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Water is a fundamental resource, yet various contaminants increasingly threaten its quality, necessitating
effective remediation strategies. Sustainable polymeric adsorbents have emerged as promising materials
in adsorption-based water remediation technologies, particularly for the removal of contaminants and
deactivation of water-borne pathogens. Pathogenetic water contamination, which involves the presence
of harmful bacteria, viruses, and other microorganisms, poses a significant threat to public health. This
review aims to analyze the unique properties of various polymeric materials, including porous aromatic
frameworks, biopolymers, and molecularly imprinted polymers, and their effectiveness in water
remediation applications. Key findings reveal that these adsorbents demonstrate high surface areas,
tunable surface chemistries, and mechanical stability, which enhance their performance in removing
contaminants such as heavy metals, organic pollutants, and emerging contaminants from water sources.
Furthermore, the review identifies gaps in current research and suggests future directions, including
developing multifunctional polymeric materials and integrating adsorption techniques with advanced
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remediation technologies. This comprehensive analysis aims to contribute to advancing next-generation
water purification technologies, ensuring access to clean and safe water for future generations.

1. Introduction

Water is an essential resource for all forms of life, playing
a critical role in public health, economic development, and
ecological balance." The increasing demand for clean water is
driven by population growth, industrialization, and agricultural
expansion, leading to significant pressure on water resources.”
Unfortunately, the quality of these resources is increasingly
compromised by various contaminants, including industrial
effluents, agricultural runoff, and domestic waste.* These
pollutants threaten human health and the environment,
necessitating effective water remediation strategies.* Contami-
nants in water can be broadly classified into several categories:
physical, chemical, biological, and radiological. Physical
contaminants, such as suspended solids and sediments, can
impair water quality and aesthetic appeal.® They are generally
easier to remove through conventional methods such as sedi-
mentation and filtration. Chemical contaminants include many
organic and inorganic substances, such as heavy metals, pesti-
cides, pharmaceuticals, and nutrients.® These contaminants
often require specific remediation techniques tailored to their
unique chemical properties, making their removal more
challenging.”
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Biological contaminants consist of microorganisms,
including bacteria, viruses, and protozoa, which can lead to
waterborne diseases.® Traditional disinfection methods, such as
chlorination and UV irradiation, are commonly employed to
inactivate these pathogens, but they must be carefully managed
to avoid the formation of harmful byproducts.® Radiological
contaminants like radon and uranium may arise from natural
geological formations or human activities like mining and
nuclear power generation.' Removing these contaminants
requires specialized techniques, including ion exchange and
advanced oxidation processes.'* As the complexity of water
contaminants continues to evolve, traditional remediation
methods often fall short. Conventional techniques such as
coagulation-flocculation, sedimentation, and filtration may not
effectively address emerging contaminants like endocrine-
disrupting chemicals and microplastics. These challenges
highlight the need for advanced remediation technologies to
remove a broader spectrum of pollutants.”

Among the various approaches to water remediation,
adsorption has gained significant attention due to its versatility
and efficiency.” Adsorption involves the accumulation of
substances (adsorbates) from a liquid or gas phase onto the
surface of a solid material (adsorbent). The effectiveness of this
process is influenced by the properties of the adsorbent,
including its surface area, pore size distribution, and surface
chemistry."*

Polymeric materials have emerged as particularly promising
adsorbents for water remediation applications. Their unique
properties, such as tunable surface chemistry, high mechanical
strength, and diverse structural forms, enable them to be
engineered for specific adsorption tasks.' For instance, poly-
meric adsorbents can be synthesized or modified to incorporate
a variety of hydrophilic groups, enhancing their affinity for
targeted contaminants.'® This ability to tailor surface chemistry
provides significant advantages over traditional adsorbents like
activated carbon and natural clays."”

One of the key strengths of polymeric adsorbents is their
high surface area and controlled pore size distribution, which
are crucial for efficient contaminant binding.*® Recent research
has highlighted significant findings in environmental pollution
and advanced material applications.** It is complemented by
exploring innovative materials for environmental application,
demonstrating the efficacy of polymer.”>> The large surface
area provides ample active sites for adsorption, while the
porosity facilitates rapid diffusion and access to these sites.
Polymeric materials exhibit excellent mechanical stability and
chemical resistance, allowing them to withstand harsh water
remediation environments without significant degradation.*®
Various polymeric adsorbents have been developed and studied
for their adsorption capabilities.”” Notable examples include
polyaniline (PANI), known for its high capacity to adsorb heavy
metals and organic pollutants, and chitosan, a biopolymer
derived from chitin that demonstrates strong binding sites for
various contaminants. Polyacrylamide (PAM) and its derivatives
are commonly used as flocculants but also serve as effective
adsorbents for dyes and heavy ions.?® Poly(vinyl alcohol) (PVA)-
based hydrogels are particularly effective for adsorbing organic
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pollutants due to their high water content and swelling
capacity.”

The versatility of polymeric adsorbents extends to their
structural forms, which can include fibers, beads, membranes,
and gels.*® This adaptability allows for their application in
various water remediation scenarios, from centralized treat-
ment facilities to decentralized systems such as point-of-use
water filters.®® The scalability of polymeric materials also
makes them attractive for large-scale applications, where cost
and efficiency are critical considerations. Despite their advan-
tages, the development of polymeric adsorbents is an evolving
field with ongoing research aimed at enhancing their perfor-
mance and sustainability.?” Future research directions include
the integration of polymeric adsorbents with other remediation
technologies, such as membrane filtration and advanced
oxidation processes. This synergistic approach could improve
overall remediation efficiency and address complex water
quality challenges more effectively. Moreover, there is signifi-
cant potential for the development of multifunctional poly-
meric materials that combine adsorption with additional
capabilities, such as catalytic activity or antimicrobial proper-
ties.*® These innovations could lead to the creation of next-
generation adsorbents that are effective in removing contami-
nants and contribute to the broader goals of environmental
sustainability and resource conservation.** In adsorption-based
water remediation technologies, the ability of polymeric
adsorbents to deactivate pathogens plays a critical role in
ensuring the safety of treated water. By integrating antimicro-
bial agents such as metal nanoparticles or using polymers with
inherent antibacterial properties, researchers have developed
adsorbents that not only capture contaminants but also
neutralize harmful microorganisms. This approach signifi-
cantly enhances the overall efficacy of water purification
processes, contributing to safer and more sustainable water
management practices.

In conclusion, the pressing need for adequate water reme-
diation technologies has highlighted the potential of polymeric
adsorbents as versatile and efficient solutions for removing
a wide range of contaminants from water.*® Their unique
properties, tunable surface chemistries, and adaptability make
them valuable tools for clean and safe water.*® As research
advances in this field, polymeric adsorbents are poised to play
a significant role in sustainable water purification technologies,
ensuring the protection and preservation of vital water
resources for future generations.*”

2. Fundamentals of adsorption

Adsorption is a broadly used physical process in water reme-
diation and purification, offering an efficient and versatile
approach to removing a diverse range of contaminants.*® The
fundamental principles of adsorption underpin its effectiveness
and guide the development of advanced adsorbent materials for
various applications.*® Adsorption is the adhesion of atoms,
ions, or molecules from a gas, liquid, or dissolved solid to
a surface. It differs from absorption, where the entire volume of
another material takes up a substance. In water remediation,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorption occurs when contaminants are attracted to and
accumulate on the surface of a solid adsorbent material.** The
adsorbent material, which may be a porous solid like activated
carbon, zeolites, or polymeric resins, offers a large surface area
for adsorption. As the water flows through the adsorbent bed,
the contaminants are selectively removed and retained on the
adsorbent's surface. The efficiency and effectiveness of the
adsorption process are influenced via several key factors:
Surface area: a high surface area offers more sites for adsorp-
tion, upgrading the adsorbent's capacity.*' Pore size distribution:
adsorbents with various pore sizes may accommodate different-
sized contaminant molecules. Surface chemistry: the chemical
nature of the adsorbent's surface, like the presence of hydro-
philic groups, affects its affinity for specific contaminants.*
Molecular size and structure: smaller molecules and those with
specific hydrophilic groups are more readily adsorbed.

Solubility: less soluble contaminants are generally more
easily adsorbed. Charge: electrostatic interactions among the
adsorbent and contaminant may upgrade adsorption. pH: the
pH of the solution may affect the charge and speciation of both
the adsorbent and the contaminant, influencing the adsorption
process. Temperature: adsorption is generally an exothermic
process, so higher temperatures may decrease the adsorption
capacity.* Ionic strength: increased ionic strength may affect the
solubility and speciation of contaminants, as well as the surface
charge of the adsorbent.** Contact time: longer contact times
allow more time for the adsorption equilibrium to be reached.*
Mixing: efficient mixing upgrades mass transfer and improves
the contact among the adsorbent and contaminants.
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Fig. 1 illustrates the three main stages of water remediation:
water purification, wastewater remediation, and industrial
water remediation. Water purification, represented via orange
icons, involves removing contaminants from raw water to create
safe drinking water through filtration and disinfection. Waste-
water remediation, shown in green, is devoted to cleaning used
water from various sources before releasing it into the envi-
ronment, employing physical, biological, and chemical
processes. Finally, industrial water remediation, depicted in
purple, tailors water quality for specific industrial needs, which
may consist of removing minerals or adjusting pH. The image
uses a flow chart design with distinct icons and descriptions for
each stage, highlighting the progression and specialization of
water remediation processes from basic purification to indus-
trial applications.

In Table 1, water remediation encompasses three primary
categories: purification, wastewater remediation, and industrial
water remediation, each addressing specific needs and chal-
lenges in water management. Water purification is devoted to
producing potable water via eliminating biological, chemical,
and physical contaminants through filtration, disinfection, and
reverse osmosis.*® Wastewater remediation targets removing
organic and inorganic pollutants and pathogens from domestic
and industrial effluents using a combination of physical, bio-
logical, and chemical processes to protect environmental and
public health. Industrial water remediation tailors quality to
meet the specific requirements of industrial processes, often
involving removing minerals, pH adjustment, and eliminating
process-specific impurities. While these categories employ

Industrial Water
Treatment

Cleaning of

: Process of removing contaminants : :
| from raw water to produce safe | .domest.lc,
| drinking water. Involves methods | '"dlfs"'al
| like filtration, disinfection, and | environmental
| sometimes softening or desalination /
\ y chemical
~ -

Fig. 1
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Illustrates the difference among water remediation, water purification, and industrial water remediation.
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Table 1 Comprehensively compares water purification, wastewater, and industrial water remediation
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Aspect

Water purification

Wastewater remediation

Industrial water remediation

Objective

Primary contaminants

Typical processes

Advanced technologies

Scale of operation
Regulatory standards
Disposal of viaproducts

Typical applications

Environmental impact

Commonly used adsorbents
Arising contaminants

Cost considerations

Examples

Offer clean and safe drinking water

Biological (bacteria, viruses),
chemical (chlorine, lead, mercury),
physical (sediment)

Filtration, disinfection
(chlorination, UV), reverse osmosis

UV irradiation, advanced oxidation,
nanofiltration

Municipal or household levels

EPA, WHO guidelines for drinking
water quality

Minimal, generally safe for direct
consumption

Drinking water supply for homes
and communities

Ensures safe potable water, reduces
waterborne diseases

Activated carbon, polymeric
adsorbents
Microplastics, pharmaceuticals

Varies based on technology and
scale, often subsidized via
governments

Municipal water plants, home water
filters

like

advanced oxidation and

Remove contaminants to protect
the environment and public health

Organic (BOD, COD), inorganic
(heavy ions, nutrients), pathogens

Primary (screening, sedimentation),
secondary (biological remediation),
tertiary (advanced remediation)
Membrane bioreactors, advanced
oxidation processes, nutrient
removal

Municipal, industrial, or
decentralized systems

EPA, local environmental protection
standards

Sludge remediation and disposal,
safe discharge into water bodies
Remediation of municipal and
industrial sewage before discharge

Protects water bodies from
pollution, reduces health hazards

Activated sludge, polymeric
materials for specific contaminants
Pharmaceuticals, personal care
products, microplastics
Infrastructure and operational
costs, potential for government
subsidies

Municipal wastewater remediation
plants, industrial effluent
remediation plants

Remove impurities to prevent
equipment damage and improve
efficiency

Specific to industrial processes
(chemicals, heavy ions, organic
compounds)

Filtration, ion exchange, reverse
osmosis, chemical remediation

Reverse osmosis, advanced
oxidation processes, nanofiltration

Industrial plants tailored to specific
industry needs

Industry-specific standards, OSHA,
EPA

Proper disposal or recycling of
industrial by products

Water used in manufacturing,
cooling, and other industrial
processes

Reduces operational costs, protects
the environment from industrial
discharges

Polymeric adsorbents, ion exchange
resins

Industry-specific contaminants like
PFAS, VOCs

Capital and operational costs,
efficiency savings

Industrial cooling towers, boiler
feed water remediation systems

overlapping technologies,
membrane filtration, they differ significantly in their scale of
operation, regulatory standards, and typical applications.*”
Each category of water remediation faces unique challenges,
including the emergence of contaminants like microplastics
and pharmaceuticals. In response, the field of water remedia-
tion is constantly evolving, with advancements in technologies
and adsorbents aimed at addressing these issues more
effectively.

3. Adsorption mechanisms and
principles

Adsorption is a fundamental process governed by various
mechanisms and principles, crucial in fields ranging from
environmental remediation to industrial separations.*®* The
mechanisms of adsorption primarily consist of physical (phys-
isorption) and chemical (chemisorption) interactions among
the adsorbate and adsorbent surfaces.* Physisorption involves
weak van der Waals forces like London dispersion, dipole-
dipole interactions, and hydrogen bonding.*® These non-
specific and reversible interactions occur at relatively low

33146 | RSC Adv, 2024, 14, 33143-33190

temperatures and high pressures.** Conversely, chemisorption
entails stronger, specific chemical bonds like covalent or ionic
bonds forming among the adsorbate and adsorbent. It involves
electron transfer and is typically irreversible without external
energy input.* Principles governing adsorption consist of ion
exchange, where ions in the solution are swapped with similarly
charged ions on the adsorbent's surface, driven via electrostatic
forces. Surface complexation adsorption forms complexes
among hydrophilic groups on the adsorbent surface and the
adsorbate, influencing adsorption capacity and selectivity.

Additionally, adsorption principles like precipitation involve
the formation of insoluble compounds that precipitate on the
adsorbent surface, which is crucial in purification processes.>
Understanding these mechanisms and principles is essential
for designing efficient adsorption processes tailored to specific
water remediation, gas purification, catalysis, or pharmaceu-
tical production applications. Each mechanism and principle
offers unique advantages, influencing the efficacy and sustain-
ability of adsorption-based technologies across diverse indus-
tries and environmental contexts.>

Fig. 2a represents the adsorption process for treating toxic
metals in wastewater. This process involves the transfer of toxic
material onto the surface of an adsorbent through physical or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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permission from MDPI, copyright 2021.

chemical means. The adsorbent, shown as a complex layered
structure of brown and green shapes, represents the polymeric
material with a large surface area and various functional
groups, which are key characteristics for efficient adsorption.
Fig. 2 demonstrates how the toxic materials (represented by red
filled circles labeled as “Adsorbate”) are shifted from the solu-
tion onto the adsorbent surface. This process is driven by the
interactions between the adsorbate and the adsorbent, which
can be either physical (such as van der Waals forces, dispersion
interactions, and hydrogen bonding) or chemical (involving
covalent or electrostatic bonds). Fig. 2 also shows the dynamic
nature of adsorption, with arrows indicating both adsorption
(attachment to the surface) and desorption (detachment from
the surface) processes. This illustrates the potential for regen-
eration and reuse of the adsorbents, which contributes to the
method's environmental friendliness and cost-effectiveness.
Fig. 2b shows a single layer of adsorbate molecules on the
adsorbent surface, representing a simpler adsorption scenario.
Fig. 2¢ depicts multiple layers of different molecules adsorbed
onto the surface, illustrating the capacity of some adsorbents to
accumulate multiple layers of adsorbate molecules.
Physisorption or physical adsorption is a complex process
that occurs through various mechanisms and principles, each
dependent on the adsorbent's and adsorbate's nature,* is
involves weak van der Waals forces among the adsorbate
molecules and the surface of the adsorbent.”” These forces
consist of dispersion forces, dipole-dipole interactions, and
hydrogen bonding, which are non-specific and relatively weak.
Physisorption is typically reversible and occurs at lower
temperatures and higher pressures.”® Chemisorption or chem-
ical adsorption is another fundamental adsorption mechanism
where chemical bonds, like covalent or ionic bonds, form
among the adsorbate and the adsorbent surface.®® This

© 2024 The Author(s). Published by the Royal Society of Chemistry

(@) General mechanism for the adsorption, (b) monolayer adsorption, and (c) multilayer adsorption. Reproduced from ref. 55 with

interaction is stronger and more specific than physical
adsorption, often involving electron transfer among the adsor-
bate and the surface atoms of the adsorbent. Chemisorption
processes are typically irreversible under normal conditions and
require activation energy.*® In some cases, adsorption processes
exhibit physical and chemical adsorption characteristics
depending on environmental conditions like temperature,
pressure, and the surface properties of the adsorbent.® The
dominant mechanism may shift between physisorption and
chemisorption, impacting the adsorption capacity and selec-
tivity.®* Ion exchange adsorption involves the exchange of ions
among the adsorbent surface and ions in the solution.®* The
mechanism is based on electrostatic interactions and the
affinity of ions for charged sites on the adsorbent. It is broadly
used in water softening, purification processes, and soil reme-
diation to remove contaminants like heavy ions and radionu-
clides.** Surface complexation adsorption occurs when specific
hydrophilic groups on the adsorbent surface form complexes
with the adsorbate molecules.®® This mechanism involves
chemical interactions like ligand exchange, chelation, or coor-
dination, depending on the adsorbent's surface chemistry and
the adsorbate species’ nature.®® Precipitation adsorption occurs
when the adsorbate forms a solid residue on the surface of the
adsorbent due to changes in solubility equilibrium.®” This
mechanism is crucial in wastewater remediation and separation
processes where insoluble compounds are formed and subse-
quently adsorbed onto the adsorbent surface.®® Biosorption
utilizes biological materials like microorganisms, algae, or
plant materials as adsorbents to remove pollutants or ions from
aqueous solutions.*” The mechanism involves biochemical
interactions among the biological material's adsorbate and
surface hydrophilic groups.” This includes ion exchange,
complexation, and physical adsorption, making biosorption an

RSC Adv, 2024, 14, 33143-33190 | 33147
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eco-friendly and cost-effective method for environmental
remediation.” Hydrophobic adsorption occurs when hydro-
phobic molecules preferentially adsorb onto hydrophobic
surfaces of adsorbents.”” This mechanism is driven via the
tendency of non-polar molecules to minimize contact with
water molecules, thereby adsorbing onto surfaces that reduce
their exposure to the aqueous phase.” It is broadly applied in
areas like wastewater remediation and the recovery of organic
compounds from aqueous solutions.” Chiral adsorption
involves the selective adsorption of enantiomers (mirror-image
molecules) onto chiral surfaces or adsorbents.” This mecha-
nism exploits specific interactions among the chiral centers of
the adsorbent and the chiral molecules, enabling the separation
or purification of enantiomers in pharmaceuticals, fine chem-
icals, and food industries. Chiral adsorption is crucial in
ensuring the purity and efficacy of chirally pure compounds.”™
Electrostatic adsorption occurs when charged ions or molecules
are attracted to oppositely charged surfaces or adsorbents.””
This mechanism relies on coulombic attraction among the
charged species in the solution and the charged hydrophilic
groups on the adsorbent surface. Electrostatic adsorption is
utilized in applications like wastewater remediation, ion
exchange chromatography, and separation processes where
selective removal or recovery of charged species is required.”
Fig. 3 illustrates the complex adsorption process, show-
casing various mechanisms by which ions and molecules
interact with an adsorbent material. The adsorbent is depicted
as a large gray semicircle with a porous structure. Different
interactions are shown, including ion exchange, van der Waals
forces, electrostatic interactions, coordination bonding, and
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precipitation. The diagram uses color-coded circles to represent
reactive sites (green), ions like CO;*~ and PO,*>~ (red), and
exchangeable metal ions (blue). Metal ions, labeled “M”, are
shown participating in different adsorption processes. Fig. 3
also highlights two key aspects of the adsorption process:
surface diffusion, where ions move along the adsorbent's
surface, and intra-particle diffusion, where ions penetrate the
adsorbent's pores. This comprehensive visual -effectively
demonstrates the multifaceted nature of adsorption, encom-
passing both surface phenomena and internal material inter-
actions, providing a clear overview of the various adsorption
mechanisms.

