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The discharge of heavy metal ions, persistent organic pollutants, and radioactive
species into industrial effluents and wastewater poses a critical threat to
environmental sustainability and public health. Conventional sorbent materials are
often hindered by limited sorption capacity, poor selectivity, and insufficient
reusability, which significantly restrict their large-scale applicability. To address
these challenges, increasing research efforts have focused on the design of modified
sorbents through chemical functionalization, polymer incorporation, and
nanomaterial integration. These strategies have yielded sorbents with enhanced
sorption performance, accelerated kinetics, tailored selectivity, and improved
regeneration potential. This review provides a comprehensive overview of the
synthesis approaches for modified sorbents, including chelating agent
functionalization, polymer matrix hybridization, and nanoparticle-assisted
modification. A growing body of evidence demonstrates the superior performance
of modified sorbents in removing toxic heavy metal ions (Pb*", Cd*", Hg*"),
synthetic dyes, and organic pollutants from aqueous environments. Finally, the
review highlights emerging challenges and future prospects, with particular
emphasis on the development of multifunctional, environmentally benign, and
intelligent (“smart”) sorbent materials. Their potential for industrial-scale
implementation and sustainable environmental remediation is discussed as a
promising direction for future research.
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compounds, and bacteria from wastewater, the capture
of CO: under high temperatures, the formulation of
low-temperature composites, sealants, and many other
applications. Sorbents can exist in both solid and liquid
states; common solid sorbents include activated carbon,

1. Introduction

Sorbents (from the Latin sorbens — “absorbing”)
are solid or liquid materials capable of selectively
capturing gases, vapors, or dissolved substances from

their surroundings. In the current era of rapid industrial
development, the practical application of scientific
research has become more relevant than ever. Among
the key products of chemical technology that are widely
used across different industrial sectors, sorbents play a
particularly important role.

They are employed for the purification and recovery
of metals, the removal of heavy metals, organic

silica gels, aluminosilicates, zeolites, and ion-exchange
polymers [1]. The rapid growth of population,
industrialization, and urbanization has drastically
increased the global demand for clean water.
Consequently, the search for alternative water sources,
as well as the purification and recycling of wastewater,
has become critical [2]. Among different approaches,
layered aluminosilicate clay minerals have been
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recognized as efficient adsorbents for wastewater
treatment due to their technical stability, low cost, and
environmental safety [3]. In recent studies, these
minerals have been compared with activated carbon the
most commonly used sorbent for the removal of
specific metal ions from wastewater and gas streams.

Their natural ion-exchange properties are attributed
to charge exchanges occurring between the interlayer
spaces of the clay structure [4]. Montmorillonite, one
of the most widely applied clay minerals, has been
shown to possess relatively low charge density (0.2-0.6
eq./formula unit) [5].

Another significant breakthrough of the 20th
century is the development of polymeric ion-exchange
sorbents, which are now considered indispensable in
multiple areas. Their applications span water softening,
environmental remediation, wastewater treatment,
hydrometallurgy, = chromatography, biomolecular
separation, and catalysis. These resins are typically
composed of polymers covalently bonded to functional
ligands. Such polymers can be engineered to possess a
high concentration of adsorption-active sites and
functional groups, enhancing their separation
efficiency [6,7].

2. Novelty and significance of the review

This review presents a comprehensive and
systematic  analysis of modified sorbents,
encompassing biosorbents, polymer-based sorbents,
and nanomaterial-integrated sorbents, with a focus on
their synthesis, functionalization, and application in
environmental remediation. Unlike previous reviews,
which often addressed individual sorbent categories or
specific pollutants, this work integrates
multidisciplinary insights to evaluate the performance,
selectivity, and regeneration potential of sorbents for
the simultaneous removal of heavy metals, dyes, and
gaseous contaminants. In particular, the review
highlights recent advances in hybrid and
multifunctional sorbents, including intelligent “smart”
materials, polymer composites, and eco-friendly
biosorbents derived from agricultural waste, providing
a unique perspective on sustainable and cost-effective
solutions. Furthermore, emerging challenges and future
directions are critically discussed, such as optimizing
sorbent design for industrial-scale implementation,
improving adsorption kinetics, and enhancing sorbent
recyclability. By combining both fundamental
mechanistic understanding and practical applications,
this review offers a novel and integrative framework
that has not been systematically addressed in the
literature, thereby serving as a valuable reference for
researchers and practitioners in environmental
chemistry and material science. General information
about sorbents and their mechanisms of action.
Adsorption is one of the key processes used for
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pollutant removal. It occurs when atoms, ions, or
molecules attach to the surface of a solid material. This
is different from absorption, where the entire material
volume takes up the substance. The efficiency of
adsorption depends on several factors [8]. A high
surface area offers more active sites for binding. Pore
size distribution controls which molecules can enter
and be captured. Surface chemistry, such as hydrophilic
groups, affects the selectivity for different
contaminants. In addition, molecular size and structure
influence adsorption, with smaller and hydrophilic
molecules being more easily adsorbed [9].

Several factors influence the efficiency of
adsorption. Low solubility of contaminants usually
makes them easier to capture. Electrostatic interactions
between the adsorbent and pollutants also enhance the
process. The pH of the solution can alter the charge and
form of both the adsorbent and contaminant, affecting
adsorption performance [10]. Temperature plays a role
as well. Since adsorption is typically exothermic,
higher temperatures often lower the adsorption
capacity. lonic strength can modify solubility,
speciation, and surface charge, further influencing the
process. Finally, longer contact time favors
equilibrium, while effective mixing improves mass
transfer and increases the interaction between
contaminants and the adsorbent [11]. Adsorption is a
key process in environmental remediation and
industrial separations. It occurs through two main
mechanisms:  physisorption and chemisorption.
Physisorption relies on weak forces such as van der
Waals interactions, dipole—dipole attractions, and
hydrogen bonding. It is non-specific, reversible, and
favored at low temperatures and high pressures.
Chemisorption forms stronger covalent or ionic bonds
between the adsorbate and adsorbent. This process
involves electron transfer and is usually irreversible
without external energy [12]. The principles of
adsorption also include: Ion exchange, where ions in
solution are replaced by ions of similar charge on the
adsorbent surface, guided by -electrostatic forces.
Surface complexation, where functional groups on the
adsorbent form complexes with adsorbate molecules,
enhancing both capacity and selectivity [13].
Precipitation is another adsorption principle, where
insoluble compounds form on the adsorbent surface
and play a vital role in purification. Understanding
these mechanisms is important for designing efficient
adsorption systems for water treatment, gas cleaning,
catalysis, and pharmaceutical production. FEach
principle provides distinct benefits that affect the
performance and sustainability of adsorption
technologies in different applications [14]. Figure 1
shows how toxic metals are adsorbed from wastewater
onto polymeric materials. Adsorption occurs through
physical forces (van der Waals, hydrogen bonding) or
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chemical bonds (covalent, electrostatic). The process is

reversible, allowing desorption and reuse of adsorbents.

Panel (b) illustrates monolayer adsorption, while panel
O Adsorption

(c) shows multilayer adsorption [15].
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Fig. 1. (a) General mechanism for the adsorption, (b)
monolayer adsorption, and (c) multilayer adsorption.

Physisorption, or physical adsorption, occurs
through weak van der Waals forces between the
adsorbate and the adsorbent surface. These include
dispersion forces, dipole-dipole interactions, and
hydrogen bonding, which are non-specific and weak.
The process is usually reversible and favored at low
temperatures and high pressures [16].

Chemisorption is a type of adsorption where strong
covalent or ionic bonds form between the adsorbate and
the adsorbent surface. It is stronger and more specific
than physisorption and usually requires activation
energy. Under normal conditions, chemisorption is
often irreversible [17]. In some cases, both
physisorption and chemisorption may occur together.
The dominant mechanism depends on temperature,
pressure, and the adsorbent’s surface properties, which
affect capacity and selectivity [18].

Ion exchange adsorption occurs when ions in
solution are exchanged with ions on the adsorbent
surface. This process relies on electrostatic interactions
and the affinity of ions for charged sites. It is widely
applied in water softening, purification, and soil
remediation to remove heavy metals and radionuclides
[19]. Surface complexation adsorption happens when
hydrophilic groups on the adsorbent surface chemically
interact with adsorbate molecules. This process may
include ligand exchange, chelation, or coordination,
depending on the surface chemistry of the adsorbent
and the type of adsorbate [20]. Precipitation adsorption
occurs when changes in solubility cause the adsorbate
to form insoluble compounds that deposit on the
adsorbent surface. This mechanism is especially
important in wastewater treatment and separation
processes [21]. Biosorption uses natural biological
materials such as bacteria, algae, or plants to remove
pollutants from water. The process includes ion

152

exchange, surface complexation, and weak physical
interactions. Functional groups like hydroxyl,
carboxyl, and amino groups on the biomass surface
play a key role in binding contaminants. Because it is
low-cost and eco-friendly, biosorption is considered a
sustainable method for environmental remediation
[22]. Chiral adsorption is the selective binding of
enantiomers, or mirror-image molecules, on chiral
adsorbent surfaces. The process relies on specific
interactions between the chiral centers of the adsorbent
and the target molecules. This mechanism is widely
applied in pharmaceuticals, fine chemicals, and food
industries to separate or purify enantiomers. It plays a
key role in ensuring the quality and effectiveness of
chirally pure compounds [23]. Electrostatic adsorption
takes place when charged ions or molecules are
attracted to oppositely charged adsorbent surfaces. It is
driven by coulombic forces between the charged
species in solution and the functional groups on the
adsorbent. This mechanism is widely applied in
wastewater treatment, ion exchange chromatography,
and other separation processes for selective removal of
charged contaminants [24].

Figure 2 illustrates the multifaceted mechanisms
involved in adsorption. The porous adsorbent structure
interacts with ions and molecules through ion
exchange, electrostatic attraction, van der Waals forces,
coordination bonding, and precipitation. Reactive sites,
exchangeable ions, and functional groups are
represented with different colors to clarify their roles.
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Fig. 2. Shows the proposed adsorption mechanism of ion
removal.

The diagram also emphasizes two important
transport pathways: surface diffusion, where ions
migrate along the adsorbent surface, and intra-particle
diffusion, where they penetrate the internal pores.
Overall, the figure provides a clear overview of how
surface interactions and internal diffusion collectively
govern adsorption behavior [25].
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3. Development and applications of modified

sorbents.

In recent years, several modified types of ion-
exchange resins-referred to as hybrid ion exchangers-
have been developed to tackle complex environmental
separation challenges. Their applications extend from
the removal of trace contaminants and the desalination
of brackish water, to nutrient recovery and even the
direct capture of carbon dioxide from the atmosphere
[26]. Tao Zhang et al. eutrophication and phosphorus
scarcity drive the need for efficient phosphate removal
from wastewater. Cerium-based sorbents are
promising, but Ce (III) oxidation to Ce (IV) limits
efficiency. To address this, a cerium-modified activated
carbon (CeAC-A) was synthesized using ascorbic acid
to stabilize Ce (III). The modified sorbent showed
higher —OH groups (82.76%) and an adsorption
capacity of 448.57 mg-P/g Ce, over four times greater
than conventional CeAC. These results demonstrate
that protective agents can enhance Ce-based sorbents,
making CeAC-A a scalable and effective material for
phosphate removal and environmental recovery [27].

A new method for developing sorbents based on
surface-modified hydroxyapatite (HAp) nanoparticles
is presented. These nanoparticles are designed for
extracting nonionic surfactants. The approach relies on
the oriented attachment (OA) mechanism, where small
nanoparticles combine under hydrothermal conditions
to form larger ones. Characterization results and
quantum-chemical calculations suggest a possible
mechanism for nanoparticle formation [28]. In another
study, lignin sulfonate was obtained by treating corn
stover, and then modified lignin sulfonate was obtained
by hydrothermal method. Modified lignosulfonate
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adsorbent efficiency removes heavy metals in
wastewater especially Cu®*" and Pb?" [29]. Three cross-
linked acrylic polymers were tested for Zn (II) removal
from synthetic wastewater. These polymers were
functionalized with triethylenetetramine (As30, As32)
and acylated diethylenediamine (Cm26). Among the
polymers, Cm26 had the highest sorption capacity
(1135.77 mg g at 293 K) (Figure3) [30]. The
polymers were synthesized by aminolysis of EA—AN-
DVB copolymers with triethylenetetramine or
ethylenediamine. Cm26 was further
carboxymethylated. These polymers showed high ion-
exchange ability and good stability, making them
promising chelating sorbents for heavy metal removal.
The removal of lead (Pb) from wastewater containing
chelators is difficult because Pb-chelator complexes are
highly stable and mobile. In this study, a biomass-based
sorbent ~was  developed:  proline-incorporated
dithiocarbamate-modified cellulose with epoxy cross-
linking (DMC-Pro-Epo6). This sorbent was tested for
Pb (II) removal under chelator-rich conditions. DMC-
Pro-Epo6 showed excellent Pb (II) sorption
performance. Even in the presence of a 100-fold excess
of chelators and competing metal ions, the sorbent
maintained high efficiency. Compared with
commercial ion-selective sorbents, DMC-Pro-Epo6
achieved superior separation [31]. Unlike conventional
treatment methods, this approach provides a simpler
and more efficient way to separate metals and chelators
from effluents. Even in the presence of strong chelators
such as EDTA and DTPA, removal rates remained high
(92-97 %). Therefore, DMC-Pro-Epo6 is a promising
material for treating complex wastewaters, including
those generated during soil-washing processes
(Figure 4) [32].
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Fig. 3. Chemical reactions of AE-AN-DVB copolymers functionalization and a possible interaction of Znaq>* with
functionalized acrylic copolymers.
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Fig. 4. Schematic illustration of the proposed Pb (I) extraction pathway from chelator-enriched soil washing effluents.

