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adsorption behaviour of carbon-based nanomaterials such as graphene oxide (GO),
carbon nanotubes (CNTs), biochar (BC), and activated carbon (AC) for the removal
of HMs. Particular attention is given to the roles of oxygen-, nitrogen-, and sulfur-
containing functional groups in enhancing adsorption via mechanisms such as
electrostatic interactions, ion exchange, surface complexation, redox transformation,
and precipitation. The novelty of this review lies in its focused and comparative
analysis of how specific surface functional groups influence distinct adsorption
mechanisms, capacities, and kinetic/isotherm behaviours across various carbonaceous
nanomaterials. Additionally, it highlights recent advancements in multifunctional
composite adsorbents such as GO—polymer hybrids, Metal organic frameworks
(MOFs)—carbon composites, and metal oxide-functionalized BC that offer synergistic
improvements in selectivity, reusability, and stability. By identifying current research
gaps and synthesizing recent findings, this review provides a strategic framework
for designing next-generation carbon nanomaterials for practical applications in
wastewater treatment and environmental remediation.
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1 Introduction

Rapid industrialization and urbanization have significantly contributed to the release of
toxic pollutants into water sources, including heavy metals, dyes, pharmaceuticals, and
organic contaminants. Although global water demand continues to rise annually, various
forms of contamination have severely compromised potential water supplies. Moreover,
researchers have warned that climate change impacts, disruptions in the water cycle,
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and elevated temperatures will exacerbate water-related challenges, potentially result-
ing in more frequent droughts and increased toxicity of chemical contaminants due to
intensified flooding [1, 2].

Among various water pollutants, potentially toxic metals (PTMs) are particularly con-
cerning due to their non-biodegradability, carcinogenicity, and tendency to bioaccumu-
late. These heavy metal ions (HMs) are considered among the most severe contaminants,
posing serious threats to both aquatic and terrestrial ecosystems [3]. According to the
United Nations, nearly 80% of industrial and urban wastewater in developing countries
is discharged into the environment without any prior treatment (UN-Water, 2018). In
addition, contaminated urban stormwater runoff, agricultural runoff, and rainwater
drainage contribute to further pollution of water bodies.

Among all contaminants, HMs are of particular interest due to their toxicity, carcino-
genic potential, and well-documented adverse health effects [4]. Over the past several
decades, the chemistry, toxicity, and remediation of HMs has been extensively investi-
gated. However, the removal of HMs from water remains a persistent challenge in water
treatment. Traditional methods such as membrane filtration, coagulation, electrostatic
interaction, chemical precipitation, ion exchange, and adsorption have been widely
employed for HMs removal [5, 6]. Nonetheless, these approaches often suffer from
drawbacks, including low sensitivity, intrinsic toxicity, and high operational costs. As a
result, there is a growing demand for more effective, sensitive, and robust techniques for
removing HMs from water samples.

Among these, adsorption stands out as the most economically viable and efficient
method for HMs removal. In particular, the use of carbonaceous materials as adsorbents
(i.e., carbon adsorbents) has gained significant attention in recent years [7].

Nanotechnology has substantially advanced environmental remediation, especially
through the application of functionalized carbon nanomaterials as efficient adsorbents.
These materials such as carbon nanotubes (CNTs), graphene oxide (GO), biochar (BC),
activated carbon (AC), and metal-organic frameworks (MOFs) possess exceptional
properties, including high surface area, tunable porosity, and rich surface chemistry,
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making them ideal candidates for HMs removal from wastewater. Functionalization fur-
ther improves their performance by introducing surface groups (e.g., -COOH, —OH,
—NH,, C=0), which enhance binding affinity, selectivity, and reactivity toward specific
contaminants. These surface modifications facilitate a variety of adsorption mecha-
nisms, including electrostatic interactions, ion exchange, hydrogen bonding, and surface
complexation [8].

Recent studies further demonstrate the advantages of functionalized carbon nano-
materials adsorbents. Kumar et al. reported that GO/SiO,@PANI composites showed
enhanced removal of Cr(VI) and Cu(II) due to synergistic effects of polyaniline and silica,
which increased both porosity and redox-active sites. In addition to HMs contamina-
tion, synthetic dyes constitute another significant class of water pollutants, particularly
from textile, paper, and leather industries. These dyes are often carcinogenic, persistent,
and resistant to biodegradation, thus requiring effective removal strategies. Interestingly,
the same nanocarbon-based adsorbents that are effective for HMs remediation have
shown promising performance in removing dyes as well. The adsorption efficiency for
dyes is often governed by similar mechanisms—such as electrostatic interactions, m—m
stacking, hydrogen bonding, and surface complexation—especially when the adsorbents
are functionalized with suitable oxygen, nitrogen, or sulfur groups. Therefore, under-
standing dye adsorption not only complements the study of heavy metals but also dem-
onstrates the broader applicability of functionalized carbon nanomaterials in wastewater
treatment [9]. Similarly, Tanna et al. utilized nano-AC derived from corn cobs to achieve
efficient Congo red dye removal, attributed to surface oxygen functionalities and adsorp-
tion following Langmuir isotherm behavior. Collectively, these findings highlight how
functionalized carbon nanomaterials offer superior adsorption capacity, faster kinetics,
higher selectivity, and better regeneration potential—making them promising materials
for advanced water treatment applications [10].

With the development of nanotechnology, graphene-based materials such as CNTs,
GO, or reduced GO have been extensively researched for their potential utilization in
HMs eradication. Graphene consists of a thick sheet of single carbon atoms as hexago-
nally arrayed sp2 structures has a thickness of 0.334 nm with a 2630 m?/g surface area
[11, 12]. A single-layered GO stands out due to its dense coverage of oxygen-containing
functional groups (~COOH, —OH, —C=0), which enhance adsorption through surface
complexation and redox interactions. Unlike other carbon materials, GO’s sheet-like
morphology and m—m stacking capabilities also enable removal of organic and inorganic
pollutants [13, 14]. GO has previously been shown to be an active sorbent for several
organic contaminant’s removal from wastewater, including dyes and antibiotics [15, 16].
Additionally, GO also demonstrated outstanding sorption potential to aqueous HMs
ions like Co(II), Cd(II), Au(I), Pb(II), and some radionuclides, such as U(VI) and Eu(III).
The sorption progression was mostly organized by the connections between the func-
tional groups of GO surface and the HMs [17-22].

Apart from GO, CNTs have also been extensively explored due to their unique tubu-
lar morphology and electronic properties that enhance adsorption mechanisms. Tai-
lored surface functionalization further improves their selective adsorption behavior [23,
24]. The structural features, 1-conjugative structures, the curvature of sidewalls, active
locations, and morphology are some of the exclusive physical properties of CNTs have
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allowed augmented adsorptive properties to interact with HMs or atoms through n-n—
hydrophobic and electronic interactions [25].

In addition to carbon-based materials like CNTs and GO, MOFs have gained signifi-
cant attention for wastewater treatment due to their tunable porosity and high metal
ion selectivity. As crystalline hybrid structures composed of metal ions and organic link-
ers, MOFs offer exceptional structural diversity and can be tailored at the molecular
level through ligand engineering. This tunability allows for the precise incorporation of
functional groups—either during synthesis or via post-synthetic modification—enabling
selective adsorption of targeted contaminants. Moreover, the ability to embed dual- or
multi-functional moieties within their porous framework facilitates synergistic removal
mechanisms, such as simultaneous ion exchange and surface complexation. Reflecting
their immense potential, recent literature shows a surge in MOF-based adsorbents for
environmental remediation [26]. For instance, Esrafili et al. [27] developed dual-func-
tionalized MOFs (TMU-81) containing sulfonyl and amide groups, which demonstrated
high efficiency in removing Cd(II), Cu(II), and Cr(II) from aqueous solutions.

BC, derived from a wide range of lignocellulosic biomass such as wood chips, rice
husk, and bamboo, has gained considerable attention as a sustainable adsorbent due to
its porous architecture and surface tunability. The nature of the feedstock and pyrolysis
temperature significantly influence the physicochemical properties of the resulting BC.
To enhance its adsorption performance, BC is often functionalized with metal oxides,
alkali metals, or doped with heteroatoms [28]. Recent studies have highlighted the role
of engineered BC (e.g., CaCO5-modified BC, magnetite-functionalized BC, and nitro-
gen- or phosphorus-doped BC) in improving adsorption capacities for Pb(II), Cr(VI),
and As(V). Such modifications not only enhance electrostatic interactions and com-
plexation mechanisms but also enable redox transformations in certain cases [29]. For
example, CaCO;-modified BC has demonstrated enhanced Pb(II) immobilization via
formation of stable carbonates, while Fe;O,~BC composites facilitate Cr(VI) reduction
and subsequent adsorption as Cr(III) [30, 31]. Hence, the versatility of BC can be sig-
nificantly improved through controlled pyrolysis and post-synthetic functionalization,
making it a viable and cost-effective adsorbent platform [32]. AC surface modification is
also useful processes to improve the extraction of metal ions from water with an incre-
ment of binding sites for metal ions [33]. Various researches have been performed on the
surface chemical properties of carbon for further improvement of their affinity for metal
ions. Zhu et al. [34] advocated the application of S and N ligands to the AC surface and
improved its adsorption potential against Hg. Liu et al. [35] modified an adsorbent with
ethylenediaminetetraacetic acid, which led to the increase carboxyl groups on the adsor-
bent to lead removal. Yantasee et al. [36] reported amine functionalized AC for adsorp-
tion of copper. Likewise, researchers reported that functional groups containing oxygen
and nitrogen improve the AC capability to absorb the Cu (II), Cr (VI), Pb(II) metal ions
[37-39].

Recently, new 2D carbonaceous materials like graphitic carbon nitride (g-C;N,) have
gained interest because of their layered nature, rich nitrogen functional groups, and vis-
ible-light sensitivity. While more frequently studied for photocatalytic activity, g-C;N,
also showed great adsorption capacity toward metal ions and organic dyes upon surface
modification or compositing with other materials (e.g., GO, AC, or polymers). The appli-
cation of g-C;N,-based materials in water treatment systems is still in its infancy, but
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their high content of nitrogen and potential for functionalization render them excellent
options for future research [40, 41].

It is widely accepted that the connections between HMs and functional groups of
adsorbents lead to a significant contribution to the improved HMs adsorption. Func-
tional groups on carbon surfaces are typically classified according to the heteroatoms
they contain, such as oxygen, nitrogen, sulfur, halogens, or phosphorus.Though studies
have confirmed that surface modifications of carbon adsorbents significantly improve
their properties viz. distribution of pore volume or pore-size, specific surface area,
increase in structural constancy, and the amount of functional groups, there is currently
a lack of comprehensive data on the surface functional groups interface of carbon adsor-
bents with HMs [42-45].

