composites exhibited superior microbial removal efficiency even after filter-
ing multiple liters of water, making them competitive candidates for disinfection [148].
Additionally, polyethylene glycol-functionalized attapulgite composites embedded with
green-synthesized silver nanoparticles were engineered to simultaneously remove microp-
ollutants and bacteria such as Pseudomonas aeruginosa and Bacillus subtilis. These composites
achieved near-complete microbial elimination without detectable silver release, conforming
to WHO and Environmental Protection Agency safety standards [149].

Other nanocomposite membranes have further enhanced antibacterial properties.
Polyvinylidene fluoride membranes modified with 4% TiO2 nanoparticles achieved the
highest E. coli elimination among tested compositions, illustrating TiO2’s efficacy as an
antimicrobial additive [150]. Similarly, polysulfone ultrafiltration membranes with silver
nanoparticles inhibited biofilm formation and demonstrated good bactericidal activity
against E. coli K12, Pseudomonas mendocina KR1, and MS2 bacteriophage. Their antimicrobial
effect was primarily attributed to the sustained release of Ag+ ions [151].

Zinc oxide (ZnO) is another material with antibacterial properties that enhances mem-
brane performance. Polysulfone ultrafiltration membranes coated with chitosan-ZnO
composites were designed to improve selectivity and impart antifungal characteristics.
Though less studied than bacterial fouling, fungal biofouling poses challenges in intermit-
tently operated wastewater treatment systems where fungal growth is favored. Coatings
with varying ZnO concentrations (0.1% to 0.4%) dispersed in chitosan increased antifungal
activity against Saccharomyces cerevisiae, correlating positively with ZnO content [152].

Addressing the challenge of integrating disinfection with contaminant adsorption,
multifunctional films composed of chitosan, zinc ions (Zn2+), and polyoxometalate were
synthesized by freeze-drying. These films demonstrated broad-spectrum antibacterial
activity against both Gram-positive (S. aureus, 99.80%) and Gram-negative (E. coli, 99.82%)
bacteria, including antibiotic-resistant E. coli strains resistant to kanamycin (87.76%) and
ampicillin (99.71%). The films’ efficacy was attributed to Zn2+ chelation with chitosan,
which compromised bacterial membrane integrity and facilitated direct polyoxometalate
contact, enhancing cell death. Furthermore, the films efficiently adsorbed tetracycline
(75.2% adsorption rate) and maintained antimicrobial effectiveness after three reuse cycles.
The addition of polyoxometalate amplified bactericidal properties through membrane
destruction and reactive oxygen species generation, positioning these films as promising
candidates for integrated wastewater treatment [153].

Multifunctional composite spheres combining copper-alginate matrices with AgNPs
were also developed. The spheres, obtained by crosslinking alginate with varying Cu2+

concentrations (2%, 4%, and 8%), modification with Ag+, chemical reduction with NaBH4,
and lyophilization, exhibited porous structures with well-dispersed AgNPs. The con-
centration of Cu2+ influenced AgNP content, catalytic activity, and antimicrobial efficacy.
Antimicrobial and antifungal assays showed high efficacies for all materials, with enhanced
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activity in samples containing unreduced Ag+. These results underscore the importance of
crosslinking control in optimizing composite functional properties [154].

In summary, integrating nanotechnology, polymer science, and surface engineering
has propelled significant advancements in developing antimicrobial filtration membranes
for wastewater treatment. Innovations in membrane composition and architecture, partic-
ularly through incorporating metal nanoparticles, ionic liquids, and natural or synthetic
polymers, have enhanced microbial removal efficiency while mitigating challenges such as
biofouling and membrane stability. Although many materials exhibit high antibacterial
efficacy and adsorption capacity, a comprehensive understanding of their mechanisms
of action remains essential to optimizing design and performance. Future research ef-
forts should prioritize mechanistic studies, safety evaluations, and long-term performance
assessments to enable large-scale implementation of these advanced materials in water
treatment systems. Bridging these knowledge gaps and advancing material science will
safeguard public health and ensure sustainable access to clean water.

