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Abstract: Graphene-based materials, including graphene oxide (GO) and functionalized
derivatives, have demonstrated exceptional potential in addressing environmental chal-
lenges related to heavy metal detection and wastewater treatment. This review presents
the latest advancements in graphene-based electrochemical and fluorescence sensors, em-
phasizing their superior sensitivity and selectivity in detecting metal ions, such as Pb?*,
Cd?*, and Hg?*, even in complex matrices. The key focus of this review is on the use of
molecular dynamics (MD) simulations to understand and predict ion transport through
graphene membranes, offering insights into their mechanisms and efficiency in removing
contaminants. Particularly, this article reviews the effects of external conditions, pore radius,
functionalization, and multilayers on water purification to provide comprehensive insights
into filtration membrane design. Functionalized graphene membranes exhibit enhanced
ion rejection through tailored electrostatic interactions and size exclusion effects, achieving
up to 100% rejection rates for selected heavy metals. Multilayered and hybrid graphene
composites further improve filtration performance and structural stability, enabling sustain-
able, large-scale water purification. However, challenges related to fabrication scalability,
environmental impact, and cost remain. This review also highlights the importance of
computational approaches and innovative material designs in overcoming these barriers,
paving the way for future breakthroughs in graphene-based filtration technologies.

Keywords: molecular dynamics; wastewater treatment; heavy metal pollutants; external
field; graphene-based materials

1. Introduction

The global water crisis, driven by rapid industrialization and population growth, has
reached alarming levels, leaving 1.2 billion people without access to safe drinking water.
This crisis is not merely a matter of scarcity but is compounded by the contamination of
water sources, leading to millions of deaths annually from waterborne illnesses [1]. For
instance, toxic metals from various sources, including lead, cadmium, and mercury, pose
severe risks to both environmental and human health [2,3]. Even at low concentrations,
these metals can bioaccumulate in ecosystems and enter the food chain, resulting in long-
term health issues [4,5].

The concentration of metals in different wastewater streams varies significantly de-
pending on the type of wastewater and the sources contributing to metal contamination.
Industrial effluents, household discharges, and stormwater runoff all contribute to the
levels of heavy metals in wastewater. Among the major sources of heavy metal contami-
nation is sewage sludge, a byproduct of wastewater treatment processes. Sewage sludge
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accumulates heavy metals from domestic sewage, industrial discharges, and even plumb-
ing systems. Based on this, Table 1 presents the concentration ranges and mean values
of selected heavy metals in sewage sludge from municipal wastewater treatment plants,
as reported in the work of Spanos et al. [6]. These values are compared with the WHO
drinking water guidelines. As can be seen, distinct differences exist between effluent com-
position and potable water standards, which demands effective heavy metal monitoring
and removal.

Table 1. Concentration of heavy metals in sewage sludge [6].

Metal Ion Range in Sewage Sludge (mg/kg) WHO Drinking Water Limit (mg/L)
Lead (Pb) 12-102 0.01

Cadmium (Cd) 0.8-7.3 0.003

Copper (Cu) 51-198 2.0

Mercury (Hg) <0.2 0.006

Zinc (Zn) 810-1880 No health-based limit (<3 for taste)
Chromium (Cr) 13.2-355 0.05 (total Cr)

Hexavalent Chromium (Cr(VI)) 0.28-4.3 -

1.1. Heavy Metal Detection

Detecting heavy metals in wastewater is essential for tracking environmental pollution
and ensuring water quality. Several methods are employed, each with distinct advantages
and limitations. Atomic Absorption Spectroscopy (AAS) [7] is highly sensitive and pre-
cise but requires expensive equipment and expertise. Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) [8] is extremely sensitive, detecting trace metals at parts-per-trillion
levels, though it has high operational costs. X-Ray Fluorescence (XRF) [9] is fast and
non-destructive but less sensitive than AAS and ICP-MS. Colorimetric assays [10,11] are
simple and useful for on-site testing but have limited accuracy. Neutron Activation Analysis
(NAA) [12] is extremely sensitive but requires access to specialized nuclear facilities. UV-Vis
Spectrophotometry [13,14] and fluorescence spectroscopy [15] are relatively simple detec-
tion methods, with fluorescence spectroscopy providing high sensitivity and selectivity for
certain metals. Biosensors [16], which rely on biological molecules, are highly selective but
may have varying sensitivity and shorter shelf lives. Electrochemical sensors are portable
and cost-effective but struggle with lower sensitivity at very low concentrations [17].

Each method reviewed above serves different purposes based on factors such as cost,
sensitivity, and the specific metals to be detected. In wastewater analysis, a combination
of selective fluorescence, colorimetric probes, and computational studies can provide a
powerful approach for detecting specific heavy metals with high sensitivity and accuracy.
For instance, in the case of detecting Hg?* ions, using a benzothiazolinic spiropyran dye
offers a practical dual-response system. This dye allows for both a visible color change
(from pink to colorless) and a fluorescence signal in the presence of Hg?*, making it possible
for quick, on-site detection [18].

1.1.1. Graphene-Based Sensors

With the advancement of functional materials, graphene-based electrochemical sensors
have proven highly effective for detecting heavy metal ions in environmental analysis due to
their superior sensitivity, selectivity, and portability. When detecting various ions, including
mercury and silver, in real water samples, these graphene-based sensors demonstrate high
sensitivity and low detection limits, often surpassing conventional methods like ICP-
MS [19]. Incorporating nanoparticles can help further enhance performance [20]. For
instance, nanocomposites like Nafion—graphene improves detection limits and accuracy
for metals such as lead and cadmium [20]. Apart from graphene-based electrochemical
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sensors, carbon-based fluorescent materials, especially graphene oxide (GO), offer enhanced
stability, biocompatibility, and lower cytotoxicity compared to traditional materials.

A key advantage of GO is its tunable fluorescence, achieved through surface function-
alization and size manipulation, enabling visible to near-infrared emissions [21]. Recent
studies have demonstrated the high sensitivity and selectivity of GO-based sensors in
detecting heavy metal ions, such as Pb** and Ag*, leveraging fluorescence quenching
and energy transfer mechanisms [22-24]. These sensors excel in water quality monitoring,
offering low detection limits and the ability to differentiate between various metal ions,
reinforcing GO’s potential as a versatile platform for advanced chemical sensing [24-26].

Senol et al. [27] designed an “off-on” fluorescence sensor for Fe3* based on fluorescein-
reduced graphene oxide functionalized with polyethyleneimine. Yu and Zhao [28] de-
veloped a competitive fluorescence assay for Cd** based on aptamer structure-switching.
From electrochemical perspectives, Park et al. [29] used graphene oxide as an electrochem-
ically active indicator for detecting Hg?*, and Liu et al. [30] created an electrochemical
sensor for ultra-trace Pb?* detection using a nitrogen-doped graphene-gold nanoparticle
nanocomposite with ETBD and Fe304 core—shell nanoparticles. Finally, Tao et al. [31]
used silver nanoparticle-decorated graphene oxide for surface-enhanced Raman scattering
(SERS), focusing on metal ion detection.

Graphene quantum dots (GQDs) have also been adopted in sensing heavy metal ions.
Wang et al. [32] developed a fluorescence sensing platform with GQDs for detecting Cu?*,
while Li et al. [33] employed an “on—off-on” fluorescence switch to control cationic inter-
actions. The versatility of graphene-based materials and their ability to be engineered for
specific applications highlight their potential as a next-generation sensing platform [19,34].
In the section below, we will review the mechanisms involved in these sensors.

1.1.2. Mechanistic and Bonding Insights into Sensing of Heavy Metals

The interaction between metal ions and graphene-based materials primarily involves
coordination bonds, electrostatic interactions, and plasmonic effects, depending on the
functionalization and structure. In GQDs, the fluorescence behavior of GQDs is modulated
through interactions with metal ions, resulting in either quenching or enhancement [32].
The fluorescence mechanism arises when metal ions like Cu?* or Fe3* interact with GQDs,
leading to non-radiative recombination pathways and fluorescence suppression. Fluores-
cence recovery occurs when these metal ions are displaced by competing molecules or
external chemical agents, restoring radiative pathways [33].