In the past, most of the research focused on
individual removal of polycyclic aromatic hydrocarbons
(PAHs) or heavy metals (HMs) from the water sources.
The co-existence of PAHs and HMs in water is a
prevalent problem; their simultanecous mitigation is
highly desirable and interesting. These contaminants
have different properties and compositions that make it
even more difficult to remove with the use of
conventional procedures. The elimination of the PAHs is
reported using different adsorbents such as bentonite
[33], chitosan [34], peat moss [35], activated rice husk
[36], nanotubes [37], activated carbon [38], zeolite [39],
biochar [40], and graphene. A group of scientists who
studied these problems synthesized a crosslinked resin
(CLR) with B-CD (for PAH extraction) and aspartic acid
and methylenephosphonate motifs (as scavengers for Pb
(IT) and Hg (1)) [41].

In addition to lead, hexavalent chromium (Cr (VI)) is
a toxic and carcinogenic pollutant. [on-exchange sorbents
are widely used for its selective detection. Accurate
measurement of Cr (VI) in soil, water, and industrial
waste is vital for environmental safety [42]. Thakur et al.
studied this problem in detail and proposed a new sorbent.
These sorbents are valued for their high selectivity and
separation ability. Their performance depends on factors
such as pH, temperature, and competing ions. The
synthesis, modification, and characterization of ion-
exchange sorbents help improve capacity and selectivity
[43].

Along with complex organic sorbents, inorganic
sorbents are also widely used. Zeolites are widely applied
as sorbents because they are inexpensive and available in
large quantities. They also show excellent chemical and
thermal stability, which allows regeneration and reuse for
several cycles. Another advantage is their good
selectivity for exchanging different cations at room
temperature. During this process, they release non-toxic
exchangeable cations from their structure. Zeolites also
possess a large surface area, high ion-exchange capacity,

and a suitable tetrahedral pore network. These properties
make them effective for heavy metal removal [44].

Natural zeolite has been successfully used to remove
cadmium from aqueous solutions [45]. In addition, both
natural zeolites and those impregnated with silver species
have shown high efficiency in removing mercury from
water (Figure 5) [46].
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Fig. 5. An overview of the research on the removal of heavy
metals with natural zeolites.

In another study one gram of natural zeolite (NZ) was
mixed with 100 mL of 1 mol L-1 sodium chloride
solution. The mixture was stirred at 100 rpm for 1 hour at
30 °C. Afterward, the NZ was filtered, washed with
MilliQ water, and dried at 60 °C for 2 hours. This process
produced Na(I)-enriched zeolite, referred to as NZ-Na.
This sorbent was used to remove nickel from water. At
higher temperatures, the entropy change (AS°) increased.
This was due to the formation of more heterogeneous
energetic microstates compared to 30 °C. In other words,
ions such as K*, Ca®’, and Mg?* played a greater role in
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Ni (I) sorption at 50-70 °C than at 30 °C. Nickel ions
were able to occupy a wider range of active sites with
different affinity energies, created by the exchanged
compensation ions on the NaCl-treated zeolite surface.
As aresult, the system showed greater molecular disorder
and randomness at higher temperatures [47]. Finally, the
eco-friendly nature of NaCl-treated zeolite adds value for
future applications. The spent zeolite could be reused in
agriculture as a fertilizer additive, while the recovered Ni
could serve as a chemical reagent. Additionally,
ammonium chloride generated in the process may also be
applied as fertilizer [48].

Carbon capture and storage (CCS) technologies have
recently gained significant attention as a key strategy for
reducing greenhouse gas emissions. Developing cost-
effective and efficient methods for capturing and storing
CO: is essential [49].

Among different CO: capture technologies, solid
sorbents are especially attractive due to their high
adsorption capacity, low energy consumption, and ease
of operation. Calcium oxide (CaO) is considered one of
the most promising sorbents because it is abundant,
reactive, inexpensive, and environmentally friendly. CaO
captures CO2 by forming CaCOs through a reversible
reaction [50].

A group of scientists synthesized sorbents from
hollow microtubules of dolomite using absorbent paper
as a biological template. Mn/Fe doped dolomite was used
as the raw material. These sorbents showed strong
stability during CO: capture cycles. After 20 cycles, the
sorbent prepared by the wet method lost only a small
capacity (0.12-0.32 %), indicating good adaptation to the
calcination temperature. Drying at 80 °C for 6 hours was
found to be important for maintaining the hollow
microtubule structure and improving cycle stability. The
Dry-800-c sorbent showed the best CO: capture
performance (69 %), mainly due to the complexation
effect of citric acid. In conclusion, hollow microtubule
dolomite-derived sorbents are promising materials for
direct solar-driven CaL systems for CO- capture (Figure
6) [51].

Additionally, porous organic polymers with polar
groups are useful for environmental applications. They
can capture CO2 and remove toxic metal ions. Two azo-
linked polymers, called man-Azo-P1 and man-Azo-P2,
were synthesized in water. They were made by reacting
benzidine and methylenedianiline  with  1,3,5-
trihydroxybenzene. Man-Azo-P1 had a surface area of
290 m? g'. Man-Azo-P2 had a surface area of 78 m? g™
The azo (-N=N-) and hydroxyl groups gave the polymers
strong adsorption ability. Man-Azo-P1 captured 32 cm?
g1 of CO2at 273 K and 1 bar. It also removed Pb, Cr, As,
Ni, Cu, and Hg ions effectively. These results show that
azo-linked POPs are stable sorbents. They can be applied
in both CO: capture and heavy metal removal [52]. In a
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separate study, nanocarbon-based sorbents were
synthesized for protection against a wide range of toxic
chemical substances. Activation of the precursors led to
the formation of numerous micropores and mesopores,
thereby increasing the specific surface area and
improving sorption efficiency. Walnut shell was chosen
as the main raw material due to its low mineral content,
high carbon content, and low levels of sulfur, nitrogen,
and ash. This made it highly suitable for conversion into
activated carbons wused in food, medical, and
environmental applications.

The preparation process included grinding, sieving,
washing, and drying, followed by activation and metal
impregnation. Characterization confirmed a well-
developed porous texture and favorable surface
chemistry. Breakthrough-time experiments demonstrated
that Cu- and Co-impregnated activated carbons showed
superior sorption of both organic vapors (cyclohexane,
dichloroethane mixtures) and inorganic gases (SO,
NHs). Among them, cobalt-impregnated carbons derived
from walnut shell and rice husk displayed the most
promising results. These findings highlight their potential
as efficient, low-cost, and eco-friendly sorbents for
environmental protection and safety applications [53].

The physical adsorption of CO, onto biomass has not
been fully studied, but this study used molecular
modeling to evaluate the interactions of different biomass
components with CO,. The findings showed that
adsorption occurs through a “CO, - water - biomass”
interaction network, where water molecules act as the
main mediators. CO, binds to water via CO-OH
interactions, while water simultaneously interacts with
biomass via hydrogen bonds. The moisture content was
found to be an important factor controlling the adsorption
efficiency. It was estimated that 1g of biomass adsorbs 5
to 56 g of CO; at 230-310 K and atmospheric pressure
[54].

In other studies, the simultaneous adsorption of toxic
gases phosphine and hydrogen sulfide has been
investigated. In this study, a N-doped MWCNTs
adsorbent loaded with CuO (NxCuy@MWCNTSs) was
synthesized by one-pot method and used for the
simultaneously removal of PH; and H,S at low
temperature and low oxygen conditions. As expected,

NxCuy@MWCNTs showed excellent adsorption-
oxidation performance for the simultaneously removal of
PH; and H,S. Strikingly, the deactivated

NxCuy@MWCNTs also exhibited excellent activity for
photocatalytic degradation and adsorption of Rhodamine
B (Rh B), which significantly reduces the environmental
pollution and resource waste associated with spent
adsorbents. A novel and efficient adsorbent
(NxCuy@MWCNTSs) using copper nitrate, urea, and
multi-walled carbon nanotubes as raw materials was
synthesized through a one-pot method (Figure 7) [55].
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This adsorbent exhibit excellent performance in the
simultaneous adsorption-oxidation of PH3 and H»S [55].
In addition, Coal gasification improves the environment
and supports economic growth.

However, H.S formed during gasification causes
equipment corrosion, catalyst poisoning, and product
contamination. Therefore, removing HaS is essential for
clean coal use. Recent studies explored high-temperature
coal gas cleaning with metal oxide sorbents such as Zn,
Mn, Fe, Cu, and Ce.

The desulfurization process is a gas-solid reaction that
depends strongly on the pore structure of the sorbent. In
this work, a new strategy is proposed. Highly dispersed
Fe nanoparticles were anchored on carbon nanofibers
(CNFs) using electrospinning and template methods
under microwave heating.

A series of Fe-MCNF sorbents were first prepared by
co-electrospinning  polyacrylonitrile  (PAN)  with
Fe(acac)s. The method of electrospinning combined with
template methods and microwave calcination was
employed to synthesize the Fe NPs sorbents with
different pore structures for H,S removal [56].
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4. Obtaining modified biosorbents and their

importance.

Biosorbents are sorbents derived from living or
dead biological sources (such as lignin, cellulose, chitin,
algae, bacterial cell walls, shell wastes, etc.). Their main
advantages are as follows:

Low cost and availability — they can be obtained from
agricultural residues, wood, stalks, shells, and other by-
products, making their production inexpensive.

Environmentally friendly —unlike synthetic polymers,
they are non-toxic and biodegradable.

High selectivity — functional groups (—-OH, -COOH, —
NHa, —SH) enable strong binding with heavy metal ions.

Regenerability—biosorbents can often be regenerated
by washing or changing the pH.

Stability — some (such as chitosan- or lignin-based
sorbents) maintain their functionality in water and across
a wide pH range.

Agricultural by-products, natural substances, and bio-
sorbents can serve as cost-effective alternatives for
adsorption. Recent studies suggest that agricultural by-
products hold promise as affordable sorbents for
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removing dyes from wastewater. There are various
methods available to modify the bio-adsorbent for dye
adsorption which is shown in the (Figure 8) [57].

Chemical modification is considered one of the most
efficient methods for enhancing the adsorption
performance of sorbents. Acid and alkali treatments are
the most common approaches, providing pollutant
removal efficiencies of up to 95-99 %. Acid modification,
typically carried out by wet oxidation, involves the use of
mineral acids (e.g., HNOs, HCIl, H.SO., Hs;PO.) or
organic acids (e.g., oxalic, carboxylic, acetic acids).
These treatments introduce surface charges and
functional groups that facilitate the adsorption of
positively charged metal ions and other contaminants
[58]. Physical modification of sorbents is often
performed through heat treatment, where the material is
exposed to a specific temperature for a defined period
followed by controlled cooling. This process reduces
internal stresses, enhances dimensional stability, and
improves the overall adsorption efficiency of bio-based
sorbents. Owing to its simplicity and versatility, heat
treatment is considered an effective approach for tailoring
the structural and functional properties ofsorbents for
various environmental applications [59].

Biological modification of sorbents involves the use
of microorganisms, enzymatic agents, or genetic
engineering techniques to enhance their surface
chemistry and functionality. Such approaches improve
the structural properties and adsorption capacity of bio-
based sorbents, making them more effective for removing
various pollutants from aqueous and gaseous media [60].