6. Advantages and Limitations
Polymeric composites have emerged as promising materials for contaminant remedia-

tion owing to their structural versatility and multifunctionality [155]. Their main advantage
lies in combining the intrinsic properties of polymers, such as flexibility, processability, and
stability, with the functional features of fillers including carbon-based nanomaterials, clays,
metallic oxides, and bio-based residues [156]. This synergy enables the development of
materials with superior adsorption capacity, catalytic activity, and mechanical robustness,
which are often difficult to achieve with single-component systems. Moreover, polymer
matrices can be chemically modified or functionalized to promote selective interactions
with specific pollutants, such as dyes, pharmaceuticals, and endocrine disruptors [157].
Despite these advantages, the environmental and health implications of nanostructured
fillers such as AgNPs, TiO2, and metal–organic frameworks (MOFs) require careful consid-
eration [158]. While these nanomaterials enhance membrane performance by providing
antimicrobial activity, photocatalytic properties, and improved selectivity, their potential
release into aquatic environments raises concerns regarding ecotoxicity, bioaccumulation,
and long-term health effects. AgNPs may induce cytotoxicity and microbial resistance,
TiO2 nanoparticles can generate reactive oxygen species under irradiation, and certain
MOFs may leach toxic metal ions. Therefore, future developments in polymeric composites
should balance performance improvements with rigorous evaluation of environmental
safety, life-cycle impacts, and sustainable disposal strategies, ensuring that technological
advances align with environmental protection and human health preservation [159].

From a sustainability standpoint, incorporating agro-industrial residues or natural
fibers into polymeric matrices improves performance and contributes to the circular econ-
omy by reducing waste and valorizing renewable resources. Polymeric composites also
present advantages in regeneration and reusability, as their structure can often withstand
multiple cycles without significant loss of efficiency [160]. Moreover, the ability to design
composites in different morphologies, membranes, beads, films, or aerogels broadens their
applicability in batch and continuous flow systems [161].

Despite these benefits, important limitations remain regarding the practical deploy-
ment of polymer-based composites. The scalability of synthesis routes is still a significant
challenge, especially when nanomaterials, multi-step functionalization, or costly precursors
are required, which can hinder reproducibility and industrial adoption. In addition, ques-
tions about long-term stability are critical: under real environmental conditions, factors
such as pH fluctuations, high ionic strength, and the presence of co-contaminants can
reduce adsorption efficiency and compromise the integrity of polymer–filler interfaces.
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Over-extended use, polymer matrices may undergo physical aging, chemical degrada-
tion, or leaching of additives, potentially leading to the release of microplastics or toxic
by-products. Regeneration processes also raise concerns, as they frequently demand aggres-
sive chemical agents or energy-intensive treatments, which degrade material performance
over cycles and generate secondary waste streams [162].

In addition to these factors, polymer composites’ regenerability, stability, cost, and
environmental risks deserve particular attention. Many materials exhibit high removal
efficiency under laboratory conditions but show limited regeneration capability and pro-
gressive deterioration after multiple reuse cycles. Chemical instability and mechanical
fatigue can compromise long-term operation, while complex synthesis routes and high-cost
precursors restrict large-scale production [163]. Furthermore, the potential leaching of
nanofillers or degradation by-products introduces additional environmental risks, high-
lighting the need for greener synthesis routes, recyclable matrices, and standardized proto-
cols to evaluate durability and safety [164]. Addressing these aspects is essential to advance
the practical, economical, and sustainable implementation of polymer composites in real
water treatment scenarios.

Finally, economic feasibility remains uncertain, since scaling up high-performance
composites often entails higher costs than conventional sorbents such as activated carbon,
making techno-economic analyses essential for future applications [165].