In GO-based sensors, their rich oxygen-containing functional groups facilitate electron
transfer processes [27,29]. The binding of metal ions such as Hg?" and Fe>* to the surface
of GO modifies its electrochemical potential, resulting in a measurable change in current or
potential [29]. Reduced GO (rGO) further enhances this effect by improving conductivity
and enabling faster electron transport. In the electrochemical detection technique using
few-layer GO, heavy metal ions such as Pb2*, Cd?*, and Hg2Jr adsorb onto the graphene
surface through electrostatic interactions, complexation, or 7t— interactions with oxygen-
containing functional groups (—COOH, —OH, —C = O) [35]. This adsorption alters the
charge density and conductivity of graphene, leading to measurable changes in electrical
signals [36]. Techniques such as differential pulse voltammetry, square wave voltammetry,
and electrochemical impedance spectroscopy detect these signal variations, enabling the
precise quantification of metal ions [37]. Measurable electrochemical signals can also be
detected via cyclic voltammetry and anodic stripping voltammetry [38,39]. Functionalized
electrodes can facilitate redox reactions that generate distinct peaks for specific ions such as
Pb?*, Cd?*, and Hg?*, enhancing detection accuracy [40]. Additionally, graphene-based
electrodes facilitate anodic stripping voltammetry, where metal ions first undergo electro-
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chemical deposition followed by oxidative stripping [41]. Colorimetric detection is another
mechanism, where graphene-based nanocomposites induce visible color changes upon
binding with heavy metal ions, allowing for a simple and rapid identification method [42].
In the detection of Hg?*, GO forms a stable chelation complex, while the incorporation of
fluorescein-functionalized rGO with polyethyleneimine enables a fluorescence mechanism
for Fe3* detection, as demonstrated by Senol et al. [27].

Hybrid nanocomposites enhance sensing performance by combining the proper-
ties of graphene-based materials with those of nanoparticles and dopants. For example,
Liu et al. [30] developed a composite of nitrogen-doped graphene, gold nanoparticles, and
Fe304 core-shell nanoparticles to detect Pb2* jons. This combination of materials provides
multiple pathways for electron transfer, increased surface area, and selective adsorption.
The nitrogen atoms create electron-rich sites that strongly coordinate with Pb through non-
covalent coordination bonds involving lone-pair electron donation. The gold nanoparticles
in the composite act as electron mediators, forming transient bonds that facilitate electron
transfer during electrochemical sensing. The use of Fe30, core—shell structures allows for
magnetic separation, improving the efficiency and selectivity of the detection process [30].
Aptamer-based competitive fluorescence assays rely on the structure-switching of aptamers
upon binding to metal ions, as demonstrated by Yu et al. [28]. In the presence of Cd?* ions,
the aptamer undergoes a conformational change, displacing the fluorophore and quench-
ing fluorescence. This competitive displacement mechanism ensures a highly selective
response, as the aptamer is specifically designed to bind to Cd?* with high affinity [28].

Besides electrochemical and fluorescence sensing, surface-enhanced Raman scatter-
ing platforms utilize plasmonic enhancement to amplify Raman signals at the metal
nanoparticle-graphene interface. The silver nanoparticle-decorated GO system developed
by Tao et al. [31] generates localized surface plasmon resonance hotspots that significantly
enhance the Raman signal upon metal ion adsorption. This approach enables the highly
sensitive detection of metal ions, such as Cd?*, by amplifying the weak Raman signals of
adsorbed species [31]. Another mechanism in sensing is the use of graphene field-effect
transistors, which have emerged as highly sensitive electronic sensors for detecting heavy
metal ions such as Pb2*, Hg2+, Cd?*, and As®*. These sensors operate based on charge trans-
fer and doping effects, where metal ion adsorption alters graphene’s charge carrier density,
causing a measurable shift in the transistor’s electrical response [43,44]. Functionalization
with thiols (—SH), —COOH, and peptides enhances selectivity, enabling ultra-detection
limits [43,44]. Table 2 summarizes the sensing mechanisms using graphene-based materials.

Table 2. Heavy metal ion sensing using graphene-based materials.

Metal Ion Graphene-Based Material Sensing Mechanism Limit of Detection Reference
Cu?* Graphene and graphene oxide Fluorescence quenching 1.5 Nm [32]
AR+ Graphene quantum dots (GQDs) Fluorescence quenching 10 nM [33]
Hg2+ Reduced GO Electrochemical detection 5pM [29]
Fe3* Functionalized GO with amino groups Colorimetric sensing 0.1 uM [27]
Pb2* GO decorated with nanoparticles Electrochemical sensing 50 nM [30]
Cd?* rGO with DNA aptamers Fluorescence enhancement 2nM [28]
Hg?* GO Electrochemical sensing 3 uM [40]
Pb?* GO decorated with nanoparticles Electrochemical sensing 0.25 mM [45]
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Table 2. Cont.
Metal Ion Graphene-Based Material Sensing Mechanism Limit of Detection Reference
Surface-enhanced Raman
Ag* GO coated with silver nanoparticles spectroscopy (SERS) 0.8 pM [31]
detection
Cd Few-layer GO Adsorption mechanism 0.978 nM [35]
Hg?* Graphene-based nanocomposites Optical sensing 1nM [46]
Pb2* Metal oxide-GO nanoparticles Colorimetric sensing 96 UM [42]
Hg?* CO Electrical detection via 4,985 nM [44]

charge transfer

1.2. Heavy Metal Removal

As the environmental burden of heavy metals continues to grow, the development and
implementation of remediation technologies have become increasingly critical. Technolo-
gies such as precipitation, flocculation, ion exchange, and electrochemical methods have
been deployed to address heavy metal pollution, each offering unique advantages and
limitations [47]. Precipitation and flocculation, though easy to implement, are often less
effective in achieving complete removal and may introduce secondary pollution due to the
generation of chemical residues or sludge that requires further treatment [48]. Ion exchange
techniques, while highly efficient in removing specific metals, are often cost-prohibitive,
especially on a large scale [49]. Electrochemical methods, despite their high productivity,
face significant design and operational challenges such as electrode fouling, high energy
consumption, and the need for the precise control of operating conditions to prevent sec-
ondary reactions or electrode degradation. Among these technologies, membrane-based
separation methods, including ultrafiltration (UF), nanofiltration (NF), and reverse osmosis
(RO), have gained widespread use due to their ability to effectively remove heavy metals
from contaminated water. However, conventional membranes are plagued by issues such
as fouling, low water production rates, and sensitivity to variations in environmental
conditions [50,51].

Recent advancements in nanostructured membranes offer a promising solution to
these challenges [52], as they employ mechanisms like size exclusion and Donnan elec-
trostatic exclusion [53,54]. These mechanisms rely on precisely engineered nanopores
and interlayer distances to achieve an optimal balance between permeability and selectiv-
ity [10,12]. Materials such as metal-organic frameworks [55], zeolites [56], ceramics [57],
and carbon-based materials including graphene and carbon nanotubes (CNTs) [58] have
attracted significant interest due to their high impurity rejection, chemical resistance, and
capacity for high fluid flow. Among nanostructured materials, graphene has emerged as a
leading candidate for the next generation of membranes. The versatility of graphene, owing
to its easily modifiable carbon backbone, has made it a focal point of research in various
separation applications [59,60]. Recent efforts have been directed toward functionalizing
graphene with chemical groups to create nanopores that enhance its separation capabilities,
particularly RO processes in water treatment [61-64]. Below, we will first provide an
overview of common synthesizing methods. Then, we will focus on recent advancements
in graphene-incorporated membranes for general water treatments to provide broader
contexts and in the particular areas of heavy metal removal to highlight specific challenges
related to ions.

1.2.1. Common Graphene Composite Synthesis Methods

The synthesis of graphene-based composites involves integrating graphene or its
derivatives, such as GO and reduced rGO, with various matrices, including polymers, met-
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als, metal-organic framework (MOFs), and ceramics, to enhance their mechanical, electrical,
and thermal properties. One widely used approach is a solution-based method, where GO
or rGO is dispersed in a solvent and mixed with a matrix material, followed by solvent
evaporation or precipitation. This technique is particularly effective in producing uniform
graphene distribution within the host material [65,66]. It is widely used in synthesizing
polymer and MOF/GO composites [67].

Another effective method for synthesizing polymer-GO composites is in situ poly-
merization, which involves incorporating graphene or GO into a monomer solution before
polymerization [68]. As monomers polymerize, graphene becomes embedded within the
polymer structure, forming a well-integrated composite with strong interfacial bonding.
Unlike solution mixing, in situ polymerization ensures the better dispersion of graphene in
the polymer phase and allows for the creation of tailored nanostructures with controlled
properties. Furthermore, this method does not require large amounts of organic solvents,
making it an environmentally friendly alternative [68]. Melt mixing is also a widely used
method for fabricating graphene-based polymer nanocomposites, where graphene is dis-
persed within a molten polymer matrix by applying shear forces [69]. In this process, the
polymer is heated to its melting temperature, and graphene is added while the mixture is
continuously stirred, typically using equipment like extruders. This method is advanta-
geous due to its scalability and cost-effectiveness. However, challenges such as graphene
agglomeration and poor compatibility between graphene and the polymer can hinder
performance [70].