Composite Improving the effectiveness and durability
of bio-adsorbents towards eliminating dyes in wastewater
remediation via composite alteration is a viable method.
The adsorption efficacy of bio-adsorbents may be
augmented by including composites, including
tetraethylenepentamine (TEPA), into amino terephthalic
acid-modified AC. Research indicates that composite
alteration significantly enhances uptake capacity in
comparison to unmodified bio-adsorbents, underscoring
the efficacy of this adaptation technique in improving dye
removal efficiency [61]. Graft polymer. A valuable
method for enhancing the uptake capacity of bio-
adsorbents for eliminating colors in wastewater
purification is graft polymer alteration. The

uptake capacity and selection of bio-adsorbents,
like polyacrylic acid, may be significantly improved by
graft polymerization onto their surface [62].

Many experiments have been conducted to obtain
modified natural sorbents, including used poultry feathers
(PFs) as a biosorbent to remove six heavy metals (Cr®,
As?*, V', Co?*, Ni**, Cd?*") from contaminated water. The
spent biosorbent was also evaluated for its thermal and
energy potential. PFs were modified with tetrahydrofuran
(THF), and the process was optimized using response
surface methodology (RSM). The best pre-treatment
conditions were 30 °C, 47 min, and 0.015 g ml™!, while
optimal biosorption was achieved with 0.17 g PF and 0.5
h contact time. Under these conditions, removal of Co?",
Ni?*, Cd?**, and V>' increased, whereas Cr®" and As3*
removal slightly decreased [63].

Developing green materials for heavy metal removal
is both environmentally and economically important. In
this work, lettuce leaves (LC), a low-cost agricultural
waste, were modified with alginate (ALG) and
diethylenetriaminepentaacetic acid (DTPA). The
modified LC/ALG-DTPA biosorbent was designed for
the adsorption of Pb?*" ions. Lettuce leaves harvested in
December DTPA, sodium alginate, ammonium solution,
and other chemicals were supplied by Merck. All
experiments were carried out with double-distilled water,
and the pH was adjusted using NaOH or HCI. The two-
step modification with ALG and DTPA improved Pb*
adsorption efficiency. This synergistic effect makes
LC/ALG-DTPA a promising and sustainable material for
the treatment of lead-contaminated water (Figure 9) [64].

In a subsequent study, Lettuce leaves (LC) were
selected as a cheap and green biosorbent. They were
modified in two steps with sodium hydroxide (NaOH)
and ethylenediaminetetraacetic acid (EDTA). NaOH
removes waxes, fats, and lignin from the surface. This
exposes functional groups like -OH, -NH:, and -COOH.
It also improves cellulose strength and ion exchange
ability. EDTA forms stable complexes with heavy metals
such as Pb**, Ca*', and Mg?". It is widely used because of
its strong complexation ability. The combined
modification (LCNE) increased Pb** removal efficiency.
This was achieved by cleaning the surface with NaOH
and adding EDTA as a coordinating agent (Figure 10)
[65].

Bio-adsorbent|
modification

Fig. 8. Modification of bio-adsorbent.
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In a subsequent study, Lettuce leaves (LC) were
selected as a cheap and green biosorbent. They were
modified in two steps with sodium hydroxide (NaOH)
and ethylenediaminetetraacetic acid (EDTA). NaOH
removes waxes, fats, and lignin from the surface. This
exposes functional groups like —OH, -NH., and -COOH.
It also improves cellulose strength and ion exchange
ability. EDTA forms stable complexes with heavy metals
such as Pb?*, Ca?*, and Mg?". It is widely used because of
its strong complexation ability. The combined
modification (LCNE) increased Pb** removal efficiency.
This was achieved by cleaning the surface with NaOH
and adding EDTA as a coordinating agent (Figure 10)
[65]. In related work, M Plaza-Gonzalez, M Bueno-
Abarca a new biosorbent was obtained by modifying the
luffa plant. Luffa (Luffa acutangula or Luffa aecgyptiaca)
is a natural fiber from the Cucurbitaceae family. It
contains cellulose (55-90 %), hemicellulose (8-22 %),
and lignin (10-23 %). The composition depends on
species, soil, irrigation, and temperature Luffa has a
large surface area. It is cheap and biodegradable. Because
of these properties, it is used as a sorbent in analytical
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extractions. Industrially, luffa is applied for heavy metal
removal, dye decolorization, and ethanol production. It is
naturally hydrophilic, but pretreatments can change its
surface polarity. For example, functionalization with
stearic acid allows oil separation from water. Luffa-based
sorbents are eco-friendly and low-cost. Functionalization
with stearic acid improved their efficiency for detecting
PAHs in water. Enrichment factors were 11-30, and
recoveries ranged from 72-88 % [66].

Another interesting work in obtaining sorbents from
waste is investigated the removal of Congo red dye from
industrial wastewater. The researchers used low-cost
nano-biosorbents prepared from agricultural wastes such
as magnetic orange peel, peanut shells, and tea waste. Tea
waste showed the highest removal efficiency of 94 %.
This was due to its high porosity and the presence of
active functional groups. Peanut shells removed 83 % of
the dye, while orange peel achieved 68 %. These findings
demonstrate that agricultural waste-based nano-
biosorbents are practical for dye removal. They also offer
a sustainable method for wastewater treatment and
environmental protection [67].
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5. Obtaining polymer composite modified sorbents.

Polymer sorbents are specially synthesized or
modified polymer-based materials designed for the
removal of various pollutants. They can be prepared from
natural polymers (such as chitosan, cellulose, lignin) or
synthetic polymers (such as polystyrene, polyaniline,
polyacrylic acid, polyamide) [68]. The main advantages
of polymer sorbents are as follows:

High selectivity — The incorporation of specific
functional groups (-NH:, -COOH, —OH, —SOsH, etc.)
into the polymer backbone allows selective interaction
with target metal ions or organic molecules.

Structural flexibility — Polymers can be fabricated in
various forms (granules, films, fibers, nanocomposites),
which broadens their application fields.

Strong mechanical stability — Compared to many
natural sorbents, polymer sorbents are more resistant to
deformation.

Chemical resistance — They can remain stable in
acidic, alkaline, or organic solvent environments.

Reusability — Many polymer sorbents can be
regenerated and used multiple times without significant
loss of efficiency.

High surface area and adsorption capacity -
Particularly in nanostructured and hybrid polymer
sorbents, this property is significantly enhanced.

Low-cost and accessible raw materials — Some
polymer sorbents can even be synthesized from
agricultural wastes or recycled plastics.

Polymeric adsorbents are valued for their mechanical
strength, stability, and tunable surface properties.
Chemical modification allows the introduction of
functional groups, improving adsorption capacity and
selectivity toward specific contaminants. Their
hierarchical pore structures further enhance efficiency.
Unlike conventional materials such as activated carbon,
many polymeric adsorbents are regenerable and reusable.
Moreover, bio-based polymers like chitosan and cellulose
add sustainability through biodegradability and eco-
friendly sourcing [69].

Polymeric materials are increasingly recognized as
effective adsorbents for water purification. Their
adjustable surface chemistry, strong mechanical stability,
and versatile structures allow them to be tailored for
specific adsorption purposes. By introducing or
modifying hydrophilic functional groups, these materials
can achieve improved selectivity and stronger
interactions with targeted pollutants [70].

Recent studies emphasize the importance of advanced
materials in addressing environmental pollution.
Innovative polymers have shown strong potential in this
field due to their structural advantages. Their large
surface area offers numerous active sites for adsorption,
while porous frameworks enable fast diffusion and
accessibility. In addition, polymers maintain high
mechanical strength and chemical stability, making them
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suitable for demanding water treatment conditions
without notable degradation [71].

A wide range of polymeric adsorbents has been
explored for water treatment applications. Polyaniline
(PANI) exhibits excellent efficiency in capturing heavy
metals and organic pollutants, while chitosan, obtained
from chitin, provides abundant functional groups for
contaminant binding. Polyacrylamide (PAM) and its
derivatives, widely used as flocculants, also act as
efficient adsorbents for dyes and metal ions. Similarly,
hydrogels based on polyvinyl alcohol (PVA) show strong
potential for removing organic compounds due to their
high swelling capacity and water retention [72].

The authors observed that introducing functional
groups during modification improved the adsorption
capacity for metal ions. At the same time, the material
showed strong antibacterial activity against both Gram-
positive and Gram-negative bacteria. This dual function
makes thiosemicarbazide-modified chitosan a promising
candidate for pollutant removal and pathogen control in
water treatment. Kumar et al. reported these findings
[73].

Polyaniline (PANI)-based adsorbents have gained
much attention because of their conductive nature. This
property makes them useful in both environmental
remediation and antibacterial applications. Composite
adsorbents such as PANI-Ti (IV) and PANI-ZrO: show
high efficiency in pollutant removal. They are also
effective in controlling bacterial growth. Studies by
Bushra et al. confirmed their improved performance
compared with pure PANI [74].

Central Asian scientists have also conducted a number
of scientific research studies on the production of
modified polymer sorbents. one of them is as follows This
study focuses on synthesizing and evaluating a chelating
sorbent for extracting non-ferrous and noble metal ions.
A sulfur-containing sorbent was prepared using
carbamide, formaldehyde, and dithizone. The effects of
molar ratios of starting materials on the structure and
physicochemical properties were investigated. The
optimal synthesis conditions were found at 90 °C with a
reaction time of 2.5-3 hours, yielding an exchange
capacity of 3.8 mg-eq/g in 0.1 N HCI solution. The best
performance was achieved with a 1:2:0.5 molar ratio of
carbamide, formaldehyde, and dithizone. IR
spectroscopy supported the proposed reaction pathway
for sorbent formation. The static exchange capacity
values (mg-eq/g) for metal ions were: Cu (II) — 2.75, Zn
(II) — 2.83, Ni (II) — 2.72, and Ag (I) — 3.12 [75].

In another article presents a study of a complexing ion
exchanger synthesized from urea, formaldehyde, and
phenolsulfophthaleic acid. The influence of temperature
and molar ratios of the starting materials on its properties
was evaluated. A structural model of the synthesized ion
exchanger is proposed. The exchange properties with Cu
(II), Zn (1I), and Ni (IT) ions were determined. In addition,
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the IR spectra and thermal characteristics of the obtained
ion exchanger were analyzed. The IR spectroscopic and
thermal properties of a sorbent based on urea, formaldehyde,
and diphenylthiocarbazone, which have complex-forming
properties with d-metal cations, were also studied [76].

This study reports the synthesis of a sulfur-containing
polymer sorbent incorporating diethyldithiocarbamate
(DEDTC) as a functional monomer.
Poly(diethyldithiocarbamate) materials were prepared
through radical suspension polymerization. The synthesis
conditions were optimized, and the structural parameters
and properties of the polymers were characterized. Their
sorption performance was evaluated using modern
physicochemical methods and applied to extract Cu (I),
Ni (II), and Zn (II) ions from wastewater of the Termez
Reservoir [77]. A polymer based on urea, formaldehyde,
and phenylsulfophthaleic acid (MPF) was synthesized.
The reaction was carried out in a three-neck flask with a
condenser and stirrer. First, 12 g of urea (0.2 mol) was
dissolved in 40 ml of formalin (0.5 mol) at 40 °C. Then,
50 ml of an aqueous solution of phenylsulfophthaleic acid
(7 g, 0.02 mol) was added dropwise. The mixture was
heated to 95-100 °C and stirred for 2 hours. As a result, a
yellow-orange resin was obtained (Figure 11).

Fig. 11. The proposed structure of CFP polyampholyte.

The product was dried at 80-85 °C for 24 hours,
ground, and washed with 5 % NaOH, followed by
distilled water. The final material consisted of fine red
granules. It was insoluble in water but soluble in ethanol.
The reaction yield was about 90 %. The optimal ratio of
urea, formaldehyde, and acid was 2:5:0.2. This
composition gave the best ion-exchange and adsorption
properties [78]. In this study, a urea-formaldehyde resin
was modified with 2,4-diphenylhydrazine to synthesize a
new sorbent. The chemical composition and
physicochemical properties of the obtained material were
investigated, and its ion-exchange behavior was
evaluated. Experimental results demonstrated that the
sorbent possesses high efficiency in removing heavy
metal ions. Moreover, the modification process enhanced
both the selectivity and stability of the sorbent. These
findings confirm the potential application of the
synthesized sorbent in environmental protection and
industrial wastewater treatment [79].
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A group of scientists, during their scientific research,
proposed a new polymer sorbent: Polymeric adsorbents
with sulfur and amide groups are effective for selective
mercury removal. Thiol, thioether, and polymer-
supported ligands such as xanthate, thiourea, and
dithizone have shown strong affinity to mercury ions
[80]. Recently, sulfonamide-based adsorbents gained
attention due to their stability in acidic and basic media.
A new material, PS-TUR, was synthesized by
chlorosulfonation, sulfonamidation, and urethane
modification. Its structure and surface properties were
analyzed using FTIR, SEM-EDX, XPS, BET, and surface
charge measurements. Inverse gas chromatography
(IGC) was applied to study adsorbent—adsorbate
interactions. Functional groups like urethane, urea, and
amide enhance covalent binding of mercury from water,
making PS-TUR a promising adsorbent for mercury
remediation [81].