4. Factors affecting adsorption
performance

The performance of the adsorption process is influenced via
a combination of factors related to the adsorbent, the adsor-
bate, and the solution conditions.*® The adsorbent properties,
like surface area, pore size distribution, and surface chemistry,
involve crucial in determining the accessibility and affinity of
the adsorbate molecules. The adsorbate's molecular size,
structure, and solubility also significantly impact the adsorp-
tion capacity.®* Solution conditions, including pH, temperature,
and ionic strength, may affect the speciation, solubility, and the
interactions among the adsorbate and adsorbent. Additionally,
operational parameters, like contact time and mixing, influence
the mass transfer and the establishment of adsorption equi-
librium. Understanding and optimizing these multifaceted
factors is essential for designing, operating, and performing

1 . .
1@ - reactive site
1

! @ -ionssuchas CO;3? and PO

Ion exchange

I .
@ - exchangeable metal ions \ N - .
R o e e —— — - \‘ <M) \\M/ (M) (M) 7
giiig s WA S Van der Waals
Precipitation s\ A | . .
s J interactions

Coordination
interactions

Surface diffusion

Electrostatic
interactions

Intra-particle
diffusion
(pore)

ADSORPTION PROCESS

Fig. 3
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Shows the proposed adsorption mechanism of ion removal. Reproduced from ref. 79 with permission from MDPI, copyright 2022.
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adsorption-based processes in various applications, like water
remediation, air purification, and catalysis.*

Polymeric adsorbents differ from other adsorbents in several
important routes. They may be chemically modified with
tailored hydrophilic groups to improve surface chemistry and
target specific pollutants, allowing for more customized and
efficient adsorption.*® Many polymeric adsorbents also exhibit
a multilevel porous structure consisting of submicron cavities
and interconnected mesopores, which upgrade adsorption
capacity and selectivity. Additionally, polymeric adsorbents,
especially those derived from biomaterials, are considered more
environmentally friendly and offer advantages in terms of
regeneration and reusability compared to traditional adsor-
bents.** The detailed characterization and modeling of poly-
meric adsorbents offer valuable insights for optimizing their
design and performance for diverse applications in water
remediation, environmental remediation, and industrial puri-
fication processes, where their versatility, selectivity, and
sustainability make them a preferred choice in many cases. One
of the key advantages of polymeric adsorbents is their ability to
be chemically modified with tailored hydrophilic groups.*
Unlike traditional adsorbents, which often have fixed surface
chemistry, polymers may be synthesized or modified to incor-
porate specific hydrophilic groups that upgrade their adsorp-
tion properties. For instance, ion exchange resins may be
tailored to selectively adsorb ions based on their charge and
affinity, making them highly effective in water softening and
purification processes. Polymeric adsorbents also allow for
surface modifications targeting specific pollutants or molecules
of interest. This customization is particularly valuable in
applications where the removal of specific contaminants, like
heavy ions or organic pollutants, is required. By optimizing the
surface chemistry through chemical modification, polymeric
adsorbents may achieve higher selectivity and efficiency than
traditional materials. Another distinguishing feature of many
polymeric adsorbents is their multilevel porous structure.®
These materials often exhibit a hierarchy of pores, including
micropores, mesopores, and sometimes macropores, contrib-
uting to their high adsorption capacity and selectivity. The
submicron cavities and interconnected mesopores offer ample
surface area for interactions with target molecules, allowing for
rapid diffusion of pollutants into the adsorbent matrix. This
porous structure is advantageous in several routes. It increases
the adsorption capacity via maximizing the available surface
area and facilitates the accessibility of adsorbate molecules to
active sites within the polymer matrix. This feature is particu-
larly beneficial in dynamic environments where rapid adsorp-
tion Kkinetics are necessary for efficient pollutant removal.
Polymeric adsorbents, especially those derived from biomate-
rials or renewable sources, are often considered more environ-
mentally friendly than traditional adsorbents like activated
carbon, which may be derived from fossil fuels.** Biomass-
derived polymers, like chitosan or cellulose-based adsorbents,
offer the dual benefits of biodegradability and sustainability.
They may be produced from agricultural waste or renewable
feedstocks, reducing the environmental footprint associated
with their manufacturing and disposal. Furthermore, polymeric
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adsorbents typically exhibit advantages in regeneration and
reusability.®” Unlike some traditional adsorbents that may
require energy-intensive processes for regeneration or disposal
after a single use, many polymeric materials may be regenerated
through simple processes like washing or desorption with
appropriate solvents. This capability reduces operational costs
and minimizes waste generation, aligning with sustainable
practices in waste management and resource conservation.®®
The detailed characterization and modeling of polymeric
adsorbents are crucial in optimizing their design and perfor-
mance for specific applications. Via understanding the struc-
ture-property relationships through advanced modeling
techniques like molecular dynamics simulations or adsorption
isotherm modeling, researchers may tailor polymeric adsor-
bents to meet the requirements of diverse industrial
processes.* This optimization process includes adjusting pore
size distribution, surface functionalization, and material
composition to upgrade adsorption efficiency, selectivity, and
durability under varying environmental conditions. Polymeric
adsorbents are extensively used in water remediation applica-
tions, where they are employed for the removal of heavy ions,
organic pollutants, and arising contaminants from contami-
nated water sources. Their ability to selectively target specific
contaminants while minimizing the release of harmful via-
products makes them indispensable in municipal water puri-
fication systems and industrial wastewater remediation plants.
In environmental remediation, polymeric adsorbents
contribute to the cleanup of polluted sites via sequestering
hazardous substances from soil, groundwater, or air.”* The
versatility of these materials allows for the development of
tailored solutions to address complex pollution challenges,
ranging from oil spill remediation to the containment of
radioactive contaminants. Beyond environmental applications,
polymeric adsorbents involve crucial in industrial purification
processes across sectors like pharmaceuticals, food and
beverage, and biotechnology. They purify high-value products,
separate biomolecules, and recover valuable compounds from
process streams. Their high affinity and selectivity enable effi-
cient separation and purification steps, contributing to the
overall quality and yield of final products.” Table 2 outlines the
factors affecting polymer adsorption offer both advantages and
disadvantages. A larger surface area increases adsorption
capacity and enhances contaminant removal efficiency, but
often requires complex manufacturing processes and higher
production costs. Appropriate pore size improves selectivity and
allows for targeted adsorption of specific molecules; however,
small pores can limit the adsorption of larger molecules, while
large pores reduce overall surface area. Functional groups can
be tailored for specific contaminants, increasing selectivity and
adsorption strength, but may require complex chemical modi-
fications and can affect the polymer's stability or reusability.
Optimizing pH can maximize adsorption and enable pH-
responsive behavior, but it requires careful control of solution
conditions, limiting applications in environments with variable
pH. Higher temperatures can increase adsorption rates and
facilitate temperature-responsive systems, yet they may nega-
tively impact polymer stability and lead to higher energy costs.
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Table 2 Comparing factors affecting polymer adsorption, along with their advantages and disadvantages
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Factor

Description

Advantages

Disadvantages

Molecular weight

Hydrophobicity

Concentration

pH of the solution

Ionic strength

Surface roughness

Temperature

Fluid movement

Functional groups

Temperature

Higher molecular weight polymers
have longer chains, affecting
adsorption

The tendency of the polymer to
repel water

The concentration of the polymer in
solution influences adsorption rates

The acidity or basicity of the
solution can affect polymer charge
and solubility

The presence of salts in the solution
can screen electrostatic interactions

The texture of the substrate surface
affects polymer attachment

Temperature influences the kinetic
energy of polymer chains

The flow conditions of the solution
can impact mass transfer to the
surface

The presence of specific functional
groups on the polymer affects
interactions

Temperature influences the kinetic
energy of polymer chains

Increased adsorption capacity due
to more entanglements and surface
area

Hydrophobic polymers can adsorb
more readily onto hydrophobic
surfaces due to favorable
interactions

Higher concentrations can lead to
increased adsorption rates and
capacity

Optimal pH can enhance
adsorption through better charge
interactions

Increased ionic strength can
enhance adsorption of charged
polymers on charged surfaces

Rough surfaces provide more area
for polymer attachment, enhancing
adsorption capacity

Higher temperatures can increase
adsorption rates due to enhanced
molecular mobility

Increased fluid movement can
enhance mass transfer, leading to
faster adsorption rates

Functional groups can promote
specific interactions (e.g., hydrogen
bonding) that enhance adsorption
Higher temperatures can increase
adsorption rates due to enhanced
molecular mobility

Higher molecular weight may lead
to slower diffusion rates, affecting
adsorption kinetics

Hydrophobic polymers may have
limited interaction with polar
surfaces, reducing versatility

Excessive concentration may lead to
aggregation, reducing effective
adsorption

Extreme pH levels can lead to
polymer degradation or altered
solubility, negatively impacting
adsorption

High ionic strength may reduce the
effectiveness of electrostatic
interactions, leading to lower
adsorption

Excessive roughness may lead to
uneven adsorption, complicating
the interpretation of results
Elevated temperatures may lead to
polymer degradation or desorption
if interactions weaken

High flow rates may cause shear
forces that disrupt adsorbed layers,
reducing overall adsorption
Limited functional groups may
restrict the types of surfaces the
polymer can effectively adsorb to
Elevated temperatures may lead to
polymer degradation or desorption
if interactions weaken

Polymer composition can be designed for specific applications,
including biodegradable or sustainable options, though this
often involves extensive research and higher production costs. A
higher degree of cross-linking enhances mechanical stability
and reusability, but may reduce polymer flexibility and affect
adsorption kinetics. Longer contact time generally increases
adsorption and allows equilibrium to be reached, although it
can reduce throughput and increase operational costs. Higher
initial concentrations of contaminants can drive adsorption,
but saturation of adsorption sites may occur at very high
concentrations, reducing efficiency. Lastly, the presence of
competitive ions can enhance selective adsorption and mimic
real-world conditions, yet may reduce overall adsorption
capacity and require careful design for mixed contaminant
systems.

5. Types of polymeric adsorbents

Polymeric adsorbents are vital in water remediation and puri-
fication, offering versatile and sustainable solutions for
removing contaminants from water.** Bio-based polymeric
materials, including synthetic polymers like polystyrene
sulfonic acid, have been employed as effective flocculants and
adsorbents, showcasing advantages like biodegradability, low

33150 | RSC Adv,, 2024, 14, 33143-33190

cost, and renewable nature.®” Polysaccharides, like chitosan and
cyclodextrin, have demonstrated remarkable selectivity for ions
and aromatic compounds, making them valuable for removing
pollutants from wastewater. Extracellular polymeric substances
(EPS) offer binding sites for ions, contributing to the sustain-
able and efficient removal of contaminants from water.>* Porous
aromatic frameworks, polymers of intrinsic microporosity,
hyper crosslinked polymers, porous organic polymers, porous
coordination polymers, conjugated microporous polymers,
aromatic polystyrenic polymers, aromatic halogenated poly-
styrene, aliphatic methacrylate polymers, biopolymers, and
proteins have been utilized as adsorbents for the removal of
various pollutants from water. These polymeric adsorbents offer
advantages like strong mechanical strength, outstanding
hydraulics performance, high stability, tunable surface chem-
istry, and high surface area for fast hazard removal. They offer
a sustainable and efficient solution for removing contaminants
from water, addressing the pressing need for clean and safe
water.”* The choice of polymeric adsorbent depends on factors
like the nature of the pollutants, the desired adsorption
capacity, and the specific water remediation application, high-
lighting the versatility and adaptability of polymeric materials
in addressing diverse water purification challenges.
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5.1. Nano-magnetic polymers (NMPs)

Nano-magnetic polymers are innovative materials combining
polymeric adsorbents’ advantages with magnetic properties.
These adsorbents typically consist of a magnetic core (often iron
oxide nanoparticles) coated with a polymer shell.”” Using an
external magnetic field, the magnetic core allows easy separa-
tion and recovery of the adsorbent from treated water. At the
same time, the polymer shell offers the adsorption capacity for
various contaminants. NMPs may be tailored to target specific
pollutants via modifying the polymer shell with hydrophilic
groups. They have shown outstanding performance in removing
heavy ions, organic dyes, and pharmaceuticals from water. The
magnetic properties of NMPs not only facilitate their recovery
but also enable their reuse in multiple remediation cycles,
upgrading their cost-effectiveness. Recent research has been
devoted to developing environmentally friendly and sustainable
NMPs using biopolymers or waste-derived materials as polymer
components.” A  series of tetraethylenepentamine-
functionalized core-shell structured nanomagnetic Fez;O,
polymers (TEPA-Fe;0,-NMPs) were synthesized. These NMPs
were used to adsorb phosphate ions from water. The results
showed that the NMPs had a high adsorption capacity for
phosphate ions, with the adsorption efficiency increasing with
the amount of TEPA hydrophilic groups. The study also inves-
tigated the effect of pH, temperature, and initial concentration
on adsorption. The results indicated that the NMPs effectively
removed phosphate ions from water, making them a potential
material for water remediation applications.”” Magnetic poly-
mer nanocomposites’ advantages include their high adsorption
capacity, superparamagnetic behavior, good compatibility, low
toxicity, high surface energy, and large surface area. These
properties make them suitable for eliminating targeted mole-
cules from water.®® Ghobashy et al.®® synthesized and charac-
terized Fe;O,/PE magnetic nanocomposites for
remediation and offered a comprehensive overview of these

water
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advanced materials' preparation, analysis, and practical appli-
cation. The synthesis method involves a solvent-based tech-
nique where polyethylene (PE) The preparation of PE wax from
LDPE through radiation-thermolysis was previously reported.*
In this study, iron oxide (Fe;O,) nanoparticles were incorpo-
rated into PE wax to form a composite, which was then grafted
with poly(acrylic acid) (PAAc) using gamma radiation. The
process involved mixing the PE/Fe;O, pellets with acrylic acid
monomer and a small amount of FeCl3 to inhibit homopolymer
formation. This mixture was exposed to gamma radiation from
a Co-60 source. The final product, PE-g-PAAc/Fe;0,4, was puri-
fied through multiple washings and drying steps. This method
allows for the functionalization of PE/Fe;O, composites,
upgrading their properties for specific applications. The
detailed preparation procedure ensures a controlled synthesis
environment, leading to a reproducible and functional nano-
composite. Fig. 4A outlines the gamma irradiation techniques
used in the grafting process to create safe polymer-ion nano-
composites with magnetic properties for effective dye removal.
This method ensures an even distribution of nanoparticles,
which is critical for the consistent performance of the nano-
composite in water remediation applications. Characterization
of the Fe;0,/PE nanocomposite was conducted using several
advanced techniques. Fourier Transform Infrared Spectroscopy
(FTIR) was employed to confirm the successful incorporation of
Fe;O, nanoparticles into the PE matrix."” The FTIR spectra
showed characteristic peaks corresponding to both PE and
Fe;0,4, indicating the presence of both components in the
nanocomposite. Scanning Electron Microscopy (SEM) offered
detailed images of the nanocomposite's morphology, revealing
a relatively uniform dispersion of Fe;O, nanoparticles within
the PE matrix. This uniform distribution is essential for maxi-
mizing the surface area available for adsorption. Thermogravi-
metric Analysis (TGA) was used to assess the thermal stability
and composition of the nanocomposite, confirming the
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Fig. 4 Schematic representation of the gamma irradiation technique used in grafting to create FesO4/PE hanocomposites with magnetic
properties for effective dye removal in water remediation applications (A) and comparison of dye removal efficiency among (a) PE/FezO4 and (b)

PE-g-PAAc/FesO, nanocomposites, illustrating upgraded adsorption

capability with PAAc grafting. Adsorption studies show significant

improvement in decolorization efficiency, highlighting the impact of grafting on nanocomposite performance (B). Reproduced from ref. 99 with

permission from Taylor and Franci, copyright [2016].
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presence of both PE and Fe;O, components and providing
insights into the material's thermal behavior.'*~'*> The
adsorption studies conducted in this research demonstrated
the efficacy of the Fe;O,/PE nanocomposite in removing various
pollutants from water. To determine the removal efficiency of
0.05 g PE-g-PAAc as dye adsorbents, 3 mL of a test dye solution
(5 x 107> M) of toluidine blue (TB) was used. At room temper-
ature, the color change was observed after 20 minutes, with
clear differences among PE/Fe;0, and PE-g-PAAc/Fe;0,. Fig. 4B
indicated that grafting PAAc onto PE/Fe;O, upgraded its
adsorption efficiency. The decolorization efficiency reached
78% after 1 hour, demonstrating the improved performance of
the grafted nanocomposite in dye removal applications. The
difference in adsorption performance is illustrated in Fig. 2B,
which compares the sequence of dye removal efficiency among
(b) PE-g-PAAc/Fe;0, and (a) PE/Fe;0,. The upgraded efficiency
of the grafted nanocomposite is evident, showcasing the impact
of PAAc grafting on adsorption properties. Overall, this research
offers valuable insights into the development of Fe;O,/PE
magnetic nanocomposites as effective materials for water
remediation. The combination of magnetic properties, high
adsorption capacity, and the potential for further functionali-
zation make these nanocomposites promising candidates for
addressing global water pollution. The detailed synthesis and
characterization techniques outlined in the study offer a solid
foundation for future research and development, establishing
the route for implementing these advanced materials in prac-
tical water remediation applications.*®

Ghobashy et al'® investigate the synthesis of poly(-
vinylpyrrolidone)/Fe;0,@SiO, nanoporous catalyst and eval-
uate its efficiency for degrading toluidine blue dye using
different advanced oxidation processes. The nanoporous cata-
lyst is synthesized using an ultrasonic-assisted gamma irradia-
tion technique and characterized using various methods that
confirm its mesoporous nature with a surface area of 43.50 m”
g ' The catalyst exhibits good stability with negligible iron
leaching. The efficiency of the nanoporous catalyst is evaluated
for degrading toluidine blue dye using different oxidation
processes like photocatalytic degradation, photo-Fenton cata-
lytic degradation, sono-photocatalytic degradation,
Fenton degradation, and sono-photo-Fenton degradation. The
results show that the degradation rate improves when these
processes are combined and further improves via applying
a magnetic field. The sono-photo-Fenton degradation under
a magnetic field achieves the highest degradation rate of 95.3%
after 10 minutes. The generated hydroxyl and superoxide radi-
cals are found to be the main active species responsible for
degrading the dye. The nanoporous catalyst exhibits good
reusability with stable catalytic activity over three cycles.'* The
PVP/Fe;0,@Si0, nanoporous catalyst integrated with sono-
photo-Fenton degradation and magnetic field may be an effec-
tive advanced remediation process for wastewater-containing
dyes.

Ghobashy et al.*® discuss the development of a magnetic
polyethylene wax nanocomposite for selective oil adsorption.
Low-density polyethylene pellets were irradiated using gamma
rays at 50 kGy and then thermally decomposed to produce

sono-
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polyethylene wax pellets. The wax pellets were then composited
with 30% magnetite (Fe;O,) nanoparticles using a melting
process. The Fe;0, nanoparticles dispersed relatively well in the
polyethylene wax matrix with 10 and 12 nm sizes. Adding the
Fe;0, nanoparticles increased the melting point of the wax
pellets from 107 °C to 111 °C. The irradiated polyethylene wax/
Fe;0, composite showed a rough surface and some cavities,
making it suitable for oil/water separation. The magnetic poly-
ethylene wax composite showed a good ability to absorb crude
oil, removing up to 98% of the oil after 130 seconds. Overall, the
magnetic, durable, superhydrophobic polyethylene wax
composite is promising for practical applications in oil
absorption and oil/water separation.