For high-quality graphene films, chemical vapor deposition (CVD) is a widely used
technique for synthesis. CVD is typically used to synthesize high-quality graphene films
on metal substrates like Cu and Ni, where a carbon-containing gas decomposes at high
temperatures [71]. This method can also be combined with techniques like melt mixing
to incorporate graphene films into a polymer matrix. CVD offers the advantage of pro-
ducing large, continuous graphene sheets with minimal defects, while challenges such
as high equipment costs, temperature requirements, and scalability need to be addressed
for industrial use [72]. Electrodeposition is another effective technique for applications
requiring graphene-based coatings on metal or polymer surfaces. This process involves
dispersing graphene in an electrochemical bath and applying voltage to deposit a thin,
uniform graphene-based layer on the desired substrate [73].

Beyond coating, for rtGO-metal-metal oxide composites, the synthesis process typi-
cally involves the reduction of GO using facile chemical or thermal methods, followed by
mixing with metal-metal oxide nanoparticles such as Fe304, MnO,, TiO,, and Ag [74,75].
Hydrothermal synthesis facilitates uniform nanoparticle distribution on rGO sheets, while
chemical precipitation methods allow for precise control over particle size and composition.

1.2.2. Advancements in Graphene-Incorporated Membrane Technologies in
Water Treatments

Graphene-incorporated membranes have emerged as transformative materials in
the field of separation technologies, which have significantly improved the efficiency
and sustainability of membrane systems, particularly for applications such as water pu-
rification, gas separation, and volatile organic compound (VOC) interception [76]. The
single-atom-thick carbon structure of graphene imparts extraordinary mechanical strength
(approximately 130 GPa tensile strength), a Young’s modulus of 1 TPa, [77], and a high ther-
mal conductivity of 3500 W m~! K~ [15], allowing membranes to endure harsh operating
conditions without experiencing structural degradation. This resilience extends the lifespan
of graphene membranes, reduces operational downtime, and minimizes maintenance costs.
In comparison, CNTs have a tensile strength between 13 and 52 GPa and a thermal con-
ductivity ranging around 6000 W/m-K [78]. Polymeric membranes like polyethersulfone
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(PES) and polyvinylidene fluoride (PVDF) generally exhibit tensile strengths in the range
of 10 to 80 MPa and have thermal conductivities below 0.5 W/m-K, depending on specific
formulations and treatments [79].

Recent advancements emphasize the development of hybrid systems that combine
graphene with other functional materials to enhance overall performance. Notably, studies
such as Alyarnezhad et al.’s [80] demonstrate that the integration of GO nanosheets into
polyvinylidene fluoride membranes enhances mechanical strength and porosity, resulting
in membranes capable of degrading dyes like methylene blue with a degradation rate
exceeding 83%. The work of Keirouz et al. [81] exemplified the successful integration of
advanced electrospinning techniques with 2D graphene derivatives to produce defect-free,
high-performance membranes. By utilizing a sustainable solvent system containing Cyrene,
this study achieved salt rejection rates exceeding 99.84% [81]. Lou et al. [82] explored
metal-organic framework (MOF)-wrapped graphene membranes. These membranes main-
tained a high surface temperature gradient which thus improved photothermal membrane
distillation (PMD) processes [82]. In these PMD applications, harnessing solar energy not
only minimizes the need for external heating but also increases operation time. The study
by Seraj et al. [83] underscored the importance of graphene’s large surface area in maxi-
mizing porosity and minimizing temperature polarization effects. They demonstrated that
graphene-enhanced membranes maintain high flux rates and salt rejection during vacuum
membrane distillation without wetting issues, operating for up to 28 h with minimal per-
formance degradation [83]. By leveraging graphene’s exceptional photothermal properties,
the study of Aquino et al. [84] demonstrated that advanced membranes can be developed to
enhance solar-driven water purification and desalination processes. Graphene’s versatility
extends to dye removal applications. PVDF-GO membranes exhibit superior photocatalytic
efficiency under visible light, as demonstrated by Alyarnezhad et al. [80].

1.2.3. Advancements in Heavy Metal Removal by Graphene-Incorporated Composites

Recently, graphene-incorporated membranes have also been applied to the removal
of heavy metals. This section provides an overview of recent progress in the synthesis,
characterization, and performance of various graphene-based membranes for the removal
of different heavy metals.

A MOF/GO composite membrane was developed by combining MOFs with GO
nanosheets in the study of Rao et al. [85]. MOFs, known for their high porosity, increased
the adsorption sites for metal ions, while the GO nanosheets enhanced mechanical strength
and binding efficiency. This membrane was characterized using Field Emission Scanning
Electron Microscopy for surface morphology, Fourier Transform Infrared Spectroscopy
for chemical interaction analysis, Transmission Electron Microscopy for nanostructure
visualization, and Thermogravimetric Analysis for thermal stability assessment. The copper
(Cu) concentration in the filtrate was measured using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES). The composite achieved a removal efficiency of over
98%, demonstrating exceptional performance due to its large surface area and functional
groups. Additionally, the membrane maintained high performance after multiple filtration
cycles, indicating strong reusability. In the work of Zhang et al. [86], a GO-isophorone
diisocyanate membrane was synthesized through cross-linking, forming a stable network
that enhanced chemical stability and increased the number of binding sites for heavy
metals. Characterization techniques included FTIR for chemical bonding, XPS for surface
composition, SEM for morphology, contact angle measurements for hydrophilicity, and zeta-
potential tests for surface charge analysis. Heavy metal concentrations (Pb, Cu, Cd, and Cr)
were measured using Atomic Absorption Spectroscopy (AAS), which provided accurate
detection based on light absorption by metal ions. The membrane exhibited removal
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efficiencies exceeding 95% for Pb and Cu and significant removal for Cd and Cr. The cross-
linked structure also ensured mechanical strength and chemical durability, making the
membrane suitable for multi-metal removal. In the work of Shukla et al. [87], a carboxylated
GO-incorporated polyphenylsulfone (PPSU) membrane was synthesized by embedding GO
COOH nanosheets into a PPSU matrix, enhancing mechanical strength and hydrophilicity.
COOH groups provided additional binding sites for metal ions. The membrane was also
characterized using ATR-FTIR to confirm the presence of carboxyl groups; Inductively
Coupled Plasma Mass Spectrometry was used to measure the concentrations of heavy
metals, in which the membrane demonstrated removal efficiencies of 99% for As and Cr
and over 97% for Pb and Zn.

Liu et al. [88] fabricated a ceramic-supported GO composite membrane by coating
a ceramic support with a composite layer containing GO and attapulgite clay. The clay’s
high adsorption capacity, combined with the mechanical stability of the ceramic support,
resulted in a highly porous and robust structure. Characterization was conducted using
SEM for surface visualization, FTIR for bonding analysis, AFM for nanoscale topography,
and mercury intrusion porosimetry for pore size distribution. Metal ion concentrations
(Cu, Ni, and Pb) were measured using ICP-OES, allowing for simultaneous multi-metal
detection. The membrane achieved removal efficiencies of 98% for Cu, 94% for Ni, and
96% for Pb, demonstrating excellent performance due to its interconnected porous network
and hydrophilic properties. Zhang et al. [89] functionalized GO with ethylenediamine
(EDA), introducing amine (—NH;) groups that acted as chelating sites for metal ions.
Modified GO was assembled into a 3D framework with enhanced adsorption capacity
and flexibility. Characterization was used to prove the membrane’s ability and surface
morphology. ICP-OES was used to measure the concentrations of Mg, Pb, Ni, and Zn. The
framework demonstrated over 95% removal efficiency for all metal ions, which showed that
it is a highly effective framework for dynamic filtration processes. In Table 3, a summary is
provided of the experimental studies reviewed above.

Table 3. Experimental studies of heavy metal removal using graphene-based membranes.