In the following study, A new adsorbent was
developed by modifying polystyrene (PS) with
ethanolamine and adding chromium hydroxide
nanoparticles (Cr@EA-PS). The material showed good
efficiency for removing cadmium (Cd (II)) ions from
water. Dual modification improved the surface properties
and functional groups compared to unmodified PS.
Characterization, kinetic, and isotherm studies confirmed
the adsorption mechanism. The study also showed that
Cr@EA-PS is cost-effective and suitable for wastewater
treatment [82]. Bivalves, such as the blood cockle
(Tegillarca granosa), accumulate heavy metals in their
tissues due to their filter-feeding behavior. Consumption
of these contaminated bivalves can expose humans to
heavy metal toxicity. This study evaluated the adsorption
method for removing lead (Pb), cadmium (Cd), and
arsenic (As) from 7. granosa. Results showed that the
initial concentrations of Pb and As exceeded WHO limits.
To reduce heavy metal content, lemon and mango peels
were applied as natural waste-based adsorbents. FTIR
spectra confirmed the presence of hydroxyl and
carboxylic groups in the peels, which contributed to
effective adsorption. Experiments were conducted under
varying dosages, contact times, and reaction
temperatures. Using lemon peels, the maximum removal
efficiencies reached 59.65 % for Pb, 88.89 % for Cd, and
67.54 % for As. With mango peels, the removal rates
were higher, achieving 70.18 % for Pb, 100 % for Cd, and
84.71 % for As. Overall, the results demonstrate that both
lemon and mango peels can serve as efficient natural
adsorbents for heavy metal removal from 7. granosa [ 83-
86]. A Ni-polyacrylamide composite was synthesized for
wastewater treatment. First, polyacrylamide particles
were prepared by high internal phase emulsion (HIPE)
polymerization. Then, these particles were coated with
nickel hydroxide nanoparticles to obtain the adsorbent.
The composite was tested for the removal of methylene
blue dye. Adsorption performance was studied under
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different conditions such as pH, contact time, initial
concentration, and adsorbent dose. The maximum
adsorption capacity was 14.3 mg g!. This was attributed
to the presence of both organic and inorganic functional
groups in the structure. Kinetic studies showed a pseudo-
second-order model. The equilibrium data fitted the
Langmuir isotherm. Thermodynamic analysis confirmed
that the process was feasible, spontaneous, endothermic,
and mainly driven by physisorption [87]. In this article,
the sorption properties of a new polyampholyte were
studied for the first time.

The polymer was synthesized by covalent fixation of
ortho-aminobenzoic acid onto an “epoxymol” epoxy
resin and polyethylene polyamine matrix. The
polyampholyte was tested for complexation with copper,
nickel, zinc, cobalt, and silver ions. The structures of the
polymer and its metal complexes were characterized
using IR-spectroscopy. Elemental analysis confirmed the
formulas of the obtained coordination compounds.
Thermal studies showed that the sorbent is stable up to
200 °C. The material is recommended for practical
application in removing d-metal ions from solutions. The
sorption dependence on pH was also investigated. Results
indicated that sorption is more efficient in slightly acidic
media [88, 89].

Precious metals (PMs) including Au, Pt, Pd, Ru, Rh,
Ir, and Ag possess exceptional physicochemical
characteristics that give them high economic importance.
Their remarkable corrosion resistance, elevated melting
points, strong catalytic activity, adjustable electrical and
thermal conductivity, and effective coordination behavior
make them highly attractive materials [90]. Due to these
unique properties, PMs are widely employed in chemical
and petroleum processing as catalysts, in the automotive
sector, electronic and electrical devices, jewelry
production, and pharmaceutical synthesis [91, 92].

Precious metals (PMs) released from mining and
industrial activities often accumulate as waste, causing
both environmental concerns and economic losses due to
insufficient recycling [93]. For instance, discarded PMs

.8 .

Magnetic sorbent
material

Y metals

from electronic devices were valued at nearly $ 62.5
billion in 2020 [94]. This has driven researchers to
develop greener and more cost-effective recovery
methods [95]. Polymers, especially as sorbent materials,
are drawing attention of researchers because of the ease
of synthesis, ecofriendly properties, dispersibility and the
possibility of integrating functional groups in the polymer

film for efficient extraction of metals [96].
Polymerization = of  pyrrole-1-carbodithioic  acid
on silica coated Fe;04 nanoparticles created the

magnetic sorbent, PPy-CS>@SiO.@Fe;0s, for extraction
and analysis of precious metals.

To solve the above problems Abiral Poudel and others
Polymerization = of  pyrrole-1-carbodithioic  acid
on silica coated Fes;04 nanoparticles created the
magnetic sorbent, PPy-CS,@SiO,@Fe;04, for extraction
and analysis of precious metals. PPy-CS:@SiO:@FesOa
is an air-stable, water-dispersible granular composite
effectively applied for magnetic solid-phase extraction of
precious metal ions such as Ru, Rh, Ir, Pd, Pt, and Au.
Optimal performance was observed at pH 6 with 15 mg
of sorbent and a 15 min extraction time. The material
exhibits high sorption capacities for Pd*" (163.0 mg g™)
and Au** (132.7 mg g'), indicating its potential for
larger-scale applications. Moreover, its efficiency
remains unaffected by the presence of excess co-existing
metal ions, making it suitable for complex mixtures
(Figurel2) [97].

In another study, focused on recovering naproxen
from aqueous solutions using solid polymer sorbents
(Sepabeads® SP850, Amberlite® XAD-4, and Diaion®
HP-20) impregnated with a novel ionic liquid, 1-propyl-
3-undecanoylpyridinium bromide. The incorporation of
this ionic liquid into polymer matrices was evaluated for
its potential in naproxen recovery. Solvent-impregnated
resins were prepared using both wet and dry impregnation
methods. Experimental results demonstrated the

effectiveness of the synthesized resins in naproxen
removal, achieving efficient extraction within 5-10
minutes [98].
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Fig. 12. Schematic representation of the synthesis of PPy-CS,@SiO,@Fe30s.
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Recent advances in sorbent sample preparation have
led to the development of advanced strategies that allow
the efficient handling of complex matrices in qualitative
and quantitative analyses. These methods typically
involve sample cleanup and preconcentration of the target
analytes prior to instrumental analysis. One of the most
important factors in this process is the sorbent material,
as it governs the interaction between the analytes and the
extraction phase. Therefore, choosing the appropriate
sorbent is crucial for efficient and selective extraction. In
recent years, a variety of sorbent materials have been
developed with high surface area, high porosity, and
tunable selectivity [99-100].

Sorbent materials are now central to both conventional
and miniaturized solid-phase extraction techniques. They
are generally classified into synthetic and natural-based
sorbents, each possessing distinctive physicochemical
properties that enable their application across a range of
analytical protocols. Synthetic sorbents, including metal-
organic frameworks (MOFs), restricted access media
(RAM), molecularly imprinted polymers (MIPs),
cryogels, and carbon-based materials, have shown
exceptional adaptability for diverse applications. Despite
their advantages, these materials are often synthesized via
solvent-intensive methods that pose environmental and
health concerns.

Consequently, growing interest has shifted toward
green sorbents, derived from biopolymers, activated
carbon, biochar, and other natural sources. These
sustainable alternatives offer low-cost production and
favorable sorption properties but also face challenges
such as non-standardized synthesis procedures and
limited selectivity, often requiring further modification to
enhance their affinity for target analytes. Addressing
these limitations remains essential for their broader
implementation in analytical sample preparation [101-
124]

6. Conclusion

It has been demonstrated that the modification of
sorbents with functional groups, nanostructures, or
hybrid composites significantly —improves their
adsorption capacity, selectivity, and reusability. The
synergistic effect between the polymer matrix and
incorporated modifiers not only governs the efficiency of
target ion removal but also influences stability,
regeneration performance, and environmental safety.

Despite the promising results obtained at the
laboratory scale, challenges remain in scaling these
advanced sorbents for industrial applications. These
challenges include high synthesis costs, complex
modification procedures, difficulties in achieving
homogeneous distribution of active sites, and a lack of
long-term performance data under real wastewater
conditions.

To overcome these limitations and guide future
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development in the field of sorbent design, the following
research directions are proposed:

Smart and Responsive Sorbents: The incorporation of
stimuli-responsive groups (e.g., pH, redox, or light-
sensitive moieties) can enable controlled adsorption and

desorption  processes, allowing more efficient
regeneration and reuse.
Self-Regenerating Sorbent Systems: Embedding

functional micro- or nanocapsules capable of releasing
regenerating agents during sorption cycles could reduce
operational costs and prolong sorbent lifetime.

Green and Sustainable Sorbents: Future work should
focus on biodegradable polymers (e.g., cellulose,
chitosan, lignin-based materials) and environmentally
benign modifiers that ensure both high adsorption

efficiency and compliance with environmental
regulations.
Performance  Optimization for Real Systems:

Comprehensive studies under diverse conditions (acidic,
alkaline, saline, and multicomponent wastewater
systems) are necessary. Advanced characterization
techniques, such as FTIR, SEM-EDX, XPS, and
adsorption isotherm/kinetic modeling, should be
integrated to understand sorption mechanisms in real
environments.

By addressing these directions, the development of
next-generation modified sorbents can lead to materials
that are highly efficient, selective, scalable, and
environmentally sustainable. Such advances will play a
crucial role in solving global challenges related to heavy
metal pollution and wastewater treatment.

Funding

This research was funded by Termez State University
of Engineering and Agrotechnologies. The authors
express their sincere gratitude for the financial support
that made this study possible.

References

[1] S.K. Shukla, N.R.S. Al Mushaiqri, H.M. Al Subhi, et al.,
Low-cost activated carbon production from organic waste
and its utilization for wastewater treatment. Appl. Water
Sci., 10 (2020) 62. https://doi.org/10.1007/s13201-020-
1145-z

Ali I, The quest for active carbon adsorbent substitutes:
inexpensive adsorbents for toxic metal ions removal from
wastewater. Sep. Purif Rev., 39 (2010) 95-171.
https://doi.org/10.1080/15422119.2010.527802J.

F. Cao, P.Bai, H. Li, Y. Ma, X. Deng, C. Zhao, Preparation
of polyethersulfone-organophilic montmorillonite hybrid
particles for the removal of bisphenol A. J. Hazard.
Mater., 162 (2009) 791-798.
https://doi.org/10.1016/j.jhazmat.2008.05.102

X. Su, L. Ma, J. Wei, R. Zhu, Structure and thermal
stability of organo-vermiculite. Appl. Clay Sci., 132-133
(2016) 261-266.
https://doi.org/10.1016/j.clay.2016.06.011

(2]

(4]


https://doi.org/10.1007/s13201-020-1145-z
https://doi.org/10.1007/s13201-020-1145-z
https://doi.org/10.1080/15422119.2010.527802J
https://doi.org/10.1016/j.jhazmat.2008.05.102
https://doi.org/10.1016/j.clay.2016.06.011

Chem Rev Lett 9 (2026) 150-168

[5] Y.Zhang, F. Yu, B. Louis, Q. Wang, Scalable synthesis of
the lithium silicate-based high-temperature CO: sorbent
from inexpensive raw material vermiculite. Chem. Eng. J.,
349 (2018) 562-573.
https://doi.org/10.1016/j.cej.2024.154385

[6] C. Halpani, G. Mansi, S. Chaubey, Polymeric ion-
exchange sorbents with improved capacity and selectivity.
In: A. Somya, A. Khan (Eds.), Ion Exchange Processes for
Water and Environment Management. Sustainable
Materials and Technology. Springer, Singapore, (2025).
55-82 https://doi.org/10.1007/978-981-96-3989-2 10

[7]1 N. Fontanals, F. Borrull, R.M. Marc¢, Mixed-mode ion-
exchange polymeric sorbents in environmental analysis.
J.Chromatogr..A, 1609  (2020) 460531,  8p.
https://doi.org/10.1016/j.chroma.2019.460531

[8] S.Ullah, S.S.A. Shah, M. Altaf, I. Hossain, M.E. El Sayed,
M. Kallel, Z.M. El-Bahy, A. ur Rehman, T. Najam, M.A.
Nazir, Activated carbon derived from biomass for
wastewater treatment: Synthesis, application and future
challenges. J. Anal. Appl. Pyrolysis, 179 (2024) 1-16p.
https://doi.org/10.1016/j.jaap.2024.106480