7. Future Trends and Research Perspectives
Future research in polymeric composites for contaminant remediation is expected to

prioritize the design of multifunctional and sustainable systems. A key direction is the
development of hybrid polymeric composites that combine synthetic polymers with bio-
based fillers, nanostructured oxides, or carbon nanomaterials to achieve synergistic effects
in adsorption, sensing, and catalytic degradation. For instance, composites integrating
photocatalytic nanoparticles into polymer membranes may simultaneously separate and
degrade organic pollutants under solar irradiation [166]. At the same time, bio-based
hybrids such as chitosan-graphene or cellulose-metal oxide networks offer biodegradable
and renewable alternatives.

Another emerging avenue involves the incorporation of stimuli-responsive polymers,
capable of dynamically adjusting their structure or surface chemistry in response to pH,
temperature, or light, thereby enhancing adaptability under variable environmental con-
ditions [167]. Multifunctional systems that combine contaminant detection and removal
within a single platform are also gaining momentum, enabling real-time monitoring along-
side remediation. In parallel, the valorization of industrial and agricultural by-products as
fillers in polymer matrices will align composite development with circular economy and
sustainability goals [162].

On the technological front, advanced manufacturing techniques such as 3D and 4D
printing are poised to revolutionize the fabrication of polymeric composites, enabling pre-
cise control of porosity, morphology, and hierarchical structures, which directly influence
transport and adsorption mechanisms (Figure 7) [167]. In addition, coupling composites
with renewable energy inputs in advanced oxidation processes (e.g., photocatalysis, elec-
trocatalysis) may reduce energy demand and minimize the carbon footprint. Importantly,
AI-assisted design and digital tools, including machine learning, molecular modeling, and
data-driven screening, are expected to guide the rational selection of fillers, functional
groups, and structural configurations, accelerating discovery and optimization. Finally,
interdisciplinary approaches bridging environmental engineering, polymer chemistry, and
material science will be essential to ensure efficiency, scalability, long-term stability, and
economic viability of polymeric composite-based remediation technologies [159,166].
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Figure 7. Comparison between 3D and 4D printing techniques. Reproduced with permission
from [168].

8. Conclusions
Polymeric composites represent a rapidly evolving class of materials with great poten-

tial for remediating organic, inorganic, and biological contaminants. Their tunable struc-
tures, multifunctionality, and ability to integrate a wide range of fillers make them superior
to many conventional adsorbents and catalysts. Advances in developing biopolymer-based
composites, nanostructured hybrids, and membrane-supported systems highlight their
versatility for tackling persistent pollutants such as dyes, pharmaceuticals, and pesticides.

However, despite their remarkable laboratory-scale performance, several challenges
persist. Issues such as synthesis scalability, material stability under realistic conditions,
regeneration costs, and possible release of secondary pollutants must be addressed to ensure
safe and effective deployment. Moreover, standardized methodologies for evaluating
polymeric composites’ performance and environmental impact are still lacking, limiting
direct comparison between studies.

Looking ahead, sustainable and multifunctional composites that integrate renewable
fillers, green synthesis routes, and energy-efficient processes are expected to dominate the
next generation of technologies. Polymeric composites’ success in environmental remedi-
ation will depend on their ability to balance technical performance, economic feasibility,
and ecological safety. Ultimately, the convergence of polymer science, nanotechnology,
and environmental engineering, coupled with strong collaboration between academia,
industry, and policymakers, will be decisive in translating scientific advances into practical
large-scale applications. In short, more studies should focus on

• Scalability and standardization, aiming to develop cost-effective synthesis routes and
establish unified methodologies for performance and environmental assessment.

• Long-term stability and safety, evaluating the durability of polymer–filler interfaces
under realistic conditions and the potential release of secondary pollutants.

• Sustainable design, integrating renewable fillers, bio-based polymers, and green
synthesis strategies to minimize ecological impact.
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• Multifunctional systems, coupling adsorption, sensing, and catalytic degradation
within single platforms to enhance versatility.

• AI-assisted and data-driven approaches, using machine learning, molecular modeling,
and digital screening to accelerate the discovery and optimization of advanced composites.

• Interdisciplinary collaboration.
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