Average Removal

Graphene-Based Material Heavy Metal Characterization Test L. References
Efficiency
Metal-organic Cu FESEM, FTIR, TEM, XRD, and TG 90% [85]
framework-GO composite
nglsophorone Pb, Cu, Cd, and Cr FTIR, XPS, SEM, contact angle 729 [86]
1lisocyanate measurements, and zeta-potential tests
Ceramic-supported Cu, Ni, and Pb SEM, FTIR, XPS, AFM, XRD, and using 99% [88]

GO-attapulgite composite

mercury intrusion pore size analyzer

Carboxylated
GO-incorporated
polyphenylsulfone

ATRFTIR, XRD, XPS, AFM, and using
SurPASS electrokinetic analyzer (for 80% [87]
zeta-potential test)

As, Cr, Pb, and Zn

GO framework with

X-ray photoelectron spectroscopy,

ethylenediamine Mg, Pb, Ni, and Zn FTIR, FESEM, and AFM 90% (891
FESEM, XPS, using SurPASS
GO composite Pb, Ni, and Zn 2 tae}leai)ttreoriiiralftticfs’?)r,lerz,gego(::;ze 95% [90]
distribution tests
Polyethersulfone
nanofiltration membrane Cu AFM, SEM, and contact 929% [91]

modified with magnetic
GO-metformin hybrid

angle measurements

The above works highlight the potential of graphene-incorporated composites to be
used as filtration membranes. However, as can be seen, the removal efficiency can be as
low as 72%. In other words, for metal ion pollutants (the focus of this review) that can be
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highly hydrated but are relatively small compared to organic pollutants, special attention
must be paid when employing graphene-based materials.

1.3. Surface Functionalization of Graphene for Heavy Metal Detection and Remouval

As shown in Sections 1.1 and 1.2, surface modification plays a pivotal role in advancing
materials for efficient heavy metal sensing and filtration. Tuning surface properties, such as
functional groups, wettability, porosity, and surface charge, improves sensitivity, selectivity,
and removal capacity. Here, we provide a brief review in the context of heavy metal
detection and removal, and details on graphene pore functionalization will be presented in
Section 3.3.

For heavy metal sensing, surface modification enhances the binding affinity of mate-
rials to specific metal ions. Functionalization with chemical groups such as thiol (—SH),
amine (—NH,), and —COOH has proven effective in capturing heavy metals like Pb",
Hg?*, and Cd?* [19]. These groups form coordinate bonds with metal ions, enabling
rapid and selective detection. Advanced sensing platforms also employ nanomaterials
such as metal nanoparticles, which provide large surface areas and improved conductivity
for enhanced signal transduction [92,93]. Self-assembled monolayers and the covalent
attachment of chelating agents further optimize surface interactions, improving detection
efficiency and sensitivity even in low-concentration environments [92].

For filtration and removal, surface modification improves the adsorption kinetics and
selectivity of membranes and adsorbents. Functionalization with polymeric coatings, MOFs,
and carbon-based nanomaterials increases ion capture efficiency by providing abundant
active sites [94]. Hydrophilic modifications enhance water flux and reduce fouling, while
porous structures increase the surface area for ion adsorption [95,96]. Surface treatments
can incorporate specific ligands or ionic groups that can selectively bind to heavy metals,
increasing removal efficiency while minimizing interference from competing ions [95,96].
As can be seen, surface engineering helps create multifunctional materials for heavy metal
sensing and remediation. In the context of graphene-based filtrations, we will particularly
review the effects of functional groups on pore edges (details in Section 3.3).

The above works highlight the potential of graphene to be used as a purification
material for heavy metals. This sparks an interest in directly using graphene sheets as
filtration membranes in order to achieve 100% heavy metal removal [41,75]. To fully
harness the potential of graphene sheets for water treatment, a deep understanding of their
properties at the atomic scale is essential since metal ions are comparably smaller than
organic molecules. Computational approaches, which have become increasingly important
in fields such as energy and medical research, hold significant promise for advancing clean
water technologies [97-99]. Tools such as machine learning, Density Functional Theory
(DFT), molecular dynamics (MD), and Computational Fluid Dynamics (CFD) are critical
for accurate predictions and optimization in material design [100-102]. MD simulations, in
particular, are invaluable for analyzing the atomic motions and dynamics of metal ions,
making them ideal for investigating graphene-based membranes [100]. Using MD, we
can probe various factors, such as graphene layers, pore sizes, and functional groups. By
capturing the behavior of these structures at the atomic level, MD helps identify the optimal
setup for effective heavy metal removal, thus guiding improvements in membrane design
for both high filtration performance and durability.

In the remainder of this review, we will first briefly introduce MD techniques in
Section 2 and then focus on the application of MD techniques in studying ion transport
through membranes (Section 3). We will first review the effects of external conditions
such as pressure and electric fields and then present how pore sizes, shapes, functional-
ization, and layer arrangements can affect ion transportations. The mechanisms involved
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in filtration are then discussed. To enable large-scale applications, we will present en-
vironmental and economic assessments, followed by identifying the key challenges in
advancing graphene-based membrane filtration techniques. The final conclusions and
future directions are given in Section 4.

2. MD Techniques

MD is a computational method that simulates the interactions between atoms or
molecules based on Newtonian physics. It models molecular bonds and angles as springs
and uses algorithms like SHAKE to maintain the correct atom separations [103]. MD
allows for detailed simulations of ionic and molecular motions, surpassing traditional
experimental methods that only provide a macroscopic view. MD simulations calculate
forces acting on atoms through potential functions that define atom interactions. The
positions and velocities of atoms are updated using equations derived from the Verlet
method [104]. Additionally, thermodynamic variables like pressure and temperature are
controlled using tools such as thermostats and barostats [105]. For instance, the Nose—
Hoover thermostat controls temperature by simulating coupling between the system and
an imaginary temperature reservoir, while the Nose-Hoover barostat maintains constant
pressure by allowing the MD cell to change shape [106]. These techniques help maintain a
system’s desired thermodynamic state throughout the simulation. The basic algorithm for
MD is described in Figure 1.

Initial input data: Interaction function V (r) -
“force field” coordinates r, velocities v

|

Compute potential V (r) and
forces F,=V, V (r) on atoms

|

Update coordinates and velocities
according to equations of motion

|

Collect statistics and write
energy/coordinates to trajectory

|

No Reach the desired
number of time steps

v Yes

Save/analyze data and print
results.

Figure 1. An MD flowchart. MD begins with the definition of initial input data, including interac-
tion potential, the initial coordinates of atoms, and their velocities. Once the system is initialized,
potential energy is used to calculate the forces acting on each atom. Next, the positions and veloci-
ties of the atoms are updated according to the equations of motion derived from Newton’s second

law. Throughout the simulation, data such as atomic positions, velocities, and energy values are
periodically recorded. The simulation continues until the specified number of time steps is reached.