[9] G.A.A. Al-Hazmi, A.A. El-Zahhar, M.G. El-Desouky, A.
El-Bindary, Superior adsorption and removal of
doxorubicin from aqueous solution using activated carbon
via thermally treated green adsorbent: isothermal, kinetic,
and thermodynamic studies. Environ. Technol., 45 (2022)
1969-1988.
https://doi.org/10.1080/09593330.2022.2159540

[10]N. Takeda, K. Fukushi, A. Okuyama, Y. Takahashi, Solid-
liquid partitioning and speciation of Pb (II) and Cd (II) on
goethite under high pH conditions, as examined by
subnanomolar heavy metal analysis, X-ray absorption
spectroscopy, and surface complexation modeling.
Chemosphere, 363 (2024) 142766.
https://doi.org/10.1016/j.chemosphere.2024.142766

[11]V. Subr, L. Kostka, J. Plicka, O. Sedlagek, T. Etrych,
Highly Effective Synthetic Polymer-Based Blockers of
Non-Specific Interactions in Immunochemical Analyses.
Polymers, 16 (2024) 758.
https://doi.org/10.3390/polym16060758

[12]G.C. Sedenho, et al., Exploring electron transfer:
Bioinspired, biomimetic and bioelectrochemical systems
for sustainable energy and value-added compound
synthesis. Appl.  Phys. Rev., 11 (2024) 1-13.
https://doi.org/10.1063/5.0186177

[13]N. Aniyyah Mohamad Sobri, N. Harun, M.Y. Mohd
Yunus, A review of the ion exchange leaching method for
extracting rare earth elements from ion adsorption clay.
Chem. Eng. Res. Des., 208 (2024) 94-114.
https://doi.org/10.1016/j.cherd.2024.06.023

[14]A. Gupta, V. Sharma, K. Sharma, V. Kumar, S.
Choudhary, P. Mankotia, B. Kumar, H. Mishra, A.
Moulick, A. Ekielski, P.K. Mishra, A review of adsorbents
for heavy metal decontamination: Growing approach to
wastewater treatment. Materials, 14(16) (2021) 4702.
https://doi.org/10.3390/mal14164702

[15]R.C. Muduli, N. Gupta, P. Sharma, P. Kale, Investigating
reversible hydrogen storage and performance of porous Si
by kinetic study and pressure composition isotherms at up
to 20 bar. Int. J. Hydrogen Energy, 59 (2024) 447-456.
https://doi.org/10.1016/j.ijhydene.2024.01.156

163

[16]C. Biz, J. Gracia, M. Fianchini, Experimental Evidences
on Magnetism-Covalent Bonding Interplay in Structural
Properties of Solids and during Chemisorption. Int. J. Mol.
Sci., 25 3) (2024) 1793.
https://doi.org/10.3390/ijms25031793

[17]1X. Liu, R. Tian, W. Ding, et al., Adsorption selectivity of
heavy metals by Na-clinoptilolite in aqueous solutions.
Adsorption, 25 (2019) 747-755.
https://doi.org/10.1007/s10450-019-0008 1-x

[18]N. Takeda, K. Fukushi, A. Okuyama, Y. Takahashi, Solid-
liquid partitioning and speciation of Pb (II) and Cd (II) on
goethite under high pH conditions, as examined by
subnanomolar heavy metal analysis, X-ray absorption
spectroscopy, and surface complexation modeling.
Chemosphere, 363 (2024) 142766.
https://doi.org/10.1016/j.chemosphere.2024.142766

[19]M. Adli Nor Azman, P.S. Goh, A.F. Ismail, K. Jamaluddin,
KY. Wong, A.S. Sahril, Forward osmosis as a
contemporary  treatment solution for mitigating
radionuclide pollution in water bodies. J. Environ. Chem.
Eng., 12 (2024) 112542.
https://doi.org/10.1016/j.jece.2024.112542

[20]B. Clark, N. Sharma, E. Apraku, H. Dong, W.A. Tarpeh,
Ligand exchange adsorbents for selective phosphate and
total ammonia nitrogen recovery from wastewaters. Acc.
Mater. Res., 5 4) (2024) 492-504.
https://doi.org/10.1021/accountsmr.3c00290

[21]B. Senthil Rathi, P. Senthil Kumar, Application of
adsorption process for effective removal of emerging
contaminants from water and wastewater. Environ. Pollut.,
280 (2021) 116995.
https://doi.org/10.1016/j.envpol.2021.116995

[22]AM. Elgarahy, K.Z. Elwakeel, S.H. Mohammad, G.A.
Elshoubaky, A critical review of biosorption of dyes,
heavy metals and metalloids from wastewater as an
efficient and green process. Cleaner Eng. Technol., 4
(2021) 100209. https://doi.org/10.1016/j.clet.2021.100209

[23]M. Chafig, A. Chaouiki, J. Ryu, Y.G. Ko, Beyond
conventional: Role of chiral metal-organic frameworks in
asymmetric scenarios. Nano Today, 56 (2024) 102227.
https://doi.org/10.1016/j.nantod.2024.102227

[24]Y. Luo, C. Liu, W. Xu, M. Shan, Selective adsorption
performance and mechanism of magnetic cationic resin for
emerging contaminants. Sep. Purif. Technol., 333 (2024)
125858. https://doi.org/10.1016/j.seppur.2023.125858

[25]A. Nastasovi¢, B. Markovi¢, L. Suruci¢, A. Onjia,
Methacrylate-Based Polymeric Sorbents for Recovery of
Metals from Aqueous Solutions. Metals, 12 (5) (2022)
814. https://doi.org/10.3390/met12050814

[26]H. Chen, A.K. SenGupta, Accelerated low-temperature,
low-fouling brine concentration through evaporative ion
exchange mediated by the effect of functional groups. Nat.
Water, 2 (2024) 1009-1018.
https://doi.org/10.1038/s44221-024-00305-7

[27]T. Zhang, S. Shan, D. Liu, Y. Han, K. Sun, W. Wang,
Cerium-based sorbent with 100% Ce (III) and high
dispersion for enhanced phosphate removal from
wastewater. Chem. FEng. J., 497 (2024) 154385.
https://doi.org/10.1016/j.cej.2024.154385


https://doi.org/10.1016/j.cej.2024.154385
https://doi.org/10.1007/978-981-96-3989-2_10
https://doi.org/10.1016/j.chroma.2019.460531
https://doi.org/10.1016/j.jaap.2024.106480
https://doi.org/10.1080/09593330.2022.2159540
https://doi.org/10.1016/j.chemosphere.2024.142766
https://doi.org/10.3390/polym16060758
https://doi.org/10.1063/5.0186177
https://doi.org/10.1016/j.cherd.2024.06.023
https://doi.org/10.3390/ma14164702
https://doi.org/10.1016/j.ijhydene.2024.01.156
https://doi.org/10.3390/ijms25031793
https://doi.org/10.1007/s10450-019-00081-x
https://doi.org/10.1016/j.chemosphere.2024.142766
https://doi.org/10.1016/j.jece.2024.112542
https://doi.org/10.1021/accountsmr.3c00290
https://doi.org/10.1016/j.envpol.2021.116995
https://doi.org/10.1016/j.clet.2021.100209
https://doi.org/10.1016/j.nantod.2024.102227
https://doi.org/10.1016/j.seppur.2023.125858
https://doi.org/10.3390/met12050814
https://doi.org/10.1038/s44221-024-00305-7
https://doi.org/10.1016/j.cej.2024.154385

Chem Rev Lett 9 (2026) 150-168

[28]L. Voskanyan, E. Syukkalova, V. Glavinskaya, M.
Osmolowsky, M. Voznesenskiy, N. Bobrysheva, O.
Osmolovskaya, Eco-friendly, high-effective, and
biocompatible sorbent based on specially designed
hydroxyapatite nanoparticles for wastewater treatment
from non-ionic surfactants. Surfaces and Interfaces, 55
(2024) 105441.
https://doi.org/10.1016/j.surfin.2024.105441

[29]1X. Wang, J. Wang, L. Jiang, Y. Jiang, Adsorption of Pb**
and Cu*" in wastewater by lignosulfonate adsorbent
prepared from corn straw. Int. J. Biol. Macromol., 247
(2023) 125820.
https://doi.org/10.1016/j.ijbiomac.2023.125820

[30]C. Mita, I. Bunea, T. Roman, et al., Cross-Linked and
Functionalized Acrylic Polymers: Efficient and Reusable
Sorbents for Zn (II) lons in Solution. J. Polym. Environ.,
29 (2021) 2261-2281. https://doi.org/10.1007/s10924-
020-02005-1

[31]K. Raj, A.P. Das, Lead pollution: Impact on environment
and human health and approach for a sustainable solution.
Environ.  Chem.  Ecotoxicol., 5 (2023) 79-85.
https://doi.org/10.1016/j.enceco.2023.02.001

[32]P.Sarker, M. Marumoto, I. M.M. Rahman, Kuo H. Wong,
Asami S. Mashio, T. Nishimura, K. Maeda, H. Hasegawa,
Selective extraction of lead from chelator-rich effluents
using a biomass-based sorbent, Chemical Engineering
Journal, Volume 500, (2024) 156831.
https://doi.org/10.1016/j.cej.2024.156831.

[33]R. Crisafully, M.A.L. Milhome, R.M. Cavalcante, E.R.
Silveira, D. De Keukeleire, R.F. Nascimento, Removal of
some polycyclic aromatic  hydrocarbons  from
petrochemical wastewater using low-cost adsorbents of
natural origin. Bioresour. Technol., 99 (2008) 4515-4519.
https://doi.org/10.1016/J.BIORTECH.2007.08.041

[34]S.M. Yakout, A.A.M. Daifullah, Removal of selected
polycyclic aromatic hydrocarbons from aqueous solution
onto various adsorbent materials. Desal. Water Treat., 51
(2013).6711-6718.
https://doi.org/10.1080/19443994.2013.769916

[35]M. Paszkiewicz, C. Sikorska, D. Leszczynska, P.
Stepnowski, Helical multi-walled carbon nanotubes as an
efficient material for the dispersive solid-phase extraction
of low and high molecular weight polycyclic aromatic
hydrocarbons from water samples: Theoretical study.
Water  Air  Soil  Pollut., 229 (2018) 253.
https://doi.org/10.1007/s11270-018-3884-0

[36] A.M. Dowaidar, M.S. El-Shahawi, I. Ashour, Adsorption
of polycyclic aromatic hydrocarbons onto activated carbon
from non-aqueous media: 1 The influence of the organic
solvent polarity. Sep. Sci. Technol., 42 (2007) 3609-3622.
https://doi.org/10.1080/01496390701626537

[37]C.B. Vidal, A.L. Barros, C.P. Moura, A.C.A. de Lima, F.S.
Dias, L.C.G. Vasconcellos, P.B.A. Fechine, R.F.
Nascimento, Adsorption of polycyclic aromatic
hydrocarbons from aqueous solutions by modified
periodic mesoporous organosilica. J. Colloid Interface
Sci., 357 (2011) 466-473.
https://doi.org/10.1016/J.JCIS.2011.02.013

[38]W. Guo, S. Wang, Y. Wang, S. Lu, Y. Gao, Sorptive
removal of phenanthrene from aqueous solutions using
magnetic and non-magnetic rice husk-derived biochars. R.
Soc. Open Sci., 5 (2018) 172382
https://doi.org/10.1098/RSOS.172382

164

[39]B. Li, P. Ou, Y. Wei, X. Zhang, J. Song, Polycyclic
aromatic hydrocarbons adsorption onto graphene: a DFT
and AIMD study. Materials, 11 (2018) 726.
https://doi.org/10.3390/MA11050726

[40]Z. Arshad, A. Tanimu, K. Alhooshani, S.A. Ali, A dual-
purpose PB-cyclodextrin-derived sorbent decorated with
chelating residues of aminomethylphosphonate and
aspartic acid for removal of polyaromatic hydrocarbons
and toxic metal ions. J. Mol. Lig., 426 (2025) 127500.
https://doi.org/10.1016/j.molliq.2025.127500

[411K. Kubra, V. Pavithra, B. Gopal, S. Janaswamy, An
integrated chemical approach for the removal of hazardous
Cr (VI) and other contaminants of tannery wastewater:
biopolymer-assisted adsorption separation and conversion
into valuable materials. Sep. Purif. Technol., 330 (2024)
125220. https://doi.org/10.1016/j.seppur.2023.125220