With the growing need to treat water pollution and the limitations of traditional
remediation methods, carbon nanomaterials have emerged as highly effective adsor-
bents in the removal of HMs from wastewater. While different reviews have discussed
single kinds of carbon adsorbents, including AC, BC, GO, MOFs, and CNTs, and how
they are fabricated or their adsorption characteristics, there is still a lack of focused and
comparative evaluation that relates particular surface functional groups to the mecha-
nistic functions they perform in adsorbing HMs. This review specifically addresses by
systematically examining oxygen-, nitrogen-, and sulfur-containing functional groups
included in the carbon nanomaterials architecture and discussing their individual roles
in increasing adsorption through mechanisms of electrostatic interaction, surface com-
plexation, ion exchange, redox conversion, and precipitation. In addition, it synthesizes
and contrasted recent study outcomes, featuring adsorption capacities, isotherm mod-
els, and kinetic behaviors among a broad array of functionalized carbon adsorbents.
Moreover, the review highlights recent breakthroughs in multifunctional composite
adsorbents, including GO—polymer hybrids, MOFs carbon hybrids, and metal oxide-
functionalized BC, that have shown synergistic enhancement in selectivity, stability, and
reusability. By highlighting essential research voids and charting future directions, this
review thus offers a much-needed roadmap for the rational design of the next-genera-
tion carbon-based adsorbents. It therefore provides not just an in-depth knowledge of
functional group-specific interactions but also pragmatic information concerning the
design of surface chemistry for actual applications in water treatment and environmen-

tal remediation.

2 Mechanisms and factors influencing of heavy metal ion adsorption

To provide novel insights, this section links specific adsorption mechanisms with func-
tional groups incorporated onto carbon adsorbents—such as redox interactions facili-
tated by sulfur containing groups, chelation by nitrogen functionalities, and electrostatic
attraction enabled by oxygen-containing moieties. Recent research highlighting the syn-
ergistic effects in composite systems and dual-functional adsorbents is also presented,

extending beyond traditional adsorption models.

2.1 Fundamental principles governing adsorption

Adsorption is a phenomenon involving the adhesion of molecules or ions (adsorbates)
from a gas or liquid onto the surface of a solid substance called an adsorbent [46]. It is
distinct from absorption, which involves the penetration of substances into the interior
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of a material, whereas adsorption is limited to surface-level interactions [47]. Desorption
is the reverse process, wherein adsorbed species are removed from the surface [48].

The basic mechanism of adsorption involves mass transport from the bulk fluid phase
(gas or liquid) to the solid surface. AC, for example, is engineered with a highly porous
structure and a large internal surface area, making it highly effective in capturing organic
and inorganic contaminants, including metal ions [49]. The driving force behind adsorp-
tion arises from residual surface forces (such as electrostatic or van der Waals forces)
present on the adsorbent surface, which are not balanced by the forces in the bulk phase.
This imbalance creates surface energy at the interface, thereby attracting adsorbate mol-
ecules to the surface [50].

Some of the most important factors determining adsorption include the adsorbent’s
surface area (a higher surface area allows greater adsorption), pore structure, surface
chemistry, and thermodynamic parameters such as adsorption enthalpy and entropy
[51]. The efficiency of adsorbents is particularly influenced by these factors. Materials
such as AC, BC, MOFs, GO, and CNTs have been reported to exhibit high affinity for
pollutants due to their tunable surface properties and porosity [12, 46].

A thorough understanding of the surface functional groups of carbon adsorbents and
the interactions between adsorbates and adsorbents is fundamental for designing high-
performance materials for water purification. Figure 1 illustrates the key mechanisms
governing HMs adsorption at the solid-liquid interface, including electrostatic interac-
tions, surface complexation, ion exchange, and redox transformations.

Carbon adsorbents, their adsorption potential, and associated mechanism for specific
metal ions have been presented in Table 1.

2.2 Factors influencing carbon-based adsorption

The adsorption efficiency of carbon-based materials is a function of several intercon-
nected physicochemical properties and external conditions. Among the most critical
parameters are surface area and porosity, surface functional group chemistry, particle
size and diffusion pathways, and operational factors such as pH, temperature, and con-
tact time. Each of these factors significantly contributes to both the rate and capacity
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Fig. 1 Schematics adsorption mechanisms for HMs removal
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Table 1 Removal of HMs through different carbon-based adsorbents

Carbon based adsorbent HMs Mechanism involved Adsorption ca-  Ref-
pacity (mg/g) er-
enc-
es
GO (@e[(l)] Chemical adsorption 234 [48]
As(V) 14
Multi-pore AC obtain from recyclable Cu(l Electrostatic attraction 2776 [49]
long-root Eichhornia crassipes Pb(ll) 679
Cd(ln 137.1
Zn(ll) 56.9
Nill) 61.9
GO modified with polyethyleneimine Pb(ll) Chemical adsorption 374 [50]
cdany 602
Hg(ll) 181
Chitosan/AC/ poly(ethylene-oxide) Fe(lll) Surface complexation &ion 2174 [51]
exchange
Polyvinylpyrrolidone-reduced GO Cu(ln Physical adsorption 1689 [52]
Zerovalent iron decorated functional-  Sb(lll) Chemical adsorption 250 [53]
ized carbon nanotubes Sb(V)
Cross-linked magnetic chitosan Cu(ll) Chemical adsorption 126.58 [54]
particles Ni(ll) 66.23
AC prepared by potato peels Pb(Il) Physical adsorption 171 [55]
Zn0-Biochar nanocomposite Pb(ll) Surface adsorption 79.302 [56]
Carbon/Fe-Mn composite Ha(ll) Chemical adsorption 9.8 [57]
Biochar and humic acid system Cu(ln lon exchange, complexation  35.86 [58]
Multi-walled CNTs modified Pb(ll) Chemical adsorption 8118 [59]
polyrhodanine
Magnetic Zr-MOFs Pb(ll) Electrostatic attraction 102 [60]
MOFs Hg(ll) Chemical adsorption 600 [61]

of adsorption by influencing either the thermodynamics or kinetics—or both—of the
adsorption process [62].

2.2.1 Surface area and porosity

A high internal surface area is widely regarded as one of the most essential characteris-
tics of efficient carbon adsorbents. This extensive surface area arises from a hierarchi-
cally porous structure composed predominantly of micropores (<2 nm) and mesopores
(2-50 nm). Micropores significantly contribute to the overall adsorption capacity by
providing a large number of accessible adsorption sites, particularly for small mol-
ecules and ions. Conversely, mesopores facilitate faster transport of adsorbate species
into the internal regions of the adsorbent, thereby enhancing adsorption kinetics and
ensuring that equilibrium is reached in shorter timeframes. Empirical studies have
consistently demonstrated that increasing the fraction of micropores leads to higher
Brunauer—Emmett-Teller (BET) surface areas, which, in turn, enhances physisorption
capacity. Simultaneously, materials with a greater mesoporous volume exhibit improved
intraparticle diffusion rates and reduced mass transfer resistance. The pore structure
of carbon adsorbents is inherently linked to their method of synthesis [63]. For exam-
ple, carbonization at high temperatures or graphitization processes typically result in
enlarged pore diameters, more ordered graphitic domains, and reduced surface defects.
In contrast, low-temperature activation, especially in the presence of activating agents
such as H;PO,, KOH, or ZnCl,, tends to produce smaller pores and introduce a higher
density of oxygen-containing surface groups. The feedstock composition and activation
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method—whether chemical or physical—not only determine the pore size distribution
but also influence pore connectivity, which is vital for efficient mass transfer during
adsorption. Thus, by tailoring the activation conditions and precursor characteristics,
one can modulate the porosity of carbon materials to optimize both capacity and rate of

adsorption [64].

2.2.2 Surface functional chemistry

Surface functional groups play a decisive role in governing the adsorption selectivity
and binding mechanisms of carbon-based adsorbents. Typically, these materials pos-
sess a range of surface heteroatoms—including oxygen, nitrogen, and sulfur—incor-
porated as functional groups such as hydroxyl (-OH), carboxyl (~COOH), carbonyl
(>C=0), amine (-NH,), thiol (-SH), and pyridinic nitrogen. These groups can interact
with adsorbates through a variety of mechanisms, including hydrogen bonding, n—mn
interactions, electrostatic attraction, ion exchange, and complexation. For the adsorp-
tion of heavy metals and dyes, oxygen-containing functionalities are particularly sig-
nificant. Carboxyl and hydroxyl groups can act as Lewis bases and form coordination
bonds with metal ions, while also influencing the hydrophilicity and charge of the adsor-
bent surface. At higher pH levels, these groups tend to deprotonate, generating nega-
tively charged sites that favor the uptake of cationic species [7, 65]. Similarly, nitrogen
functionalities (e.g., pyridine-like nitrogen or amine groups) may introduce basic sites
that are beneficial for binding acidic or anionic pollutants. Chemical modification of the
carbon surface can dramatically enhance its functionality and adsorption performance.
Acid or base treatments, oxidation (e.g., with HNO,;, KMnO,, or ozone), and hetero-
atom doping (e.g., N-doping via urea or ammonia treatment) are commonly employed to
introduce or augment specific surface groups. Such modifications not only increase the
density of active sites but also introduce new adsorption pathways involving chemisorp-
tion, ion exchange, or ligand—metal coordination. Functional group density and distribu-
tion directly impact adsorption affinity and specificity, and thus are often engineered to
match the physicochemical characteristics of target pollutants [66].

2.2.3 External conditions: pH, temperature, and contact time

The ambient conditions under which adsorption occurs—particularly the pH of the
solution, temperature, and contact time—can significantly influence both the extent and
mechanism of adsorption. Among these, pH is the most crucial, as it affects both the
ionization state of adsorbate species and the surface charge of the adsorbent. At low pH,
functional groups such as -COOH and —OH remain protonated, leading to a reduction
in surface negativity and diminished adsorption of cationic species. As the pH increases,
these groups deprotonate, enhancing electrostatic attraction and promoting the binding
of metal ions and cationic dyes. However, adsorption capacity may decline at excessively
high pH due to precipitation of metal hydroxides, which reduces their availability for
surface interaction [67].

Temperature influences adsorption thermodynamics and can either favor or hinder
adsorption depending on the dominant mechanism. Physisorption processes are gen-
erally exothermic, and thus a rise in temperature typically reduces adsorption capacity.
In contrast, endothermic chemisorption mechanisms may become more favorable at

higher temperatures, particularly where activation energy barriers exist. Furthermore,
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adsorption kinetics are affected by temperature, with higher temperatures generally pro-
moting faster diffusion of adsorbates into pores [68].

Contact time is another key variable that governs the equilibrium state of adsorption.
The initial rate of adsorption is typically rapid due to the availability of abundant surface
sites. Over time, as these sites become occupied and diffusion into microporous regions
becomes rate-limiting, the process slows down and approaches equilibrium. Other
kinetic parameters, such as initial concentration and the presence of competing ions,
also impact adsorption performance and must be carefully optimized for maximum
removal efficiency [69].

2.2.4 Particle size and diffusion dynamics

The particle size of carbon adsorbents strongly affects the rate and extent of adsorption,
particularly in dynamic systems such as fixed-bed columns or continuous-flow reactors.
Smaller particles present a higher external surface area-to-volume ratio and reduce the
diffusion path length for adsorbate molecules. This often translates to faster adsorp-
tion kinetics and greater apparent capacity. However, extremely fine particles may pose
practical challenges, such as elevated pressure drops in filtration systems, poor packing
stability, and difficulties in separation and recovery. Therefore, an optimal particle size
range is generally selected to balance high performance with ease of operation [70].