3. Graphene for Filtration Separations
3.1. Effects of External Conditions

Applying pressure or electrical fields is essential to overcome the energy barriers
that naturally restrict ion transport through graphene-based membranes. Pressure in-
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creases kinetic energy, reducing energy barriers and facilitating ion passage, while electric
fields provide the necessary energy to drive ions through the membrane, particularly
when electrostatic interactions create strong repulsion. These external conditions opti-
mize ion rejection and permeability, which enhance membrane performance. In a study
by Wang et al. [107], triangular-shaped filtration membranes were subjected to external
pressures increasing from 50 to 250 Mpa. In the case of Pb ions filtered through a triangu-
lar pore, a high percentage of filtration was achieved within the pressure range of 50 to
150 Mpa. However, at pressures exceeding 150 Mpa, a sharp decline in rejection rates was
observed, with the maximum rejection rate dropping to just 60% at 250 Mpa. This reduction
may be attributed to excessively high pressures disrupting the interaction between ions
and the membrane or accelerating the movement of ions. In contrast, water transport
exhibited an upward trend with increasing pressure over time. The pressure range in the
study of Kommu et al. [2] varied from 100 to 500 Mpa for graphene pores functionalized
with fluorine (F). Meanwhile, at pressures below 500 Mpa, the rejection rate of Co was
approximately 100%, and increasing pressure caused a noticeable decline in performance
of membrane. The reduction in the energy barrier with increasing pressure confirms that
elevated pressure assists ion transport, leading to a decrease in the rejection rate, which
dropped to 95% at 500 Mpa. From the perspective of water transport, a linear trend was
observed, reaching over 160 molecules per ps per pore, which is 4-5 orders of magnitude
higher than those achieved by existing technologies. For graphene functionalized with
hydrogen in the work of Khalajiolyaie et al. [108], pressure was applied in the range of 100
to 500 Mpa. The rejection rate of Cd ions from 80 to 350 Mpa was >92%, and from 350 to
500 Mpa, a sharp reduction was observed, during which the rejection rate reached around
70%. It was also found that the energy barriers for water transport were higher at lower
pressures (15.15 and 14 k] /mol at 80 and 140 Mpa, respectively) and decreased significantly
at higher pressures (6.23 and 3.62 k] /mol at 420 and 550 Mpa, respectively), indicating that
increased pressure facilitates water molecule transport by reducing energy barriers.
Azemat et al. [109] explored fluorinated pores (F-pores) for ion rejection by applying
an external electric field to facilitate the transport of Cu?* and Hg?* ions across F-pore
membranes. Theis study demonstrated that without the electric field, these ions faced
substantial energy barriers. The energy barrier for Hg?* was higher than that for Cu?",
while CI™ ions were completely blocked due the highest energy barriers. Without an
applied electric field, the negatively charged fluorine on the F-pore creates an energy
barrier that prevents all Hg?*, Cu?*, and Cl~ ions from passing through the graphene
membrane. Under the influence of the electrical field, not only does the passage of water
molecules rise significantly, but also ions like Cu?* can permeate the F-pore, overcoming
the initial energy threshold of 5 kcal /mol A Ina study by Majidi et al. [110], y-graphyne-1
nanosheets functionalized with —NH, groups were subjected to an electric field ranging
from 1 to 8 kcal/mol-A to investigate the transport of Cu?* and Hg?* ions through the pore
area. At less intense electric fields, the ion flux (number of ions per second) was similar for
both ions, and the flux increased as the strength of the electric field was raised. However,
as the electric field intensified, a significant difference emerged between the number of ions
passing through the pores. At an electric field strength of 6 kcal /mol-A, the ion flux for Cu?*
was double that of Hg?* (6 and 3 ions per second, respectively). This difference is attributed
to the stronger electrostatic interactions between Hg?* ions and the —NH, functional
groups, which create a higher energy barrier for Hg?* passage compared to Cu?*. Similar
results were obtained in the work of Hasanzadeh et al. [111] on Cr(VI) ion permeation
through functionalized GO membranes under varying external voltages. It was revealed
that ion permeation increases with higher voltages. At lower voltages (0.5-4 kcal/mol-A),
the electric field has minimal impact, and the role of functional groups is more prominent
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in influencing ion transport. However, as the voltage rises, ion permeation significantly
increases, eventually overshadowing the effects of functional groups. At higher voltages,
the dominant factor becomes the electric field, driving more ions through the membrane
and reducing the influence of functionalization on the permeation process. In all cases
where an electric field is applied as an external condition, increasing the strength of the
electric field improves water flux but simultaneously decreases the rejection rate of heavy
metals, presenting a challenge in achieving an optimal balance between these two factors.
Table 4 summarizes works on the effects of external pressure.

Table 4. Effects of external conditions on heavy metal removal.

Graphene-Based Materials Pollutant Average Removal Efficiency References
Graphene-based materials Pb?* >90% (50-150 MPa), 60% at 250 mPa [107]
Triangular graphene pores Co** 100% (<500 MPa), 95% at 500 MPa [2]
Graphene functionalized with F Ccd?* >92% (80-350 MPa), 70% at 500 MPa [108]
Graphene functionalized with H Cu?, ng+ 100% [109]
Fluorinated graphene pores Cu?*, Heg?* ) [110]
(F-pores)
y-graphyne-1 functionalized with Cr (V) Maximum 100% [111]

—NH,;

3.2. Effects of Pore Sizes and Shapes

In the MD study of Khalajiolyaie et al. [108], simulations were performed on graphene
membranes with pore radii of 5,7, and 10 A, functionalized with hydrogen (H) or hydroxyl
(OH) groups. For H-functionalized membranes, the largest pore radius (10 A) allowed
for significant ion passage due to the lack of interactions between ions and functional
groups. With a pore radius of 7 A, ion rejection was improved, but it still lacked sufficient
interaction to prevent passage entirely. In contrast, the smallest pore radius (5 A) completely
blocked ion passage, indicating that the pore was sufficiently small for Cd** and Cl~ to
inhibit their transport. Similar effects of pore sizes were obtained for OH-functionalized
membranes. Water flux increased significantly in larger pore areas, with the complete
passage of water molecules observed in 10 A pores. Rahiminejad et al. [112] explored
ion rejection in single-layer graphene membranes, examining how nanopore diameters
influence the filtration of ions such as Nal*, Ca2t, K17, Mg2+, and C1'~ from water. The
structures of their membranes are shown in Figure 2a. They observed that nanopore size
plays a crucial role in balancing water transport and ion rejection. For instance, smaller
pores (<15 A) achieved 100% ion rejection at a pressure of 100 MPa, effectively blocking
all tested ions. However, as the nanopore diameter increased to 15 A, the membrane’s
ability to reject certain ions, such as K* and CI'—, decreased, especially under elevated
pressure conditions at 200 MPa. This trend was consistent across intermediate pore sizes
of 9-13 A, where ion rejection efficiency dropped as pore size grew. This study illustrates
a clear trade-off: larger pores allow for higher water permeability, facilitating faster flow
rates, but they compromise ion rejection efficiency by enabling certain ions to pass through
more easily.

The work of Wang et al. [107] optimized the removal of heavy metal ions by embedding
graphene sheets with protonated holes of different sizes and shapes using MD simulations.
Four types of graphene holes were created: two circular pores with widths of 0.751 and
1.161 nm, a trapezoidal pore, and a triangular pore (Figure 2b). The main focus of their
study was to probe how well protonated graphene crown pores remove heavy metal ions
such as Cd?*, Cu®*, Hg?*, and Pb?* while maintaining beneficial water permeability. Faster
water movement is made possible by larger pores; however, ion rejection may be marginally
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compromised. Heavy metal ions encounter greater energy barriers than water molecules,
according to free energy calculations, underscoring the capacity of these membranes for
selective removal. Also, at the same pressure of 200 MPa for all ions, fewer ions remained on
the feed side for triangular pores compared to trapezoidal pore shapes. In a study by Tabasi
et al. [113], graphene nanoporous membranes (PGNMs) were utilized to separate As®* and
Cu?* ions. Under identical conditions, As®* ions were completely rejected by both small-
and large-pore PGNMs, even without functionalization. This indicates that, regardless of
functionalization, the size of As®* ions is sufficiently large so that the remaining free space
in the pores is insufficient for their passage through these pores. These findings underscore
the critical role of ion size in determining transport behavior through both pristine and
functionalized membranes. Table 5 shows a summary of the works reviewed in this section.

Table 5. Effects of pore size and shapes on heavy metal removal.

Graphene-Based Materials Pollutant Average Removal Efficiency References
H-functionalized graphene pores (5 A) Cd?*,Cl™ 100% ion rejection [108]
Nanoporous graphene (<15 A) Na*, Ca*, K*, Mg?*, CI~ 100% ion rejection (at 100 MPa) [112]
Fewer ions remain on the feed
: 2+ 2+ 2+ 2+
Protonated triangular graphene pores Cd**, Cu**, Hg**, Pb side compared to other shapes [107]
Protonated trapezoidal graphene pores Cd?*, Cu?t, ng", Pb?* Higher lon passage compared to [107]
triangular pores
Pristine graphene nanoporous A 100% rejection (even without [113]
membranes (PGNMs) functionalization)

egegece
CRH

_ .

Figure 2. (a) Graphene membrane with dimensions of 30 x 30 A? and different pore diameters
9,11, 13, and 15 A. Reprinted from [112], copyright 2022, with permission from Springer Nature.
(b) Different pore shapes of graphene membrane. Reprinted from [107], copyright 2024, with permis-

sion from Elsevier.