5.2. Polysaccharides

Polysaccharides are natural polymers composed of long chains
of monosaccharide units. Two prominent polysaccharide-based
adsorbents in water remediation are chitosan and cyclodex-
trin.'®® Chitosan, derived from chitin found in crustacean
shells, is a versatile adsorbent with a high affinity for heavy ions,
dyes, and organic pollutants. Its adsorption capacity stems from
the presence of amino and hydroxyl groups that may interact
with various contaminants. Chitosan may be easily modified to
upgrade its adsorption properties and mechanical strength.'®
Cyclodextrins, on the other hand, are cyclic oligosaccharides
with a hydrophobic interior cavity and hydrophilic exterior. This
unique structure allows cyclodextrins to form inclusion
complexes with organic molecules, effectively removing organic
pollutants from water. Both chitosan and cyclodextrin-based
adsorbents are biodegradable and non-toxic, aligning with the
principles of green chemistry. Recent research has been devoted
to developing composite materials combining these poly-
saccharides with other materials to upgrade their adsorption
capacity and selectivity for specific contaminants. Ghobashy
et al* synthesis of phosphorylated chitosan/HEMA inter-
penetrating polymer networks (IPNs) and their application for
ion removal from aqueous solutions. The CS/pHEMA IPNs were
prepared using y-radiation, which induces chitosan and HEMA
monomers crosslinking. The gel content and swelling of the
IPNs increased with higher HEMA concentration and irradia-
tion dose. The CS/pHEMA IPNs were chemically modified via
phosphorylation to introduce phosphate groups, resulting in
phos-(CS/pHEMA). The phos-(CS/pHEMA) IPNs were charac-
terized using various techniques to confirm the phosphoryla-
tion and structure. The phos-(CS/pHEMA) IPNs showed good
adsorption capacity for Ca>*, Cu®*, and Zn>" ions from aqueous
solutions. The adsorption capacity followed the order Cu® >
Zn** > Ca®". The adsorption of ion ions onto phos-(CS/pHEMA)
fitted the Langmuir isotherm model and followed pseudo-
second-order kinetics. The phosphorylated IPNs show poten-
tial for effectively removing ion ions from contaminated water
due to the presence of phosphate groups that may chelate with
ion ions. Ge et al'® discussed the synthesis of a novel
melamine-grafted chitosan adsorbent for the selective removal
of Pb®" and Hg>" ions from wastewater. The melamine-grafted
chitosan adsorbent showed high selectivity and uptake for
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Pb>" and Hg?" ions. It could be regenerated for reuse, making it
an effective adsorbent for removing these heavy ions from
wastewater. A melamine-grafted chitosan (GMCS) adsorbent
was synthesized using glutaraldehyde as a crosslinker among
chitosan and melamine. The GMCS adsorbent contained
abundant amine groups that could effectively chelate with ion
ions. The GMCS adsorbent showed higher selectivity and
uptake for Pb>" and Hg”* ions compared to unmodified chito-
san. Under optimized conditions, the maximum adsorption
capacities were 618.2 mg g~ for Pb>* and 490.7 mg g~ for Hg™".
The adsorption of Pb** and Hg>" on GMCS followed the pseudo-
second-order kinetic model and Langmuir isotherm model. The
adsorption was an endothermic and spontaneous chemical
process. The GMCS adsorbent could be efficiently regenerated
through desorption and maintained 80% of its adsorption
capacity even after five cycles of adsorption-desorption experi-
ments.'” discusses the synthesis and characterization of
cellulose-based adsorbents to remove Ni**, Cu**, and Pb*" ions
from aqueous solutions. Cellulose was extracted from rice husk,
and graft copolymers were prepared via grafting N-isopropyl
acrylamide and acrylic acid onto the cellulose backbone. The
grafted copolymers showed a higher uptake of ion ions than the
ungrafted cellulose. The ion sorption followed a pseudo-second-
order kinetic model and Langmuir adsorption isotherm. Under
optimized conditions, almost complete sorption of Pb*" ions
was observed for the cellulose-g-NIPAM-co-AAc copolymer, while
74.5% of Ni*" and 77.5% of Cu®" ions were sorbed. The grafted
copolymers showed potential as efficient adsorbents for
removing toxic ion ions from wastewater due to their low cost,
biodegradability, and recyclability. Kumar et al.*® discussed the
environmental and health concerns posed by disposing of toxic
effluents containing dyes and heavy ion ions from various
industries into water bodies. Traditional techniques for
removing these hazardous ion ions from water consist of
coagulation, reverse osmosis, and biopolymer adsorption. The
focus is on low-cost adsorbents derived from agricultural
wastes, particularly cellulose, which is abundant in nature and
offers outstanding materials for adsorption. The study reports
on the grafting of NIPAM and AAc onto cellulose extracted from
rice husk to prepare copolymers for the sorption of Ni**, Cu*",
and Pb*" ions from aqueous solutions. The grafting parameters,
synthesis of binary graft copolymers, and characterization of
the pure cellulose and graft copolymers are detailed. The
characteristics of the cellulose and its graft copolymers consist
of morphological changes, XRD patterns, FTIR analysis,
thermal stability, and swelling properties under different pH
conditions. Cellulose was extracted from rice husk using
a greener, total chlorine-free, and ultrasonically assisted
method, exhibiting characteristic XRD peaks at 15.36°, 22.33°,
and 34.55°, corresponding to the (101), (002), and (004)
diffraction planes, respectively. FTIR analysis revealed peaks at
1163.7 and 1057.8 cm™ " due to grafting at the eOH situated at
C2, C3, and C6 atoms of each B-p-glucopyranose unit of the
cellulose backbone. Thermogravimetry showed weight loss at
~200 °C and further weight loss at 368 °C due to glycosidic
linkage decomposition, with exothermic peaks at 338.4, 377.6,
and 439.5 °C in the DTG thermogram and 390.4 °C and 442 °C
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in the DTA thermogram. The graft copolymer Cell-g-NIPAM
demonstrated thermal stability from 100-200 °C, a 17.0%
weight loss from 200 to 300 °C, a sharp 52.8% weight loss up to
400 °C, and an FDT at 561.3 °C with 80% weight loss. Cell-g-
NIPAM-co-AAc showed a nominal 6.6% weight loss up to 165.6 ©
C and a continuous 96.0% weight loss up to 553.8 °C, its FDT,
with exothermic peaks in the DTG and DTA thermographs due
to the degradation of amide groups and decarboxylation of the
COOH group of the AAc moiety. These characteristics offer
insights into cellulose's structural and thermal properties and
its graft copolymers, aiding in their application for ion sorp-
tion."® The optimized grafting conditions and synthesis of
binary graft copolymers show promising results for ion sorption
capacities. The copolymers exhibit higher sorption efficiencies
than ungrafted cellulose and previously reported sorbents. The
study highlights the potential of cellulose-based graft copoly-
mers as effective and low-cost adsorbents for removing heavy
ion ions from water, offering a sustainable solution to envi-
ronmental pollution.*"*

5.3. Extracellular polymeric substances (EPS)

Extracellular polymeric substances (EPS), biopolymers excreted
via microorganisms, have gained considerable attention as
adsorbents for removing organic and inorganic pollutants from
aqueous solutions."* EPS's unique composition and structure,
which consist of various hydrophilic groups like carboxyl,
phosphoric, sulthydryl, phenolic, and hydroxyl groups, signifi-
cantly upgrade their application in biosorption processes. EPS
consists of a complex mixture of proteins, lipids, carbohydrates,
and nucleic acids, each contributing to the substance's ability to
bind and remove pollutants. The diverse hydrophilic groups
present in EPS are critical in their effectiveness as bio-
sorbents.”* Carboxyl groups, for instance, may form strong
ionic bonds with ion ions, while hydroxyl and phenolic groups
may engage in hydrogen bonding with organic pollutants.
Phosphoric and sulthydryl groups further expand the range of
interactions EPS may participate in, making them highly
versatile in pollutant removal applications. One significant
advantage of EPS is their high molecular weight, which offers
numerous binding sites and upgrades their adsorption capa-
bilities through van der Waals forces. Zhang et al.'** demon-
strated this with their research on the adsorption of Basic Blue
54, where the high-molecular-weight EPS exhibited outstanding
adsorption properties. The specific structure of EPS, combined
with their substantial binding sites, allows for effective inter-
action with various pollutants, contributing to their superior
adsorption performance. In practical applications, EPS has
been employed in various biosorption processes to treat
wastewater containing complex mixtures of pollutants. A
notable study involved the decolorization of a complex Remazol
dye effluent using a composite of polyaniline (PANI) and EPS.
The effluent contained Remazol Brilliant Blue R, Remazol
Black, Remazol Violet, Remazol Orange, sodium chloride,
sodium carbonate, sodium hydroxide, and acetic acid."** The
composite material demonstrated upgraded dye removal capa-
bilities, indicating its potential as an effective adsorbent for
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treating industrial dye effluents. This study'*® underscores the
adaptability of EPS in composite materials, further broadening
their application scope in water remediation. The ability of EPS
to bind with both organic and inorganic pollutants make them
particularly valuable in addressing a broad range of contami-
nants. Organic pollutants, like dyes, pesticides, and pharma-
ceuticals, may be effectively adsorbed via the hydrophilic
groups within EPS. In contrast, inorganic pollutants, including
heavy ions like lead, cadmium, and mercury, may be seques-
tered through complexation and ion exchange mechanisms.
This versatility is a key factor in the growing interest in EPS for
environmental remediation.”*® Furthermore, the eco-friendly
nature of EPS, naturally produced via microorganisms, pres-
ents a sustainable alternative to traditional chemical adsor-
bents. EPS in water remediation aligns with the principles of
green chemistry, emphasizing the importance of using envi-
ronmentally benign materials and processes. The biodegrad-
ability of EPS also ensures that they do not introduce secondary
pollution, a significant advantage over synthetic polymers and
chemical adsorbents that may persist in the environment.
Research into optimizing EPS production and its application in
various forms, like composites or immobilized on different
substrates, continues to expand.*” Studies are focusing on
upgrading the efficiency and specificity of EPS-based adsor-
bents, exploring their potential in removing arising contami-
nants and scaling up the technology for industrial applications.
Integrating EPS with other biopolymers and nanomaterials also
promises to create hybrid adsorbents with superior perfor-
mance characteristics."® Oladoja et al."™ investigated the role of
extracellular polymeric substances (EPS) in biofilm formation
and its impact on wastewater remediation. The authors found
that EPS involved a significant role in the aggregation of
microorganisms, upgrading their ability to remove pollutants
from wastewater. The study highlighted the importance of
understanding EPS dynamics in biofilms for effective waste-
water remediation strategies. Another study published™’
explored using EPS as a flocculant for wastewater remediation.
The authors demonstrated that EPS could effectively flocculate
and remove suspended solids from wastewater, improving the
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overall water quality. This study emphasized the potential of
EPS as a sustainable and eco-friendly alternative to traditional
chemical flocculants. A research article published examined
the role of EPS in sludge remediation and dewatering. The
authors found that EPS is critical in aggregating and dewatering
sludge, making it easier to handle and dispose of. This study
highlighted the importance of understanding EPS dynamics in
remediation for improved sludge management practices. A
study™” investigated the use of EPS in bioreactors for waste-
water remediation. The authors demonstrated that EPS could
upgrade the performance of bioreactors via improving the bio-
film formation and activity of microorganisms. This study
emphasized the potential of EPS in designing more efficient
and sustainable bioreactors for wastewater remediation. The
formation of biofilms, which are complex communities of
microorganisms embedded in a matrix of extracellular poly-
meric substances (EPS), is a critical aspect of microbial life. EPS,
primarily composed of polysaccharides, proteins, nucleic acids,
and phospholipids, serves as a protective array that stabilizes
the local environment of bacteria against various stresses. This
matrix involves a crucial role in the resistance of biofilm-
associated microorganisms to antimicrobial agents and envi-
ronmental challenges. In the context of defense against the
antimicrobial activity of nanoparticles (NPs), particularly silver
nanoparticles (AgNPs), certain bacteria, like Bacillus subtilis,
have been found to produce EPS as a defense mechanism. B.
subtilis has demonstrated the extracellular production of poly-
saccharides and polygamma-glutamate (PGA) as a defense
against AgNPs. The extracellular matrix rich in polysaccharides,
constituting a significant portion of the EPS, has been shown to
sequester NPs and ion ions, leading to their precipitation and
subsequent inactivation of their antimicrobial activity. Addi-
tionally, the PGA produced via B. subtilis during its stationary
growth phase contains amino and carboxyl groups that interact
with AgNPs, binding to their surface and inactivating their
bactericidal activity. Table 3 highlights the intricate inter
involve among microbial biofilms, EPS, and their defense
mechanisms against antimicrobial agents, shedding light on
the adaptive strategies employed via microorganisms to thrive

Table 3 Extracellular substances produced via bacterial strains for resistance against nanoparticles

Strain (reference) Extracellular substances Nanocomposite
B. subtilis'*® Polysaccharide AgNP

B. subtilis'* PGA AgNP

E. coli CCM 3954 (ref. 124) Flagellin AgNP

E. coli'®® Protein-like substances ZnONP/SiO,NP
E. coli K-12 MG1655 (ref. 126) Amino acids AgNP

P. aeruginosa ATCC 19606 (ref. 127) Phenazine pigments AgNP

P. aeruginosa PAO1 (ref. 128) Pyocin overproduction AgNP

E. faecalis ATCC 29212 (ref. 129) VWA domain-containing protein AgNP
Staphylococcus aureus'*° Exopolysaccharides AuNP
Klebsiella pneumoniae*®* Lipopolysaccharides AgNP
Pseudomonas putida'* Alginate AgNP
Acinetobacter baumannii**® Outer membrane vesicles AgNP
Mycobacterium smegmatis*** Trehalose dimycolate CuNP
Shewanella oneidensis*> Extracellular polymeric substances MnO,NP
Bacillus cereus'*® Polysaccharides TiO,NP
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in challenging environments. Understanding biofilm formation
dynamics and EPS's role in microbial defense mechanisms is
crucial for developing effective strategies for controlling biofilm
growth and addressing medical, industrial, and environmental
challenges. The interaction of nanoparticles (NPs) with extra-
cellular polymeric substances (EPS) and the subsequent
formation of a protein corona have been observed to interfere
with the antimicrobial activity of NPs."*” In the case of Escher-
ichia coli, the production of protein-like substances, amino
acids, and flagellin has been reported as a defense mechanism
against the bactericidal action of NPs. However, the presence of
these components tends to destabilize the NPs via joining their
surface and modifying their zeta potential, leading to their
agglomeration and inactivation.

Table 3 offers an overview of various bacterial strains and the
extracellular substances they produce to resist different nano-
particles (NPs). Bacillus subtilis is highlighted with its poly-
saccharides and poly gamma-glutamate (PGA) production to
counteract silver nanoparticles’ antimicrobial effects (AgNPs).
Escherichia coli strains demonstrate a range of defensive extra-
cellular substances, including flagellin, protein-like substances,
and amino acids, against AgNPs and a combination of zinc
oxide (ZnONP) and silicon dioxide (SiO,NP) nanoparticles.
Pseudomonas aeruginosa employs phenazine pigments and
pyocin overproduction as a defense mechanism against AgNPs.
Similarly, Enterococcus faecalis utilizes a VWA domain-
containing protein for AgNP resistance. Expanding beyond
these primary examples, Staphylococcus aureus produces exo-
polysaccharides to combat gold nanoparticles (AuNPs), while
Klebsiella pneumoniae relies on lipopolysaccharides against
AgNPs."*® Pseudomonas putida secretes alginate as a protective
measure against AgNPs, and Acinetobacter baumannii uses outer
membrane vesicles for similar purposes. Mycobacterium smeg-
matis produces trehalose dimycolate to resist copper nano-
particles (CuNPs), and Shewanella oneidensis employs
extracellular polymeric substances to mitigate the effects of
manganese dioxide nanoparticles (MnO,NP). Lastly, Bacillus
cereus produces polysaccharides to defend against titanium
dioxide nanoparticles (TiO,NP). This variety of extracellular
substances highlights bacteria's diverse strategies to survive in
environments containing antimicrobial nanoparticles, demon-
strating the complexity and adaptability of microbial defense
mechanisms.

This phenomenon has been observed to interfere with NPs’'
antimicrobial activity, as the formation of a protein corona
around the NPs, even in NPs exposed to culture media, has been
shown to diminish their antibacterial activity.’*® Proteomic
studies have identified common proteins that bind to NPs,
including a-1-antiproteinase, a-2-HS-glycoprotein, apolipopro-
tein A-I, A-II, C-1II, keratin, type II cytoskeletal, keratin type II
cytoskeletal, and serum albumin. The presence of these
proteins in the corona, similar to those found in serum, has
been implicated in diminishing the antibacterial activity of NPs.
This research®” sheds light on the complex interinvolve among
NPs, EPS, and microbial defence mechanisms, highlighting the
potential impact of the protein corona on the antimicrobial
activity of NPs. Understanding these interactions is crucial for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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developing effective strategies for applying NPs in antimicrobial
and environmental contexts. Fig. 5 offers a comprehensive
overview of the complex interactions among nanoparticles
(NPs) and biological systems, focusing on forming protein
coronas. The protein corona refers to the layer of proteins that
adsorbs onto the surface of NPs when they enter a biological
environment. This phenomenon has both advantages and
disadvantages, clearly delineated in the image. On the disad-
vantage side, protein coronas may mask the intended func-
tionality of NPs and potentially trigger unwanted immune
responses, which could limit their therapeutic efficacy or cause
adverse effects. However, the advantages are significant: pre-
coating NPs with specific proteins may help them escape
immune recognition and prevent aggregation, improving their
circulation time and stability.

Moreover, this coating may upgrade targeting specificity,
allowing NPs to reach their intended destinations more effec-
tively. The ability to capture amyloids associated with various
neurodegenerative diseases is another notable advantage.'**
The central green sphere represents the NP, surrounded via
multiple elements that may be manipulated to control protein
corona formation, including specific ligands, surface charges,
hydrophilic groups, and polymers. This level of control suggests
that researchers may fine-tune NP properties to achieve desired
biological behaviours. Fig. 5 emphasizes that understanding
and regulating protein corona formation is crucial for opti-
mizing nanoparticle-based technologies in biomedical appli-
cations, potentially leading to more effective drug delivery
systems, diagnostic tools, and therapeutic strategies.

5.4. Porous aromatic frameworks

Porous aromatic frameworks (PAFs) are synthetic polymers
characterized by their high surface area, tunable pore size, and
chemical stability."*> These materials are typically synthesized
through the polymerization of aromatic monomers, resulting in
arigid, three-dimensional network with well-defined pores. The
aromatic nature of PAFs offers strong m-m interactions with
organic contaminants, making them particularly effective for
removing aromatic compounds from water. The high surface
area and porosity of PAFs contribute to their outstanding
adsorption capacity, while their chemical stability allows for
their use in various water remediation conditions. PAFs may be
further functionalized with specific groups to upgrade their
selectivity towards certain contaminants or improve their
hydrophilicity for better performance in aqueous environ-
ments.'** Recent research has been devoted to developing PAFs
with hierarchical pore structures, incorporating catalytic sites
for simultaneous adsorption and degradation of pollutants, and
exploring sustainable synthesis methods using bio-based
precursors. The versatility and tunability of PAFs make them
promising candidates for advanced water purification applica-
tions, especially for removing persistent organic pollutants.
Porous aromatic frameworks (PAFs) represent a promising
class of materials that have garnered significant interest in
recent years for their potential applications in water remedia-
tion. These frameworks are characterized via their highly
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porous structures, which offer large surface areas and tunable
pore sizes, making them ideal for adsorption-based processes to
remove contaminants from water. One of the key studies,
published via,"** offers a comprehensive review of PAFs' capa-
bilities in water purification. This review covers three main
areas: adsorption, photocatalysis, and membrane filtration.
PAFs exhibit outstanding adsorption capacities for organic
pollutants, heavy ions, and microorganisms due to their
extensive surface areas and the ability to tailor their pore
structures to match specific contaminants. The review under-
scores the importance of understanding PAF synthesis, modi-
fication, and performance under different water remediation
conditions, highlighting their potential as versatile adsorbents.
In another notable contribution, Zhao et al.'*® explore using
PAF-based adsorbents to remove organic dyes from wastewater.
Their research demonstrates that PAFs exhibit high adsorption
capacities, possess rapid adsorption kinetics, and may be easily
regenerated for reuse. This study emphasizes the practical
applicability of PAFs in industrial settings where efficient and
cost-effective removal of dye pollutants is crucial.**

Moving to membrane applications, Fajal et al.'*” investigate
PAF-based membranes tailored for the selective removal of
heavy ion ions from water. These membranes leverage PAFs'
inherent properties, like high selectivity and permeability,
demonstrating promise in upgrading water purification
processes via effectively filtering out toxic ion contaminants
while allowing the passage of essential nutrients and ions.
Furthermore, it contributes to understanding PAFs' role in
tackling arising contaminants like pharmaceuticals and
personal care products in water systems. Their research high-
lights PAFs' ability to adsorb organic micropollutants effi-
ciently, offering a sustainable approach to addressing these

33156 | RSC Adv, 2024, 14, 33143-33190

increasingly prevalent water quality challenges.**® Overall, these
studies underscore the versatility and effectiveness of PAFs in
various facets of water remediation. Their tunable pore struc-
tures, large surface areas, and robust chemical stability make
them highly suitable for applications ranging from adsorption
and photocatalysis to membrane filtration. As research
continues to advance in this field, further exploration of PAF-
based materials holds promise for developing advanced water
purification technologies that are both efficient and environ-
mentally sustainable. Based on recent research findings, porous
aromatic frameworks (PAFs) have emerged as highly effective
materials for removing diverse pollutants from water. PAF-
based adsorbents demonstrate exceptional capability in
adsorbing organic dyes and micropollutants like pharmaceuti-
cals and personal care products, showcasing high adsorption
capacities and rapid kinetics. Moreover, PAF-based membranes
exhibit notable selectivity and permeability in removing heavy
ion ions, underscoring their potential to upgrade water purifi-
cation processes."® The tunable properties of PAFs allow for
tailored materials optimized to address specific water remedi-
ation challenges across a broad spectrum of organic and inor-
ganic contaminants. While exact details on pollutant removal
efficiencies via PAFs vary depending on material composition
and environmental conditions, continuing research aims to
refine and optimize PAF-based technologies for future applica-
tions in sustainable water remediation solutions. Fig. 6 illus-
trates the preparation of submicron PAF-56 particles and their
application in pervaporation for the recovery of n-butanol. PAF-
56 particles were incorporated into polydimethylsiloxane
(PDMS) membranes to study their effects on hydrophilicity,
swelling degree, partition coefficient, and pervaporation
performance. The study found that the PAF-56/PDMS mixed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Demonstrates the improved performance of a PAF-56 (Porous Aromatic Framework-56) incorporated PDMS (polydimethylsiloxane)
membrane for butanol-water separation. The image showcases the chemical structure of PAF-56 and an SEM micrograph of PAF-56 particles,
illustrating their porous nature and spherical morphology. A schematic in the center depicts the PAF-56/PDMS membrane selectively separating
larger butanol molecules from smaller water molecules. The bar graph on the right compares the separation factor and flux of a pristine PDMS
membrane to the PAF-56/PDMS composite membrane. The data reveals that the composite membrane significantly outperforms the pristine
PDMS, with a higher separation factor (48 vs. 17) and improved flux (1906 vs. 1148 g m~2 h™?), demonstrating upgraded efficiency in butanol—
water separation. Reproduced from ref. 150 with permission from [Elsevier], copyright [2019].

matrix membranes (MMMs) disinvolved n-butanol sorption-
selectivity, with permeation flux and separation factor
increasing as the size of PAF-56 particles decreased at the same
loading. The best performance was observed at 2-2.5% loading
of PAF-56, with a significant increase in separation factor and
permeation flux compared to pristine PDMS membranes. The
study demonstrated the size effects of PAF-56 particles and the
potential of MMMs to n-butanol  through
pervaporation.**®

recover

5.5. Polymers of intrinsic microporosity

Polymers of intrinsic microporosity (PIMs) are a unique mate-
rial class that combines high free volume with a rigid and
contorted molecular structure. Unlike conventional porous
materials, PIMs derive their microporosity from their molecular
structure rather than a network of interconnected pores.*** This
intrinsic microporosity results in high surface areas and good
permeability, making PIMs outstanding candidates for water
purification applications. The rigid and contorted structure of
PIMs creates a network of interconnected voids that may
effectively trap and remove contaminants from water. PIMs may
be synthesized using different monomers, allowing for tuning
their chemical properties and pore characteristics. These poly-
mers have shown particular promise in removing organic
micropollutants, like pharmaceuticals and personal care prod-
ucts, from water. The non-crystalline nature of PIMs also makes
them resistant to fouling, a common problem in membrane-
based water remediation processes. Recent research has been
devoted to upgrading the stability of PIMs in aqueous envi-
ronments, developing composite materials incorporating PIMs,
and exploring their potential in advanced separation processes
like forward osmosis."**

This distinctive feature endows PIMs with exceptionally high
surface areas and controllable pore structures, making them

© 2024 The Author(s). Published by the Royal Society of Chemistry

ideal candidates for adsorption-based and membrane-based
water remediation technologies. The development and appli-
cation of PIMs in water remediation have been extensively
studied via numerous recent research articles. One of the
seminal works in this field is the review article via McKeown
and Budd,"® which offers a comprehensive overview of the
development and applications of PIMs, including their poten-
tial use in water remediation to remove organic pollutants and
heavy ions. This article laid the foundation for subsequent
research exploring the specific applications of PIMs in
addressing various water hazard issues. Building upon this
foundational work, Satilmis et al.*** demonstrated the efficacy
of PIM-1, a specific type of PIM, in the adsorptive removal of
organic pollutants from water. Their study showcased the high
adsorption capacity and selectivity of PIM-1 towards organic
contaminants like phenol and dyes. The authors attributed this
exceptional performance to the unique pore structure and high
surface area of PIM-1, which facilitate the rapid and efficient
capture of organic molecules from aqueous solutions. In addi-
tion to organic pollutants, PIMs have shown remarkable
potential in removing heavy ion ions from water. Another study
via Ye et al.*>® explored the application of PIMs, specifically PIM-
1 and PIM-7, for the adsorptive removal of heavy ion ions like
Cu”', Pb*", and Cd*" from aqueous solutions. This research
elucidated the adsorption mechanisms and the factors influ-
encing the performance of PIMs in heavy ion removal. The
authors found that the high surface area and the presence of
hydrophilic groups in PIMs contribute to their strong affinity for
ion ions, enabling efficient removal even at low concentrations.
The versatility of PIMs in water purification was further high-
lighted in both membrane-based and adsorption-based water
purification processes. The researchers showcased the ability of
PIMs to remove a broad range of organic and inorganic
contaminants from water, emphasizing their potential as
multifunctional  materials for comprehensive  water

RSC Adv, 2024, 14, 33143-33190 | 33157


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05269b

Open Access Article. Published on 21 October 2024. Downloaded on 01/11/2025 16:16:25.