In addition, the connectivity of internal pore structures significantly influences dif-
fusion dynamics. Well-interconnected mesoporous networks facilitate the rapid trans-
port of adsorbate molecules from the bulk solution to active sites within the micropores,
where the majority of adsorption occurs. Hence, both particle size and internal pore
architecture must be engineered in tandem to achieve efficient adsorption [71].

2.3 Influence of surface properties on adsorption efficiency

2.3.1 Electrostatic interaction

Electrostatic forces play an important role in affecting the efficiency of adsorption
of HMs onto adsorbents. pH plays an important role in regulating these forces, as it
impacts the protonation and deprotonation of the adsorbent surface functional groups.
At lower pH levels, protonation of functional groups like carboxyl (-COOH), hydroxyl
(—OH), and amine (-NH,) creates a net positive charge on the adsorbent surface, caus-
ing electrostatic repulsion of positively charged HMs, hence decreasing adsorption effi-
ciency. On the other hand, with increasing pH, deprotonation is triggered, which creates
a negatively charged surface and increases electrostatic attraction between metal ions
and the adsorbent, leading to greater adsorption [72]. The recent literature has empha-
sized the oxygen-containing functional groups on GO and BC surfaces in electrostatic
adsorption processes. The presence of hydroxyl, carboxyl, and epoxy functionalities on
GO nanosheets provides efficient electrostatic interaction with Zn(II) for its removal
from aqueous solutions. Likewise, gangue microspheres in a geopolymer matrix have a
high surface area and rich functional groups (-OH, Si—O-Al, and Si—O-Si), which are
responsible for the electrostatic adsorption of HMs [73].

In addition, the surface charge properties of BC are essential in defining its electro-
static adsorption capacity. When the pH of the solution is above the point of zero charge
(pHzpc), deprotonation of the surface functional groups of BC leads to the generation
of negatively charged sites, promoting electrostatic attraction with cationic metal ions
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like Cu?* and Zn**. But below pH pHzpc, protonation results in a positively charged
surface, which hinders adsorption efficiency by causing electrostatic repulsion. In addi-
tion, the competition between metal ions and H* ions for adsorption sites also restricts
adsorption at lower pH levels. Some latest studies indicate that surface modification in
the form of functionalization by nanomaterials or heteroatom doping can be responsible
for boosting the electrostatic adsorption processes. For example, nitrogen-doped car-
bon materials proved to be a better HMs removing agent due to higher surface charge
density and intensified electrostatic interactions. Likewise, addition of metal oxides, e.g.,
Fe;O, or MnO,, to carbon-based adsorbents has been shown to greatly enhance electro-
static attraction with metal ions, improving efficiency of adsorption. These observations
of electrostatic interactions promise that engineered adsorbents with specially designed
surface chemistry can enhance HMs removal in aqueous systems [74].

2.3.2 Physical adsorption mechanism and surface interaction

Physical adsorption, or physisorption, is a phenomenon in which HMs are attached to
the surface of carbon absorbents through weak van der Waals forces without creating
chemical bonds. The efficiency of adsorption depends mainly on the pore structure, spe-
cific surface area, and surface roughness of the adsorbent material, which control the
diffusion and entrapment of HMs. Recent research points out that porosity in carbon
absorbents is very important for promoting physical adsorption efficiency. High-tem-
perature carbonization has been found to largely enhance the specific surface area and
pore volume, thus providing increased adsorption capacity. For example, pine wood
BC obtained at 700 °C and grass BC at 300 °C has shown effective Cu(II) and U(VI)
removal based on its highly developed porous structure, which improves diffusive sur-
face adsorption [75].

Carbon-based nanomaterials such as GO and CNTs have also been studied due to
their capacity for agglomeration in aqueous conditions to produce mesoporous and
microporous matrices. Internal surface area increases through these structural char-
acteristics, thus the efficiency of adsorption. The hydrophobicity of CNTs also ensures
that metal ions get trapped in the pore network, resulting in higher removal efficiency.
Besides, although physical adsorption is largely controlled by porosity and surface area,
the latest research suggests that functionalization of the surface can effectively enhance
adsorption capacity. Oxygen-containing functional groups like hydroxyl (~OH), carboxyl
(-COOH), and carbonyl (-C=0) that are introduced to the surface modify the hydro-
philicity of the surface and enhance HMs diffusion into the pore structure. In addition,
functionalized carbon materials, including nitrogen-doped BC and metal oxide-impreg-
nated carbon, have shown higher adsorption efficiencies by altering surface interactions
while preserving the physical adsorption mechanism.

While physical adsorption is generally thought of as a secondary process for HMs
removal, it acts in a synergistic manner with other adsorption phenomena, such as elec-
trostatic interactions, ion exchange, and complexation. As an illustration, a two-mode
adsorption system based on microporous AC impregnated with ZnCl, and KOH was
found to make pore diffusion and physisorption both essential in the removal of Ni(II)
and Cd(II) from aqueous solutions. Moreover, hierarchically porous materials designed
by engineering, like waste biomass-based AC, show improved HMs removal by reconcil-
ing micropores for higher surface area and mesopores for greater mass transfer kinetic
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rates. Nanostructured adsorbents, including MOFs-carbon hybrids and graphene-car-
bon composites, have also further improved physical adsorption by maximizing pore
accessibility and availability of adsorption sites.

Future developments in physical adsorption mechanisms aim at the improvement of
adsorbent design by engineered pore size control, surface heteroatom functionalization
with nitrogen, sulfur, and phosphorus, and the use of hybrid materials like MOF-carbon
and BC-metal oxides. Eco-friendly carbon precursors like agricultural waste-derived BC
have also become of interest due to their low cost and environmental advantages in HMs
remediation. These new approaches illustrate the emerging function of physical adsorp-
tion and the promise of designed adsorbents to enhance the efficiency of adsorption in
wastewater treatment processes [76].

2.3.3 Surface complexation and chemical bond formation

Surface complexation plays a crucial role in HMs adsorption, involving the formation
of outer- and inner-sphere complexes between metal ions and functional groups on the
adsorbent surface. This process is influenced by surface chemistry, pH, and the presence
of oxygen-containing functional groups such as hydroxyl (-OH), carboxyl (~-COOH),
and carbonyl (—C=0). Recent research highlights that GO and other functionalized
carbon materials exhibit strong surface complexation capabilities due to their abun-
dant oxygen functional groups, which facilitate stable metal-ligand interactions. For
instance, the adsorption of Pb(II) on GO is predominantly governed by surface complex-
ation between Pb(II) ions and oxygenous functional groups, forming stable coordination
bonds that enhance adsorption efficiency [77].

The combination of surface complexation and electrostatic attraction has been found
to significantly improve HMs adsorption capacity in composite materials. A recent study
on anaerobic magnetic granule sludge/chitosan (M-CS-AnGS) composites demon-
strated that these materials exhibited enhanced adsorption of Cu(II) and Pb(II) due to
the combined effects of complexation and electrostatic interactions [78]. Similarly, CNTs
combined with calcium alginate (CA) have shown remarkable performance in HMs
removal, particularly at varying pH levels. The Cu(II) adsorption efficiency of CNTs/CA
composites increased from 69.9% at pH 2.1 to 83.3% at pH 5.0, suggesting that higher
pH enhances surface complexation by facilitating stronger coordination between Cu(II)
ions and functional groups. Additionally, the presence of microchannels in CNT-based
composites allows for increased ion exchange between Ca®* and HMs, further improv-
ing adsorption efficiency [79].

Emerging research has also emphasized the role of BC-based adsorbents in metal
complexation. A magnetite-functionalized BC derived from watermelon rinds was
recently synthesized as a long-term adsorbent and catalyst for TI(I) removal from waste-
water. Spectroscopic analysis confirmed that TI(I) adsorption occurred through surface
complexation, as evidenced by a decrease in hydroxyl (—-OH) groups and an increase in
Fe—O bonding after adsorption. These findings suggest that metal-oxygen bonding plays
a significant role in the immobilization of metal ions on BC surfaces, making magnetite-
based materials effective for long-term HMs removal [80].

The advancement of functionalized carbon materials, metal oxide composites, and
hybrid adsorbents has further strengthened the importance of surface complexation in
HMs remediation. Recent studies on GO-BC hybrids, CNTs-metal oxide composites,
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and MOFs have shown that precise surface functionalization enhances metal binding
affinity, improving both selectivity and stability in adsorption processes. These modifica-
tions allow for greater adaptability across different pH conditions and wastewater com-
positions, making surface complexation a key mechanism in modern adsorbent design.
Future research is expected to focus on tunable surface chemistry, ligand-functionalized
adsorbents, and nanostructured materials to optimize chemical bonding interactions for
enhanced HMs removal efficiency [81].

2.3.4 Precipitation and crystallization process

Precipitation and crystallization are key processes in HMs immobilization, where metal
ions react with counter-ions to create insoluble solids, either on the surface of an adsor-
bent or within solution. Such processes are instrumental in stabilizing metal pollutants,
lowering their mobility in aqueous systems. Current research underscores that metals
of intermediate ionization potentials (2.5 to 9.5), e.g., Cu, Zn, Ni, Pb, and rare earth ele-
ments, easily precipitate on carbon-based adsorbents and are consequently removed
effectively. Precipitation of metal hydroxides, carbonates, sulfides, and phosphates has
been determined as a crucial mechanism for the improvement of HMs sequestration.
New developments point out that engineered biochars (EBB) from biomass, generated
through slow pyrolysis, have greater precipitation potential if they are pretreated with
alkaline substances like eggshell waste (CaCOj). It has been proved in studies that Pb(II)
adsorption onto CaCO5-modified BC happens largely through precipitation and results
in stable mineral phases like Pb;(CO,),(OH), (hydrocerussite) and PbCO; (cerussite).
These results indicate that the adjustment of BC with alkaline precursors is an effective
means to enhance its precipitation-driven adsorption efficiency and that it holds great
potential for HMs treatment in wastewater remediation [82].

The co-precipitation method has also been investigated in the synthesis of layered
double hydroxides (LDHs) with improved crystallization behaviors. Zhang et al. pre-
sented a recent work where intercalation of cysteine (Cys) into MgAl-layered double
hydroxide (MgAl-Cys-LDH) remarkably enhanced the HMs precipitation through
metal-sulfide complexation. The presence of (-SH), (-NH,), and (-COOH) groups in
Cys made the stable metal sulfides easy to form, especially for Cu(Il), Pb(II), and Cd(II).
This alteration not only increased the efficiency of metal removal but also structurally
stabilized the adsorbent so that it was not leached under different pH conditions [83]. In
addition, nanostructured adsorbents such as GO-based composites and hydroxyapatite-
functionalized BC have been explored for their potential to boost precipitation and crys-
tallization processes. These adsorbents offer large surface areas and active sites for metal
ion nucleation and crystal growth, thus enhancing sequestration of HMs like arsenic
(As), mercury (Hg), and lead (Pb). The combination of Fe/Mn-oxide nanoparticles with
carbon-based adsorbents has also been reported to catalyze the crystallization of metal
hydroxides, further enhancing the stability of adsorbed metal species [84].