3.3. Effects of Functional Groups

In the functionalization of graphene-based materials, two critical factors are consid-
ered: the interactions between ions and functional groups and the resulting changes in pore
free space. These interactions influence ion transport, as functional groups can either facili-
tate ion passage through pores or enhance ion rejection, thereby improving purification
efficiency. By carefully tuning functionalization, it is possible to optimize the membrane’s
selectivity and permeability, leading to more effective heavy metal removal. In the study of
Khalajiolyaie et al. [108], the ion passage of Cd?* was investigated under identical pressure
conditions for H- and OH-functionalized graphene membranes. Detailed analysis revealed
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that H-functionalized graphene demonstrated superior performance in rejecting Cd?* ions
compared to OH-functionalized graphene. This rejection was attributed to the electrostatic
repulsion between the positively charged hydrogen functional groups and the positively
charged Cd?* ions. In contrast, Cd?* ions were able to pass through OH-functionalized
graphene due to the favorable electrostatic attraction between the oppositely charged OH
groups and the Cd?* ions. For the same pore radius with different functionalizations
of H and OH, the free space around the pore area was greater in the H-functionalized
system compared to the OH-functionalized system. As a result, more water molecules
were able to pass through the H-functionalized pore. In the work of Majidi et al. [110],
v-graphyne-1 nanosheets functionalized with —NH; and —COOH groups at the pore sites
were investigated using MD simulations for the separation of Cu** and Hg?* ions from
aqueous solutions. The findings demonstrated that y-graphyne-1 efficiently separated
Cu?* and Hg?* because of its hydrophilic, negatively charged functional groups. —NH,-
functionalized y-graphyne-1 outperformed the —COOH-functionalized pores in terms of
water passage due to the higher hydrophilicity of —NH; groups compared to —COOH
groups. However, for ion rejection, —COOH-functionalized pores yield better results. The
reduced hydrophilicity of —COOH groups compared to —NH; minimized ion transport
through the pores, leading to more heavy metals remaining on the feed side. In another
study of Zheng et al. [114], the rejection rate of Pb?* ions was investigated for GO mem-
branes functionalized with amino acids. It was found that alanine groups (AlaNeg) led to
an increase in the rejection rate, from approximately 30% (for membranes with carboxyl
groups) to 80%, representing a 2.67-fold improvement, while there was no huge reduction
in water permeability. This enhancement was attributed to strong Coulomb interactions
between Pb?* and the negatively charged AlaNeg groups, which formed a dense ionic
layer around the functional groups, effectively intercepting Pb?* ions.

Kommu et al. [2] studied salt rejection in nanoporous graphene (NPG) membranes
functionalized with hydroxyl (NPG-OH), nitrogen (NPG-N), and fluorine (NPG-F). A
graphene sheet (110.55 A x 106.36 A) with 25 pores was placed parallel to the xy plane
in the simulation. Various heavy metal ions, including Cd(NO3),, Cu(NO3),2, Pb(NO3),,
Co(NOs3)y, and Zn(NOs),, were analyzed for their interactions with functional groups
at the pore areas during filtration. At a pressure of 300 MPa, NPG-N- and NPG-F-
functionalized membranes exhibited a 100% rejection rate over time for all ions. In contrast,
OH-functionalized membranes showed slightly lower rejection rates, ranging from a mini-
mum of 90% for Pb?* to a maximum of 98% for Zn?*. This difference can be attributed to
the overall negative charge of the OH group, which can facilitate the passage of positively
charged ions due to electrostatic attraction. The rejection rates followed the following
order: NPG-N > NPG-F > NPG-OH. While all functional groups possess opposite charges
that facilitate ion transfer, the superior performance of NPG-N in terms of rejection rates
can be attributed to its stronger electrostatic interactions and higher energy barrier, ef-
fectively preventing ion passage. In terms of water permeability, NPG-OH exhibited the
lowest water flux due to the reduced free space available around the pores. Moreover,
Li et al. [53] simulated ion rejection using three functionalized graphene nanoporous
membranes, B-graphene, NH-graphene, and OH-graphene, as shown in Figure 3. Ion
rejection was assessed after half of the water molecules passed through the membrane. OH-
functionalized graphene achieved 100% ion rejection across all pressures, as the hydrophilic
OH groups enhanced water interactions while repelling ions. In contrast, B-functionalized
graphene showed decreased ion rejection as pressure increased. While it maintained high
rejection (>98%) below 100 Mpa, rejection dropped to above 80% at higher pressures due to
weaker hydrophilicity and electrostatic interactions. Increased pressure allowed more ions
to pass through, likely due to pore widening and the higher kinetic energy of ions.
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Figure 3. An overhead perspective of three functionalized graphene materials with B, NH, and OH.
The membrane's carbon atoms are shown in gray, boron in pink, nitrogen in blue, oxygen in red, and
hydrogen in white. Reprinted from [53], copyright 2017, with permission from Elsevier.

Hasanzadeh et al. [111] investigated the permeation of Cr(VI) ions through function-
alized GO membranes. At voltages around 3 kcal/ mol-A, the electric field had minimal
impact, making the role of functional groups a critical factor in ion permeation. Different
functional groups influenced permeation in distinct ways. F-functionalized membranes,
carrying a negative charge, attracted positively charged Cr(VI) ions, thereby enhancing
ion permeation. In contrast, H- and OH-functionalized membranes, which carry positive
charges, exhibited lower efficiency due to reduced electrostatic attraction. However, at high
voltages, the influence of functional groups diminished, and pore size became the dominant
factor affecting ion transport. Membranes with larger pores, such as those functionalized
with F, allowed more ions to pass through, overshadowing the effects of functional groups.
Conversely, OH-functionalized membranes, with less free space due to smaller pore sizes,
restricted ion passage more effectively. This highlights the interplay between pore size and
functionalization in determining ion permeability. The rejection rates of Cu?* ions for both
pristine and functionalized PGNMs were investigated by Tabasi et al. [113]. The results
show a 100% rejection of Cu?* ions in small-pore PGNMs, regardless of functionalization.
For larger pores, functionalization improved Cu?* rejection, with carbamate- and thiourea-
functionalized PGNMs achieving the highest rejection rate (approximately 94%), followed
by amide- and sulfonic acid-functionalized PGNMs at around 88%. Table 6 presents a
summary of the effects of functional groups on heavy metal removal.

Table 6. Effects of functional groups on heavy metal removal.

Graphene-Based Materials Pollutant Average Removal Efficiency References
H- and OH-functionalized graphene Ccd* Maximum 98%, 92% [108]
Y-graph);lrlli;lﬁvovrl\;};iz—aﬁcl;k, COOH Cu?, Hg2+ Moderate ion rejection [110]
GO membrane with AlaNeg functionalization Pb?* Rejection rate mcriased from 30% [114]
8 to 80%
. . 100% for Cd?*, Cu?*, and Co?*;
NI 2+ 2+ 2+ 2+ 2+ ’ ’ 7
NPG-N-functionalized membrane Cd=*, Cu~*, Pb~*, Co**, Zn 90% (Pb2*); and 98% (Zn2*) [2]
B-, NH-, and OH-functionalized graphene Various ions High rejection (>98%) at low [53]
pressure
Improved rejection with
Functionalized PGNMs (large pores) Cu?* carbamate and thiourea groups [113]
(~94%)
GO membrane with AlaNeg functionalization Pb%* Rejection rate increased from 30% [114]

to 80%
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3.4. Effects of Layer Arrangements

While the design of graphene-based membranes with various functionalization and
pore geometries is crucial, the study of multilayer structures is equally important. Mul-
tilayer configurations are particularly relevant as they more accurately reflect real-world
membrane filtration processes. Our recent work [97] evaluated the performance of two-
layer graphene membranes functionalized with H and OH groups for water filtration,
focusing on pressure, interlayer distance (IS, vertical distance between adjacent layers),
and pore alignment [115]. H-functionalized membranes achieved a 100% rejection of
Cd?* and CI'~ ions while allowing up to 4000 water molecules to pass, compared to only
45 molecules for OH-functionalized membranes due to stronger hydrogen bonding and a
denser structure. MD simulations and statistical modeling showed that increasing pressure
and interlayer distance improved water permeability by enhancing the driving force and
flow space. A predictive model, validated with a 3% error margin, accurately assessed
filtration performance while reducing the need for time-intensive simulations. Compared
to fragile, costly, single-layer membranes, bilayer graphene membranes, particularly H-
functionalized ones, offer a cost-effective solution for industrial water purification. Zheng
et al. [51] studied the impact of offset values (horizontal shift between layers), interlayer
spacing (IS, vertical distance between adjacent layers), and gap sizes (width of pores) on
metal rejection in layered GO membranes. Increasing the horizontal offset distance between
layers significantly enhanced salt rejection. At 50 MPa, an offset of 0.738 nm achieved nearly
100% rejection compared to 80-90% for a 0 nm offset, and this high performance persisted
under higher pressures. IS strongly influenced salt rejection, with a smaller IS (0.7 nm)
maintaining rates above 80% even at 200 MPa, while a larger IS (0.9 nm) showed a marked
decline to 20-30% at the same pressure. Gap size also affected salt rejection, with smaller
gaps (0.861 nm) achieving high rates (95%) at lower pressures, but larger gaps exhibited a
decline. The study of Zheng et al. [116] examined the effects of nanosheet size, the number
of layers, IS, and gap width on the rejection of Cd?* using GO membranes. Two nanosheet
sizes were investigated: large nanosheets (LG) with an area of approximately 2.84 nm? and
small nanosheets (SG) with an area with size of 0.75 x 2.84 nm?, resulting in smaller sheets
with more pores per unit area. For membranes composed of identical GO nanosheets, an
increase in the number of layers significantly enhanced the rejection rate for Cd?* ions.
Membranes with two, three, and four layers showed increasing rejection rates for Cd*,
with the rate exceeding 95% for four-layer SG membranes with a gap width of 1.107 nm and
interlayer spacing of 0.7 nm. A smaller interlayer spacing (0.7 nm) provided better retention
rates, while wider spacing (0.8 nm) reduced retention rates. For a three-layer membrane
with an interlayer spacing of 0.8 nm and a gap width of 1.23 nm, the retention rate increased
by 1.22 times. Overall, increasing the number of layers and reducing interlayer spacing
increased the energy barrier for Cd?* passage, enhancing the rejection rate and reducing
water permeability.