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

(cc)

RSC Advances

remediation solutions. One of the key advantages of PIMs in
water remediation applications is their tunable pore structure.
Via modifying the molecular design of PIMs, researchers may
tailor the pore size distribution and surface chemistry to target
specific contaminants.*® This flexibility allows for the devel-
opment of highly selective adsorbents and membranes that may
efficiently remove pollutants while maintaining high water flux
rates. Furthermore, the chemical stability of PIMs enables their
use in various harsh environments, making them suitable for
diverse water remediation scenarios. In membrane-based water
purification, PIMs offer several advantages over conventional
polymeric membranes. Their intrinsic microporosity facilitates
upgraded permeability without compromising selectivity,
addressing the primary challenges in membrane technology
known as the permeability-selectivity trade-off. PIM-based
membranes have shown promising results in nanofiltration,
reverse osmosis, and gas separation applications, demon-
strating their potential to revolutionize membrane-based water
remediation processes.”* The adsorption properties of PIMs
have been extensively studied for the removal of various water
contaminants. Their high surface area and tunable pore struc-
ture enable rapid adsorption kinetics and high adsorption
capacities for various pollutants, including organic dyes, phar-
maceuticals, and heavy ions. Moreover, the regeneration and
reusability of PIM-based adsorbents have been demonstrated,
highlighting their potential for sustainable and cost-effective
water remediation solutions. Recent research has also been
devoted to developing composite materials incorporating PIMs
to upgrade their performance in water remediation applications
further. For instance, integrating PIMs with other nano-
materials, like graphene oxide, carbon nanotubes, or ion-
organic frameworks, has created hybrid materials with syner-
gistic properties. Compared to their components, these
composites often exhibit improved adsorption capacities,
selectivity, and mechanical stability."” Despite the promising
results obtained in laboratory studies, the large-scale applica-
tion of PIMs in water remediation still faces several challenges.
These consist of PIM synthesis's scalability, PIM-based mate-
rials' long-term stability under real-world conditions, and their
production and implementation cost-effectiveness. Addressing
these challenges requires continued research and development
attempts and collaboration among academic institutions and
industry partners. The potential environmental impact of PIMs
in water remediation applications is significant. Via enabling
more efficient and selective removal of contaminants from
water, PIMs could improve water quality and increase access to
clean water resources worldwide. Furthermore, regenerating
and reusing PIM-based materials aligns with sustainability and
circular economy principles, potentially reducing the environ-
mental footprint of water remediation processes. In conclusion,
polymers of intrinsic microporosity represent a promising class
of materials for addressing the global challenge of water
pollution.” Their unique structural properties, high surface
areas, and tunable pore structures make them versatile candi-
dates for various water remediation applications, including
adsorption-based and membrane-based processes. The growing
body of research on PIMs in water remediation demonstrates
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their potential to remove a broad range of organic and inorganic
contaminants efficiently. As research in this field continues to
advance, it is anticipated that PIMs will be increasingly
important in developing next-generation water purification
technologies, contributing to global attempts to ensure access
to clean and safe water resources. Fig. 7a illustrates the prepa-
ration procedure of PIM-1 and C-PIM-1 membranes. The
process begins with the synthesis of PIM-1 through poly-
condensation of 5,5,6,6"-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-
spirobisindane (TTSBI) and 2,3,5,6-tetra-
fluoroterephthalonitrile (TFTPN). The PIM-1 membrane is then
prepared using a simple solution casting method, where a PIM-
1 solution in chloroform is poured into a glass dish, and the
solvent is allowed to evaporate slowly at room temperature. The
resulting PIM-1 membrane is then subjected to controlled
thermal remediation under N,/H, atmosphere to produce the
carbonaceous PIM-1 (C-PIM-1) membrane. Fig. 7b shows
photographs of the PIM-1 and C-PIM-1 membranes. The PIM-1
membrane is yellow and transparent, while the C-PIM-1
membrane is glittering-grey and opaque after carbonization.
Fig. 7c represents the XPS C 1s spectra of the PIM-1 and C-PIM-1
membranes. The spectra show that the carbon content in the
C-C bond (284.4 eV) of the C-PIM-1 membrane is much larger
than that of the PIM-1 membrane. This indicates an increase in
carbon content and a change in the chemical bonding structure
after carbonization. Fig. 7d involves the Raman spectra of the
PIM-1 and C-PIM-1 membranes. The C-PIM-1 membrane shows
clear D (1310 cm™ ') and G (1595 cm™ ') band peaks, which
correspond to graphitic carbon structures. These peaks are not
observed in the PIM-1 membrane spectrum, indicating the
formation of graphitic structures during the carbonization
process. Fig. 7e shows the pore size distributions of the PIM-1
and C-PIM-1 (40% carbonization) membranes. The graph
indicates that the PIM-1 membrane has a median pore size of
0.824 nm, while the C-PIM-1 membrane has a slightly smaller
median pore size of 0.778 nm. This suggests that the carbon-
ization process slightly reduces the pore size but generally
preserves the microporous structure of the original PIM-1
membrane.

5.6. Hypercrosslinked polymers

Hyper crosslinked polymers (HCPs) are highly porous materials
characterized by extensive crosslinking and high specific
surface area. These polymers are typically synthesized through
post-crosslinking of linear or lightly crosslinked precursor
polymers, often using Friedel-Crafts alkylation.'*® The extensive
crosslinking results in a rigid, three-dimensional network with
high microporosity. HCPs exhibit exceptional surface areas,
often exceeding 1000 m* g~ ', contributing to their high
adsorption capacity for various contaminants. The pore struc-
ture of HCPs may be tailored via adjusting the synthesis
conditions and choice of monomers, allowing for the optimi-
zation of their adsorption properties for specific applications.
HCPs have shown outstanding performance in removing
organic pollutants, particularly aromatic compounds, from
water due to their hydrophobic nature and strong -
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interactions.'® Recent research has been devoted to developing
more sustainable synthesis methods for HCPs, incorporating
hydrophilic groups to upgrade their selectivity, and exploring
their potential in composite materials for advanced water
remediation applications. The high surface area, tunable pore
structure, and chemical stability make HCPs promising candi-
dates for addressing challenging water purification needs.
These polymers, characterized via their interconnected
networks of aromatic structures, offer unique advantages due to
their high surface area, tunable pore structure, and chemical
stability. Yao et al'** highlight hypercrosslinked polymers’
exceptional adsorption capacity and selectivity towards organic
contaminants like phenol and dyes. Their study underscores
the potential of these materials in addressing water pollution
challenges via efficiently trapping organic pollutants through
adsorption mechanisms. Further elaborating on the versatility
of hyper crosslinked polymers, Wolska et al.**® explore their
efficacy in removing a broad spectrum of organic contaminants,

© 2024 The Author(s). Published by the Royal Society of Chemistry

including pharmaceuticals and personal care products, from
water systems. This research was conducted via Wolska delves
into the factors influencing adsorption, shedding light on how
these polymers may be optimized for various environmental
conditions and contaminant types. These research articles
underscore the potential of hypercrosslinked polymers as
advanced adsorbents in water remediation. Their ability to
effectively remove a broad range of contaminants, from organic
pollutants to heavy ions, is supported via their unique structural
properties and the continuous refinement of synthesis
methods. Moving forward, further research into optimizing
their performance and exploring novel applications will
upgrade their role in sustainable water management practices
globally. Each synthetic strategy for HCPs offers unique
advantages in terms of control over pore size, surface area, and
chemical stability, crucial for optimizing their performance in
water purification processes.'® The choice of method depends
on factors like the desired pore structure, target contaminants,
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and production scalability, ensuring that HCPs effectively meet
the diverse challenges posed via water remediation applica-
tions. Continued advancements in synthetic methodologies
promise to further upgrade the efficiency and versatility of HCPs
in addressing environmental concerns related to water pollu-
tion. Hypercrosslinked porous polymer materials (HCPs) are
synthesized using several distinct methodologies, each tailored
to achieve specific structural and functional properties.*** Post-
crosslinking: post-crosslinking involves the modification of pre-
existing polymer chains through strong covalent bonds to form
a three-dimensional network. This method often begins with
synthesizing polymer precursors that contain rigid building
units capable of forming stable bonds upon cross-linking. The
process upgrades the porosity and surface area of the resulting
HCPs, making them effective adsorbents for various contami-
nants in water remediation applications.®* Direct poly-
condensation or one-step condensation: in this strategy,
commercially available polymeric products are precursors for
forming HCPs through self-condensation or condensation
reactions involving small rigid molecules with bihydrophilic
groups. This approach simplifies the synthesis process via
directly utilizing available starting materials without requiring
extensive modification or additional steps. It enables efficient
production of HCPs with tailored properties suited for specific
adsorption requirements. External crosslinking: external cross-
linking methods encompass various strategies, like self-
condensation or co-condensation of monomers containing
chloromethyl and hydroxymethyl groups. The Scholl coupling
reaction, which involves the oxidative coupling of aromatic
compounds, is another technique used to synthesize HCPs.'*
These methods facilitate the creation of interconnected
networks via linking polymer chains externally, leading to
upgraded stability and pore structure in the resulting materials.
The knitting strategy is one example of using formaldehyde
dimethyl acetal (FDA) in synthesizing hypercrosslinked porous
polymer materials (HCPs). In this approach, the FDA is
employed as an external crosslinker to combine simple
aromatic compounds like benzene or biphenyl with rigid
methylene bridges via anhydrous FeCl; catalysis. This process
forms a highly crosslinked polymer network with a tailored
porous structure and specific functionalities. Using the FDA in
the knitting strategy allows for the creating HCPs with upgraded
properties like increased surface area, improved stability, and
tunable pore architecture, making them suitable for various
applications in gas storage, catalysis, and environmental
remediation.'*® Fig. 6 illustrates a critical process in synthe-
sizing hyper crosslinked porous polymer materials (HCPs),
specifically focusing on using Formaldehyde Dimethyl Acetal
(FDA) as an external crosslinker. This synthesis method, known
as the “knitting” strategy, is fundamental to creating highly
porous polymer networks with tailored properties. The process
begins with simple aromatic compounds like benzene or
biphenyl. These compounds serve as the basic building blocks
for the polymer network. The key to the process is the intro-
duction of the FDA as an external crosslinker. FDA involves
a crucial role in bridging these aromatic compounds with rigid
methylene links. A critical component of this reaction is the
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catalyst, anhydrous FeCl;. This Lewis acid catalyst initiates
crosslinking via complexing with the FDA molecules. This
complexation is a pivotal step as it weakens the bond among the
methoxyl group and the central carbon atom of the FDA mole-
cule. This weakening makes the FDA more reactive and prone to
further reactions.'” As a result of this catalyst-FDA interaction,
intermediate carbocations are generated in the solvent. These
highly reactive species are essential for the subsequent steps of
polymer formation. The carbocations react with the phenyl
rings of the aromatic compounds, leading to the addition of
multi-methoxymethyl groups to these molecules. The process
continues with these newly formed methoxymethyl groups.
These groups are highly active and readily convert to methylene
linkages when they encounter other phenyl rings. This step is
crucial as it results in the formation of a rigid, highly cross-
linked network structure. One of the most significant aspects of
this synthesis method is its flexibility. Via adjusting the molar
ratio among the crosslinkers (FDA) and the aromatic building
blocks, researchers may fine-tune the properties of the resulting
HCPs. This ability to control the synthesis allows for the cus-
tomization of porous structures and surface areas, making
these materials highly versatile for various applications. In
recent advancements, the synthesis of hyper-crosslinked poly-
mers (HCPs) has been facilitated through innovative method-
ologies involving crosslinking agents like formaldehyde
dimethyl acetal (FDA), sulfur, and divinylbenzene. These agents
enable one-pot synthesis, where nucleophilic aromatic mono-
mers are interwoven directly with electrophilic crosslinking
agents. This approach is economically efficient and broadly
applicable, offering upgraded control over the porous structure
and chemical properties of the resulting HCPs.'*® In a notable
development via Guo et al,'® halogenated ionic polymers
(HIPs) were synthesized using histidine and a,o/-dibromo-p-
xylene (DBX) or a,o’-dichloro-p-xylene (DCX) as crosslinking
agents under Lewis acid catalysis (Fig. 8a). HIPs represent
a class of HCPs incorporating nucleophilic halide ions within
their framework. Simultaneous quaternization and Friedel-
Crafts alkylation reactions occur during synthesis, resulting in
a polymer with hierarchical porosity and abundant ionic sites.
These features enable efficient CO, cycloaddition reactions
under ion-free, co-catalyst-free, and solvent-free conditions,
showcasing HIPs as versatile and stable materials suitable for
diverse applications. Furthermore, Song et al.'’® introduced
three novel poly(ionic liquid) materials composed of benzene
rings, utilizing 2-phenylimidazole as a building block (Fig. 8b).
These materials were synthesized via polymerizing a,o'-
dichloro-pxylene (DCX), and formaldehyde dimethyl acetal
(FDA) with designed ionic liquid (IL) monomers. The self-
crosslinking of the crosslinking agent contributed to a large
specific surface area of the resulting hyper-crosslinked organic
frameworks. Additionally, co-crosslinking among the cross-
linking agent and the ionic liquid introduced active sites,
upgrading the materials' capability for selective CO, absorption
and catalytic activity in CO, cycloaddition reactions. The re-
ported surface area of 763 m® g ' underscores the high
performance of these porous materials in CO, capture and
utilization applications."”* Fig. 8b likely depicts this process
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(a) lllustrates HIP-X-His synthesis (where X is either Br or Cl). The reaction starts with two reactants: a dihalogenated benzene compound

and an amino acid derivative containing an imidazole ring. These react under specific conditions (70 °C, N, atmosphere, for 24 hours) in the
presence of DCE (dichloroethane) and TiCl, (titanium tetrachloride) as catalysts. The product forms through self-condensation and quaterni-
zation reactions, resulting in a complex, porous structure represented via the circular diagram on the right copyright and permission. Repro-
duced from ref. 169 with permission from [Elsevier], copyright [2023] and (b) shows the formation of two different hyper crosslinked polymers: (1)
HP-[BZPhIm]Cl-Co-Tols: formed via the reaction of [BZPhIm]Cl with FDA (fluorenone diacetyl) in toluene, catalyzed via FeCls. (2) HP-[BZPhIm]
Cl-DCXs: formed via the reaction of [BZPhIm]Cl with DCX (dichloroxylene) under similar conditions, both reactions involve Friedel-Crafts
alkylation, leading to highly crosslinked structures through co-condensation and self-condensation processes. The resulting polymers have
complex, three-dimensional structures with multiple aromatic rings and charged imidazolium groups. Reproduced from ref. 170 with permission

from [American Chemical Society], copyright [2021].

schematically, showing the progression from individual
aromatic compounds and FDA molecules to the final cross-
linked network. It may consist of representations of the Lewis
acid as catalyst, intermediate stages of the reaction, and the
final porous structure of the HCP. This synthesis method is
precious in the fields of energy and environmental sciences. The
resulting HCPs, with their high porosity and large surface areas,
are outstanding candidates for applications like gas storage,
catalysis, and water purification. The ability to tailor the prop-
erties of these materials makes them adaptable to a broad range
of specific requirements in these fields.

5.7. Porous organic polymers

Porous organic polymers (POPs) are a broad class of materials
that encompass various types of porous polymers, including

© 2024 The Author(s). Published by the Royal Society of Chemistry

covalent organic frameworks (COFs), conjugated microporous
polymers (CMPs), and porous aromatic frameworks (PAFs).'”>
POPs are characterized via their high surface area, tunable pore
size, and diverse chemical functionalities. These materials are
typically synthesized through the polymerization of organic
building blocks, resulting in a network structure with well-
defined pores. The organic nature of POPs allows for easy
functionalization and modification of their surface properties,
enabling the tailoring of their adsorption characteristics for
specific contaminants. POPs have shown outstanding perfor-
mance in removing a broad range of pollutants from water,
including heavy ions, organic dyes, and micropollutants. Their
high stability in various pH conditions and resistance to
degradation make them suitable for use in challenging water
remediation environments. Recent research has been devoted

RSC Adv, 2024, 14, 33143-33190 | 33161


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05269b

Open Access Article. Published on 21 October 2024. Downloaded on 01/11/2025 16:16:25.

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

(cc)

RSC Advances

to developing POPs with hierarchical pore structures, incorpo-
rating catalytic sites for simultaneous adsorption and degra-
dation of pollutants, and exploring green synthesis methods
using renewable precursors. The versatility and tunability of
POPs make them promising candidates for advanced water
purification applications.'”

This article'” offers a comprehensive overview of the
synthesis and application of porous organic polymers (POPs) for
water capture and remediation. POPs are characterized via their
exceptional properties, including high thermal stability, large
specific surface area, and the ability to have their pore func-
tionalization tuned. These characteristics make POPs particu-
larly effective for removing various pollutants from water. The
authors delve into the molecular structure of POPs, explaining
how their interconnected porous networks contribute to their
high adsorption capacities. They also discuss the various
synthesis methods, like condensation polymerization and
cross-coupling reactions, that may create POPs with specific
properties tailored for water remediation applications. The
article further explores the use of POPs in both adsorption and
photocatalytic processes, detailing how these materials may be
modified to target specific contaminants or upgrade their
photocatalytic activity for the degradation of organic pollutants
in water. This article'* is devoted to a specific class of POPs
known as porphyrin porous organic polymers (Py-POPs) and
their application in water pollution remediation. Porphyrins are
organic compounds known for their unique optical and elec-
tronic properties, and when incorporated into POPs, they create
materials with exceptional characteristics for water remedia-
tion. The authors offer a detailed discussion of the synthesis
methods for Py-POPs, including various polymerization tech-
niques and post-synthetic modifications. They highlight the
unique properties of Py-POPs, like their large specific surface
area, high porosity, and photosensitivity, making them partic-
ularly effective for removing pollutants from water. The
article'” explores using Py-POPs in adsorption and photo-
catalytic processes, explaining how the porphyrin units may act
as adsorption sites and photocatalytic centers. The authors also
discuss the potential of Py-POPs in advanced oxidation
processes for degrading recalcitrant organic pollutants in water.
This comprehensive review article’® examines the use of
polymer-based composites in wastewater remediation, encom-
passing a broader range of materials beyond just POPs. The
authors discuss the removal of various pollutants, including
dyes, heavy ion ions, and pharmaceuticals, using different types
of polymer-based composites. They explain how these
composites may be designed to combine the benefits of poly-
mers (like processability and chemical stability) with the func-
tional properties of other materials (like nanoparticles or
activated carbon). The article highlights the advantages of
polymer-based composites, like their improved adsorption and
removal characteristics, recyclability, and cost-effectiveness.
The authors offer detailed discussions of the synthesis
methods for these composites, including in situ polymerization,
blending, and grafting techniques. They also explore the
mechanisms of pollutant removal, discussing how different
composite structures may upgrade adsorption capacity,
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facilitate photocatalytic degradation, or enable selective ion
exchange. The review concludes via addressing the challenges
and future prospects of polymer-based composites in waste-
water remediation, emphasizing their potential for large-scale
applications and the need for further research in areas like
composite durability and regeneration. Porous aromatic
frameworks (PAFs) are a class of highly versatile porous organic
polymers that have shown great potential in water remediation
applications.”” These materials exhibit exceptional properties,
like high surface area, tunable pore structure, and outstanding
chemical and thermal stability, making them effective adsor-
bents for removing a broad range of organic pollutants,
including dyes, pharmaceuticals, and micropollutants. Addi-
tionally, the conjugated structure and light-harvesting capabil-
ities of PAFs enable their use as photocatalysts for degrading
organic contaminants under light irradiation. Furthermore,
PAF-based membranes have demonstrated high selectivity and
permeability towards removing heavy ions and organic pollut-
ants, highlighting their potential in membrane filtration
processes. The ability to incorporate PAFs into composite
materials and functionalize them further upgrades their
performance and selectivity, making them a promising solution
for addressing complex water remediation challenges. While
scaling up the production and improving the cost-effectiveness
of PAF synthesis remain challenging, the extensive research in
this field suggests that these porous organic polymers hold
great promise for developing sustainable and efficient water
purification technologies. Conjugated microporous polymers
(CMPs) are a unique porous organic material class that
combines extended m-conjugation with a microporous struc-
ture. These polymers are typically synthesized via polymerizing
multifunctional monomers, resulting in a rigid, three-
dimensional network with interconnected pores. The
extended -conjugation in CMPs offers them interesting optical
and electronic properties and adsorption capabilities.'”® CMPs
exhibit high surface areas and tunable pore sizes, making them
effective adsorbents for various water contaminants. The
conjugated structure of CMPs allows for strong interactions
with aromatic pollutants through m-m stacking, making them
particularly effective in removing organic dyes and aromatic
compounds from water. CMPs may be easily functionalized to
introduce specific binding sites or to upgrade their hydrophi-
licity for better performance in aqueous environments. Recent
research has been devoted to developing CMPs with improved
stability in water, exploring their potential in photocatalytic
water remediation processes, and creating CMP-based
composite materials for upgraded adsorption performance.'”
The microporosity and extended m-conjugation make CMPs
promising materials for advanced water purification applica-
tions, especially for removing recalcitrant organic pollutants.