In contrast to conventional adsorption processes dependent significantly on pH-
dependent electrostatic forces, precipitation-based adsorption provides increased stabil-
ity over a wider pH range. According to the latest studies, engineered BC, MOFs, and
LDH composites demonstrate negligible changes in performance under different ionic
strengths, and thus they are exceptionally effective for real-world wastewater treatment
processes. The emphasis of future research is on hybrid precipitation-crystallization
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processes, wherein multi-functional adsorbents containing phosphate, carbonate, and
sulfide groups can selectively adsorb and crystallize HMs into stable mineral phases.
These advances are likely to open the door to more efficient, cost-effective, and sustain-
able technologies in HMs remediation [85].

2.3.5 lon-exchange and redox reactions

Ion exchange is a common mechanism for HMs removal, whereby metal ions in a solu-
tion are swapped with inherent pre-existing cations attached to an insoluble solid matrix
in an electro-neutrality sense. Recent studies underscore that carbon absorbents, BC
functionalization’s, and LDHs are of high ion-exchange capacities as a result of their
large amounts of surface-active sites, most notably oxygen-functional groups such as
hydroxyl (-OH), carboxyl (-COOH), and phosphate (—~PO,>") groups. This ion exchange
process is exceptionally good in removing Cd(II), Pb(II), Cu(Il), and Zn(II), with these
metal cations displacing alkali and alkaline earth metal cations like K*, Na*, Ca?*, and
Mg?* from the adsorbent surface [83].

Recent research highlights the function of calcium carbonate (CaCOj)-modified,
hydroxyapatite (HAP)-modified, and magnetic nanoparticle-modified engineered BC
to improve the ion-exchange process. Hydroxyapatite-derived materials have exhibited
remarkable efficacy in sequestering Mn(II), Fe(II), and Pb(II) by undergoing a two-step
ion-exchange process. Hydroxyapatite first dissolves at low pH, releasing Ca* ions and
phosphate species, which create a negatively charged surface for metal ion adsorption.
Later, Ca®" ions in hydroxyapatite are replaced by metal cations such as Pb**, Cu**, and
Cd?**, resulting in stable immobilization. Recent advances involving BC-hydroxyapatite
nanocomposites have further increased metal retention, even against fluctuations in pH
and ionic strength [29, 86].

Aside from ion exchange, redox processes also have an important role to play in the
remediation of HMs, especially redox-sensitive metals like Cr(VI), As(III), and Hg(II).
Various nanomaterials like nano-zero-valent iron (nZVI), Fe/Mn-oxide-modified BC,
and GO-based composites have been designed to provide concomitant adsorption,
reduction, and precipitation of harmful metal species. For example, Cr(VI) is reduced
efficiently to Cr(III) when it interacts with sulfur-functionalized BC or Fe-nanoparticle
composites and cannot be released back into the environment [87]. Analogously, As(III)
has been reported to be oxidized to As(V) by MnO,-modified adsorbents, which is then
removed through surface complexation and precipitation [88].

A novel development in ion-exchange-based adsorption is the creation of bio-mag-
netic membrane capsules (BMMCs) that utilize sodium alginate, polyvinyl alcohol, and
magnetic nanoparticles. These capsules remove Cd** and Pb** from water effectively
using a controlled two-step titration gel crosslinking mechanism, greatly enhancing
adsorption capability and material stability. Experiments have also investigated the syn-
ergistic action of bimetallic nanoparticles (e.g., Fe-Cu, Fe-Zn) to promote simultaneous
ion exchange, redox conversion, and surface complexation, and hence improved multi-
metal removal performance [89]. Future developments are centered on hybrid ion-
exchange adsorbents, wherein MOFs, carbon nanostructures, and doped metal oxides
(TiO,, Fe;0,, MnO,) are combined to enhance selectivity, regeneration ability, and envi-
ronmental sustainability. The integration of ion exchange, redox transformation, and
co-precipitation mechanisms in one adsorbent system is becoming a very efficient and
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scale-upable method for industrial wastewater treatment and environmental remedia-
tion [90].

3 Functionalization approaches for carbon-based adsorbents

In contrast to prior reviews that summarize surface functionalization methods, this sec-
tion focuses on how these chemical modifications enhance adsorption selectivity, kinet-
ics, and reusability. We emphasize the interplay between functional group chemistry and
performance, including insights from recent innovations in hybrid materials and regen-
erable adsorbents that are not broadly covered in existing literature. Surface function-
alization is crucial for enhancing the performance of carbon-based adsorbents in HMs
removal. Introducing specific functional groups modifies the surface chemistry, poros-
ity, and metal affinity of carbon adsorbents. For example, oxidative treatments (H,0,,
O;, HNO,;, KMnO,, etc.) graft —-COOH, —OH and carbonyl (-C=0) groups onto the
carbon surface, increasing its capacity to complex metal ions. Similarly, heteroatom dop-
ing has been widely studied: sulfur-containing functionalities (e.g. thiols, sulfides) selec-
tively bind soft heavy metals like Hg(II) and Pb(II), whereas nitrogen-doped carbons
(pyridinic-N, amine-N, graphitic-N) favor chelation of metal cations such as Cu(II) and
Ni(II) [7]. These modifications illustrate how tailored surface chemistry can dramatically
improve adsorption efficiency.

In practice, functionalization strategies span chemical, physical, and biological meth-
ods. Chemical approaches (acid/base treatments, oxidation, heteroatom doping) intro-
duce new binding sites; for instance, acid oxidation adds acidic groups, while bases
add basic oxygenates. Physical activation (thermal treatment, steam/CO, activation, or
plasma) can increase surface area and create hierarchical porosity without altering bulk
structure. Green or bioinspired routes (using plant extracts, enzymes, or microbial pro-
cesses) provide eco-friendly alternatives for introducing functional groups. Hybrid com-
posites such as carbon—metal oxide or carbon—-MOFs hybrids, or carbon coated with
natural polymers (chitosan, tannins) or conductive polymers (polyaniline, polypyrrole)
combine multiple adsorption mechanisms and often exhibit improved selectivity, stabil-
ity, and regenerability [91]. Following applications, functionalization methods, and com-
parative efficiencies are described below:

3.1 Strategies for enhancing adsorption efficiency

The adsorption efficacy of carbon materials is greatly enhanced by functionalization
methods that create active sites for binding, increase surface interactions, and optimize
porosity. Such improvement strategies ranging from chemical modification, heteroatom
doping, physical activation, to biological or green functionalization have been exten-
sively utilized to enhance HMs removal effectiveness [92—94].

Chemical modification with acids (e.g., HNO,, H,SO,) or bases (e.g., NaOH, KOH)
adds oxygen-containing functional groups such as ~-COOH and —OH onto the adsor-
bent surface. These groups increase the material’s affinity for metal ions by allowing
ion exchange and surface complexation reactions. Oxidizing agents such as H,0, and
KMnO, also enhance the reactive surface sites availability, causing an increase in hydro-
philicity and binding of metal ions. Another critical technique is heteroatom doping,
which introduces atoms like nitrogen, sulfur, phosphorus, or boron into the carbon lat-
tice. The method introduces functional groups such as amines, thiols, and sulfonic acids,
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which enhance electrostatic attraction and complexation with certain metal ions. For
instance, nitrogen doping creates amine groups that bind strongly to cationic metals and
sulfur doping introduces thiol and sulfonic acid groups with high affinity for soft metal
ions such as Pb** and Hg?* [95].

Physical activation processes like heat treatment at 600—1000 °C, CO, or steam, and
plasma surface modification enhance porosity and surface area. These processes form
hierarchical structures comprising micropores and mesopores that help in capturing
metal ions of different sizes and charges simultaneously [94]. Concurrently, biological
and green functionalization processes present eco-friendly alternatives. Methods involv-
ing bacteria, enzymes, and plant biomolecules insert bioactive functional groups such as
polyphenols and organic acids that aid in immobilization and chelation of HMs [96, 97].

Composite and hybrid adsorbents have, in recent years, picked up pace for their syn-
ergistic benefits. These adsorbents involve the combination of carbon substrates with
metal oxides, polymers, or MOFs, leading to multifunctional adsorbents with improved
performance. Prominent examples include Fe;O,—~GO nanocomposites, which exhibit
enhanced redox activity and magnetic separability, and polymer-functionalized BC that
provide enhanced selectivity and mechanical stability [98, 99]. In summary, functional
group chemistry is essential to defining the adsorption characteristics of carbon-based
materials. By means of optimized surface engineering strategies, one is able to pro-
foundly enhance the stability, selectivity, and capacity of such adsorbents for effective
wastewater remediation processes [100].

3.2 Impact of surface modification on selectivity and stability

3.2.1 Oxidation-induced functionalization and surface activation

Surface oxidation is an important modification technique that improves the adsorp-
tion performance of carbon-based adsorbents by adding oxygen-functional groups like
carboxyl (-COOH), quinonoid, phenol (-OH), lactone, and other acidic functional
groups. These functional groups have a great effect on the efficiency of HMs adsorp-
tion by enhancing surface interaction and chemical binding affinity. Oxidation is gener-
ally performed by exposing carbon adsorbents to strong acids (HNO,, H,SO,/HNO;, or
H;PO,), alkalis (NaOH or KOH), ozone (Os), or oxidants such as H,O0,, KMnO,, NaClO,
and (NH,),S,0g. All factors like the concentration of oxidants, contact time, and tem-
perature need to be optimized for acquiring desired functionalized surfaces specialized
in selective adsorption of HMs. Wet oxidation, however, can cause degradation of struc-
tures, which affects the physical integrity of the adsorbent [101]. Figure 2 shows some
oxidation treatment processes.

Chemical activation through oxidative treatment (air oxidation or acid oxidation)
creates several functional groups (-COOH, —CHO, —OH) on carbon nanotube (CNT)
surfaces, increasing the adsorption capacity. These groups also enhance hydrophilic-
ity, making it easier to adsorb low molecular weight pollutants [101]. Metal ion binding
is largely through complexation with carboxyl groups, thus enhancing the retention of
toxic ions on the surface of the modified CNTs [7]. Moreover, phosphoric acid (H;PO,)
treatment of BC has been shown to enhance its physicochemical characteristics, result-
ing in enhanced adsorption efficiency for HMs like Pb(II) and Cr(VI) [102].

GO modification through oxidation incorporates oxygen functional groups (hydroxyl,
carboxyl, epoxy), which play a key role in contaminant removal efficiency. Higher oxygen
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content improves GO’s hydrophilicity and solubility, rendering it an excellent choice for
biosensors, drug delivery systems, and water treatment. Nonetheless, research on oxy-
gen-controlled synthesis of GO is still limited and needs more investigation to increase
its applications in industry [103]. A new MOFs-derived material, porous Fe,Os, has
been synthesized for high-specific-surface-area adsorption. Pb(II) removal by Fe,O; is
through inner-sphere complexation with surface oxygen ions to form covalent bonds
that increase adsorption. Pb(OH), precipitation under high pH conditions also contrib-
utes to HMs removal. The porous Fe,O; synthesized exhibited remarkable adsorption
capacity for Cr(VI) (175.5 mg/g) and Pb(II) (97.8 mg/g) and thus serves as a great mate-
rial for water treatment [104].