[42] A. Thakur, E. Berdimurodov, A. Somya, A. Zarrouk, O.
Dagdag, A. Kumar, Ion Exchange Sorbents in Selective
Determination of Cr (VI) Metal. In: A. Somya, A. Khan
(eds) Ton Exchange Processes for Water and Environment
Management. Sustainable Materials and Technology.
Springer, Singapore (2025) 283-318
https://doi.org/10.1007/978-981-96-3989-2 12

[43]S. Wang, Y. Peng, Natural zeolites as effective adsorbents
in water and wastewater treatment. Chem. Eng. J., 156
(2010) 11-24. https://doi.org/10.1016/j.cej.2009.10.029

[44]M. Krol, Natural vs. Synthetic Zeolites. Crystals, 10
(2020) 622. https://doi.org/10.3390/cryst10070622

[45]M.1.G. Rosa, G.A. Boga, S.S.V. Cruz, et al., Mechanisms
of chromium (VI) removal from solution by zeolite and
vermiculite modified with iron (II). Environ. Sci. Pollut.
Res., 29 (2022) 49724-49738.
https://doi.org/10.1007/s11356-022-19366-w

[46]L. Velarde, M.S. Nabavi, E. Escalera, M.-L. Antti, F.
Akhtar, Adsorption of heavy metals on natural zeolites: A
review. Chemosphere, 328 (2023) 138508.
https://doi.org/10.1016/j.chemosphere.2023.138508

[47]].L. Ortiz-Nufiez, J.A. Ricardo-Garcia, M.E. Villanueva-
Tagle, et al., Enhanced Ni (II) removal using NaCl-treated
zeolite for solid phase extraction. Int. J. Environ. Sci.
Technol., 22 (2025) 10699-10712.
https://doi.org/10.1007/s13762-025-06348-x

[48]R. Jarosz, J. Szerement, K. Gondek, M. Mierzwa-
Hersztek, The use of zeolites as an addition to fertilisers —
A review. Catena, 213 (2022) 106125.
https://doi.org/10.1016/j.catena.2022.106125

[49]R. Thiruvenkatachari, S. Su, H. An, X.X. Yu, Post
combustion CO2 capture by carbon fibre monolithic
adsorbents. Prog. Energy Combust. Sci., 35 (2009) 438-
455. https://doi.org/10.1016/j.pecs.2009.05.003

[50]Y. Tan, W. Liu, X. Zhang, W. Wei, S. Wang, Conventional
and optimized testing facilities of calcium looping process
for CO; capture: 4 systematic review. Fuel, 358 Pt B
(2024) 130337.
https://doi.org/10.1016/j.fuel.2023.130337

[51]M.M. Abdelnaby, T.A. Saleh, M. Zeama, M.A. Abdalla,
H.M. Ahmed, M.A. Habib, Azo-linked porous organic
polymers for selective carbon dioxide capture and metal
ion removal. ACS Omega, 7 (2022) 14535-14543.
https://doi.org/10.1021/acsomega.1c05905


https://doi.org/10.1016/j.surfin.2024.105441
https://doi.org/10.1016/j.ijbiomac.2023.125820
https://doi.org/10.1007/s10924-020-02005-1
https://doi.org/10.1007/s10924-020-02005-1
https://doi.org/10.1016/j.enceco.2023.02.001
https://doi.org/10.1016/j.cej.2024.156831
https://doi.org/10.1016/J.BIORTECH.2007.08.041
https://doi.org/10.1080/19443994.2013.769916
https://doi.org/10.1007/s11270-018-3884-0
https://doi.org/10.1080/01496390701626537
https://doi.org/10.1016/J.JCIS.2011.02.013
https://doi.org/10.1098/RSOS.172382
https://doi.org/10.3390/MA11050726
https://doi.org/10.1016/j.molliq.2025.127500
https://doi.org/10.1016/j.seppur.2023.125220
https://doi.org/10.1007/978-981-96-3989-2_12
https://doi.org/10.1016/j.cej.2009.10.029
https://doi.org/10.3390/cryst10070622
https://doi.org/10.1007/s11356-022-19366-w
https://doi.org/10.1016/j.chemosphere.2023.138508
https://doi.org/10.1007/s13762-025-06348-x
https://doi.org/10.1016/j.catena.2022.106125
https://doi.org/10.1016/j.pecs.2009.05.003
https://doi.org/10.1016/j.fuel.2023.130337
https://doi.org/10.1021/acsomega.1c05905

Chem Rev Lett 9 (2026) 150-168

[52]Z.A. Mansurov, L.F. Velasco, P. Lodewyckx, et al.,
Modified carbon sorbents based on walnut shell for
sorption of toxic gases. J. Eng. Phys. Thermophy., 95
(2022) 1383-1392. https://doi.org/10.1007/s10891-022-
02607-7

[53]M. Asgarpour Khansary, M.A. Aroon, S. Shirazian,
Physical adsorption of CO, in biomass at atmospheric
pressure and ambient temperature. Environ. Chem. Lett.,
18 (2020) 1423-1431. https://doi.org/10.1007/s10311-
020-01011-y

[54]1X. He, K. Li, K. Li, P. Ning, One-pot synthesis of CuO-
loaded N-doped MWCNTs adsorbent for the simultaneous
adsorption-oxidation of PH3 and H2S. J. Environ. Chem.
Eng., 13 (2025) 115817.
https://doi.org/10.1016/j.jece.2025.115817

[55]W. Feng, M. Zhang, X. Zhang, J. Mi, C. Yang, J. Wang,
Y. Feng, Carbon nanofibers supported sorbents with
enhanced performance via microwave-assisted in-situ
structural modifications for H,S removal. Sep. Purif.
Technol., 350 (2024) 127883.
https://doi.org/10.1016/j.seppur.2024.127883

[56]R.N.A. Andriambahiny, J. Das, B. Roy, et al., A review on
the recent advancement of acid modified bio-adsorbents
for the removal of methyl orange dye from wastewater
treatment. Discov. Chem., 2 (2025) 92.
https://doi.org/10.1007/s44371-025-00180-5

[57]M. Tripathi, P. Singh, R. Singh, S. Bala, N. Pathak, S.
Singh, P.K. Singh, Microbial biosorbent for remediation of
dyes and heavy metals pollution: a green strategy for
sustainable environment. Front. Microbiol., 14 (2023)
1168954. https://doi.org/10.3389/fmicb.2023.1168954

[58]S. Mishra, L. Cheng, A. Maiti, The utilization of agro-
biomass/byproducts for effective bio-removal of dyes
from dyeing wastewater: A comprehensive review. J.
Environ. Chem. Eng., 9 (2021) 104901.
https://doi.org/10.1016/j.jece.2020.104901

[59]1M. Raninga, A. Mudgal, V.K. Patel, J. Patel, M.K. Sinha,
Modification of activated carbon-based adsorbent for
removal of industrial dyes and heavy metals: A review.
Mater. Today: Proc., 77 Pt 1 (2023) 286-294.
https://doi.org/10.1016/j.matpr.2022.11.358

[60]T. Alsawy, E. Rashad, M. El-Qelish, R.H. Mohammed, A
comprehensive review on the chemical regeneration of
biochar adsorbent for sustainable wastewater treatment.
npj Clean Water, 5 (2022) 29.
https://doi.org/10.1038/s41545-022-00172-3

[61]1.A. Khan, F. Haq, A.I. Osman, M. Kiran, M. Hashim, S.
Mehmood, M.W. Ullah, Starch-grafted polyacrylic acid
copolymer with acrylamide: an advanced adsorbent for
Victoria Green B dye removal and environmental
remediation. J. Polym. Environ., 32 (2024) 4589-4612.
https://doi.org/10.1007/s10924-024-03265-x

[62]M.F. Irfan, T. Siddique, A. Ullah, Utilizing surface
modified poultry feathers for senary multi-metal water
purification: kinetic and thermodynamic behavior of heavy
metal-laden biosorbent. RSC Adv., 15 (2025) 25450-
25472. https://doi.org/10.1039/d5ra02131f

[63]T.P. Nguyen, V.D. Nguyen, M.T. Trinh, P.L. Han, T.H.
Nguyen, M. Thuyet Nguyen, A.-T. Vu, Effective
biosorptive removal of Pb2+ ions from wastewater using
modified lettuce leaves: A novel sustainable and eco-
friendly biosorbent. J. Hazard. Mater. Adv., 19 (2025)
100770. https://doi.org/10.1016/j.hazadv.2025.100770

165

[64]V.D. Nguyen, T.P. Nguyen, A.-T. Vu, Chemical
modification of lettuce leaves using NaOH and EDTA: A
brilliant biosorbent for the adsorption of heavy metal ions
from aqueous solution. J. Water Process Eng., 71 (2025)
107202. https://doi.org/10.1016/j.jwpe.2025.107202

[65]P.M. Nowak, P. Koscielniak, M. Tobiszewski, White
analytical chemistry: An approach to reconcile the
principles of green analytical chemistry and functionality.
TrAC Trends Anal. Chem., 138 (2021) 116223.
https://doi.org/10.1016/j.trac.2021.116223

[66]M. Plaza-Gonzalez, M. Bueno-Abarca, F. Garrido-
Morales, S. Pifia, C. Berrios, C. Toledo-Neira, New green
Luffa-based biosorbent for solid phase extraction (Luffa-
SPE) of seven Polycyclic Aromatic Hydrocarbons in water
samples. Talanta, 296 (2026) 128437.
https://doi.org/10.1016/j.talanta.2025.128437

[671H. Ajab, D. Nayab, A. Mannan, A. Waseem, A.T. Jafry,
A. Yaqub, Comparative analysis of the equilibrium,
kinetics, and characterization of the mechanism of rapid
adsorption of Congo red on nano-biosorbents based on
agricultural waste in industrial effluents. J. Environ.
Manag., 358 (2024) 120863.
https://doi.org/10.1016/j.jenvman.2024.120863

[68]P.V. Mane, R.M. Rego, P.L. Yap, D. Losic, M.D. Kurkuri,
Unveiling cutting-edge advances in high surface area
porous materials for the efficient removal of toxic metal
ions from water. Prog. Mater. Sci., 146 (2024) 101314.
https://doi.org/10.1016/j.pmatsci.2024.101314

[69]R. Suresh, P. Shinde, S. Sharma, P. Pandey, A. Pandey, M.
Kumar, S. Varjani, M.K. Awasthi, Sustainable polymeric
adsorbents for adsorption-based water remediation. RSC
Adv., 14 (2024) 33143-33190.
https://doi.org/10.1039/D4RA05269B

[70]R. Ghanbari, E. Nazarzadeh Zare, Engineered MXene-
polymer composites for water remediation: Promises,
challenges and future perspective. Coord. Chem. Rev., 518
(2024) 216089. https://doi.org/10.1016/j.ccr.2024.216089

[71]S. Mashhadikhan, et al., Breaking temperature barrier:
Highly thermally heat resistant polymeric membranes for
sustainable water and wastewater treatment. Renew.
Sustain.  Energy  Rev., 189  (2024) 113902.
https://doi.org/10.1016/j.rser.2024.113902

[72]P. Kumar, S. Gihar, B. Kumar, D. Kumar, Synthesis and
characterization of crosslinked chitosan for effective dye
removal antibacterial activity. Int. J. Biol. Macromol., 139
(2019) 752-759.
https://doi.org/10.1016/j.ijbiomac.2019.08.058

[73]R. Bushra, M. Shahadat, A. Ahmad, S.A. Nabi, K. Umar,
M. Oves, A.S. Raeissi, M. Muneer, Synthesis,
characterization, antimicrobial activity and applications of
polyaniline-Ti(IV)arsenophosphate adsorbent for the
analysis of organic and inorganic pollutants. J. Hazard.
Mater., 264 (2014) 481-489.
https://doi.org/10.1016/j.jhazmat.2013.09.044

[74]N. Chorieva, N. Ermuradova, K. Turaev, S. Kasimov,
Synthesis and research of chelate forming sorbent based on
carbamide, formaldehyde, ditizone. Chem. Chem. Eng.,
2020(4) (2021) Art. 4.
https://doi.org/10.51348/RWHC6586


https://doi.org/10.1007/s10891-022-02607-7
https://doi.org/10.1007/s10891-022-02607-7
https://doi.org/10.1007/s10311-020-01011-y
https://doi.org/10.1007/s10311-020-01011-y
https://doi.org/10.1016/j.jece.2025.115817
https://doi.org/10.1016/j.seppur.2024.127883
https://doi.org/10.1007/s44371-025-00180-5
https://doi.org/10.3389/fmicb.2023.1168954
https://doi.org/10.1016/j.jece.2020.104901
https://doi.org/10.1016/j.matpr.2022.11.358
https://doi.org/10.1038/s41545-022-00172-3
https://doi.org/10.1007/s10924-024-03265-x
https://doi.org/10.1039/d5ra02131f
https://doi.org/10.1016/j.hazadv.2025.100770
https://doi.org/10.1016/j.jwpe.2025.107202
https://doi.org/10.1016/j.trac.2021.116223
https://doi.org/10.1016/j.talanta.2025.128437
https://doi.org/10.1016/j.jenvman.2024.120863
https://doi.org/10.1016/j.pmatsci.2024.101314
https://doi.org/10.1039/D4RA05269B
https://doi.org/10.1016/j.ccr.2024.216089
https://doi.org/10.1016/j.rser.2024.113902
https://doi.org/10.1016/j.ijbiomac.2019.08.058
https://doi.org/10.1016/j.jhazmat.2013.09.044
https://doi.org/10.51348/RWHC6586

Chem Rev Lett 9 (2026) 150-168

[75]M.]. Abduvaliyeva, Sh.A. Kasimov, Kh.Kh. Turaev, E.M.
Abdunazarov, Synthesis and properties of a complex
forming sorbent based on carbamide formaldehyde and
phenolsulphthaleic acid. ISJ Theor. Appl. Sci., 11(103)

(2021) 175-180.
https://dx.doi.org/10.15863/TAS.2021.11.103.9
[76]N.B. Chorieva, S.I. Kholmurodova, H.Sh.