5.8. Porous coordination polymers

Porous coordination polymers (PCPs), also known as ion-
organic frameworks (MOFs), are a class of crystalline mate-
rials composed of ion ions or clusters coordinated to organic
ligands to form one-, two-, or three-dimensional structures.'®*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PCPs are characterized via their exceptionally high surface
areas, tunable pore sizes, and diverse chemical functionalities.
The modular nature of PCPs allows for precise control of their
pore structure and surface chemistry by selecting ion nodes and
organic linkers. This tunability makes PCPs highly versatile
adsorbents for water purification, capable of targeting a broad
range of contaminants. PCPs have shown outstanding perfor-
mance in removing heavy ions, organic pollutants, and gases
from water. Their crystalline nature also allows for detailed
structural characterization, enabling a better understanding of
the adsorption mechanisms. Recent research has been devoted
to developing water-stable PCPs, as many early PCPs were
moisture-sensitive. Attempts have been made to create hierar-
chical pore structures in PCPs, combining micro-, meso-, and
macropores to upgrade mass transfer and adsorption kinetics.
The integration of PCPs into composite materials and
membranes has also been explored to leverage their unique
properties in advanced water remediation technologies. Porous
Coordination Polymers (PCPs) and Ion-Organic Frameworks
(MOFs) have demonstrated exceptional adsorption capabilities
and chemical stability in water remediation applications. The -
cyclodextrin-based porous polymer was reported via Wang
et al.*®* showcased remarkable efficiency, removing 83% of
organic micropollutants within just one minute of contact time.
Its adsorption capacity exceeded 200 mg g ' for many pollut-
ants and maintained performance through at least five regen-
eration cycles. This high adsorption capacity and rapid kinetics
outperform many traditional adsorbents, highlighting the
potential of PCPs in water purification. Similarly, the
zirconium-based MOF introduced via Lin et al.*** exhibited
outstanding chemical stability, retaining its crystalline struc-
ture after 24 hours in boiling water and remaining stable in
aqueous solutions with pH ranging from 1 to 11. This stability is
crucial for practical applications in diverse water remediation
scenarios. The MOF also demonstrated a significant adsorption
capacity of 74 mg g ' for chromate anions, showcasing its
potential for removing specific inorganic pollutants. These
findings underscore the versatility and robustness of PCPs and
MOFs in addressing various water hazard challenges. The
ability of PCPs and MOFs to selectively adsorb specific pollut-
ants represents a significant advancement in water remediation
technology. Li et al. ** reported MOFs with high selectivity for
particular contaminants, like UiO-66-(COOH),, which showed
a remarkable distribution coefficient (K4) of 5.3 x 10°> mL g~
for U(vi), and MIL-101-SOzH, with a K of 9.0 x 10" mL g~ ' for
Hg>". This selectivity allows for targeted removal of hazardous
substances, even in complex water matrices. In heavy ion
removal,'® Hess et al.*® designed MOFs capable of capturing
trace amounts of toxic ions. Their MOF-808 completely removed
Cd** and Hg>" to levels below the detection limit of 0.1 ppb,
while HKUST-1 removed 99% of Pb>* from a 1 ppm solution.
These results demonstrate the potential of MOFs to address one
of the most persistent and dangerous forms of water pollution -
heavy ion hazard. The high selectivity and efficiency in heavy
ion removal position PCPs and MOFs as promising materials
for specialized water remediation applications, particularly in

industrial wastewater remediation and remediation of
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contaminated water sources. Beyond adsorption, some PCPs
and MOFs exhibit catalytic properties that enable the degrada-
tion of organic pollutants, adding another dimension to their
water remediation capabilities. Andrade, Pedro HM, et al.**®
reviewed the catalytic degradation potential of various MOFs,
revealing impressive results. Ti-MOFs, for instance, demon-
strated 90% degradation of rhodamine B under visible light in
just 80 minutes, while Fe-MOFs achieved 98% removal of
bisphenol A through Fenton-like reactions in 60 minutes. This
multifunctionality - combining adsorption with catalytic
degradation - offers the potential for more comprehensive and
efficient water remediation processes. The ability to remove and
break down harmful organic compounds addresses a critical
challenge in water purification, particularly for persistent
organic pollutants that resist conventional remediation
methods. Moreover, the use of visible light in some of these
catalytic processes suggests the possibility of developing
sustainable, solar-driven water remediation technologies. The
multifunctional nature of these materials opens up new
avenues for integrated water remediation systems that may
tackle a broad range of pollutants simultaneously, potentially
reducing the complexity and cost of water purification
processes. Despite the promising laboratory results, the tran-
sition of PCPs and MOFs to large-scale water remediation
applications faces several challenges. Most studies to date have
been conducted at a laboratory scale, and significant research is
needed to scale up both the synthesis of these materials and
their application in real-world water remediation systems. The
scalability issue encompasses not only the production of the
materials but also the design of appropriate engineering
systems for their effective use in water remediation plants.
Additionally, while some PCPs and MOFs use relatively inex-
pensive materials, others rely on costly components, potentially
limiting their economic viability for widespread adoption.'®”
Developing cost-effective synthesis methods and exploring
more abundant, less expensive materials are crucial to making
these technologies competitive with existing water remediation
solutions. Furthermore, PCPs and MOFs must demonstrate
clear advantages over current technologies to gain acceptance in
the water remediation industry, which often favors well-
established, proven methods. Addressing these challenges
requires interdisciplinary collaboration among materials
scientists, chemical engineers, and water remediation profes-
sionals to bridge the gap among laboratory discoveries and
practical applications. The long-term stability of PCPs and
MOFs under real water remediation conditions remains a crit-
ical area for further research. While many of these materials
have shown outstanding stability in laboratory tests, their
performance over extended periods in complex, real-world
water systems needs thorough investigation. Factors like
fouling, chemical degradation, and mechanical stress in
continuous flow systems could impact their long-term efficiency
and durability. Additionally, the potential environmental
impact of these materials must be carefully assessed. Studies on
the possible release of ion ions or organic linkers from PCPs
and MOFs during water remediation are necessary to ensure
their safety and prevent unintended consequences. The
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environmental fate of these materials after their useful life,
including disposal or recycling options, also requires consid-
eration. As research progresses, it will be crucial to develop
standardized testing protocols and safety guidelines for using
PCPs and MOFs in water remediation. This will ensure their
effectiveness and safety and build confidence among regulators
and end-users, establishing the route for their integration into
mainstream water remediation technologies. The continued
exploration of these aspects will be vital in realizing the full
potential of PCPs and MOFs for sustainable and efficient water
purification.

5.9. Aromatic polystyrenic polymers

Aromatic polystyrenic polymers are a class of adsorbents based
on the polystyrene backbone, which is modified or crosslinked
to upgrade its adsorption properties.’®® These polymers are
characterized via their aromatic rings, which offer strong m-m
interactions with organic contaminants, making them particu-
larly effective in removing aromatic compounds from water.
The most common form of aromatic polystyrenic adsorbents is
crosslinked polystyrene, often in beads or resins. These mate-
rials may be further functionalized with various groups to
upgrade their selectivity or adsorption capacity for specific
contaminants. Aromatic polystyrenic polymers, including
phenols, dyes, and pharmaceutical compounds, have effectively
removed organic pollutants from water. Their hydrophobic
nature makes them particularly suitable for removing non-polar
organic contaminants. These polymers are also broadly used in
ion exchange applications when functionalized with appro-
priate groups.'® Recent research has been devoted to devel-
oping more sustainable synthesis methods for aromatic
polystyrenic polymers, exploring their use in composite mate-
rials, and upgrading their regeneration -capabilities for
improved reusability in water remediation applications.
Combining chemical stability, ease of modification, and strong
affinity for organic pollutants makes aromatic polystyrenic
polymers valuable tools in water purification. The study on
grafted aromatic polystyrenic polymers for wastewater remedi-
ation reveals significant variations in performance across
different polymers and wastewater types.'*® AP-g-PDMA (dime-
thylacrylamide grafted polystyrene) consistently performs well,
achieving the highest removal rates for most wastewater types.
For instance, in treating iron ore wastewater, AP-g-PDMA ach-
ieves a remarkable 93.5% removal rate at pH 6.5, outperforming
other polymers like AP-g-PAM (89.3%) and St-g-PAM (86.4%).
This trend continues across various wastewater types, with AP-g-
PDMA showing exceptional results for kaolin wastewater (93.3%
removal) and municipal wastewater (90% removal). The data
indicates that dimethyl acrylamide grafting significantly
upgrades the polymer's effectiveness in contaminant removal.
However, it's noteworthy that all tested polymers perform
strongly in treating coal wastewater, with removal rates ranging
from 88.2% to 90.9%. This suggests that while AP-g-PDMA is
generally more effective, the choice of the polymer may be
optimized based on the specific wastewater characteristics and
remediation requirements. The study underscores the critical
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role of pH in optimizing the performance of grafted aromatic
polystyrenic polymers in wastewater remediation. The data
reveals that the optimal pH for remediation varies significantly
depending on the wastewater type. The optimal pH for iron ore
and silica wastewater is 6.5, while kaolin wastewater remedia-
tion is most effective at pH 7.6. Coal wastewater shows optimal
remediation at pH 7.5, and municipal wastewater at pH 6.8.
Interestingly, AP-g-PAA performs outstandingly in treating
textile wastewater at a higher pH of 8.2, achieving a remarkable
98.0% removal rate.*® This pH dependency highlights the
importance of careful pH adjustment in wastewater remedia-
tion processes using these polymers. It suggests a preliminary
pH assessment and adjustment step in practical applications
could significantly upgrade remediation efficiency. The varying
optimal pH levels also indicate that these polymers might have
different mechanisms of action or interact differently with
contaminants under various pH conditions, opening avenues
for further research into the underlying chemical and physical
processes involved in contaminant removal.** The study offers
valuable insights into the specialized applications of certain
grafted aromatic polystyrenic polymers, particularly AP-g-PAA
(acrylic acid grafted polystyrene). This polymer demonstrates
exceptional performance in treating specific types of industrial
wastewater. AP-g-PAA achieves an impressive 98.0% removal
rate for textile wastewater at pH 8.2, significantly outperforming
other polymers in this application. It also shows strong
performance in treating mining industries' wastewater (87.31%
removal), paper mill effluent (82.1% removal), and mine
process water (81.8% removal). These results highlight the
potential of AP-g-PAA as a specialized remediation solution for
certain industrial wastewaters, particularly those from textile
and mining industries. On the other hand, AP-g-PDMA emerges
as the most versatile polymer, consistently showing high
performance across various wastewater types. Its effectiveness
in treating a broad range of wastewaters, from iron ore to
municipal, suggests that it could be a valuable general-purpose
flocculant for diverse wastewater remediation applications. This
versatility could be particularly beneficial in remediation plants
dealing with multiple wastewater streams or in situations where
the wastewater composition varies over time. Despite the overall
strong performance of grafted aromatic polystyrenic polymers,
the study reveals certain challenges and areas for improvement.
One notable observation is the relatively lower effectiveness of
all tested polymers in treating paper mill wastewater.'”
Removal rates for this type of wastewater range from 69.6% to
72.5%, significantly lower than the rates achieved for other
wastewater types. This indicates a potential area for further
research and development, possibly exploring new grafting
techniques or polymer compositions specifically tailored to the
unique contaminants in paper mill effluents. Another challenge
is the varying performance of polymers in treating silica
wastewater. While AP-g-PDMA and St-g-PDMA show good
performance (85.8% and 83.0% removal, respectively), AP-g-
PAM and St-g-PAM struggle with this wastewater type, achieving
only 43.4% and 42.2% removal rates. This stark difference in
performance for silica wastewater remediation suggests that the
choice of grafting monomer (dimethylacrylamide wvs.
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acrylamide) involves crucial in determining the polymer's
effectiveness for certain contaminants. Further investigation
into the interaction among these polymers and silica particles
could lead to improvements in polymer design for specific
wastewater remediation applications. This study'” offers
comprehensive data on grafted aromatic polystyrenic polymers
opens up several avenues for future research and practical
applications in wastewater remediation. One key area for
further investigation is the development of hybrid or composite
polymers that combine the strengths of different grafting
monomers. For instance, a polymer incorporating dimethyl
acrylamide and acrylic acid could offer upgraded performance
across a broader range of wastewater types and contaminants.
Additionally, research into the molecular-level interactions
among these polymers and various contaminants could offer
insights for designing even more effective and targeted floccu-
lants. From a practical standpoint, the study's findings under-
score the importance of tailoring wastewater remediation
solutions to specific effluent characteristics. Remediation plant
operators and environmental engineers may use this data to
select the most appropriate polymer for their specific waste-
water streams, potentially improving remediation efficiency and
reducing costs.” Furthermore, the strong pH dependency
observed in the study suggests that implementing advanced pH
control systems in remediation plants could significantly
upgrade the performance of these polymeric flocculants. As
environmental regulations become increasingly stringent,
developing and optimizing such high-performance, versatile
flocculants will involve crucial in ensuring efficient and cost-
effective wastewater remediation across various industries.

5.10. Aromatic halogenated polystyrene

Aromatic halogenated polystyrene is a specialized class of pol-
ystyrenic polymers that incorporates halogen atoms (typically
chlorine or bromine) into the aromatic rings of the polymer
structure. This halogenation process significantly alters the
properties of the polymer, upgrading its adsorption capabilities
for certain contaminants. The presence of halogen atoms
increases the electron-withdrawing character of the aromatic
rings, which may strengthen m-m interactions with certain
organic pollutants. Aromatic halogenated polystyrenes often
exhibit improved thermal and chemical stability compared to
their non-halogenated counterparts, making them suitable for
use in more challenging water remediation conditions. These
polymers have shown particular effectiveness in removing
halogenated organic compounds from water, like chlorinated
pesticides and polychlorinated biphenyls (PCBs). The haloge-
nation also increases the hydrophobicity of the polymer,
upgrading its affinity for non-polar organic contaminants.
Recent research has been devoted to optimizing the degree of
halogenation to balance adsorption performance with envi-
ronmental considerations, exploring the use of these polymers
in composite materials, and developing more sustainable
synthesis methods. While effective, the use of halogenated
polymers raises some environmental concerns, prompting
research into alternative materials with similar performance
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but reduced environmental impact. Aromatic halogenated
polystyrene has emerged as a promising material for water
remediation due to its unique chemical properties and high
efficiency in removing contaminants. Recent research has been
devoted to its application in removing polystyrene nanoplastics
from water through various remediation processes. Filtration
processes, particularly using sand and granular activated
carbon (GAC) filters, have shown significant efficacy in
removing these nanoplastics. Without coagulation, these filters
achieve an overall nanoplastic removal efficiency of 88.1%,
demonstrating their effectiveness even without additional
chemical processes. However, introducing coagulation
processes greatly upgrades the removal efficiency, increasing
the global removal rate to an impressive 99.4%. This improve-
ment is attributed to the ability of coagulants to aggregate
nanoplastics, making them easier to filter out. The effectiveness
of sand filtration, in particular, is significantly boosted in the
presence of coagulants, with removal efficiency increasing from
54.3% to 99.2%. These findings highlight the potential of
combining filtration and coagulation techniques to address the
growing concern about nanoplastic hazards in water sources.*
Remediating adsorbable organic halogens (AOX) is another
critical application of aromatic halogenated polystyrene in
water remediation. Activated carbon, known for its high surface
area and porous structure, is broadly used for the adsorptive
removal of AOX from water. This method is particularly effective
in treating chemical wastewater and reducing the presence of
harmful halogens. Advanced remediation processes have been
developed to further upgrade AOX removal, like the sequential
use of Trametes versicolor and UV/TiO,/Ru(x)Se(y). This
approach combines biological and photocatalytic methods to
achieve higher removal efficiencies, especially in treating
wastewater from paper production processes. Sequential
remediation showcases a significant reduction in AOX levels,
demonstrating the potential of integrating multiple remedia-
tion techniques. The effectiveness of these advanced processes
in removing AOX highlights the importance of continued
research and development in this area to address increasingly
complex water hazard issues. Modifying polystyrene to upgrade
its adsorption capabilities has opened new avenues for water
remediation, particularly in removing phenolic compounds.
Sodium lignosulfonate-modified polystyrene has been investi-
gated for its ability to remove phenol from wastewater, and
promising results have been shown. This modification signifi-
cantly upgrades the adsorption capacity of polystyrene, making
it more effective in capturing phenolic compounds. Modified
polystyrene offers a sustainable and efficient solution for
treating phenol-contaminated water, addressing a common
industrial pollution problem. Additionally, research has
explored activated carbon regeneration using phenolic-
degrading fungi, like Scedosporium apiospermum. This
approach allows for repeated use of activated carbon, reducing
water remediation processes’ overall cost and environmental
impact. The ability to regenerate and reuse adsorbents is crucial
for developing sustainable water remediation practices, making
this area of research particularly valuable for long-term envi-
ronmental solutions.® Understanding polystyrene's chemical
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structure and properties is crucial for its effective application in
water remediation. Polystyrene is a synthetic aromatic polymer
made from monomer styrene with a chemical formula (CgHg),.
Its structure is a long hydrocarbon chain with a phenyl group
attached to every other carbon atom. This unique structure
contributes to its versatility and effectiveness in various appli-
cations, including water remediation. The tacticity of poly-
styrene, which refers to the relative stereochemistry of adjacent
chiral centers in the polymer chain, may significantly influence
its properties and behavior in water remediation processes.
Atactic polystyrene, where the phenyl groups are randomly
distributed along the polymer chain, is the most common form
used in water remediation applications due to its amorphous
nature and good solubility in organic solvents.'” The ability to
modify polystyrene, like through halogenation or the addition
of hydrophilic groups, further upgrades its adsorption capa-
bilities and specificity for certain contaminants, making it
a highly adaptable material for diverse water remediation
needs. The research on aromatic halogenated polystyrene for
water remediation reveals promising results and highlights
several areas for future investigation. The high removal effi-
ciencies achieved through coagulation and filtration processes,
the effective adsorption of AOX via activated carbon, and the
upgraded phenol removal using modified polystyrene demon-
strate the versatility and effectiveness of this material. Future
research should optimize these processes for large-scale appli-
cations and explore new modifications to upgrade specificity
and efficiency. Additionally, the development of more sustain-
able and cost-effective regeneration methods for adsorbents will
be crucial for the long-term viability of these remediation
processes. As water hazards become increasingly complex, with
arising pollutants posing new challenges, the continued
exploration of aromatic halogenated polystyrene and its deriv-
atives will be vital in advancing water remediation technologies.
Via integrating insights from chemical engineering, materials
science, and environmental studies, researchers may further
improve the effectiveness and sustainability of water remedia-
tion solutions, ultimately contributing to better water quality
and environmental protection globally.