Al-Khaldi et al. studied acid-treated carbon adsorbents (CNTs, AC, carbon nanofibers
(CNFs), and fly ash (FA)) for the adsorption of Cd(II). The Langmuir isotherm model
predicted maximum adsorption capacities of 2.02 mg/g by CNTs, 1.98 mg/g by AC,
1.22 mg/g by CNFs, and 1.58 mg/g by FA. Oxidation significantly enhanced the removal
efficiency of CNTs, CNFs, and AC with removal percentages greater than 95%. None-
theless, oxidized FA showed decreased performance when compared to untreated FA,
suggesting oxidation may not be ideal for all types of adsorbents [105]. Another study
showed that quinoa crop residue BC that was magnetite nanoparticle-activated and
HNO,-treated showed a remarkable increase in Cr(VI) adsorption capacity. The Freun-
dlich isotherm and pseudo-second-order kinetic models well represented the adsorption
process, with modified BC having adsorption capacities of 77.35 mg/g (QBC-MNPs),
55.85 mg/g (QBC-Acid), and 48.85 mg/g (raw QBC). Likewise, oxygen-enriched mag-
netic BC obtained from K,FeO, synthesis had a remarkable Cr(VI) adsorption capacity
of 209.64 mg/g in acidic conditions [106].

Lin et al. prepared oxidized BC from Eichhornia crassipes, where quick adsorp-
tion equilibrium was achieved in 30 min and large adsorption capacities for Pb** (0.57
mmol/g), Cu** (0.41 mmol/g), Cd** (0.44 mmol/g), and Zn?** (0.48 mmol/g). The BC pre-
served its adsorption capability through ten reuse cycles, which shows excellent regener-
ation performance. Completely, mesoporous carbon which was acid-modified (COMC)
demonstrated improved Pb(II) adsorption by greater surface functionalization, whose



Tewari et al. Discover Nano (2026) 21:57 Page 17 of 39

adsorption complied with the Langmuir isotherm and pseudo-second-order kinetics
models [107].

Khandaker et al. investigated oxidized BC for the removal of Cs, where adsorption was
found to be best explained by the Langmuir model with a maximum uptake capacity
of 55.25 mg/g. Oxidized BC had a high preference for Cs with a removal efficiency of
96% even with co-existing competitive ions like Na and K. The findings indicate that oxi-
dation-created porous structure and oxygen-functional surfaces are primarily respon-
sible for cesium adsorption. In another research, high-energy electron beam irradiation
was used to control oxygen content in GO, and controlled oxygenation and improved
Pb(II) sorption were attained. Increased doses of irradiation (19.2 kGy) resulted in a
Pb(II) adsorption capacity of 636.4 mg/g, affirming the involvement of oxygen-contain-
ing functional groups in metal sorption. Also, oxidized multi-walled CNTs(oMWCN'Ts)
modified with polypyrrole (0MWCNT/Ppy) had improved Pb(II) (26.32 mg/g) and
Cu(Il) (24.39 mg/g) adsorption based on oxygen-functionalized groups (-COOH, —OH,
—C=0). The material showed durability through five cycles of regeneration, which made
it a potential wastewater treatment material [108].

Tu et al. explored AC produced from Bermuda grass (BGAC) through KOH oxidation.
The Langmuir model calculated an adsorption capacity of 403.23 mg/g for Cr(VI), and
chemisorption was the prevailing removal mechanism. While encouraging findings, the
high acid consumption and operating costs of oxidation treatments are challenges that
need to be addressed. Future studies need to work on creating oxidation processes under
near-neutral conditions, enhancing HMs recovery, and maximizing large-scale applica-
tions to make it economically viable [109].

3.2.2 Nitrogen-enrichment techniques for improved adsorption
Nitrogen-containing functional groups like amino, hydrazine, imine, imidazole, and
amidoxime enormously increase adsorption capacity because their lone pair electrons
allow for favorable coordination with the pollutant. These functional groups are present
both in organic as well as inorganic forms in the form of pyridine-N, graphitic-N, pyrro-
lic-N, pyridinic-N-oxide, quaternary-N, amine-N, nitrile-N, amide-N, NH,—N, NO;-N,
and NO,—N. Of these, quaternary-N and pyridine-N-oxide are more stable than pyrro-
lic-N and pyridinic-N Fig. 3 shows different nitrogenation treatment techniques [105].

The availability of nitrogen-containing functional groups on the surface of carbon
facilitates adsorption through hydrogen bonding and acid/base interactions. Amino-
functionalized nitrogen-rich compounds (NA) exhibit great complexation with contami-
nants. Nitrogen-functionalized GO with nitrogen-containing compounds (NAGO) has
generated novel adsorbents with a mix of GO and NA compound properties, which are
very efficient for HMs removal from polluted water [110, 111].

Nitration is generally performed with a nitrating medium of concentrated HNO; and
H,SO, in conditions of reflux. This causes the protonation and dissociation of nitric acid
to give nitronium ions (NO,"), which are active nitrating agents:

HNOj3 + 2H,S04 — NOJ + H30™" 4+ 2H,S0,

The reactive NO," ion allows for electrophilic aromatic substitution on carbon surfaces
to give nitroaromatic compounds, which are subsequently reduced by sodium dithi-
onite (Na,S,0,). The nitration step is slower compared to the reduction reaction, and
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its yield varies depending on the mixed acid ratio. Raising the ratio from 1:1 to 2:1 or
3:1 decreases reaction time by approximately 30 min. Nonetheless, nitration/reduction
treatment can cause pore volume and BET surface area to diminish, although the influ-
ence on porous properties is still small. Chelating agents like amino polycarboxylic acids
(APCAs) are commonly applied in the stabilization of metal ion complexes. Examples
include iminodiacetic acid (IDA), nitrilotriacetic acid (NTA), diethylenetriaminepenta-
acetic acid (DTPA), and ethylenediaminetetraacetic acid (EDTA). APCAs inhibit metal
precipitation, suppress unwanted metal-catalyzed processes, and improve metal ion sol-
ubility, thus playing an important role in adsorption operations [112, 113].

Recent research has illustrated the improved HMs adsorption capacities of nitrogen-
doped carbon adsorbents. Amino-functionalized Fe;O,@SiO, core-shell magnetic
nanomaterials, for instance, successfully adsorbed Pb(II), Cu(II), and Cd(II) ions from
polluted water [114]. Nitrogen-doped carbon-MoS, (NC-MoS,) nanohybrid compos-
ites had impressive Pb(II) removal efficiency. Polyaniline (PANI) has demonstrated out-
standing adsorption affinity for Pb(II) ions [115]. According to Shao et al. [116] With a
maximum value of 22.2 mg/g, the PANI/MWCNT magnetic composites demonstrated
a markedly increased adsorption capacity for Pb(II) ions. In comparison to unmodified
MWCNTs (12.6 mg/g), plasma-treated MWCNTs (13.3 mg/g), and even pure PANI
(21.0 mg/g), this performance was noticeably better. The improvement is ascribed to
polyaniline’s abundant amine and imine functional groups, which bind to Pb(II) ions
with great affinity. The composite material’s superior adsorption performance is a result
of the synergistic effect of PANI modification and the high surface area of MWCNTs. In
a similar vein, Yin et al. [117] prepared melamine-modified MOFs for Pb(II) adsorption
from low-salt solutions with an adsorption capacity of around 205 mg/g at pH 6. The
pseudo-second-order kinetic model fit the adsorption data (R*>0.99), establishing coor-
dination interactions between amino groups and Pb(II) ions. Zhang et al. [118] prepared
an amino-functionalized MOF (NH,-MIL-53(Al)) for the selective adsorption of Hg(II)
with a maximum capacity of 153.85 mg/g.

Guo et al. investigated the effect of nitrogen doping on BC adsorption capacity. Hydro-
thermal carbonization of Camellia sinensis at 240 °C (HTC-240) produced BC with
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highest adsorption capacities for Cu (43.98 mg/g), Pb (83.91 mg/g), and Cr (94.69 mg/g),
while BC produced at 280 °C (HTC-280) had greater Zn adsorption (64.78 mg/g). The
adsorption processes included metal ion complexation, external mass transfer, and intra-
particle diffusion [119].

Chu et al. synthesized a new N-doped bean dregs AC adsorbent (BDC-STM30-
10.0HT) to remove Cr(VI). Heat treatment at 1000 °C raised the content of quaternary
nitrogen by 18-fold, increasing the adsorption capacity to 3.30 mmol/g under pH 2. The
material showed high recyclability with retention of excellent performance in five con-
secutive regeneration cycles [120]. Geng et al. assessed the adsorption ability of poly-
ethyleneimine-doped GO (GO-PEI) for the removal of Cr(VI). The GO-PEI exhibited
a 436.20 mg/g adsorption capacity, which was much greater than that of untreated GO
and reduced GO. XPS analysis showed Cr(VI) reduction to Cr(Ill), and then surface
chelation. Electrostatic interactions and redox reactions were involved in the adsorp-
tion mechanism, which facilitated chromium ion immobilization [121]. Zheng et al.
investigated N-doping modifications of biomass-AC with dicyandiamide through ultra-
sonic and redox processes. The N-doping treatment enhanced the efficiency of divalent
copper ion adsorption considerably. Nonetheless, direct nitrogen impregnation on AC
was faced with challenges like extended modification times and low doping efficiency,
restricting its influence on adsorption performance. These results point to the success of
nitrogen-enrichment processes in promoting carbon-based material adsorption capaci-
ties for HMs extraction. Continued studies further optimize nitrogenation processes for
increased adsorption efficiency and recyclability towards eco-friendly environmental
applications [122].

3.2.3 Sulfuration incorporation for enhanced metal affinity

Sulfuration of adsorbent materials is also possible through reactions with sulfur-contain-
ing substances like hydrogen sulfide (H,S), sulfur dioxide (SO,), carbon disulfide (CS,),
potassium sulfide (K,S), phosphorus pentasulfide (P,S;), sodium thiosulfate (Na,S,05),
elemental sulfur (Sg), and organosulfur compounds by pyrolysis [123]. Physical and
chemical properties of adsorbents are affected by the sulfuration process and sulfuriz-
ing agents chosen, which might change surface area, porosity, and density of functional
groups [28]. Figure 4 shows varied sulfuration treatments.

Due to the high affinity of sulfur functionalities for HMs, sulfur-doped carbon adsor-
bents have been extensively studied for HMs removal. The incorporation of sulfur func-
tionalities elevates negative surface charges, elevating surface polarity and enabling
electrostatic attraction between the adsorbent and positively charged metal cations.
Based on Pearson’s Hard-Soft Acid-Base (HSAB) theory, soft acid-soft base interactions
are responsible for the high affinity of HMs (soft acids) for sulfur functionalities (soft
bases) [124].