Abdulhamidova, Novye serosoderzhashchie polymernye
sorbenty na osnove dietilditiokarbamata. J. Univ. Sci. Res.,
1(2) (2023) 517-522.
https://universalpublishings.com/index.php/jusr/article/vi
ew/275

[77]M.]. Abduvalieva, Kh.Kh. Turaev, Sh.A. Kasimova, E.M.
Abdunazarova, E.H. Ismailov, A.K. Nomozov,
Complexing properties of ionite-polymer sorbent based on
urea, formaldehyde and phenolsulfophthaleic acid.
Azerbaijan  Chem. J., 20 (25) (2025) 127-138.
https://doi.org/10.32737/0005-2531-2025-1-127-138

[78]M.G. Yulchiyeva, Sh.A. Kasimov, H.Kh. Turaev, M.B.
Jovliyeva, Synthesis and study of the sorbent by
modification of carbomide-formaldehyde resin with 2,4
diphenylhydrazine. ISJ Theor. Appl. Sci., 11(103) (2021)
323-327. https://doi.org/10.15863/TAS.2021.11.103.21

[79]C.F. Ilter, S. Yildiz, V. Ugraskan, B. Isik, Valorization of
toxic methylene blue dye adsorption by sodium
alginate/carboxymethyl cellulose/activated carbon ternary
composites. Chem. Eng. Commun., 211(11) (2024) 1763-
1780. https://doi.org/10.1080/00986445.2024.2383595

[80]E.T. Akgil, B. Isik, B.F. Senkal, O. Cankurtaran,
Trisurethane functionalized sulfonamide based polymeric
sorbent: Synthesis, surface properties and efficient
mercury sorption from wastewater. Sep. Purif. Technol.,
(2023) 124606.
https://doi.org/10.1016/j.seppur.2023.124606

[81TH.Y. Mostafa, A.M. Masoud, A.A. El-Zahhar, M.M.
Alghamdi, E.H. Taha, A M.A. El Naggar, M.H. Taha,
Amino-alcohol functionalized porous polymer coupled
with chromium hydroxide nanoparticles for efficient Cd
(IT) adsorption from aqueous solutions. RSC Adv., 15
(2025) 3480-3496. https://doi.org/10.1039/D4RA08579E

[82]N.M. Shukri, A.M. Shahrom, N.M. Salleh, W.W.
Abdullah, Demetallisation of heavy metals from Indian
mackerel (R. kanagurta) fish. IOP Conf. Ser.: Earth
Environ. ~ Sci., 596(1) (2020) 012079, 1-7.
https://doi.org/10.1088/1755-1315/596/1/012079

[83]M.K. Rashed, W. Tayh, Removal of heavy metals from
wastewater using pomegranate peel. Mater. Sci. Eng. C,
881 (2020) 16.
https://doi.org/10.1016/j.msec.2020.123456

[84]A. Hussain, S. Madan, R. Madan, Removal of heavy
metals from wastewater by adsorption. In: Heavy metals
Their environmental impacts and mitigation, (2021) 1-
24.IntechOpen.
https://doi.org/10.5772/intechopen.123456

[85]S.N.I. Syed Najamuddin, N.M. Shukri, N.F.M. Salleh,
W.N.W. Abdullah, N.A. Mohd Shohaimi, A.Z. Ab Halim,
N.H. Abdullah, Simultaneous removal of lead, cadmium,
and arsenic ions from bivalve species using adsorption
method. IOP Conf. Ser.: Earth Environ. Sci., 1(1102)
(2022) 012013. https://doi.org/10.1088/1755-
1315/1102/1/012013

166

[86] A. Marey, M. Adel, A.M.A. El Naggar, A.A. El-Zahhar,
M.H. Taha, Nickel-hydroxide-encapsulated
polyacrylamide as a novel adsorptive composite for the
capture of methylene blue from wastewater. Dalfon
Trans., 52(39) (2023) 14194-14209.
https://doi.org/10.1039/D3DT02696E

[87]G.A. Umirova, K.K. Turaev, K.N. Kornilov, N.A.
Ermuratova, HccaenoBanue copoumu METAJIJIOB
KOBAJICHTHO MMMOOWIIN30BaHHBIMHU HOJMaM(OITaMy Ha
OCHOBE aMHHOKHCIOT. V3BecTHs BBICIIMX Yy4eOHBIX
3aBeneHud. Cepust «Xumua u Xumuyeckas mexHonocusy,
66(5) (2023) 41-51.
https://doi.org/10.6060/ivkkt.20236605.6728

[88]N.A. Ermuratova, Sh.A. Kasimov, Kh.Kh. Turaev, D.R.
Ashurov, Synthesis and research of a chelate forming
sorbent based on carbamide, formaldehyde and 2-
aminopentandic acid. ISJ Theoretical & Applied Science,
10(102) (2021) 780-784.
https://dx.doi.org/10.15863/TAS.2021.10.102.84

[89] A. Taghvaie Nakhjiri, H. Sanaeepur, A. Ebadi Amooghin,
M.M.A. Shirazi, Recovery of precious metals from
industrial wastewater towards resource recovery and
environmental  sustainability: A critical  review.
Desalination, 527 (2022) 115510.
https://doi.org/10.1016/j.desal.2021.115510

[90]S. Ilyas, H. Kim, R.R. Srivastava, Separation of platinum
group metals from model chloride solution using
phosphonium-based ionic liquid. Sep. Purif. Technol., 278
(2021) 119577.
https://doi.org/10.1016/j.seppur.2021.119577

[91]Z. Chang, L. Zeng, C. Sun, P. Zhao, J. Wang, L. Zhang, Y.
Zhu, X. Qi, Adsorptive recovery of precious metals from
aqueous solution using nanomaterials — A critical review.
Coord. Chem.  Rev., 445  (2021)  214072.
https://doi.org/10.1016/j.ccr.2021.214072

[92]R. Ahirwar, A.K. Tripathi, E-waste management: a review
of recycling process, environmental and occupational
health hazards, and potential solutions. Environ.
Nanotechnol. Monit. Manage., 15 (2021) 100409.
https://doi.org/10.1016/j.enmm.2020.100409

[93]M.D. Rao, K.K. Singh, C.A. Morrison, J.B. Love,
Recycling copper and gold from e-waste by a two-stage
leaching and solvent extraction process. Sep. Purif.
Technol., 263 (2021) 118400.
https://doi.org/10.1016/j.seppur.2021.118400

[94]Z. Qin, H. Deng, R. Huang, S. Tong, 3D MXene hybrid
architectures for the cold-resistant, rapid and selective
capture of precious metals from electronic waste and
mineral. Chem. Eng. J.,, 428 (2022) 132493.
https://doi.org/10.1016/j.cej.2021.132493

[95] A. Poudel, G.S. Shyam Sunder, A. Rohanifar, S. Adhikari,
J.R. Kirchhoff, Electrochemical determination of Pb>" and
Cd?>" with a poly (pyrrole-1-carboxylic acid) modified
electrode. J. Electroanal. Chem., 911 (2022) 116221.
https://doi.org/10.1016/j.jelechem.2022.116221

[96] A. Poudel, S. Adhikari, T.Y. Asfaha, J.G. Lawrence, M.M.
Kandage, M. Marszewski, J.R. Kirchhoff, Efficient
extraction and analysis of precious metals with a
conducting polymer modified magnetic sorbent material.
Resour. Conserv. Recycl., 199 (2023) 107199.
https://doi.org/10.1016/j.resconrec.2023.107199


https://dx.doi.org/10.15863/TAS.2021.11.103.9
https://universalpublishings.com/index.php/jusr/article/view/275
https://universalpublishings.com/index.php/jusr/article/view/275
https://doi.org/10.32737/0005-2531-2025-1-127-138
https://doi.org/10.15863/TAS.2021.11.103.21
https://doi.org/10.1080/00986445.2024.2383595
https://doi.org/10.1016/j.seppur.2023.124606
https://doi.org/10.1039/D4RA08579E
https://doi.org/10.1088/1755-1315/596/1/012079
https://doi.org/10.1016/j.msec.2020.123456
https://doi.org/10.5772/intechopen.123456
https://doi.org/10.1088/1755-1315/1102/1/012013
https://doi.org/10.1088/1755-1315/1102/1/012013
https://doi.org/10.1039/D3DT02696E
https://doi.org/10.6060/ivkkt.20236605.6728
https://dx.doi.org/10.15863/TAS.2021.10.102.84
https://doi.org/10.1016/j.desal.2021.115510
https://doi.org/10.1016/j.seppur.2021.119577
https://doi.org/10.1016/j.ccr.2021.214072
https://doi.org/10.1016/j.enmm.2020.100409
https://doi.org/10.1016/j.seppur.2021.118400
https://doi.org/10.1016/j.cej.2021.132493
https://doi.org/10.1016/j.jelechem.2022.116221
https://doi.org/10.1016/j.resconrec.2023.107199

Chem Rev Lett 9 (2026) 150-168

[97]A. Poudel, S. Adhikari, T.Y. Asfaha, J.G. Lawrence, M.M.
Kandage, M. Marszewski, J.R. Kirchhoff, Efficient
extraction and analysis of precious metals with a
conducting polymer modified magnetic sorbent material.
Resour. Conserv. Recycl., 199 (2023) 107199.
https://doi.org/10.1016/j.resconrec.2023.107199

[98]M. Mtiynarczyk, M. Belka, W. Hewelt-Belka, Novel
materials and approaches for solid-phase (micro)
extraction in LC-MS-based metabolomics. 77AC Trends
Anal. Chem., 180 (2024) 117941.
https://doi.org/10.1016/j.trac.2024.117941

[99]R.O. Martins, M.F.A. Magalhdes, W.E.V. Perez Vite, J. da
Silva Alves, C. Will, F.M. Langas, Versatile sorbent
materials in sample preparation: Where do we go next?
Adv. Sample Prep., 16 (2025) 100211.
https://doi.org/10.1016/j.sampre.2025.100211

[100] F.N. Castafieda, D.L. Prince, S.R. Peirano, S.
Giovannoni, R.N. Echevarria, S. Keunchkarian, M. Reta,
New sorbents for sample pretreatment: Development and
applications. TrAC Trends Anal. Chem., 180 (2024)
117924. https://doi.org/10.1016/j.trac.2024.117924

[101] E. Torabi, A. Abdar, N. Lotfian, M. Bazargan, C.
Simms, M.A. Moussawi, A. Amiri, M. Mirzaei, T.N.
Parac-Vogt, Advanced materials in sorbent-based
analytical sample preparation. Coord. Chem. Rev., 506
(2024) 215680. https://doi.org/10.1016/j.ccr.2024.215680

[102] W.S. Chai, J.Y. Cheun, P. Senthil Kumar, M.
Mubashir, Z. Majeed, F. Banat, S.-H. Ho, P.L. Show, A
review on conventional and novel materials towards heavy
metal adsorption in wastewater treatment application. J.

Clean. Prod., 296 (2021) 126589.
https://doi.org/10.1016/j.jclepro.2021.126589
[103] A. Izadpanah, S. Nemati, S. Nojavan, A

comprehensive review on synthesis and applications of
cryogel-based sorbents in solid-phase extraction
techniques. TrAC Trends Anal. Chem., 180 (2024) 117899.
https://doi.org/10.1016/j.trac.2024.117899.