In a further study of Chen et al. [117], GO membranes, with sheet sizes ranging from
20 A to 50 A and oxidation degrees of 20% to 40%, demonstrated high heavy metal rejection
rates due to tailored structural and chemical features. In this work, oxygen-containing
functional groups acted as spacers that reduced interlayer space by forming hydrogen
bonds and other molecular interactions (see Figure 4a). Membranes with higher oxidation
degrees enhanced rejection, as oxygen-containing functional groups increased surface
interactions, leading to denser stacking and restricted ion pathways. Smaller GO sheets
improved performance through size exclusion mechanisms, achieving nearly 100% ion
rejection, particularly for Pb?* ions. Larger sheets relied on surface interactions within
longer interlayer channels, offering slightly lower permeability but still exceeding 95%
rejection at high pressures (300 MPa). Water permeability decreased with an increasing
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oxidation rate and the number of layers but increased with a larger surface area, as more
oxygen groups became exposed on the surface. By combining small-sized sheets with
minimized interlayer distances under high assembly pressures, GO membranes can achieve
both high ion rejection and efficient water flux.

In the research work of Giri et al. [118], metal ion separation and transport mechanisms
in stacked graphene membranes with varying interlayer spacings were investigated (see
Figure 4b). For membranes with wider channels, ions like Cd?* and Pb?* have higher
permeability due to their second hydration shell behaving like an elastic sphere, allowing
water molecules to detach as ions pass through. In contrast, when the first hydration shell is
comparable to the channel width, ions cannot pass due to the rigid, tightly bonded structure
of the shell, making the membrane highly selective. This underscores the importance of
channel dimensions in optimizing membrane performance for specific separation tasks.
Metal ions lingered in the channels for extended periods, with over 90% remaining after
100 picoseconds, indicating energetically favorable conditions for ion retention. Water
permeance was slightly reduced in membranes with narrower (0.9 nm) channels compared
to wider (1.0 nm) ones. The same trend was also observed for metal ions. These findings
suggest that narrow channels enhance selectivity and rejection, making them crucial for
achieving efficient separation during filtration. The effects of layer arrangements on heavy
metal removal are summarized in Table 7.

Table 7. Effects of multiple layers on heavy metal removal.

Graphene-Based Materials Pollutant Average Removal Efficiency References

H- and OH-functionalized bilayer Cd?, Cl- 100% rejection [115]
graphene membrane
Layered GO membrane with 0.738 nm offset Salt ions Nearly 100% rejection at 50 MPa [51]
Layered GO membrane with 0 nm offset Salt ions 80-90% rejection at 50 MPa [51]
_ 24 >95% rejection with gap width of
Four-layer small GO nanosheets (SG) Cd 1107 nm and IS of 0.7 nm [116]
Large GO sheets (>50 A) Pb?* >95% rejection at 300 MPa [117]
Stacked graphene membranes with narrow Cd?+, Pb2* High selectivity and rejection [118]
channels (0.9 nm)
(a) 50Ax50A (b)
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Figure 4. (a) The top view of the GO nanosheets utilized in MD simulations, featuring varying
oxidation levels and dimensions. Reprinted from [117], copyright 2022, with permission from
Elsevier. (b) A depiction of multilayer graphene membranes utilized for separating metal ions from
solutions. The geometrical parameters, w and d, represent the width of the channel and the interlayer
separation, respectively. The dark blue arrows indicate the solution flow direction. Reprinted
from [118], copyright 2021, with permission from Elsevier.

3.5. Mechanistic and Bonding Insights into Heavy Metal

The most common mechanisms in filtration-based heavy metal removal are Donnan
electrostatic interactions and size exclusion. The Donnan effect describes the electrostatic
exclusion of ions based on a membrane’s surface charge. Functionalized graphene mem-
branes, enriched with negatively charged groups such as —COOH and —OH, generate an
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electrostatic potential that repels co-ions (e.g., C1~) while attracting counter-ions (e.g., Cu?*,
Hg?*) [2,109]. This electrostatic attraction increases the local concentration of positively
charged heavy metal ions near the membrane surface, facilitating their retention. The
presence of —NH, or —OH groups further reinforces electrostatic binding by these groups
acting as electron donors and forming coordination bonds with the metal ions [119]. Size
exclusion contributes significantly to the selectivity of graphene-based membranes by fil-
tering ions based on their hydrated radii. Graphene-based membranes have highly tunable
nanopore sizes, which can be optimized to permit the passage of water molecules while
excluding larger hydrated metal ions. The interplay between Donnan electrostatic interac-
tions and size exclusion ensures that functionalized graphene-based membranes achieve
high selectivity and water permeability [120]. This dual mechanism also contributes to the
membrane’s long-term reusability, as it can prevent membrane clogging and fouling [121].
The enhanced hydrophilicity provided by functional groups, as shown by Lari et al. [122],
further promotes water permeability, improving overall filtration performance.

From bonding perspectives, graphene-based membranes achieve heavy metal removal
through covalent and non-covalent interactions that regulate ion rejection and water perme-
ability. Covalent bonding occurs when functional groups, such as OH and NH, chemically
bind to the graphene surface, enhancing ion selectivity and water flux by creating strong
hydrogen bonding networks. Lari et al. [122] showed that amino-functionalized GO mem-
branes use covalent bonding to selectively remove Cu?* and Pb?* ions. Non-covalent
interactions, such as electrostatic forces, van der Waals interactions, hydrogen bonding,
and 7-7 stacking, further influence membrane performance. Electrostatic interactions arise
from charged functional groups on the membrane surface, selectively repelling or attracting
metal ions. Azamat et al. [2,109] demonstrated that fluorinated graphene (F-pore) mem-
branes repelled C1~ ions, while Cu?* and Hg?* ions were transported across the membrane
under an external electric field. Zheng et al. [51] reported that GO membranes utilize
interlayer van der Waals forces to confine hydrated Cd?* ions while maintaining water
permeability. Panahi et al. [119] highlighted that fluorinated carbon nanotubes (FCNTs)
facilitate smooth water transport while selectively binding Hg?* ions due to their lower
energy barrier compared to Zn?* ions. Li et al. [53] reported that hydroxyl groups form
hydrogen bonds with water molecules, reducing the energy barrier for water transport
while restricting ion passage due to steric hindrance. In the work of Ercarikci et al. [121], it
was found that 7-7t stacking interactions in graphene membranes stabilize metal ions like
Hg?* and Cu?* through aromatic ring interactions.