Among the diverse sulfur functionalities, thiol (-SH) groups have high affinity for other
HMs via Lewis acid-base interactions. Representative thiol-based functionalization
reagents are mercaptopropyl trimethoxysilane, mercaptobenzimidazole, and dithiocar-
bamate, which enhance selectivity and adsorption efficiency, particularly for Hg(II) ions.
Other sulfur species such as carbon disulfide (CS,), elemental sulfur (Sg), and hydrogen
sulfide (H,S) are loaded in adsorbents using impregnation methods. This modification
has been used in AC, CNTs, and GO [7].
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Fig. 4 Distinctive sulfuration synthesis routes into carbon adsorbents

For example, Liu et al. grafting 3-mercaptopropyltriethoxysilane (MPTS) onto CNTs/
Fe;O, nanocomposites was accomplished successfully. Enhanced surface area and super-
paramagnetism were present in thiol-functionalized CNTs/Fe;O, nanocomposites. The
adsorption of Hg** and Pb** took place according to a pseudo-first-order kinetic model
with maximum adsorption capacities of 65.52 mg/g and 65.40 mg/g, respectively [125].
Likewise, Lu and Guo in another work illustrated that Pb(II) ions were removed effi-
caciously by walnut shell-based sulfur-functionalized adsorbents through ion exchange
and complexation, which was best explained by the Temkin adsorption isotherm model.
The pseudo-second-order kinetic model best explained the adsorption process, reflect-
ing a chemisorption-dominated mechanism [126].

Wu et al. explored the thiol-functionalization of cellulosic biomass materials, such
as absorbent cotton, wood sawdust, and buckwheat hulls, to enhance Pb(II) removal.
Thiol-modified absorbent cotton showed a threefold increase in adsorption capacity
(28.67 mg/g) compared to unmodified cotton (10.78 mg/g). Wood sawdust and buck-
wheat hull exhibited increased Pb(II) uptake (43.14 mg/g and 44.84 mg/g, respectively)
due to additional metal-binding functional groups [127].

Das et al. investigated xanthate-functionalized Aspergillus versicolor mycelia for cad-
mium sulfide (CdS) nanoparticle synthesis and Cd** removal. Palygorskite functional-
ized with mercapto groups exhibited enhanced adsorption selectivity for Pb**, Cd**, and
Cu*". A ligand, 2-hydroxyacetophenone-4 N-pyrrolidine thiosemicarbazone (HAPT),
was synthesized and applied for Hg(II) removal, forming stable [Hg-HAPT]"* complexes
with distinct colorimetric changes observable by the naked eye [128].

Fayazi et al. synthesized sulfur-coated magnetic multiwalled CNTs (S-M-MWCNTs)
via a heating process, achieving a maximum Hg(II) adsorption capacity of 62.11 mg/g
at pH 4.5. Adsorption followed a monolayer chemical adsorption model, with an endo-
thermic and spontaneous nature. Hadavifar et al. further demonstrated that thiol-func-
tionalized MWCNTs had an adsorption capacity of 84.66 mg/g for Hg(Il), following
Langmuir isotherm behavior. Regeneration studies revealed only a 7.2% loss in adsorp-
tion efficiency after five cycles, indicating excellent reusability for wastewater treatment
[129].
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Despite the promising adsorption capabilities of thiol-functionalized materials, their
large-scale industrial application remains challenging due to high synthesis costs. For
instance, bulk purchasing of high-purity cysteine (100%) costs approximately $10—30
per kilogram, while 5-mercapto-1 H-tetrazole-1-acetic acid (99% purity) costs $10-50
per kilogram. Thus, the upscaling of thiol-functionalized adsorbents may incur substan-
tial production costs, necessitating the development of cost-effective functionalization
techniques [130].

4 Role of functional groups in metal ion adsorption

4.1 Contribution of functional groups to binding mechanisms

Functional groups on carbon-based adsorbents are crucial in the adsorption of HMs
from water. These functional groups, including oxygen-, nitrogen-, and sulfur-contain-
ing moieties, increase the interaction between the adsorbent surface and metal ions,
hence enhancing adsorption efficiency. Adsorption is normally assessed by adsorption
isotherms and kinetics. The pseudo-second-order model is commonly used to investi-
gate adsorption kinetics and mechanisms of chemisorption. In the analysis of isotherms,
the Langmuir model can be used for the calculation of monolayer adsorption capacity,
whereas Freundlich model quantifies adsorption intensity and surface heterogeneity [7].
Tables 2, 3 and 4 show the different carbon-based adsorbents functionalized by oxygen,
sulfur, and nitrogen groups, and their respective efficiencies in adsorption for different
HMs .

4.2 Comparative analysis of various functionalized carbon materials

4.2.1 Oxygen-based functional groups

Oxidation is an impressive technique to increase the efficiency of carbon adsorbents
for metal ions removal [131]. The interface between surface oxygen groups and metal
ions facilitates HMs adsorption on carbon-based nanomaterials. The effect of oxygen-
bearing functional groups on HMs removal by carbon-based adsorbents with their
maximal adsorption capability, isotherm, and kinetic models is presented in Table 2. The
most common functional group i.e., carboxyl groups and hydroxyl, shows good affinity
towards HMs removal of Pb(II), Hg(II), Cr(VI), Cd(Il), and Ni (II). The bare CNTs usu-
ally involve oxidation or treatments of acid to enhance their surface oxygen-based func-
tional groups, whereas these kinds of treatments are not necessary for graphene since
the synthesized graphene material owns an ample amount of oxygen-bearing functional
groups [131]. However, if the GO surface gets exposed to additional oxygen-bearing
functional groups, its sorption capacity increases further [132].

Fan et al. reported that the adsorption capacity of BC significantly increased after
treatment with HNO;-H,SO, and NaOH-H,0O, systems, attributed to the activation
of oxygen-containing functional groups, which enhanced cadmium uptake. Adsorp-
tion kinetics were analyzed using pseudo-first-order and pseudo-second-order models,
while Langmuir and Freundlich isotherms were applied to evaluate the effect of initial
Cd** concentration [151]. Lu et al. proposed a hydrothermal method to modify Fe-based
MOF MIL-101(Fe) with GO as shown in Fig. 5, forming a typical sandwich structure,
improving the materials water stability and adsorption capacity. As a result of the large
specific surface area and abundance of active sites, MIL-101(Fe)/GO exhibited a high
adsorption capacity of 128.6 mg/g and an efficient adsorption rate within 15 min, for the
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Table 2 Carbon-based adsorbents with oxygen-containing functional groups for the removal of

HMs
Absorbent HMs Functional Adsorp-  Isotherm Kinetic model Ref-
groups tion er-
capacity enc-
(mg/g) es
GO Pb(ll =0 636.4 Langmuir Pseudo-second-order
OH [133]
c-0
COOH
Waste newspaper Pb(ll) C-0-C 7541 Langmuir, Pseudo-second-order
modified GO Ni(ll) OH 29.04 Freundlich [134]
@y =0 31.35
MOF Hg(l)  OH 431 Langmuir Pseudo-second-order
Cd(n 393 [135]
Pb(ll) 397
Banana stem char Pb(ll) OH 252.46 Langmuir Pseudo-second-order
(BN char) COOH [136]
c-0
L-Tryptophan func- Pb(ll) OH COOH 222 Langmuir Pseudo-second-order
tionalized GO Cu(l c-0 588 [137]
=0
Xanthation of Fe;O,-  Cu(ll) OH 426.8 Langmuir Pseudo-second-order
chitosan grafted c-0 [138]
onto GO =0
Rape straw BC de- cdq) c=0 81.10 Langmuir Pseudo-second-order
rived from modified c-0 [139]
material OH
Three-dimensional ~ As(V)  C-O 177.6 - -
graphene foam [140]
HNO; modified BC SIY)] c-0 355.6 Langmuir Pseudo-second-order
=0 [141]
COo0
Olive stones AC mod- Cu(ll) c-0 34.163 Langmuir -
ified with (HNO), Ni(ll) OH 17.907 [142]
olive stones AC
modified with (O;)
BC pyrolytically As(V)  OH 2449 Langmuir Pseudo-second-order
produced from mu- =0 [143]
nicipal solid wastes 0-C
Cymbopogon Schoe-  Cu ()  C=0-OR 53.8 Langmuir -
nanthus L. Spreng =0 [144]
modified with H,0, C-0-C
OH
=0
HNO; modified cd(ny OH 44,54 Freundlich Pseudo-second-order
bamboo-derived BC [145]
AC made from rice Hg (I) OH 500 Freundlich Pseudo-second-order
straw in presence of C-0-C [146]
H,PO, Cc-0
Polyethyleneimine Cr(vy  C=0 53953 Langmuir Pseudo-second-order
(PEN) and GO COOH [147]
C-0-C
OH
Carbon spheres Pb(Il) c=0 250 Langmuir Pseudo-second-order
Oxidized CNTs OH 357 [148]
GO c-0 500
Acidified multi- Pb(ll) COO 93 Freundlich -
walled carbon [149]
nanotubes
3D MnO,nano- Pb(ly  C-0O-C 356.37 Langmuir Pseudo-second-order

tubes@reduced GO C-O C-OH [150]
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Table 3 Carbon-based adsorbents with nitrogen-containing functional groups for the removal of

HMs
Absorbent HMs Func- Adsorp-  Isotherm Kinetic model Ref-
tional tion er-
groups capacity enc-
(mg/g) es
Polyethylenimine modi- ~ Pb(I) ~ -NH, 602 Langmuir Pseudo-second-order
fied GO [157]
Amino-functional large- Pb(Il) -NH, 487 Langmuir Pseudo-second-order
size mesoporous silica [158]
spheres
Amino-functionalized Cu(ll) C=N 31847 Langmuir Pseudo-second-order
carbon nanotube through Pb(ll) ~ N-H 350.87 [159]
green synthesis and gra- -NH,
phene hybrid aerogels
Tetrazole-bonded Pb(l)  C=N 2535 Langmuir Pseudo-second-order
bagasse [@l{)] N=N 196.8 132.5 [160]
Cu(ll)  C=N 89.3
Ni(ll) N-N
Amide-functionalized cel-  Cu(ll) N-H 513 Langmuir Pseudo-second-order
lulose-based adsorbents [etl
Ethylenediamine func- As(V) - 2347 Freundlich pseudo-second-order
tionalized multiwall CNTs [162]
coated with iron(lll) oxide
Urea phosphate (UP) isan  Cd(ll) C—N 40.65 Langmuir Pseudo-second-order
activating agent for pre- N—-H [163]
paring carbon sorbents
derived from biomass
Nitrogen-functionalized Pb(ll) C=N 185.51 Langmuir Pseudo second-order
magnetic ordered meso- C-N [164]
porous carbon N-H
(N-Fe/OMC)
Modification Pb(ll) C=N 36.2332.60 Langmuir Pseudo second-order
Of multiwalled CNTs Zn(ll) C—N [165]
through Nitrogen
Nitrogen-functionalized ~ Cu(ll) ~ C=N 31.65 Langmuir Pseudo-second-order
carbon nanotubes C—N [166]
Nitrogen-functionalized Cu(ll) -NH,, - 344 Freundlich pseudo-first-order
GO NH, O-N, [167]
0=C-N
Nitrogen-doped AC Cr(Vl)  N-con- 318 Freundlich Pseudo-second-order
(AC5-600) taining [168]
groups
(amines,
pyridinic,
pyrrolic)
Nitrogen-doped porous ~ Cr(VI) C-N 385.8 Langmuir Pseudo-second-order
carbon from biomass [169]
Nitrogen-doped mag- Cr(vl)  >C=N, 142.86 Langmuir Pseudo second-order
netic BC —C=N [170]
NH
Mussel inspired prepara- ~ Cu(ll) ~ —NH, 20.54 Langmuir Pseudo-first-order
tion of amine-functional- n71]
ized Kaolin
Modified UiO-66-NH, [@l{)] N=C=S, 49 Langmuir -
Cr(llly  N=C=0 117 [172]
Pb(ll) 232
Hag(ll) 769
Nitrogen-functionalized ~ Cr(Vl)  —C=N 3398 - Pseudo second-order

bone chars Ul 466.5 [173]