5.11. Aliphatic methacrylate polymers

Aliphatic methacrylate polymers are a class of synthetic poly-
mers based on methacrylate monomers with aliphatic (non-
aromatic) side chains. These polymers are characterized via
their flexibility, hydrophobicity, and ability to be easily func-
tionalized.”® In water remediation applications, aliphatic
methacrylate polymers are often used as resins or beads, either
as homopolymers or copolymers with other monomers. The
aliphatic nature of these polymers offers good chemical stability
and resistance to degradation in various water remediation
conditions. Aliphatic methacrylate polymers may be tailored to
target specific contaminants via incorporating hydrophilic
groups into their structure or via adjusting the length and
branching of their aliphatic side chains. These polymers have
effectively removed organic pollutants, particularly non-polar
compounds, from water. They are also commonly used as
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precursors for ion exchange resins when functionalized with
appropriate groups. Recent research has been devoted to
developing methacrylate-based polymers with improved
hydrophilicity for better performance in aqueous environments,
exploring their use in composite materials, and upgrading their
regeneration capabilities. The versatility and ease of modifica-
tion of aliphatic methacrylate polymers make them valuable
materials for a broad range of water purification applications.*®

5.12. Polymers based hydrogel

Polymers with porous structures encompass a broad range of
materials designed to have a high internal surface area and
interconnected pore network. These polymers may be synthetic
or natural and are characterized via their ability to remove
contaminants efficiently through adsorption and size exclusion
mechanisms. The porous structure of these polymers may be
tailored to target specific pollutants via controlling the pore size
distribution, ranging from micropores (<2 nm) to mesopores
(2-50 nm) and macropores (>50 nm). Common examples
consist of polyurethane foams, porous polyethylene, and
various hydrogels. These materials are particularly effective in
removing organic contaminants like alcohols, aldehydes,
ketones, phenols, furans, and acids from aqueous solutions.
The high internal surface area offered via the porous structure
allows for efficient adsorption, while the interconnected pore
network facilitates the rapid mass transfer of contaminants.
Recent research has been devoted to developing hierarchical
porous structures combining different pore sizes to optimize
adsorption capacity and kinetics.>* Attempts have been made
to incorporate hydrophilic groups within the porous structure
to upgrade selectivity for specific contaminants. The versatility
and tunability of porous polymers make them valuable mate-
rials for addressing a broad range of water purification chal-
lenges. Fig. 9 in the document illustrates the adsorbent-
adsorbate interaction mechanisms for the hazard removal of
wastewater via cellulose-based hydrogels (CBHs). The figure
shows the various interactions among the hydrogel's hydro-
philic groups and the contaminants present in the wastewater.
(1) Electrostatic interactions: electrostatic interactions are crucial
in the adsorption of ions onto cellulose-based hydrogels
(CBHs). When the pH of the solution is higher than the point of
zero charge (pH > pHpzc) of the CBH, the surface becomes
negatively charged. This leads to the attraction and adsorption
of positively charged cations from the aqueous solution to the
negatively charged hydrophilic groups, like carboxyl (-COO™) or
hydroxyl (-OH) groups, on the CBH surface. Conversely, at lower
pH values (pH < pHpzc), the surface may become positively
charged, facilitating the adsorption of negatively charged
anions through electrostatic interactions. (2) Ion exchange: ion
exchange involves the substitution of ions adsorbed on the CBH
surface with ions of similar charge from the surrounding
aqueous solution. In CBHs, cation exchange typically occurs
when the pH is lower than the pHp,c, allowing positively
charged ion ions to exchange with other cations in the solution.
Anion exchange, on the other hand, happens when the pH is
higher than the pHpzc, enabling CBHs to adsorb and exchange
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from ref. 201 with permission from [MDPI], copyright [2021].

anions like nitrate (NO;~) or phosphate (PO,*"). (3) Hydrogen
bonding: hydrogen bonding occurs among polar hydrophilic
groups on CBHs, like -OH and -COOH, and electronegative
atoms (e.g., oxygen or nitrogen) in the adsorbate molecules.
These interactions significantly remove polar pollutants from
wastewater via CBHs, as they upgrade adsorption through
specific and directional bonding. (4) Hydrophobic interactions:
hydrophobic interactions involve non-polar regions of CBHs
interacting with hydrophobic pollutants in the aqueous solu-
tion. This interaction is driven via the tendency of hydrophobic
groups to minimize contact with water molecules via

© 2024 The Author(s). Published by the Royal Society of Chemistry

associating with similar non-polar regions on adsorbates. CBHs
with hydrophobic domains may effectively remove organic
compounds like oils, dyes, and certain pesticides from waste-
water. (5) Coordination interactions: coordination interactions
occur when ion ions in the wastewater form coordination bonds
with lone pair electrons on oxygen or nitrogen atoms within the
hydrophilic groups of CBHs, like carboxyl (-COOH) or amino (-
NH,) groups. These interactions are specific and selective,
allowing CBHs to effectively adsorb heavy ion ions like copper
(Cu*), lead (Pb*"), and cadmium (Cd*") from contaminated
water sources. These mechanisms collectively illustrate the
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complex nature of pollutant removal via CBHs, highlighting
their versatility and effectiveness in wastewater remediation
applications.

5.13. Molecularly imprinted polymers

Molecularly imprinted polymers (MIPs) have emerged as
a promising technology for water remediation, offering high
specificity and efficiency in removing trace pollutants. The core
of this technology lies in creating polymer structures that may
selectively recognize and bind to specific target molecules.***
This process, known as molecular imprinting, involves pre-
arranging functional monomers around a template molecule,
polymerizing the monomer-template complex with cross-
linkers, and removing the template to leave behind comple-
mentary binding sites. The resulting structure is analogous to
the lock-and-key or antibody-to-antigen principles, ensuring
high specificity for target molecules. This approach allows for
developing tailored solutions to address specific water hazard
issues, making MIPs particularly valuable in scenarios where
traditional water remediation methods may fall short. Creating
these highly specific binding sites within a polymer matrix
opens new possibilities for targeted pollutant removal, poten-
tially revolutionizing water remediation processes across
various industries and environmental applications. The effec-
tiveness of MIPs in water remediation is largely attributed to the
non-covalent interactions that drive their formation and func-
tion. These interactions, including electrostatic forces, ion
chelation, hydrogen bonding, and van der Waals forces, involve
a crucial role in the self-assembly of functional monomers and
templates. These interactions not only guide the formation of
the polymer matrix but also facilitate the subsequent binding of
target molecules, ensuring the high specificity of MIPs.>*® To
upgrade the performance of MIPs in aqueous environments,
researchers have developed advanced fabrication techniques
like Pickering emulsion polymerization. This method produces
water-compatible imprinted polymers with greater stability
than those made with conventional organic surfactants. The
Pickering emulsion technique improves the mass transfer of
template molecules during removal and rebinding processes,
resulting in more efficient and robust MIPs for water remedia-
tion applications. This advancement addresses one of the key
challenges in applying MIPs to water remediation: ensuring
their effectiveness in purely aqueous environments. MIPs have
demonstrated remarkable performance in water remediation,
particularly in the selective removal of trace pollutants. The
specific binding sites within the polymer matrix allow for tar-
geted removal of contaminants, significantly improving the
overall effectiveness of water remediation processes. This
selective removal is especially beneficial for detecting and
eliminating low-concentration pollutants that are often chal-
lenging to address with conventional methods. One of the most
successful applications of MIPs in water remediation has been
in solid-phase extraction (SPE). When used in SPE, MIPs effec-
tively isolate and remove specific compounds from aqueous
samples, upgrading the purification process via selectively
binding to target analytes. This selectivity reduces the presence
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of unwanted substances in the treated water, resulting in
a higher-quality output.> The application of MIPs in SPE has
shown particular promise in analytical separations, allowing for
more precise control over water remediation processes and
potentially enabling the recovery of valuable substances from
wastewater streams. To maximize the effectiveness of MIPs in
water remediation, researchers have devoted themselves to
optimizing these polymers for purely aqueous environments.
This optimization involves the synthesis of specialized func-
tional monomers that facilitate the efficient formation of the
template-functional monomer matrix in water-based applica-
tions. These tailored monomers ensure that MIPs maintain
their high performance and specificity even when fully
immersed in water, addressing a critical requirement for prac-
tical water remediation applications. The versatility of MIPs
further upgrades their value in water remediation scenarios.
Beyond their use in analytical separations and pollutant
removal, MIPs have shown potential in applications like drug
delivery and chemical sensors. This versatility makes them
a valuable tool in addressing a broad range of water pollution
issues, from industrial wastewater remediation to the purifica-
tion of drinking water supplies. The ability to adapt MIP tech-
nology to various water remediation challenges demonstrates
its potential as a flexible and powerful solution in the
continuing attempt to improve water quality globally. The
development and application of molecularly imprinted poly-
mers in water remediation represent a significant advancement
in environmental technology.”® Their high specificity and effi-
ciency in removing trace pollutants and the ability to tailor
these polymers for specific contaminants offer a promising
approach to addressing complex water pollution issues. As
research in this field progresses, future directions may consist
of further optimization of MIP fabrication techniques to
upgrade their performance in diverse aqueous environments,
exploration of new template molecules to target arising pollut-
ants, and the development of large-scale, cost-effective
production methods for widespread implementation. Inte-
grating MIP technology with other water remediation processes
could also lead to more comprehensive and efficient water
purification systems. The potential for MIPs to selectively
remove and potentially recover valuable substances from
wastewater also opens up possibilities for resource recovery in
water remediation processes. In conclusion, molecularly
imprinted polymers offer a highly specific and efficient
approach to water remediation, with the potential to signifi-
cantly improve water quality across various applications. As
research continues to advance this technology, MIPs are poised
to involve an increasingly important role in addressing global
water pollution challenges and contributing to sustainable
water management practices.

6. Synthesis and modification of
polymeric adsorbents

Polymeric adsorbents are synthesized using various polymeri-
zation techniques, each offering distinct advantages in control
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over molecular structure, functionality, and physical properties.
The primary polymerization methods include:

6.1. Free radical polymerization

This is the most common method for synthesizing polymeric
adsorbents. It involves the polymerization of vinyl monomers
initiated via free radicals. Free radical polymerization may be
initiated thermally, photochemically, or using chemical initia-
tors like benzoyl peroxide.**® This technique allows for the
synthesizing of various polymers with different hydrophilic
groups via copolymerizing different monomers. However,
controlling the molecular weight distribution and polymer
architecture may be challenging.

6.2. Emulsion polymerization

This technique produces polymers with high molecular weights
and uniform particle sizes. It involves the polymerization of
monomers in an aqueous emulsion containing surfactants.
Emulsion polymerization is beneficial for creating polymeric
adsorbents with high surface areas and porosity, which are
essential for adsorption applications. Additionally, the process
may be easily scaled up, making it suitable for industrial
production.>”’

6.3. Suspension polymerization

In this method, the monomer is dispersed in a continuous
phase (usually water) and polymerized to form spherical poly-
mer beads. Suspension polymerization is advantageous for
producing bead-shaped polymeric adsorbents with controlled
particle sizes, particularly useful in packed bed adsorption
columns.””® The process also allows for the incorporation of
functional monomers to tailor the adsorbent properties.

6.4. Solution polymerization

This method involves the polymerization of monomers in
a solvent, producing polymers dissolved in the solvent. Solution
polymerization is suitable for synthesizing high-purity polymers
and easily incorporates hydrophilic groups. However, subse-
quent solvent removal may be costly and environmentally
challenging.>*

7. Chemical and physical
modifications

Modifying polymeric adsorbents is essential to upgrade their
adsorption properties, like selectivity, capacity, and stability.
These modifications may be chemical or physical:

7.1. Chemical modifications

Introducing hydrophilic groups like amines, carboxyls, or
sulfonic acids onto the polymer backbone upgrades the adsor-
bent's affinity for specific pollutants. For example, aminated
polymers may effectively capture heavy ions through chelation.
The study** carried different chemical modifications of the
p(AAm-co-AAc) hydrogel, which have varying effects on the
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adsorption capacity of the hydrogels for ion ions. The study
conducted chemical modifications to functionalize the bare
hydrogel with thiol (-SH), amino (-NH,), or carboxyl (-COOH)
groups, resulting in the development of six functional hydrogels
(compound 1 to compound 6). Fig. 10 illustrates a reaction
involving modifying a specific weight of p(AAm-co-AAc) hydrogel
sample (compound 0). The process begins by allowing the
hydrogel sample to swell in water and heating at 90 °C ina 0.5 M
NaOH solution. Subsequently, the hydrogel sample reacts with
1 M HCI to produce a modified product labeled as compound
(2). This reaction scheme demonstrates the alkaline hydrolysis
of the amino groups in the hydrogel, leading to the formation of
the modified product. These hydrophilic groups selectively bind
and remove target ions from the solution. Among the modified
hydrogels, the NaOH-treated hydrogel (compound 2) out-
performed all other modified ones in the removal of Cu**, Ba*",
and Sr** ions, with maximum capacities of 13.67, 36.4, and
27.31 mg g~ ', respectively. The chemical modification with
sodium hydroxide significantly upgraded the adsorption
capacity of the hydrogel for the targeted ion ions. Conversely,
the modification strategy of the hydrogel with thionyl chloride
(compound 3) reduced the adsorption capability for Cu®* ion
removal. Additionally, the chemically modified compound 6
hydrogel exhibited slightly lower adsorption uptake for Ba** and
Sr** ions than other modified hydrogels.

7.2. Physical modifications

Physical methods like templating and phase inversion may
increase the porosity of polymeric adsorbents. High porosity
increases the surface area for adsorption and improves mass
transfer rates. Polymers may also be used to modify adsorbents
like clay and minerals. For example, Cu**-exchanged hectorite
films showed vertical shifts in the position of the platelets on
the surface.”™ This was believed to be due to intercalated
aniline polymerizing in the interlayer region, with no evidence
of benzene polymerization on the surface. After exposure to
aniline vapor, the structure on the hectorite surface consists of
small polymer bundles. The diameter of these bundles ranged
from 300-3000 A, similar to the structure seen on electro-
polymerized polyaniline films. Aniline polymerized on the
surface of hectorite films at 180 °C revealed a structure identical
to undoped N-methylpyrrolidinone (NMP) cast polyaniline
films, with polymer bundles averaging 300 A in dimension.
Preparing PANI/bentonite involves several key steps to ensure
the effective synthesis of polyaniline (PANI) on the bentonite
surface through plasma-induced polymerization. Initially, 2.0 g
of bentonite undergoes pre-remediation vig air plasma for 30
minutes. During this step, the plasma is generated with a power
of 100 W, and air is flowed at a rate of 10 mL min~"* over the
bentonite material. This plasma remediation is crucial as it
modifies the surface properties of the bentonite, upgrading its
reactivity and promoting the subsequent polymerization
process. After the plasma remediation, the activated bentonite
is immersed in a solution containing 50 mL of aniline. The
reaction occurs at a controlled temperature of 60 °C for 3 hours.
During this period, the aniline monomer undergoes
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Fig. 10 Proposed mechanism and reaction process involves modifying a p(AAm-co-AAc) hydrogel sample (Cpd 0) to yield the modified
products. Reproduced from ref. 210 with permission from [Springer], copyright [2024].

polymerization initiated via the activated sites on the bentonite
surface. The polymerization process results in the deposition
and growth of PANI chains directly onto the bentonite particles,
forming a composite material known as PANI/bentonite. This
synthesis method is advantageous because it leverages plasma
remediation to activate the bentonite surface, facilitating better
adhesion and polymerization of PANI. The resulting PANI/
bentonite composite material exhibits upgraded properties
suitable for various applications, including adsorption, catal-
ysis, and sensor technologies.”> The modification of bentonite
with polymerized aniline upgrades the efficiency of the
bentonite adsorbent vig altering its exchange sites, as evidenced
via changes in the 26 angle of the X-ray diffraction (XRD)
pattern, specifically the d-spacing of the (001) plane. Bentonite,
a natural clay mineral, typically exhibits a characteristic XRD
peak at around 26 = 6°, corresponding to a d-spacing of
approximately 1.5 nm for the (001) plane in its pristine state.
Several notable changes occur in the XRD pattern upon modi-
fication with polymerized aniline (PANI). Firstly, there is a shift
in the position of the (001) peak towards higher or lower 26
angles, indicating an increase or decrease in the d-spacing. This

33170 | RSC Adv, 2024, 14, 33143-33190

shift suggests intercalation or partial exfoliation of the
bentonite layers due to the incorporation of PANI chains among
the clay layers. The intercalation of PANI may expand the
interlayer spacing of bentonite, allowing for easier access of
adsorbates to the exchange sites within the clay structure.
Moreover, the intensity and broadening of the (001) peak may
also change, reflecting variations in the crystallinity and stack-
ing of the bentonite layers post-modification also upgrades the
adsorbent efficiency via modifying the exchange sites within the
bentonite structure. These changes indicate structural alter-
ations induced via the interaction among PANI and bentonite,
potentially upgrading the availability and accessibility of
exchange sites on the modified adsorbent material. Fig. 11
illustrates the structure of bentonite clay and the effect of
aniline polymerization induced via gamma irradiation within
its layers. The structure of bentonite consists of repeating
layers, each composed of two tetrahedral sheets sandwiching an
octahedral sheet. The layers are separated via interlayers, which
may contain adsorbed cations and water molecules. The atomic
compositions consist of silicon and oxygen atoms from the
tetrahedral sheets, aluminum, magnesium, and hydroxide
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groups form the octahedral sheet, and various planes of oxygen
and hydroxyl groups are present throughout the structure. The
aniline polymerization is effective in the d-spacing (dyy1) of the
bentonite structure, which increases from 15.7 A to 16.1 A after
aniline polymerization. This increase suggests that the poly-
aniline (PANI) forms within the interlayer spaces of the
bentonite. In challenge, Cs ion has a relatively large hydrated
radius, which limits its interaction with conventional adsor-
bents. Traditional methods for Cs removal consist of ion
exchange, precipitation, and membrane filtration, but these
approaches often have limitations like high cost, secondary
waste generation, and efficiency issues. Recent advancements
have been devoted to developing novel sorbents like zeolites,
layered double hydroxides (LDHs), ion-organic frameworks
(MOFs), and composites tailored to upgrade Cs adsorption
capacity and selectivity. These materials typically feature high
surface areas, tunable pore structures, and specific hydrophilic
groups optimized for Cs binding through ion exchange or
chemisorption mechanisms. For example, certain zeolites
exhibit outstanding Cs selectivity due to their negatively
charged frameworks and cage-like structures, which facilitate
Cs ion capture. Additionally, MOFs offer precise control over
pore size and ion node chemistry, enabling tailored interactions
with Cs ions. Such advancements highlight the potential of
advanced sorbents in addressing the challenges of Cs removal
from contaminated water sources, establishing the route for
more effective and sustainable water remediation solutions. In
this context, Maksoud et al.>*® investigated the sorption of

© 2024 The Author(s). Published by the Royal Society of Chemistry

cesium ions using two prepared organoclay adsorbents
synthesized via gamma rays, namely bentonite/polyaniline
(OC1) and bentonite/polyaniline/ilmenite (OC2). The process
included the penetration of polyaniline molecules and ilmenite
into the bentonite host material at montmorillonite sites. This
modification aimed to upgrade the adsorption capacity of the
bentonite-based sorbents for cesium ions in aqueous solutions.
The modification process altered the interlayer structure of the
bentonite, making it more suitable for ion adsorption in
wastewater remediation applications. The study is devoted to
exploring the parameters affecting the adsorption process, like
initial Cs concentration, pH, contact time, temperature, and
sorbent dosage, to understand the efficiency of the synthesized
sorbents in hazard removal and cesium removal from aqueous
solutions. The optimum results of the study showed that the
synthesized organoclay adsorbents, OC1 and OC2, exhibited
high stability toward removing cesium ions from aqueous
solutions. The maximum adsorption capacity of Cs+ was found
to be approximately 24.7 mg g~ for OC1 and 34.4 mg g~ ' for
OC2. The adsorption process followed the Langmuir model,
indicating a favorable adsorption mechanism. Additionally, the
desorption process using 0.1 M NaOH and 0.1 M HCI showed
efficient desorption rates, reaching up to 97% for OC1 and 50%
for OC2 after multiple adsorption stages. Due to the superior
selectivity, stability, and compatibility of the synthesized orga-
noclay adsorbents OC1 and OC2, the study successfully ach-
ieved high efficiency in removing cesium ions from aqueous
solutions. Modifying bentonite using gamma radiation and
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incorporating polyaniline and ilmenite improved adsorption
capacities, making the sorbents suitable for hazard-removal
applications. The optimum results highlighted the effective-
ness of the sorbents in cesium removal, showcasing their
potential for addressing challenges associated with hazardous
ion hazards in water sources. Fig. 11 illustrates the structure of
bentonite clay and the effects of aniline polymerization within
its layers.”*® The bentonite structure consists of repeating layers,
each composed of two tetrahedral sheets (silicon and oxygen)
sandwiching an octahedral sheet (aluminum, magnesium, and
hydroxide). The layers are separated via interlayers containing
adsorbed cations and water. The image highlights the bentonite
structure's acid sites (Si plane and O plane) and base sites (Al,
Mg plane and O, OH plane). Importantly, the exchange sites in
bentonite, also where aniline polymerization occurs, are indi-
cated. The polymerization of aniline inside the bentonite
structure leads to an increase in the d-spacing (doo;) from 15.7 A
to 16.1 A, suggesting successful intercalation of polyaniline into
the interlayer spaces while maintaining the overall layered
structure. This composite combines the properties of bentonite
(high surface area, ion exchange capacity).