Beyond Donnan electrostatic interactions and size exclusion mechanisms, chemical ad-
sorption and complexation mechanisms can also play important roles in membrane-based
heavy metal removal, with their effects being more prominent in adsorbent-based water
purifications. Based on a study by Liu et al. [123], GO functionalized with hyperbranched
polyamide-amine (HPAMAM) and microcrystalline cellulose significantly enhances heavy
metal adsorption. The complexation mechanism involves metal ions such as Pb%*, Cd?*,
and Cu?* binding to nitrogen- and oxygen-containing functional groups on the modified
GO surface. —COOH, —OH, and —NH, groups present on GO and HPAMAM serve as
primary binding sites, forming stable metal ligand complexes through coordination bond-
ing and chelation. Pb>* shows the highest adsorption affinity, forming strong coordination
bonds with carboxyl and hydroxyl groups, while Cd?* and Cu?* interact with nitrogen-
containing functional groups. The Schiff-based structure introduced further improves metal
ion interactions by increasing hydroxyl density and contact area, leading to an increase in
adsorption capacities [123].
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3.6. Environmental Impact and Life-Cycle Assessments and Recovery and Reutilization of
Graphene-Based Materials

While graphene is highly efficient and versatile for heavy metal sensing and removal,
for sustainable applications, it is essential to assess the related environmental impacts.
An Environmental Impact Assessment (EIA) on graphene production and application in
water treatment can raise certain environmental concerns due to high energy consumption
and the use of hazardous chemicals [124]. Synthesis methods such as chemical vapor
deposition (CVD) and chemical reduction are particularly energy-intensive, while pro-
cesses like Hummers” method produce toxic byproducts that can contribute to air and
water pollution [125]. Environmentally friendly production methods required for scal-
ing in graphene applications. Graphene-based nanomaterials can introduce secondary
contamination if not properly managed. Therefore, industrial effluents after purification
processes must be properly treated to meet regulatory standards and minimize ecosystem
disruption [126,127].

A Life-Cycle Assessment (LCA) provides further insights into the environmental
impacts of graphene-based materials from raw material extraction to disposal or recycling.
The type and origin of graphite or carbon precursors greatly influence life-cycle impacts.
Graphene sourced from renewable carbon feedstocks or waste materials shows reduced
environmental burdens compared to mined graphite [128]. The LCA reveals that thermal
exfoliation and liquid-phase exfoliation (LPE) have lower environmental impacts compared
to CVD and chemical reduction methods, as they require fewer hazardous chemicals
and less energy for large-scale production [129,130]. The use of non-toxic solvents and
scalable fabrication techniques, such as non-solvent-induced phase separation (NIPS),
enhances the sustainability of graphene-based membrane technologies. The incorporation
of environmentally friendly solvents, such as triethyl phosphate (TEP), supports scalable
and sustainable membrane fabrication, as highlighted in the work of Lou et al. [82]. The
findings of Seraj et al. [83] demonstrated that environmentally friendly photothermal
membranes fabricated using a solution-casting method, where graphene derivatives were
dispersed in a non-toxic solvent to create a homogeneous solution, exhibit high porosity, low
wetting propensity, and exceptional thermal stability, supporting sustainable desalination
and resource recovery.

The disposal or recycling phase also plays a critical role in preventing environmental
contamination. Effective recycling methods, such as filtration and centrifugation, reduce the
overall carbon footprint by limiting the need for new material production [129,130]. Once
recovered, graphene can be reintegrated into new product formulations or repurposed
for secondary applications [126,127,129,130]. Regeneration techniques, such as desorption
cycles, can regenerate functionalized graphene after pollutant removal. This reduces the
need for fresh graphene production and minimizes waste generation. However, challenges
such as incomplete regeneration and chemical degradation during cycles persist.

3.7. Economic Analysis

From an economic perspective, graphene-based electrochemical sensors offer signifi-
cant long-term cost savings due to their reusability, low maintenance, and ability to provide
the real-time monitoring of heavy metal contamination. Despite higher initial costs related
to graphene production and sensor fabrication, graphene-based electrochemical sensors
could offer significant advantages over traditional laboratory analyses, including real-time,
on-site detection; minimal sample preparation; and reusability, which collectively reduce
costs and enhance efficiency [131,132]. Their high sensitivity and selectivity could further
contribute to their effectiveness in various applications [133]. The economic value of early
contamination detection also includes avoiding regulatory fines and preventing environ-
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mental damage [134]. Moreover, the incorporation of functionalized nanoparticles and
advanced materials such as silver enhances sensor performance but requires optimization
to balance costs with performance gains [135].

Similarly, while initial capital investment for graphene membranes is relatively high,
their low fouling rates, extended operational life, and energy-efficient filtration could
compensate for this over time [136]. For instance, functionalization with hydrophilic
groups improves water flux, reducing the energy required for reverse osmosis, thereby
making these membranes economically attractive for large-scale applications [4,137]. By
integrating dual-mode detection and filtration systems, contamination monitoring and
remediation processes could be streamlined, minimizing the need for separate systems
and further reducing operational costs [138]. Nevertheless, developing scalable methods
to produce defect-free graphene is essential to make graphene-based membranes more
economically appealing.

3.8. Challenges

Despite the reviewed advancements, using MD to study nanocarbon-based filtration
faces significant challenges. These challenges include the high computational demands
required to simulate millions of atoms over numerous time steps, limited timescales that
restrict the study of slower processes like large-scale structural changes, and sensitivity to
the accuracy of force fields, which approximate interatomic interactions and directly affect
the reliability of the results [119,139,140]. These challenges further hinder investigations
into the interrelations between membrane characteristics (e.g., pore size, functionalization,
number of layers) and external factors such as pressure and electric fields, which are crucial
for optimizing membrane performance under diverse environmental conditions.

As mentioned in Section 3.7, the initial cost of graphene-based sensors and mem-
branes is relatively high. Indeed, the large-scale adoption of graphene-based membranes
is hindered by high production costs due to complex synthesis methods. Furthermore,
material inconsistencies and structural defects (e.g., cracks) induce brittleness and reduce
membrane integrity under high pressure, which compromises durability in industrial
applications [141]. More importantly, as reviewed above, structural characteristics are
also crucial for optimizing the performance of carbon-based membranes in water purifi-
cation. For instance, the alignment of carbon-based materials is essential for enhancing
selectivity and permeability in filtration processes. Additionally, controlling pore sizes at
nanoscales is crucial to achieving high ion rejection rates. However, controlling length
scales during synthesis and fabrication remains a highly complex task. While recently,
emerging sustainable strategies, such as using laser-based manufacturing, offer promising
solutions for reducing chemical usage and energy demands [142,143], it is still challenging
to obtain defect-free graphene with well-defined pore sizes and layer arrangements. These
production difficulties, along with fouling and maintenance requirements induced by ma-
terial defects, have limited the large-scale integration of these materials into commercial
membrane technologies [144].

4. Conclusions and Outlooks

This review highlights the advancements and challenges in the application of
graphene-based membranes for ion filtration, with a focus on the effects of external condi-
tions, pore sizes and shapes, functionalization, and multilayer structures. The remarkable
progress in graphene-based materials, particularly GO and its derivatives, has unlocked sig-
nificant potential for metal ion detection and wastewater treatment due to their exceptional
properties, such as high surface area, excellent thermal and electrical conductivity, and
versatile chemical functionalization. These attributes make graphene membranes highly ef-
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fective and selective in filtration applications while supporting sustainable and eco-friendly
solutions that reduce energy consumption and minimize reliance on harmful chemicals.

MD simulations provided critical insights into the mechanisms governing ion trans-
port and rejection under varying pressures, electric fields, and functionalization strategies.
The studies reviewed demonstrate that external factors such as pressure and electric fields
significantly influence filtration performance, with optimized ranges enhancing ion rejec-
tion but extreme conditions leading to reduced efficiency. Pore sizes and shapes play a
pivotal role in balancing ion rejection and water permeability, with smaller pores favoring
higher rejection rates but potentially limiting water flux. The functionalization of graphene
membranes emerges as a key strategy to enhance selectivity and filtration efficiency. Func-
tional groups such as —NHj,, —OH, and fluorine provide tailored interactions with ions,
allowing for the selective rejection of specific heavy metals. Multilayer graphene and GO
membranes further improve filtration by leveraging interlayer spacing and sheet alignment
to achieve superior retention rates and structural stability.

Future work should address challenges in graphene-based membrane development
by combining efforts in advanced computational methods and material innovation. Devel-
oping and implementing advanced algorithms, enhanced computing power, and precise
interatomic potentials will help reduce computational demands, with techniques like
parallel processing and machine learning-based approaches accelerating simulations and
improving accuracy. Utilizing data regression and correlation analyses, further research is
needed to investigate the interplays among pore size, functionalization, and external fac-
tors such as pressure and electric fields to optimize membrane performance under diverse
environmental conditions. Additionally, new fabrication methods and innovative material
combinations should be explored to enhance structural integrity, addressing issues like brit-
tleness and defects. Efforts should also be focused on designing multifunctional graphene
membranes capable of simultaneously removing heavy metals, organic pollutants, and
other hazardous substances. Finally, to address practical challenges, including scalability,
production costs, and long-term durability, developing cost-effective synthesis techniques
and combining graphene with other resilient materials could offer promising solutions.
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