Page 24 of 39

(2026) 21:57

Tewari et al. Discover Nano

[Loa 19PJO-PUOIIS-0PNSSY Jinwbue 1S S=D (INBH si12WAjod dluebio payuljsplule di1aubew pazijeuonduN-Ingng
S=D
[007] 19PIO-PUOI95-0pN=sd Jnwbuen LLLL H-S (IN6H HS-V88IN
(661] 19p10-puOd3s-0pNasd Jinwbue 0S¥ H-S (INBH ((UD89-TIW-HS) SJOW pazijeuonduny joly L
(861] 19PIO-PUOIS5-0pPNSsd Jnwbuen €9l H-S (Inad DV pazijeuonduny JAIpAYNS
S®34/04d Aujenb-ybiy Buuiog inyjns
/61] J3PIO-PUOISS-0PNISd Jinwbue 8¢c/ BES (INBH  pue uoJl [PISW pa1ue|dwl-0d Yum (DYd) uogted a1 paynd snoiod
J-S-D
[61] 19PI0-pUOSSs-O0PNasd JnwbueT 8Ll HS— (INBH Jey>01q payipoul-|olyL
[s61] 19PJO-PUOIIS-0PNSSY Jinwbue? 975 S-D (IA)D 1eydoIq PaALSP-21e1SaBIP PaYIPOW-INYNS
$9gNI0OUBU UOGIeD P3||eM-13 N
[v6l] 19pI0-pUOS3s-0pNasd JnwbueT /8155161 SO (INBH  Yum pazijeuonduny spuebl| (51Q) 21ewieqiedolyup pue (HS) [o1y 1
oS H-S
SO
[€61] 19PI0-PUOIIS-0PNISY JinwbueT ]€6¢ $=D (ne> 1eyD0Iq ISNPMES Paz||euoliduny-inyng
[eol] 19PIO-PUOISS-0PNSSH Jinwbue? 9/79 S-nd (INBH weliueblio-|e1au@a1e)ns AXOIPAH
€9y
[L61] 19PI0-PUOI35-0pN=asd Jnwbue € O-ISIS-0-1S (INad (np> BOI|IS pazijeuonouni-Ingns
S=D
[061] 19PIO-PUOI95-0pN=sd Jnwbuen alLel SO (P> SNy 95U PsyIpow -Injins
(681] J9PIO-PUODIS-0PNASY JiInwbue €79 0-1S-1S—0-1S5— (INBH $219YdSOIDIN BDI[IS PIZI[PUOIIUNS-INYNS
[881] - - 0S'Ly —IS-0-1S— (IN6H s[els1ewl edljis pazijeuonouni-inging
[/81] 19PI0-PUOIIS-0PNISY - 6EY _SON (INBH SIoMaWely Jjuebio-|e1awW PaYIpoW e -Inyng
[981] 19PJO-PUOIIS-0PNSSY Jinwbue? 8¢ 0-1S-0 (INBH 4OW-IZ d11aubew payipow o1dedsaly
07'59 sa11sodwodouURU POEa4/SI ND JO 92e41NS 3Y1
[s8l] 19PIO-PUOIIS-0PNSSH Jinwbue’ 7559 -1 (Inad (nbH UO PazI[euoIduNny sem (S di) auejiskxoyiainAdoidordedssw-¢
(¥81] 19PIO-PUOIS5-0pPNSsd Jnwbuen A D—X0OS-D (INBH D pOOM pazunyns
s9
-ou?
-19 6/6w Ky
-Jay |opow d133ury waylos| -deded uondiospy sdnoJb |euondung SWH aqglosqy

SIAH JO [eAOWRI 343 Joj sdNob [pUOIdUNS BUIUIRIUOI-INYNS UY1IM SIUSCIOSPR Paseq-uodie) ¢ ajgeL



Page 25 of 39

(2026) 21:57

[eod]

[cod]

J9PIO-PUOIIS-0PNISY

|eusuodxe—ajgnog

(HS-40D-\)
SyIomawiel) d1uebIO 1US|eAOD D11aUbRW PaYIPOW-|OIY |

D2IpUIDIIaS01SAD) 2D UMOIG SULIBW PAYIPOW INJNS

SO
-Ju9

Ead)

->eded uondiospy sdnoub jeuondung

juaqiosqy

Tewari et al. Discover Nano

(panunuod) ¢ 3|qelL



Tewari et al. Discover Nano (2026) 21:57 Page 26 of 39

(2) " (b)
_:——2 1 Fe)
——— MIL-101 (F0)CO

Exfoliation

q, (mglg)

Graphite oxide

S0 100 150 200 250 300 350 4o¢

C, (mg/g)

(c)

+Pb(OH),

‘ +PbO,
) as kg 4 Yo
e s
* z
: I’ * g
® g",’ ) S 2

MIL-101 (Fe) GO Fe /GO

20 30 40
2 Theta (degree)

Fig. 5 a Schematic illustration of the synthesis of MIL-101(Fe)/GO with a sandwich structure via a hydrothermal
method; b Pb?* adsorption isotherms for GO, MIL-101(Fe) and MIL-101(Fe)/GO at room temperature; ¢ XRD pattern
of MIL-101(Fe)/GO after Pb** adsorption [152].

removal of Pb** from aqueous solution. The XRD patterns of MIL-101(Fe)/GO before
and after Pb?>* adsorption revealed a basic adsorption mechanism of ion exchange, in
which Pb?* is transformed into oxides and hydroxides via bonding with the oxygen or
hydroxy groups of MIL-101(Fe)/GO, respectively [152].

Mashhadimoslem et al. investigated oxygen adsorption on oxidized porous car-
bon (W-1000-O), with results shown in Fig. 6. The adsorption isotherm revealed that
the Sips model best described O, uptake, indicating heterogeneous multilayer adsorp-
tion. The kinetic data (Fig. 6¢) followed the fractional-order model, suggesting a mixed
physisorption-chemisorption mechanism. Despite a reduced surface area due to oxi-
dation, the presence of oxygen-containing functional groups (~OH, C=0) significantly
enhanced O, adsorption capacity (4.11 mmol/g at 298 K, 6 bar), making W-1000-O a
highly efficient and selective adsorbent for O, over N, [153]. Similarly, to oxidize BC,
various physical and chemical modification methods were used from several bare mate-
rials, and the modification dramatically increased the number of surface oxygen func-
tional groups and rates towards Cd(II), and Pb(II) removal [154—155].

4.2.2 Nitrogen-based functional groups: amine, pyridine, and pyrrole

Nitrogen-doped carbons are versatile materials owing to their unique properties such
as outstanding chemical stability, low cost, extraordinary surface area, etc. Especially, it
was considered that the heteroatom dopants progress the adsorbents activity via den-
sity improvement of a negative charge, the basicity, and wettability functionalities of car-
bon surfaces. This marked change is attributed to the increased total electron density
by N-atom doping, which in turn ameliorates the specific electronic features and adsor-
bents’ ability for adsorption for HMs removal. Table 3 summarizes the studies related to
adsorption of HMs by carbon materials bearing nitrogen functional groups and their rel-
ative capacity of adsorption and isotherm models and the best-fit kinetics. Onto carbon
nanomaterials, the functional groups of nitrogen (—NH, and —NH) mostly contribute to
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Fig. 6 Oxygen gas adsorption on the W-1000-O sample using fitted isotherm (a, b) and kinetic (¢, d) models at
298 K (kinetic models under pressure of 6 bar) [153]

selective HMs adsorption, which is usually interfaced with the oxygen functional groups
[156].

In order to remove Cu(II), Cr(III), and Pb(II) at the ideal pH (5.0), Niu et al. created a
novel fibrous adsorbent chitosan functionalised tetraethylenepentamine (CTPC) using
cotton fibres as supporting material. This was done in accordance with the pseudo
second-order model kinetics and the Langmuir isotherm, as seen in Fig. 7. Within the
first 60 min, the adsorption capacity rose quickly, reaching equilibrium after about
120 min. The pseudo-second-order model was fitted by kinetic data, suggesting that
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Fig. 7 aThe effect of contact time on the adsorption capacity of metal ions on the CTPC, b the plots of t/qt vs. t
for Cu(ll), Pb(ll) and Cr(lll) ions. (initial concentration 300 mg L~ ', pH 5.0, 30 °C).c Adsorption isotherms of CTPC for
Cu(ll), Pb(ll) and Cr(lll) ions (pH 5.0,30 °C) [174].

chemisorption was the predominant mechanism. Monolayer adsorption was demon-
strated by Langmuir isotherms, and CTPC showed the highest adsorption capacity for
Pb(II) (~115 mg/g), followed by Cu(ll) and Cr(III). This demonstrated CTPC’s high
affinity and selectivity for heavy metals under the conditions under study [174].

Kong et al. fabricated decorated GO with an amino-terminated hyperbranched poly-
mer (HBP-NH,) using monomers diethylenetriamine (DETA), tetraethylenepentamine
(TEPA), triethylenetetramine (TETA) to obtain GO-HBP-NH,-DETA, GO-HBP-NH,-
TEPA, and GOHBP-NH,-TETA adsorbents .The Langmuir isotherm model showed
high adsorption capabilities of all the three adsorbents towards Cr(VI) [175]. In another
study, AC derived from biomass using diammonium hydrogen phosphate (DAP) resulted
in dense N-bearing functional groups with a high ratio of micropore structure (>70%).
The synthesized AC showed impressive Cr(VI) exclusion from aqueous solutions. The
adsorption kinetics and isotherm have been well explained on the basis of the Freun-
dlich model and pseudo second-order kinetics, respectively [176].