8. Adsorption characteristics of
polymeric adsorbents

Polymeric adsorbents, including porous organic polymers
(POPs), ion-organic frameworks (MOFs), and synthetic poly-
mers, exhibit diverse and crucial adsorption characteristics that
underpin their efficacy in water remediation applications.”**
Understanding these characteristics is essential for optimizing
their use and harnessing their full potential in addressing water
hazard challenges. Raman spectroscopy is a powerful analytical
technique that may offer valuable insights into the adsorption
characteristics of polymeric adsorbents. It is used for surface
analysis, identifying adsorption mechanisms, monitoring
adsorption kinetics, characterizing polymer structure and
composition, evaluating thermal stability, and conducting
complementary analysis with other techniques. For instance,
Raman spectroscopy may analyze surface properties, like the
presence and distribution of hydrophilic groups, cross-linking
degree, and adsorbent particle morphology, which are crucial
for understanding adsorption mechanisms and optimizing
adsorbent performance. Researchers may identify specific
interactions among the adsorbent and target pollutants via
comparing Raman spectra before and after adsorption, like
hydrogen bonds and m-m interactions. Additionally, Raman
spectroscopy helps monitor the adsorption process over time,
providing insights into kinetics, equilibrium capacity, and
desorption behavior. It also offers detailed information about
polymer chemical structure and composition, including
hydrophilic groups and polymerization degree. Raman spec-
troscopy is essential for evaluating the thermal stability of
polymeric adsorbents and is important for water remediation
applications under varying temperatures. Combining Raman
spectroscopy with other techniques, like IR spectroscopy, X-ray

diffraction, and scanning electron microscopy, offers
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a comprehensive understanding of adsorption characteristics.
For example, the article*”® used Raman spectroscopy and
gravimetric sorption measurements to determine the adsorp-
tion capacity and selectivity of translucent functionalized
porous materials, specifically silica ionogels. Raman spectros-
copy was employed to characterize the adsorption capacity and
selectivity of the materials at high pressures. The method
involved conducting line measurements in the ionogels and
bulk phase using a confocal Raman microscope. The density of
the fluids in the adsorbent was compared to their density in the
vapor phase, and substance-specific peaks were analyzed to
determine adsorption capacity. On the other hand, gravimetric
sorption measurements were conducted independently using
a magnetic-suspension balance to validate the results obtained
from Raman spectroscopy. The measurements were carried out
at various pressures with an equimolar (hydrogen + carbon
dioxide) gas mixture and pure constituents. The net adsorption
capacity was calculated based on the mass of the sample and
the adsorbed fluid, and the results were compared with the
Raman spectroscopy data to ensure consistency and accuracy in
determining the sorption properties of the ionogels. Fig. 12
depicts a schematic of the experimental setup used for
adsorption measurements of an equimolar gas mixture on an
ionogel utilizing a confocal Raman microscope. The figure
shows how spectra were recorded along a single axis at equi-
distant intervals of 5 um in both the bulk phase and inside the
ionogel particle. The measurements were conducted at
a specific height (z = 200 pm), corresponding to approximately
half the height of the investigated particles. The structure of
a mesopore is highlighted in the inset of the figure, although it
is noted that the details in the schematic are not true to scale.
The experimental setup allowed for the visualization and anal-
ysis of the adsorption process within the ionogel at high pres-
sures, providing valuable insights into the adsorption capacity
and selectivity of the material. Fig. 12 presents a schematic of an
innovative experimental setup for measuring gas adsorption on
ionogels (IGs) using confocal Raman microscopy. The custom-
made high-pressure optical cell contains an IG particle on the
left and a bulk gas phase on the right, filled with an equimolar
hydrogen and carbon dioxide mixture. The confocal Raman
microscope, positioned above the cell, conducts line measure-
ments at 5 um intervals along a single axis from inside the IG
particle to the bulk gas phase. All measurements are taken at z
=200 um, approximately half the height of the IG particles. This
setup allows for a direct comparison of gas density within the
adsorbent to that in the vapour phase, enabling the determi-
nation of adsorption capacity as a function of pressure. The
inset highlights the mesoporous structure of the IG. While not
drawn to scale, the schematic illustrates a method that
combines the chemical specificity of Raman spectroscopy with
high spatial resolution, providing detailed insights into
adsorption phenomena in complex materials. The system
operates at a constant temperature of 293.15 K and may handle
pressures from 1 to 50 bar, though these control mechanisms
are not explicitly shown in the Fig. 12.

Molecularly Imprinted Polymers (MIPs) and Raman spec-
troscopy efficiently separate and enrich melamine from whole

© 2024 The Author(s). Published by the Royal Society of Chemistry
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milk samples.”*® MIPs act as a sorbent in Solid Phase Extraction
(SPE) to clean up the samples rapidly, allowing for the accurate
detection and quantification of melamine using Surface-
Upgraded Raman Spectroscopy (SERS). The MIPs are designed
to selectively recognize and bind melamine, upgrading the
sensitivity and specificity of the detection method. Surface-
Upgraded Raman Spectroscopy (SERS) improves the detection
of melamine in milk by significantly increasing the detection
method's sensitivity and specificity.””” Here's how SERS
upgrades the detection of melamine in milk: (1) Signal
upgradement: SERS significantly upgrades the Raman scattering
signals of molecules adsorbed on the surface of noble ion
nanostructures, like silver or gold. This upgrade may amplify
the Raman signals via several orders of magnitude, making it
possible to detect trace levels of analytes like melamine. (2)
Increased sensitivity: the upgraded Raman signals in SERS allow
for the detection of analytes at very low concentrations, even
down to single molecule levels. This high sensitivity is crucial
for detecting contaminants like melamine in food samples at
regulatory levels. (3) Selective detection: the specific interaction
among the analyte (melamine) and the SERS-active substrate
(silver dendrite in this study) leads to selective detection. This
specificity ensures that the detected signal is primarily from the
target analyte, reducing interference from other components in
the sample. (4) Fast analysis: SERS enables rapid analysis of
samples, as demonstrated in the study where the full analysis
time to determine melamine in whole milk was less than 20
minutes. This speed is essential for high-throughput detection
required in food industry settings. (5) Quantitative analysis:
SERS may offer quantitative information about the concentra-
tion of melamine in milk samples. The study showed a good
linear relationship among the intensity of the melamine SERS
band and melamine concentration, allowing for accurate
quantification. In detecting melamine in whole milk samples,
Raman spectroscopy demonstrated its capability through effi-
cient separation and enrichment of melamine using Molecu-
larly Imprinted Polymers (MIPs).>*® It achieved accurate

© 2024 The Author(s). Published by the Royal Society of Chemistry

detection and quantification within a specific range, show-
casing high sensitivity with a limit of detection (LOD) of
0.012 mmol L™ " and a rapid analysis time of less than 20
minutes, highlighting its effectiveness for sensitive and swift
melamine detection in food samples.

8.1. Adsorption capacity and kinetics

The adsorption capacity of polymeric adsorbents refers to their
ability to capture and retain contaminants from water. The
polymer matrix influences. This capacity via surface area, pore
size distribution, and hydrophilic groups. Hydrophobic inter-
actions are pivotal in influencing the adsorption capacity of
polymeric adsorbents due to their nature as weak, non-covalent
forces that occur among non-polar molecules or surfaces in
aqueous environments. These interactions arise from water
molecules’ tendency to minimize contact with hydrophobic
surfaces, resulting in the aggregation of hydrophobic groups
and the exclusion of water molecules. Hydrophobic interactions
play a critical role in polymeric adsorbents by upgrading their
adsorption capacity, particularly for non-polar organic pollut-
ants. Hydrophilic groups or aromatic rings within the polymeric
structure attract and bind hydrophobic adsorbates through
these interactions.”® The strength of hydrophobic interactions
is modulated via factors like ionic strength and temperature,
where higher ionic strength increases hydrophobic interactions
but diminishes electrostatic interactions, optimizing adsorp-
tion capacity. Temperature also affects these interactions, with
lower temperatures favoring enthalpic contributions that drive
the adsorption process. Thus, understanding and controlling
hydrophobic interactions are crucial for optimizing the perfor-
mance of polymeric adsorbents in diverse water remediation
applications.

Adsorption kinetics is pivotal in comprehending the
temporal aspects and mechanisms governing adsorption
processes, which is crucial for optimizing various industrial and
environmental applications. It encompasses the study of reac-
tion rates, sorption mechanisms, mass transfer phenomena,
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diffusion processes, and surface reactions occurring during the
adsorption of substances from solution onto solid surfaces.”*®
The process typically unfolds in three distinct phases: external
mass transfer, where molecules move across the boundary layer
surrounding the adsorbent; internal diffusion, involving the
penetration of molecules into the porous structure of the
adsorbent material (Fig. 13); and finally, the establishment of
physical or chemical bonds at active sites within the adsorbent's
pores. Key kinetic models employed in adsorption studies
consist of Langergren's pseudo-first-order model, which
assumes adsorption occurs via surface sites and follows an
exponential decrease in the number of vacant sites with time.
Conversely, Ho's pseudo-second-order model suggests adsorp-
tion proceeds through chemisorption, involving the sharing or
exchange of electrons among adsorbent and adsorbate,
reflecting a more realistic adsorption mechanism over time.
Mechanism determination models like the interfacial diffusion
and particle diffusion models further elucidate how external
and internal mass transport processes influence overall
adsorption kinetics, aiding in developing efficient adsorption
processes tailored to specific applications.

On the other hand, the kinetics of adsorption describe the
rate at which contaminants are adsorbed onto the polymeric
surface.”' This parameter is critical for assessing the efficiency
and practicality of using polymeric adsorbents in water reme-
diation processes. By understanding the adsorption capacity
and kinetics, researchers and engineers can tailor the design
and operational parameters of water remediation systems to
achieve optimal contaminant removal while maximizing
resource utilization.

For example, the article®** discusses gallic acid's adsorption
capacity and kinetics onto polymeric adsorbents with amine
hydrophilic groups. The polymeric adsorbents studied in the
research are characterized via their weight and volume
exchange capacities, which determine their ability to adsorb
gallic acid. The adsorption capacity and kinetics analysis of the
polymeric adsorbents used in the study®* are as follows: (1)
sample P115, hydrophilic groups: xCH,CHNHCOCH,CH,CH,-
CH,,, volume weight: 0.03256 g mL ™', exchange capacity: 0.187
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meq mL '/5.735 meq g '. (2) Sample P-BA-2, hydrophilic
groups: CH,CH,CH,CH,CHCHC=0CHCH,,NCHCH;CH,-
NNH,, volume weight: 0.0534 g mL™", exchange capacity: 0.510
meq mL~'/9.55 meq g~ . (3) Sample P-HH, hydrophilic groups:
yCH,CH,CHCHNH,C=0ONHCHCH,,CHCH,CNHNHNH,,
volume weight: 0.2284 ¢ mL ™", exchange capacity: 0.523 meq
mL~'/1.304 meq g '. (4) Sample P1, hydrophilic groups: N +
CH,CHCH,CI-CONH,, volume weight: 0.4814 g mL},
exchange capacity: 2.70 meq mL™"/1.30 meq g~ . The adsorp-
tion capacities of the polymeric adsorbents were found to vary,
with P115 showing the highest efficiency, followed via P1, P-Ba-
2, and PHH.

Regarding kinetics, the study observed that the sorption
capacity of gallic acid increased with time, reaching equilibrium
within 2 hours for both concentrations tested. The adsorption
kinetics were modeled using the Lagergren pseudo-first-order
equation to understand the sorption rate.””® The results indi-
cated that the sorption rate increased with the concentration of
gallic acid. The polymeric adsorbents with amine hydrophilic
groups may be called ion exchangers. These ion exchangers are
designed to have specific hydrophilic groups that may interact
with and adsorb target molecules, like gallic acid in this study.
The hydrophilic groups, like primary, secondary, and tertiary
amine groups, modify the chemical composition of the adsor-
bent, upgrading its adsorption behavior towards organic
compounds like polyphenols. In the context of characterizing
ion exchangers, it is important to understand the difference
among milliequivalents per milliliter (meq mL™") and milli-
grams per milliliter (mg mL ') as these units are used to
describe different properties of the materials. The choice
among meq mL™' and mg mL ™" should be guided via the
specific requirements of the application and the type of infor-
mation that is most useful for the purpose at hand. For ion
exchange and detailed chemical analysis, meq mL™" is more
informative, while mg mL™" is typically more practical and
simpler for general concentration measurements. Here's
a compares milliequivalents per milliliter (meq mL ') and
milligrams per milliliter (mg mL™") in Table 4. Milliequivalents
per milliliter (meq mL™") is preferred in contexts where

Adsorption mass transfer steps

1. External diffusion

PFO, MO, Boyd’s external diffusion, EMT kinetics models

2. Internal diffusion

PFO, MO, Boyd’s intraparticle diffusion, IMT, W-M kinetics models

3. Adsorption onto active sites
PSO, MO, Langmuir kinetics, AAS kinetics models

Adsorbates

Fig. 13 The general steps of mass transfer in adsorption kinetics models.
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Ilustrates the differences in measurement units and their practical applications in various scientific and industrial contexts, highlighting
their respective strengths in ion exchange studies and general concentration measurements

Attribute meq mL " (milliequivalents per milliliter) mg mL~" (milligrams per milliliter)

Definition A measure of the amount of a substance based A measure of the mass of a substance in a given
on its chemical equivalent volume of solution

Usage They are used to describe the exchange capacity They were used to describe the concentration of

Considers valence
Relevant for
Calculation basis

Direct application

Conversion requirement

Ion exchange applications

Chemical reactions

General concentration measurement

Environmental science

Ease of use

Regulatory and standardization

of ion exchangers

Yes, it takes into account the valence (charge) of
ions

Determining ion exchange capacity

Amount of ion exchange sites available per unit
volume

Performance and efficiency of ion exchangers
Requires ion valence and molar mass
knowledge for conversion to mg mL ™"

Preferred: it accounts for the valence of ions and
measures ion exchange capacity

Preferred: when dealing with reactions, ion
exchange or chemical equivalence is important
Less preferred: more complex to interpret for
general solute concentration

Preferred: useful for understanding pollutant
ion exchange and remediation processes

Less preferred: requires additional information
(valence, molar mass) for interpretation
Preferred: in fields where ion exchange capacity
is a standard measure (e.g., water remediation)

a substance in a solution
No, it only considers the mass of the substance

Quantifying the amount of substance present or
adsorbed
Mass of the substance per unit volume

Concentration of a solute in a solution

Direct measurement of mass per volume;
conversion to meq mL™" requires molar mass
and valence information

Less preferred: it does not offer direct
information on ion exchange capacity

Less preferred: unless the mass concentration is
specifically required

Preferred: straightforward for measuring the
amount of a substance in a solution

Less preferred: offers mass concentration but not
ion exchange capacity

Preferred: easier to measure and understand
directly as mass per volume

Less preferred: unless specified for contaminant
mass concentration regulations

understanding ion exchange capacity, chemical reactions, and
ion balance is crucial, like in ion exchange applications, clinical
and medical settings, and environmental science. Conversely,
milligrams per milliliter (mg mL™") is preferred for general
concentration measurements, ease of use, and situations where
straightforward mass per volume information is needed, like in

food science, pharmaceuticals, and certain regulatory
contexts.”**
8.2. Selectivity and specificity

The selectivity and specificity of polymeric adsorbents are
pivotal in their ability to target and capture specific contami-
nants from water. Selectivity refers to the preferential adsorp-
tion of certain contaminants over others, while specificity
relates to the ability of the adsorbent to recognize and selec-
tively bind to particular molecules or ions.””® The polymeric
materials’ chemical composition, surface functionalization,
and pore structure often govern these characteristics. Via
upgrading the selectivity and specificity of adsorbents, it
becomes possible to tailor their performance to remove specific
pollutants, thereby improving the overall efficiency and cost-
effectiveness of water remediation processes. In the context of
adsorption mechanisms in polymers, selectivity refers to the
ability of the hydrogel to preferentially adsorb certain ions or
molecules over others based on specific properties. Factors like
ionic radius, electronegativity, ionization potential, and hydra-
tion radius are crucial in determining a hydrogel's selectivity for
particular ions. For example, hydrophilic groups like -COOH in

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanocomposite polymers may exhibit higher adsorption selec-
tivity for Pb*>" ions compared to other ion ions like Ni**, Cd*",
Cu”", and Zn>" due to differences in their ionic properties.

Additionally, the size of the ionic radius may influence the
binding capacity, with larger ions having a superior binding
capacity to the polymers. Specificity, on the other hand, refers to
the ability of the polymers to accurately and precisely target and
adsorb a particular ion or molecule of interest while minimizing
interactions with other ions or molecules present in the solu-
tion. This specificity may be achieved via designing the poly-
mers hydrophilic groups and structure to upgrade the affinity
for the desired ion or molecule. Modifying the polymer struc-
ture may increase specificity towards certain contaminants,
making the polymers more effective in selective adsorption
processes.

The ability of polymeric adsorbents to be regenerated and
reused is a critical aspect of their sustainability and economic
viability in water remediation applications. Regeneration
involves removing adsorbed contaminants from the polymeric
matrix, restoring its adsorption capacity, and preparing it for
subsequent use. Reusability refers to the ability of the adsorbent
to maintain its adsorption performance over multiple cycles of
operation.””® Both regeneration and reusability are influenced
via factors like the stability of the polymeric matrix, the nature
of the adsorption-desorption process, and the potential for
structural and chemical degradation. Maximizing the regener-
ation and reusability of polymeric adsorbents is essential for
minimizing waste generation, reducing operational costs, and
promoting sustainable use in water remediation systems.
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Regeneration and reusability are critical aspects of the
practical application of polymers in wastewater remediation
processes. Regeneration refers to restoring a polymer's
adsorption capacity after it has been saturated with contami-
nants. This process is essential to ensure the long-term effec-
tiveness and sustainability of the polymer as an adsorbent.
Regeneration methods may vary depending on the type of
contaminants and the specific properties of the polymer. Some
common regeneration techniques for polymers consist of
desorption using appropriate solvents or solutions, like acids,
bases, or complexing agents, to release the adsorbed contami-
nants from the polymer. Thermal remediation, washing, and
other physical or chemical methods may also regenerate the
hydrogel for further use. Reusability, on the other hand, refers
to the ability of the polymer to be used multiple times for
adsorption without significant loss of adsorption capacity or
structural integrity. The reusability of a polymer is closely
related to its regeneration efficiency. A polymer that may be
regenerated effectively and retains its adsorption capacity over
multiple cycles is considered highly reusable.**”

Attempts are being made to develop polymers with improved
regeneration and reusability properties to upgrade their prac-
tical applicability in large-scale wastewater remediation
processes. Researchers aim to create sustainable and cost-
effective solutions for removing contaminants from waste-
water using polymer-based adsorbents by optimizing regener-
ation methods and designing polymers with durable structures.
Understanding and optimizing the adsorption capacity and
kinetics, selectivity and specificity, and regeneration and reus-
ability of polymeric adsorbents are pivotal for advancing their
application in water remediation.””® These characteristics not
only define the performance of polymeric adsorbents but also
inform the design of efficient and sustainable water remedia-
tion processes.

9. Sustainable polymeric adsorbents
for biological contamination

Sustainable polymeric adsorbents have gained attention in the
field of water remediation, particularly for addressing biological
contamination. These materials are derived from renewable
resources and exhibit properties that make them effective in
capturing and removing biological pollutants, such as bacteria,
viruses, and organic contaminants. Polymeric adsorbents have
shown effectiveness in capturing various pathogens, including
bacteria (e.g., Escherichia coli, Salmonella), viruses, and
protozoa. Their ability to selectively adsorb these contaminants
can lead to significant reductions in microbial load in treated
water. These adsorbents can be combined with other water
treatment methods, such as biological filtration and chemical
disinfection, to enhance overall efficacy. For instance, they can
be used as a pre-treatment step to reduce the burden of
contaminants before applying more intensive treatment
processes. Sustainable polymeric adsorbents can be deployed in
situ, allowing for real-time treatment of contaminated water
sources. This approach is particularly beneficial in remote areas
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where traditional treatment facilities are unavailable. Sharma
et al.>>** conducted extensive research on Guar gum-based
hydrogels, demonstrating their effectiveness in both dye
adsorption and antibacterial applications. Their work on Guar
gum/acrylic acid and Guar gum/itaconic acid hydrogels showed
impressive dye removal rates of 70% and 87%, respectively,
along with 100% antibacterial killing effectiveness. These
studies highlight the versatility of natural gum-based hydrogels
in environmental remediation and disinfection processes.
Expanding on the use of natural gums, Sahraei and Ghaemy
et al.>®' developed a gum tragacanth-graphene oxide (GT-GO)
hydrogel. This composite material showed remarkable adsorp-
tion capacities for heavy metal ions, specifically 132.12, 112.50,
and 142.05 mg g~ " for Ag(1), Cd(n), and Pb(u), respectively. The
incorporation of graphene oxide into the hydrogel structure
likely contributed to its enhanced adsorption performance.
Additionally, the GT-GO hydrogel exhibited antibacterial prop-
erties against S. aureus, demonstrating a multifunctional
approach to water treatment. Dil and Sadeghi et al>** took
a different approach by focusing on gelatin-based hydrogels.
Their porous gelatin/acrylic acid (PGE-AcA) and silver
nanoparticle-doped porous gelatin-silver/acrylic acid (PGESNC-
AcA) hydrogels showed promising results for copper ion
removal, with adsorption rates of 65.8% and 78.7% respectively.
The incorporation of silver nanoparticles not only improved
adsorption performance but also enhanced antibacterial
activity against both S. aureus and E. coli, showcasing the
potential for synergistic effects in hydrogel design. Mohamed
et al.>® explored the potential of N-quaternized chitosan/
poly(acrylic acid) (NQC/PAA) hydrogels for heavy metal
removal and antibacterial applications. Their material demon-
strated high adsorption capacities for various metal ions,
including Cd(u), Fe(m), Cu(u), Cr(m), and Ni(u), with removal
percentages ranging from 44.0% to 93.3%. The NQC/PAA
hydrogel also exhibited strong antibacterial properties against
both Gram-positive and Gram-negative bacteria, further
emphasizing the multifunctional nature of these materials.
These studies collectively demonstrate the versatility and
effectiveness of synthetic polymeric hydrogels as adsorbents
and antibacterial agents. The ability to fine-tune properties
through material selection and preparation methods allows for
targeted applications in water treatment and environmental
remediation. Future research in this field may focus on
improving adsorption capacities, enhancing selectivity for
specific pollutants, and developing more sustainable and cost-
effective hydrogel formulations. Fig. 14 provides a comprehen-
sive visual representation of several hydrogel-based adsorbents
and their performance characteristics. Fig. 14 highlights
different aspects of the hydrogels studied by various research
groups. Sharma et al.**® presented their work on Guar gum-
based hydrogels in the first part of Fig. 14a-c. The SEM
images in Fig. 14a reveal the morphological changes in the
hydrogel structure as it progresses from pure Guar gum to the
doped Ggum-cl-poly(AcA-ipn-aniline) form. Fig. 14b displays
a bar graph comparing the adsorption percentages of these
different formulations, clearly showing the enhanced perfor-
mance of the doped hydrogel. The antibacterial efficacy of the
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Fig. 14 Comparative analysis of various hydrogel-based adsorbents. (a) SEM images and (b) adsorption percentages of Guar gum, Ggum-cl-

poly(AcA), undoped Ggum-cl-poly(AcA-ipn-aniline) and doped Ggum-

cl-poly(AcA-ipn-aniline). (c) Antibacterial study of Guar gum/acrylic acid

hydrogel (Sharma et al., 2015).2% (d) Schematic illustration of GT-GO hydrogel preparation route. (e) Removal efficiency of GT-GO hydrogel over
multiple cycles. (f) Antibacterial study of GT-GO hydrogel (Sahraei and Ghaemy et al.,?Y). (g) SEM images, (h) adsorption rates, and (i) antibacterial
activity of Guar gum natural, Guar gum neutral, and Guar gum/itaconic acid hydrogel (Sharma et al., 2017).2?° (j) Surface morphology, (k)
adsorption capacity, and (1) antibacterial study of PGE-AcA and PGESNC-AcA hydrogel (Dil and Sadeghi et al.,?*?). (m) Adopted fabrication method
of NQC/PAA hydrogel. (n) Antibacterial study of NQC/PAA hydrogel against S. aureus and E. coli (Mohamed et al.,**). Reproduced from ref. 234

with permission from [Elsevier], copyright [2021].