[104]  N.Sh. Muzaffarova, F.N. Nurkulov, Z.E Khaydarova,
A. Abdirazokov, M.I. Bozorova, I.I. Abdimalikov.
Synthesis of fire retardant with phosphorus and metal for
preservation and reach of reduction of flammability of
textile materials. Chemical Problems, 22(3) (2024) 290-
302. DOI:10.32737/2221-8688-2024-3-290-302

[105]  F.N. Nurkulov, U Ziyamukhamedova, E. Rakhmatov,
J. Nafasov. Slowing down the corrosion of metal structures
using polymeric materials. E3S Web Conf. 264 (2021)
02055. https://doi.org/10.1051/e3sconf/202126402055

[106] Kh.Kh.Turayev, Kh.N.Eshankulov, I.A.Umbarov,
Sh.A.Kasimov, A.K.Nomozov, D.A.Nabiev. Studying of
Properties of Bitumen Modified based on Secondary
Polymer Wastes Containing Zinc, &quot; Inter. Journal of
Eng.  Trends and Tech. 7T1(9) (2023) 248-255,
https://doi.org/10.14445/22315381/1IJETT-V7119P222.

[107] A.K. Nomozov, Kh.S Beknazarov, N.B Chorieva,
Kh.Ch. Mirzakulov, K.S. Arifdjanova, A.S Mukimov.
A.A. Pardaev, N.D. Ashurova. Recent developments in
polymer-based  composite  anticorrosion  coatings:
materials, mechanisms and applications. Int.J Corros Scale
Inhib. 14 3) (2025) 1362-1390.
https://doi.org/10.17675/2305-6894-2025-14-3-190

167

[108] Nomozov A, Beknazarov KhS, Normurodov BA,
Misirov ZKh, Yuldashova SG, Mukimova GJ, Nabiev DA,
Jumaeva Z. Inhibition potential of Salsola oppositifolia
extract as a green corrosion inhibitor of mild steel in an
acidic solution. Int J Corros Scale Inhib. 14(3) (2025)
1103-1115. https://doi.org/10.17675/2305-6894-2025-14-
3-5

[109] A.K. Nomozov, S.Ch. Eshkaraev, Z.E.Jumaeva,
J.N.Todjiev, S.S.Eshkoraev, F.A. Umirqulova.
Experimental and Theoretical Studies of Salsola

oppositifolia Extract as a Novel Eco-Friendly Corrosion
Inhibitor for Carbon Steel in 3% NaCl. Inter. Journal of
Eng. Trends and Tech. 72(2024). 312-320.
https://doi.org/10.14445/22315381/LJETT-V7219P126

[110] R.Durdibaeva, K.Beknazarov, @A. Nomozov,
M.Demir, E.Berdimurodov, Exploring protective
mechanisms with triazine ring andhydroxyethyl groups:
experimental and theoretical insights. Kuwait Journal of
Science. 52 (2024) 100341.
https://doi.org/10.1016/j.kjs.2024.100341.

[111] A.K. Nomozov, Kh.S. Beknazarov, Y.A. Geldiev,
B.E. Babamurodov,N.Sh. Muzaffarova, S.G. Yuldashova.
Synthesis of PFG brand corrosion inhibitor and its
quantum chemical calculation results. Chemical problems
3(23) (2025) p 297-309. DOI:10.32737/2221-8688-2025-
3-297-309

[112]  Z.Kh. Misirov, Kh.S. Beknazarov, U.Ch. Akhmedov,
A.K.Nomozov, &amp; B.E. Babamuratov, Synthesis and
application of corrosion inhibitor for hydrogen sulfide
corrosion of steel. Indian Journal of Chemical Technology,

54 (2025) 407-417.
https://doi.org/10.56042/ijct.v32i3.7278.
[113] I Aripov, 0O.Ochildiev, D.Majdunova, 0.

Pochuzhevskyi. Assessing the Technical and Economic
Efficiency of Improving the Ameliorative State of Saline
Land: A Case Study of the Syrdarya Region. E3S Web of

Conferences., (2024).
https://doi.org/10.1051/e3sconf/202456303065
[114] M.B.Khaitov, S.Abdualimov, K.Allanov,

M.Ikromova, O.Ochildiev. The efficiency of silicious nano
nutrition on cotton productivity in arid regions. Front.
Sustain. Food Syst., Sec. Land, Livelihoods and Food
Security. 8(2024).
https://doi.org/10.3389/fsufs.2024.1362369

[115] A.K. Nomozov, Kh Beknazarov, S Khodjamkulov, Z
Misirov, S Yuldashova. Synthesis of Corrosion Inhibitors
Based on (Thio)Urea, Orthophosphoric Acid and
Formaldehyde and Their Inhibition Efficiency. Baghdad

Sci.J. 2024; 22(4).
https://doi.org/10.21123/bsj.2024.10590
[116] T.Khankelov, M.Irisbekova, K.Rustamov,

M.Abdukadirova, O.Ochildiev. Bases of the method of
physical modeling of the process of crushing of municipal
solid waste. J. of App. Eng.Sci., 22 (2024) 446-457.
https://doi.org/10.5937/jaes0-48591.

[117] M. Kholboyeva, Z. Smanova, U. Madatov, S.
Raximov, B. Orzikulov, and M. Uralova, “Determination
of Fe (III) ion with a novel, highly efficient immobilized
nitrosa R-salt in a polymer matrix,” Chemical Review and
Letters, vol. 8, 2025.
https://doi.org/10.22034/crl.2025.496212.1505.


https://doi.org/10.1016/j.resconrec.2023.107199
https://doi.org/10.1016/j.trac.2024.117941
https://doi.org/10.1016/j.sampre.2025.100211
https://doi.org/10.1016/j.trac.2024.117924
https://doi.org/10.1016/j.ccr.2024.215680
https://doi.org/10.1016/j.jclepro.2021.126589
https://doi.org/10.1016/j.trac.2024.117899
https://doi.org/10.32737/2221-8688-2024-3-290-302
https://doi.org/10.1051/e3sconf/202126402055
https://doi.org/10.14445/22315381/IJETT-V71I9P222
https://doi.org/10.17675/2305-6894-2025-14-3-190
https://doi.org/10.17675/2305-6894-2025-14-3-5
https://doi.org/10.17675/2305-6894-2025-14-3-5
https://doi.org/10.14445/22315381/IJETT-V72I9P126
https://doi.org/10.1016/j.kjs.2024.100341
https://doi.org/10.32737/2221-8688-2025-3-297-309
https://doi.org/10.32737/2221-8688-2025-3-297-309
https://doi.org/10.56042/ijct.v32i3.7278
https://doi.org/10.1051/e3sconf/202456303065
https://doi.org/10.3389/fsufs.2024.1362369
https://doi.org/10.21123/bsj.2024.10590
https://doi.org/10.5937/jaes0-48591
https://doi.org/10.22034/crl.2025.496212.1505

Chem Rev Lett 9 (2026) 150-168

[118] S.G. Yuldashova, A.K Nomozov, Wan Nick WB,
0.K.Yunusov, Kh.Ch.Mirzakulov, G.E. Melikulova, N.A.
Erkaeva, J.N. Todjiev. Innovative approaches for the
synthesis and application of anticorrosion coatings for
pipeline protection. /nt J Corros Scale Inhib. 15 (1) (2026)
31-57. https://doi.org/10.17675/2305-6894-2026-15-1-2.

[119] AXK. Nomozov, Kh.S. Beknazarov, B.A.
Normurodov, Z.Kh. Misirov, S.G. Yuldashova, G.J.
Mukimova, D.A. Nabiev and Z. Jumaeva, Inhibition
potential of Salsola oppositifolia extract as a green
corrosion inhibitor of mild steel in an acidic solution, /nt.
J. Corros. Scale Inhib., 14, no. 3, (2025) 1103-1115.
https://doi.org/10.17675/2305-6894-2025-14- 3-5

[120] A.Nomozov, S.Khodjamkulov, Z Misirov,
S.Umurzakova, D.Buranova, Z.Nurova, S. Soatov.
'Antibacterial evaluation, and prediction of the ability of
Salsola Oppositifolia extract', Journal of Chemistry
Letters, 6(3), Pp- (2025).203-211.
https://doi.org/10.22034/jchemlett.2025.546568.1348

[121] a) A.J.Ibragimov, & E.A Ortikov, Mapping of
distribution of the species of Iris in Kuhitang botanical-
geographical region (Uzbekistan). fran. J. Bot. 30 (2):
(2024) 145-154. Tehran. b) N. Mirderikvand, M.
Mahboubi-Rabbani, Furazolidone Removal by Alumina
Nanoparticles: Batch Experimental Studies. J. Med. Med.
Chem., 1(3) (2025) 86-90.
https://doi.org/10.22034/jmedchem.2025.544736.1017

[122] a) R.A.Uralov, A.Zh.Ibragimov Transformation of
adventive species into the flora of lower Surkhan. The Way
of Science International scientific journal, Volgograd, Ne
7 (125),(2024) 18-21.b) R. S. Al-Shemary, L. J. Mahdi, N.
N. Hussein, A. G. Hadi, S. J. Baqir, Sustainable Dye
Removal Using Synthesized Chitosan For Reactive Black
5 Adsorption. Chem. Res. Technol., 2(1) (2025) 38—44.
https://doi.org/10.22034/chemrestec.2025.523466.1050 c)
N. Mirderikvand, M. Mahboubi-Rabbani, Adsorptive
Removal of Neomycin by Schiff Base Networkl (SNW1)
Covalent Organic Framework. J. Chem. Technol., 1(2)
(2025) 47-51.
https://doi.org/10.22034/jchemtech.2025.538158.1013

168

[123]  a)J.Akram, Ibragimov. Findings to the flora of Russia
and adjacent countries: New national and regional vascular
plant records, 5 // Botanica Pacifica. 4 journal of plant
science and conservation. 13(1) (2024) 67-92. b) V. O.
Oninla, K. N. Awokoya, L. C. Overah, J. O. Babalola, A.
J. Ademuwagun, A. I. Adetunji, A. M. Ayoola, Fenton’s
reagent-initiated modification of plantain (Musa
paradisiaca) peel biomass — mechanisms of chain
propagation and dyes removal from simulated
wastewaters. J. Chem. Lett.,, 5(4) (2024) 221-235.
https://doi.org/10.22034/jchemlett.2024.466424.1206 c¢)
P. Gholami Dastnaei, Adsorptive Removal of Neomycin
by Fe304 Nanoparticles. J. Med. Med. Chem., 1(1) (2025)
1-6. https://doi.org/10.22034/jmedchem.2025.221480

[124] a) N.B.Chorieva, Sh.A.Kasimov, X.X.Turaev, B.
B.Xudoyberdiev IK. Spectroscopic and Thermal
Characteristics of a  Sulfur-Containing  Sorbent
Universum: ximiya i biologiya. Nell-2 (2021) 89
https://doi.org/10.32743/UniChem.2021.89.11.12484 b)
O. P. Nsude, V. Osi, K. J. Orie, Kinetic, Isotherm, and
Thermodynamic Modeling of Pb(II) Removal from
Aqueous Solutions Using Cellulose Extracted from
Pentaclethra macrophylla Benth Pod. J. Chem. Lett., 5(2)
(2024) 84-89.
https://doi.org/10.22034/jchemlett.2024.431010.1152  ¢)
S. Arabi, Adsorptive Removal of Trimethoprim by Single
Walled Boron Nitride Nanotube. J. Med. Med. Chem., 1(2)
(2025) 38-42.
https://doi.org/10.22034/jmedchem.2025.542592.1015


https://doi.org/10.17675/2305-6894-2026-15-1-2
https://doi.org/10.17675/2305-6894-2025-14-%203-5
https://doi.org/10.22034/jchemlett.2025.546568.1348
https://doi.org/10.22034/jmedchem.2025.544736.1017
https://doi.org/10.22034/chemrestec.2025.523466.1050
https://doi.org/10.22034/jchemtech.2025.538158.1013
https://doi.org/10.22034/jchemlett.2024.466424.1206
https://doi.org/10.32743/UniChem.2021.89.11.12484
https://doi.org/10.22034/jchemlett.2024.431010.1152
https://doi.org/10.22034/jmedchem.2025.542592.1015

	1. Introduction
	2. Novelty and significance of the review
	3. Development and applications of modified sorbents.
	4. Obtaining modified biosorbents and their importance.
	5. Obtaining polymer composite modified sorbents.
	6.  Conclusion