Yin et al. studied amino-functionalized MOFs were combined with ceramic membrane
ultrafiltration (CUF) for the first time in adsorptive removal of Pb (II) from wastewater.
The adsorption capacity at equilibrium was remarkably high (1795.3 mg/g ). The pseudo-
second-order kinetic model provided the best fit to the adsorption data (R?=0.9997).
The adsorption mechanisms of coordination interaction between amidogen (-NH,) and
Pb (II) were confirmed. The adsorbed Pb (II) can be effectively desorbed by controlling
pH at 4.5 during 6 cycles [177].The nitrogen-functionalized materials exhibit remarkable
affinity for the elimination of an extensive range of HMs viz. Co(II), Cd(II), Cu(II), Ni(II),
Pb(II), Cr(VI), and Zn(II) from contaminated water, indicating the strong metal com-
plexing capability of nitrogen groups [178].

4.2.3 Sulfur-based functional groups: thiol and sulfonate

Sulfur-based thiol groups also exhibit affinity towards HMs, similar to oxygen and
nitrogen-containing functional groups. A good quantity of studies was conducted on
the removal of HMs employing various thiol group-containing adsorbents [179-182].
Depending upon the reaction conditions for surface modification of carbon adsorbents,
the rate of inclusion of sulfur-containing functional groups, pore-volume, and surface
area can be altered to afford the desired adsorption characteristics. Moreover, loading
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of elemental sulfur to carbon adsorbents via chemical reaction-deposition and solution
infiltration remarkably enhances their adsorption affinity towards different HMs.

Liang et al. observed improved sorption potential of sepiolite for Cd(II) and Pb(II) its
functionalization with nano texturization and surface attaching in toluene with mer-
capto propyl trimethoxy silane [183]. The studies pertaining to the adsorptive removal
of HMs by carbon materials bearing sulfur functional groups in terms of their relative
capacity of adsorption and isotherm models and the best-fit kinetics are summarized in
Table 4.

Pirveysian and Ghiaci synthesized thiol functionalized GO for Pb**, Ni** Cd** and
Zn** jons removal from water as shown in Fig. 8. Thiol functionalization resulted in
enhanced adsorption efficiency owing to the high metal bonding capacity of the thiol
groups that are densely immobilized on the surface of functionalized GO. This adsorp-
tion phenomenon followed pseudo kinetics, and Langmuir and Redlich Peterson iso-
therms were best fitted in the study [204].

Feng et al. studied that uninterrupted hydrogen sulfide exposure leads to effective mer-
cury uptake by sorbents owing to the presence of fundamental sulfur types on surfaces
of carbonaceous when compared to sulfate and thiophene groups bearing adsorbents.
The sulfur-based mesoporous carbons synthesis resulted in adsorbent with improved
pore volume (0.71-2.3 cm®/g) and specific surface area (837-2865 m?/g), which in turn
favors increased adsorption of Hg(II) > Pb(II) > Cd(II) > Ni(II) at pH of 7 [205].

Xia et al. prepared thiol functionalized -aluminum oxide hydroxide (-AlOOH) filters
for removal of Pb, Hg, and Cd under non-collateral conditions. For thiol functionalized
—AlOOH followed pseudo kinetics and the Lagergren first order; while the behavior of
isothermal adsorption for these membranes was best fitted to the both, i.e., Freundlich
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Fig. 8 Equilibrium adsorption of Pb(ll), Cd(ll), Ni(ll), and Zn(ll) adsorption on GO-SOxR, GO-SOxR@TiO,, and GO-
SOXR@SIO; at 25 °C [204]
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Table 5 Carbon-based adsorbents for the removal of HMs with other functional groups

Absorbent HM Func- Adsorp-  Isotherm Kinetic model Ref-
(ions)  tional tion er-
groups  capacity enc-
(mg/g) es
Iron/carbon (Fe/C) Cr(VI) C-H 43 Langmuir Pseudo-second-order [211]

composite prepared by
cultivating harmful algal
blooms biomass

Manilkara Zapota tree Pb(Il) C-H 22 Langmuir Pseudo-second-order [212]

wood-based AC

Modified-cellulose cdqn c-C 401.1 Freundlich Pseudo-second-order [213]
C-H

Hazelnut husk AC Cu(lly c=C 105.3 Langmuir Pseudo-second-order [214]

prepared with potassium C-H

acetate

Posidonia oceanica waste — Pb(ll) C-0-C 631.13 Freundlich Pseudo-second-order [215]
C=C

GO Cu(lly c=C 117.5 Freundlich - [216]

Ulva lactuca AC Pb(ll) Cc=C 833 - - 2171

Three-dimensional Cr(lv) C=C 2586 Freundlich - [218]

magnetic GO foam/Fe;0, c-C

nanocomposite

model and Langmuir model [206]. Furthermore, Choi et al. suggested that the thiol-
functionalized cellulose nanofiber membrane exhibited impressive HMs adsorption.
Furthermore, Langmuir isotherm described the capacity of adsorption as a function of
adsorbate content which indicated the formation of the surface monolayer by the metal
ions with homogenous dispersion of adsorption energy [207].

Pan et al. developed two kinds of sulthydryl functionalized covalent organic frame-
works were obtained via a thiol-ene click reaction between the thiol groups of trithio-
cyanuric acid (TTC) or bismuththiol (BMT) and vinyl groups on the surface of covalent
organic frameworks. Due to their rich sulfur content, both adsorbents (COF-SH-1 and
COF-SH-2) exhibited a high level of selective Hg?>* removal from aqueous solution with
maximum adsorption capacities of 763.4 mg/g and 526.3 mg/g respectively [208].

4.2.4 Emerging functional modifications and their impact

Though HMs removal has been extensively researched using functional groups con-
taining oxygen, sulfur, and nitrogen. Furthermore, the introduction of functional
groups such as C=C, -CH-CH,, —-O-CHj; to carbon surface has also been found to
boost adsorption of HM ions removal. Zubrik et al. prepared coal-based magnetic car-
bon composites for the exclusion of Cd(II) and As(V) from contaminated water [209].
Kumar et al. developed a fascinating alternative BC-based adsorbent for the uranium
U(VI) adsorption from polluted water. The adsorption mechanism strongly suggested
pH-dependent aqueous speciation of U(VI) and its adsorption on BC, which was con-
firmed by the peaks that were noticed at 1424 and 1510 cm™! for lignin in the FTIR
[210]. Table 5 summarizes the influence of dissimilar functional groups on carbon for
the alteration in the ability of HM ions removal along with the isotherm models and
best-fit kinetic and their corresponding adsorption capacity.

Page 30 of 39
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5 Challenges and future research directions

Functionalized carbon nanomaterials adsorbents display great promise for HMs
removal, but numerous hurdles must be overcome before they can be deployed at real-
world and industrial scales. Foremost among these challenges is regeneration and reus-
ability, as many adsorbents degrade structurally after repeated cycles, especially under
extreme pH conditions. This highlights the need for chemically robust materials and
low-cost, environmentally friendly regeneration strategies that minimize secondary
pollution and resource use. Economic and environmental concerns also limit scalabil-
ity. High synthesis costs, reliance on toxic chemicals, and the lack of large-scale synthe-
sis protocols are key bottlenecks. Additionally, the environmental burden of disposed
adsorbents, especially those with bound toxic metals, calls for more research into bio-
degradable carriers, metal recovery techniques, and safe disposal protocols.While
functionalized carbon nanomaterials demonstrate excellent adsorption capacity under
controlled laboratory conditions, performance under realistic wastewater environments
remains uncertain. These environments contain competing cations (e.g., Ca**, Mg?"),
variable pH, organic matter, and fluctuating contaminant loads, all of which can sup-
press adsorption efficiency. Moreover, the fate of nanomaterials in aquatic ecosystems
is poorly understood; potential leaching and bioaccumulation present risks that require
thorough ecotoxicological evaluation.

To guide practical implementation and policy translation, a structured six-phase road-
map is proposed. First, bench-scale screening should assess adsorbent performance
in realistic wastewater environments that include multiple competing ions (e.g., Ca?*,
Mg?"), variable pH, and natural organic matter. These conditions better represent actual
field challenges compared to the idealized lab settings often reported. Both batch and
small-scale fixed-bed column experiments should be used to evaluate adsorption kinet-
ics, selectivity, and recyclability under complex matrices. Second, mechanistic validation
must employ advanced spectroscopic and microscopic techniques—such as XPS, FTIR,
and EXAFS—to elucidate metal binding mechanisms, detect surface fouling, and con-
firm the stability of functional groups after regeneration. These insights are critical for
optimizing surface chemistry and predicting long-term performance. Third, promising
materials should undergo pilot-scale testing in continuous-flow systems, such as packed-
bed reactors, to assess breakthrough behavior, regeneration feasibility, and operational
resilience under dynamic hydraulic conditions. Fourth, life cycle assessment (LCA) and
techno-economic analysis (TEA) must be integrated to evaluate energy consumption,
synthesis cost, environmental footprint, and metal recovery efficiency. These analyses
will identify the most sustainable and cost-effective material designs and processing
methods. Fifth, regulatory and safety considerations require in-depth studies on the eco-
toxicity, leaching potential, and post-use handling of nanomaterial-laden adsorbents to
ensure environmental compliance. Finally, large-scale production and commercializa-
tion should involve collaborations with industry partners to develop scalable synthe-
sis protocols, ensure product quality control, and deploy modular systems tailored for
decentralized or municipal water treatment applications. This roadmap ensures a com-
prehensive and interdisciplinary path forward, bridging laboratory success with real-
world impact.
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6 Conclusion

Functionalized nanocarbon materials have emerged as highly versatile and effective
adsorbents for the removal of toxic HMs from aqueous systems. This review system-
atically evaluated different carbon-based adsorbents—such as GO, CNTs, AC, BC,
and emerging 2D materials like g-C;N,—with particular focus on surface modifica-
tions involving oxygen, nitrogen, and sulfur-containing groups. Among the surveyed
materials, oxygen-functionalized graphene and sulfur-doped AC exhibit consistently
high adsorption capacities across various metals due to enhanced surface polarity and
complexation ability. Nitrogen doping, especially in CNTs and g-C;N, composites, has
proven crucial in improving electron donor characteristics, promoting selective bind-
ing of cationic species such as Pb(II) and Cr(VI).BC, though less engineered than other
nanocarbons, presents a low-cost and tunable platform when functionalized appropri-
ately. Despite these promising advancements, several challenges persist. These include
limited adsorption selectivity under competing ions, insufficient studies on adsorbent
regeneration and reuse, potential toxicity of carbon nanomaterials in the environment,
and the lack of scalable, cost-effective synthesis routes. Moreover, most laboratory inves-
tigations are still constrained to batch-scale experiments, which do not fully reflect
real-world wastewater complexity. Moving forward, future research must prioritize the
design of multifunctional adsorbents capable of selective removal of multiple pollutants,
enhance stability and recyclability through surface anchoring or cross-linking strategies,
develop green, low-energy synthesis pathways using biomass precursors or waste valo-
rization, and bridge the gap between laboratory studies and field-scale implementations
through pilot-scale demonstrations. In conclusion, the integration of material innova-
tion with system-level engineering is essential to realize the full potential of function-
alized nanocarbons in environmental remediation. A collaborative approach involving
chemists, material scientists, and environmental engineers will be critical to translate
laboratory discoveries into practical and sustainable solutions for HMs pollution control.
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