Guar gum/acrylic acid hydrogel is demonstrated in Fig. 14c
through images of bacterial growth inhibition. The work of
Sahraei and Ghaemy et al.>** on the GT-GO hydrogel is illus-
trated in sections Fig. 14d-f. A schematic representation of the
GT-GO hydrogel preparation process is shown in Fig. 14d,
providing insight into its synthesis. The removal efficiency of
the hydrogel over multiple cycles is presented in Fig. 14e,
demonstrating its reusability. Fig. 14f showcases the antibac-
terial properties of the GT-GO hydrogel through images of
bacterial growth inhibition zones. Returning to the work of
Sharma et al.,* Fig. 14g-i focuses on their Guar gum/itaconic
acid hydrogel. SEM images in Fig. 14g display the morpholog-
ical differences between natural Guar gum and the modified
hydrogel forms. The adsorption rates of these different formu-
lations are compared in a bar graph in section Fig. 14h, while
their antibacterial activity is visually represented in Fig. 14i.
Dil and Sadeghi et al.*** contributed the PGE-AcA and
PGESNC-AcA hydrogels, which are featured in sections Fig. 14j—
1. The surface morphology of these hydrogels is shown through
SEM images in (j). Their adsorption capacities are compared in
a bar graph in Fig. 14k, and their antibacterial efficacy is
demonstrated through growth inhibition images in Fig. 141.
Finally, Mohamed et al.>** is work on the NQC/PAA hydrogel
is presented in sections Fig. 14m and n. Fig. 14m provides

© 2024 The Author(s). Published by the Royal Society of Chemistry

a schematic illustration of the NQC/PAA hydrogel fabrication
method, offering insight into its preparation process. Fig. 14n
visually represents the antibacterial properties of this hydrogel
against S. aureus and E. coli through images of bacterial growth
inhibition.

Various polymer-based adsorbents have been developed to
remove water-borne pathogens effectively. For instance, Khan
et al.*® on chitosan-based adsorbents further exemplifies the
effectiveness of polymeric materials in removing water-borne
pathogens. The study focused on the synthesis of chitosan-
copper oxide (CS-CuO) composite spheres, which were evalu-
ated for their ability to adsorb methyl orange dye while simul-
taneously exhibiting antibacterial properties. The CS-CuO
composite demonstrated a remarkable adsorption rate of
approximately 95.9% for methyl orange, alongside significant
antibacterial activity against various pathogens, including
Pseudomonas aeruginosa. This dual functionality highlights the
potential of chitosan-based materials in addressing both dye
pollution and microbial contamination in water.

Moreover, the work by Sanmugam et al.>*® introduced a chi-
tosan-ZnO-graphene oxide hybrid composite that showcased
enhanced dye adsorption and antibacterial properties. The
study reported that this composite could effectively remove
model pollutants such as methylene blue and crystal violet
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while achieving high antibacterial efficacy against both Gram-
positive and Gram-negative bacteria. The incorporation of
zinc oxide and graphene oxide not only improved the adsorp-
tion capacity but also provided a synergistic effect that
enhanced the antibacterial performance of the composite,
making it a promising candidate for water purification
applications.

Additionally, the research by Taghipour et al**’ on zinc
metal-organic polymers (Zn-MOP) demonstrated the potential
of coordination polymers in water treatment. The Zn-MOP
exhibited an impressive adsorption capacity of 70.923 mg g *
for bromocresol purple, along with effective antibacterial
activity against Proteus vulgaris. This study illustrates the
versatility of polymer-based materials in targeting specific
pollutants while simultaneously addressing microbial threats
in water sources.

These examples collectively emphasize the ongoing
advancements in the field of polymeric adsorbents, showcasing
their multifaceted capabilities in removing toxic pollutants and
deactivating water-borne pathogens. The integration of anti-
bacterial properties into these materials not only enhances their
effectiveness in water treatment but also contributes to the
development of sustainable and efficient solutions for ensuring
safe drinking water. As research continues to evolve, the
potential for these multifunctional adsorbents to play a critical
role in addressing global water quality challenges becomes
increasingly evident. Haldorai and Shim et al.*>*® investigated
the synthesis of chitosan/MgO composites through a chemical
precipitation method. The resulting composite exhibited
significant antibacterial properties, particularly against
common pathogens such as E. coli. The authors highlighted the
synergistic effect of chitosan's biocompatibility and MgO's
antibacterial characteristics, making this composite a prom-
ising candidate for water treatment applications. The study
emphasized the potential of chitosan-based materials in effec-
tively removing contaminants while simultaneously providing
antimicrobial action, thus addressing both pollutant removal
and pathogen deactivation in water. Kamal et al.** focused on
the development of a ZnO/chitosan coating layer for the
removal of dyes and its antibacterial properties. The study
demonstrated that the ZnO/Chi-MCM composite exhibited
a notable adsorption capacity for methylene blue (MO) dye, with
a maximum removal rate of 42.8 mg g '. Additionally, the
antibacterial activity was evaluated against E. coli, showing
a significant zone of inhibition. The findings suggest that the
incorporation of ZnO into chitosan not only enhances dye
removal efficiency but also provides effective antibacterial
action, making it suitable for wastewater treatment applica-
tions. Ahmad et al.>*® explored the preparation and character-
ization of thiosemicarbazide-modified chitosan as an efficient
adsorbent for heavy metal ions and its antibacterial properties.
The modified chitosan demonstrated a remarkable 99% effec-
tiveness in disinfecting water contaminated with various path-
ogens. The authors noted that the functional groups introduced
during the modification process enhanced the adsorption
capacity for metal ions while also providing significant anti-
bacterial activity against Gram-positive and Gram-negative
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bacteria. This dual functionality positions thiosemicarbazide-
modified chitosan as a valuable material for both pollutant
removal and pathogen control in water treatment. Kumar
et al*** presented the synthesis of crosslinked chitosan for
effective dye removal and antibacterial activity. The crosslinked
chitosan exhibited a maximum removal capacity of 95% for
methylene blue (MO) dye under optimized conditions.
Furthermore, the antibacterial performance was assessed,
revealing a strong inhibitory effect against E. coli. The study
emphasized the importance of crosslinking in enhancing the
structural integrity and adsorption properties of chitosan,
making it a versatile material for addressing both organic dye
pollution and microbial contamination in water sources. Sah-
raei and Ghaemy et al.**' focused on the synthesis of a gum
tragacanth/graphene oxide composite hydrogel for heavy metal
ion removal and antibacterial applications. The composite
exhibited excellent adsorption capacity for heavy metals and
demonstrated significant antibacterial activity against S. aureus
and E. coli. The authors highlighted the advantages of using
natural polysaccharides like gum tragacanth in combination
with graphene oxide, which not only enhances the adsorption
properties but also provides a biocompatible and environmen-
tally friendly approach to water purification. This composite
shows promise for practical applications in wastewater treat-
ment. Kamal et al.>* investigated the performance of ZnO/Chi-
MCM composites for the removal of organic dyes and their
antibacterial properties. The results indicated that the
composite achieved a maximum adsorption capacity of 42.8 mg
g~ for methylene blue (MO) dye. Additionally, the antibacterial
activity was evaluated against E. coli, showing a significant zone
of inhibition. The authors concluded that the incorporation of
ZnO into chitosan enhances both the adsorption efficiency for
dyes and the antibacterial action, making it a suitable candidate
for water treatment applications targeting both organic pollut-
ants and microbial contaminants. Saeid et al?*** developed
a polyurethane foam-cadmium sulfide nanocomposite for the
removal of reactive orange 122 dye and disinfection of water-
borne pathogens. The study reported a removal rate of 22.7 mg
¢! for the dye, along with 100% disinfection efficiency against
S. aureus and E. coli. The authors emphasized the potential of
using cadmium sulfide nanoparticles within a polyurethane
matrix to achieve effective pollutant removal while simulta-
neously providing antibacterial properties. This composite
demonstrates the feasibility of integrating adsorbent materials
with antimicrobial capabilities for enhanced water treatment
solutions. Dhillon et al.>** focused on the synthesis of a hydrous
hybrid Fe-Ca-Zr oxide nanomaterial for the removal of fluoride
from water and its antibacterial activity against E. coli. The
research demonstrated a fluoride removal rate of 250 mg g/,
along with a significant zone of inhibition against the bacteria.
The authors highlighted the effectiveness of the hybrid nano-
material in addressing both fluoride contamination and
microbial threats, showcasing its potential for application in
water purification systems that require dual functionality in
pollutant removal and pathogen deactivation. Hosseinzadeh
et al.>** explored the synthesis of kappa-carrageenan beads
containing silver nanoparticles for dye adsorption and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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antibacterial applications. The composite exhibited a maximum
adsorption rate of 269 mg g~ ' for cationic dyes, along with
strong antibacterial activity against E. coli and S. aureus. The
authors noted that the release of silver ions from the nano-
particles contributed to the antibacterial properties, making
this composite an effective material for both dye removal and
microbial disinfection in wastewater treatment processes.
Zhang et al.** investigated silver-dispersed carbon aerogels for
their adsorption and antibacterial properties. The study re-
ported a maximum adsorption capacity of 240 mg g ' for
various organic pollutants, along with significant antibacterial
activity against E. coli. The authors emphasized the advantages
of using silver nanoparticles within the carbon aerogel matrix,
which not only enhanced the adsorption efficiency but also
provided effective microbial control. This dual functionality
positions silver-dispersed carbon aerogels as promising mate-
rials for water treatment applications targeting both organic
contaminants and pathogens. Fig. 15 presents a comprehensive
overview of various chitosan-based composite materials and
their applications in dye removal and antibacterial activities.
Fig. 15a-d focuses on the chitosan-magnesium oxide (CS-MgO)
composite, as studied by Haldorai and Shim et al.**® Fig. 15a
provides a schematic illustration of the fabrication route for the
CS-MgO composite, giving insight into its synthesis process. A
transmission electron microscopy (TEM) image in Fig. 15b
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offers a long view of the CS-MgO composite, revealing its
structural characteristics. The dye removal efficiency of the
composite is presented in a graph in Fig. 15¢, while its anti-
bacterial activity is demonstrated in Fig. 15d. Fig. 15e-g show-
cases the work of S. B. Khan et al.*** on copper oxide-embedded
chitosan (CS-CuO) composite spheres. Fig. 15e shows a graph-
ical representation of the composite's removal of methyl orange
(MO). Fig. 15f compares the removal results for different dyes
using CS-CuO, highlighting its versatility in dye adsorption.
Fig. 15g illustrates the antibacterial properties of CS-CuO.

Fig. 15h-j presents the findings of Jiang et al?**® on the
magnetic chitosan-graphene oxide (MCGO) composite. Fig. 15h
shows SEM images of MCGO, while Fig. 15i displays SEM
images of E. coli before and after treatment with MCGO, visually
demonstrating its antibacterial effect. A graph in Fig. 15j illus-
trates the variation of adsorption capacity and removal
percentage versus different MCGO adsorption dosages Fig. 15k-
m focuses on the work of Ahmad et al.>* on tripolyphosphate
cross-linked chitosan (TSCS). The preparation route for TSCS is
schematically represented in Fig. 15k. A graph showing the
adsorption capacity versus dosage of TSCS is presented in
Fig. 151, and its antibacterial properties are demonstrated in
Fig. 15m.

Polyaniline (PANI) based adsorbents have garnered attention
due to their unique conductive properties, which make them
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Fig. 15 Chitosan-based composite materials for dye removal and antibacterial applications. (a) Schematic illustration of CS-MgO composite
fabrication route. (b) TEM image showing long view of CS-MgO composite. (c) Percentage of dye removal. (d) Antibacterial activity of CS-MgO
composite (Haldorai and Shim et al.,%®). (e) Graphical representation of MO removal on CS-CuO composite. (f) Removal results of different dyes
using CS-CuO. (g) Antibacterial study of CS-CuO (S. B. Khan et al.,?*®). (h) SEM images of MCGO. (i) SEM images of E. coli before and after
treatment with MCGO. (j) Variation of adsorption capacity and removal percentage versus different adsorption dosages of MCGO (Jiang et al.,2%¢).
(k) Preparation route of TSCS. (l) Adsorption capacity versus dosage of TSCS. (m) Antibacterial study of TSCS (Ahmad et al.,2*°). Reproduced from

ref. 234 with permission from [Elsevier], copyright [2021].
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suitable for environmental and antibacterial applications. PANI
composites, such as PANI-Ti[iv] and PANI-ZrO,, have shown
remarkable efficiency in adsorbing pollutants and combating
bacterial growth. In studies by Bushra et al>*” and Masim
et al.*® these composites exhibited significant adsorption
capacities and demonstrated excellent antibacterial activities
against a range of bacterial strains. These materials are partic-
ularly advantageous for their dual functionality in environ-
mental remediation and disinfection, offering an integrated
approach to pollutant removal and bacterial control. Poly-
urethane foam-cadmium sulfide nanocomposites represent
another polymeric material designed for adsorptive applica-
tions. Saeid et al.>** developed this nanocomposite specifically
for the removal of reactive orange 122 dye, a common industrial
pollutant. The material not only exhibited high adsorption
performance but also demonstrated complete (100%) disinfec-
tion efficiency against bacteria, making it highly effective for
environmental cleaning. The combination of polyurethane
foam with cadmium sulfide nanoparticles enhances the mate-
rial's surface area and reactivity, allowing it to function as both
an adsorbent and antibacterial agent.

10. Research gaps, limitations, and
challenges of polymeric adsorbents

Sustainable polymeric adsorbents are emerging as a pivotal
solution in water remediation technologies. They offer the
potential to significantly improve the removal of contaminants
and deactivation of pathogens. Their effectiveness in address-
ing these critical issues is essential for safeguarding public
health and maintaining environmental safety. Despite their
promising capabilities, several research gaps, limitations, and
challenges must be addressed to harness their potential fully.
One significant research gap lies in the development of multi-
functional polymeric materials. Current research primarily
focuses on the adsorption properties of these materials, but
there is a growing need for adsorbents that combine multiple
functionalities. Integrating additional capabilities, such as
catalytic activity or antimicrobial properties, could greatly
enhance their performance in diverse water treatment applica-
tions. For example, polymeric adsorbents with catalytic prop-
erties could facilitate the breakdown of contaminants in situ,
while those with antimicrobial properties could address
microbial pathogens more effectively.”*®

Another important research area is the integration of poly-
meric adsorbents with advanced remediation technologies.”*®
Combining these adsorbents with techniques like membrane
filtration and advanced oxidation processes could lead to more
efficient and comprehensive water treatment solutions.”* This
integration can address complex water quality challenges by
leveraging the strengths of each technology, potentially leading
to enhanced overall remediation performance.

Enhanced characterization techniques are also crucial for
advancing the field. Improved methods for understanding the
structure-property relationships of polymeric adsorbents are
needed. Advanced modeling techniques, such as molecular
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dynamics simulations, could provide valuable insights into how
these materials interact with contaminants at a molecular level.
This knowledge could facilitate the design of more effective
adsorbents tailored to specific contaminants and applications.

Despite their advantages, polymeric adsorbents face several
limitations. Scalability is a major challenge, as many promising
materials are developed in controlled laboratory settings but
struggle to be produced on an industrial scale.>®* The transition
from laboratory to large-scale production often encounters
obstacles related to synthesis processes and material consis-
tency. Additionally, the high production costs associated with
some advanced polymeric materials can limit their practical
application in large-scale water treatment facilities, making
cost-effectiveness a key concern.

Environmental stability is another limitation. Some poly-
meric adsorbents may degrade when exposed to harsh envi-
ronmental conditions over extended periods, potentially
affecting their long-term performance and sustainability.
Research into improving the durability of these materials under
varying environmental conditions is necessary to ensure their
effectiveness over time. Moreover, the ability to regenerate and
reuse polymeric adsorbents efficiently is often limited, and
enhancing their reusability is crucial for developing sustainable
water treatment solutions.

The challenges facing polymeric adsorbents are multifac-
eted. The complexity of water contaminants requires adsor-
bents to be designed with specificity for target pollutants while
maintaining broad-spectrum efficacy. Compliance with strin-
gent regulatory standards for water quality can also complicate
the deployment of new materials. Research must align with
these regulations to ensure that polymeric adsorbents meet the
required standards and gain acceptance from regulatory bodies.
Additionally, public acceptance and awareness play a vital role
in the successful implementation of new technologies.
Educating stakeholders about the benefits and safety of poly-
meric adsorbents is essential for their adoption in water treat-
ment systems.

11. Conclusions

Polymeric adsorbents, particularly those based on hydrogels,
biopolymers, and nanocomposites, have proven to be highly
effective in adsorption-based water remediation technologies.
Their ability to remove a wide range of pollutants, including
heavy metals and industrial dyes, along with their capacity to
deactivate water-borne pathogens, makes them critical compo-
nents in sustainable water treatment solutions. By incorpo-
rating antimicrobial agents like metal nanoparticles, these
materials offer dual functionality, addressing both chemical
contaminants and biological hazards. The development of
multifunctional polymeric adsorbents provides a promising
approach for safer water purification and long-term environ-
mental sustainability. Continued research into enhancing their
adsorption efficiency and antibacterial properties will further
strengthen their role in global water remediation efforts. Inte-
grating polymeric adsorbents with other remediation technol-
ogies, like membrane filtration and advanced oxidation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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processes, offers synergistic benefits and improves overall
remediation efficiency. As research and development in poly-
mer chemistry, nanotechnology, and material science continue
to advance, polymeric adsorbents are poised to contribute
significantly to sustainable water purification technologies. The
future of polymeric adsorbents in water remediation looks
promising, with continuing innovations devoted to upgrading
performance, selectivity, and sustainability to ensure the
protection and preservation of vital water resources for future
generations.

Abbreviation

MIPs Molecularly imprinted polymers
PANI Polyaniline

PAM Polyacrylamide

PVA Poly(vinyl alcohol)

EPS Extracellular polymeric substances
SPE Solid-phase extraction

NMPs Nano-magnetic polymers

POPs Porous organic polymers

FDA Formaldehyde dimethyl acetal
DCX Dichloroxylene

COFs Covalent organic frameworks
CMPs Conjugated microporous polymers
PAFs Porous aromatic frameworks

HCP Hyper-crosslinked polymers

HIP Halogenated ionic polymers

PE Polyethylene

PAAc Polyacrylic acid

FTIR Fourier transform infrared spectroscopy
SEM Scanning electron microscopy
TGA Thermogravimetric analysis

PGA Polyglutamic acid

meq/mL Milliequivalents per milliliter
mg/mL  Milligrams per milliliter

IL Ionic liquid

MOFs  Metal-organic frameworks

PIM Polymer of intrinsic microporosity
MWCNT Multi-walled carbon nanotubes
HEMA  Hydroxyethyl methacrylate

VOCs Volatile organic compounds

PEG Polyethylene glycol

PVP Polyvinylpyrrolidone

SAW Surface acoustic wave

HPSW  Horizontally polarized shear wave
STW Surface transverse wave

QCM Quartz crystal microbalance
CMUT  Capacitive micromachined ultrasound transducer
IRT Infrared thermography

DPN Dip-pen nanolithography

BSA Bovine serum albumin

SAM Self-assembled monolayer

DNA Deoxyribonucleic acid

RNA Ribonucleic acid

IgG Immunoglobulin G

E. coli  Escherichia coli

ECL Electrochemiluminescence
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ATP
SPR
NPs
MI
HPLC
LC-MS
ICP-MS
XRF
HRTEM
QD
FRET
EDX
HPLC-
MS
Raman
EPR
CE
NTA
SPM
IR
UV-Vis
GC-MS
LDI
SAXS
DCS
PALS
TIRF
HNMR
PXRD
VvCD
RBS
XANES
EXAFS
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Adenosine triphosphate

Surface plasmon resonance

Nanoparticles

Magnetoimpedance

High-performance liquid chromatography
Liquid chromatography-mass spectrometry
Inductively coupled plasma mass spectrometry
X-ray fluorescence

High-resolution transmission electron microscopy
Quantum dot

Forster resonance energy transfer

Energy dispersive X-ray spectroscopy
High-performance liquid chromatography mass
spectrometry

Raman spectroscopy

Electron paramagnetic resonance

Capillary electrophoresis

Nanoparticle tracking analysis

Scanning probe microscopy

Infrared spectroscopy

Ultraviolet-visible spectroscopy

Gas chromatography-mass spectrometry
Laser desorption/ionization

Small-angle X-ray scattering

Differential scanning calorimetry

Photon correlation spectroscopy

Total internal reflection fluorescence
High-resolution nuclear magnetic resonance
Powder X-ray diffraction

Vibrational circular dichroism

Rutherford backscattering spectrometry
X-ray absorption near edge structure
Extended X-ray absorption fine structure
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