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Emerging water contaminants, including dyes, heavy metals, pharmaceuticals, per- and poly-fluoroalkyl
substances (PFAS), and micro- and nano-plastics, pose critical challenges for environmental sustainability
and human health. Two-dimensional transition metal carbides and nitrides (termed as MXenes) have
recently emerged as transformative materials for water purification owing to their high surface area,
tunable chemistry, electrical conductivity, and photocatalytic activity. This review summarizes the latest
advances in MXene-based adsorbents, membranes, and hybrid composites, elucidating the mechanistic
underpinnings for adsorption, electrosorption, photocatalysis, and ion-exchange
Regeneration strategies, recyclability, and long-term stability are critically assessed, alongside the
potential environmental and human health risks posed by MXenes and their degradation products. Key
challenges in the scalable synthesis, structural stability, and membrane integration are highlighted, and

processes.
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strategies for mitigating toxicity and optimizing performance are proposed. The insights presented

DOI: 10.1039/d55100364d provide a roadmap for the design of next-generation, sustainable MXene-enabled water purification
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This review evaluates the high-efficiency contaminant removal capabilities of MXenes and critically examines the green synthesis pathways, reproducibility

challenges, and environmental risks associated with their use. By integrating performance insights with sustainability, safety, and scalability considerations, it

provides a roadmap for responsibly translating MXene-based technologies into practical, real-world water purification solutions.

1 Introduction

The rapid expansion of urban areas, combined with global
population growth, has increased the demand for sufficient
supplies of clean water." In addition, the rapid pace of urbani-
zation has contributed to the generation of toxic waste, posing
significant risks to human health and environment.> The exis-
tence of contaminants like salts, heavy metal ions, pharma-
ceuticals, perfluoroalkyl and polyfluoroalkyl substances (PFAS),
dyes, and aromatic compounds in aqueous media or wastewater
streams creates an environmental concern because most of
them are toxic and highly hazardous for all living organisms.?
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Various methods, i.e., biological and physicochemical, which
include aerobic/anaerobic digestion, biochar treatment,**
adsorption,® and membrane filtration,” are traditionally
executed for the remediation of different environmental
pollutants. Moreover, nanomaterials, as catalytic/antibacterial
agents, adsorbents, and membranes with different functional-
ities, have become economically feasible and eco-friendly
choices for methodical contaminant elimination in water and
wastewater management.® Zeolites, ceramics, carbon nano-
structures, and metal-organic frameworks (MOFs) are some of
these advanced functional nanomaterials. Structuring nano-
based material devices may enable us to achieve unique levels
of selectivity, mechanical stability, sensitivity, and efficiency in
pollutant removal processes.” Two-dimensional (2D) nano-
materials are characterized by atomic-scale thickness and
lateral dimensions ranging from tens of nanometres to several
micrometres.’ The nanometer-scale thickness provides these
materials with exceptional properties like high surface areas,
making them fascinating candidates for environmental reme-
diation applications like catalysis, sensing, and adsorption.™ So
far, in the field of contaminant remediation, graphene-based
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nanomaterials have shown great potential as adsorbents and
photocatalytic materials as well as in membrane separation and
sensing.” In addition, graphene and its derivatives have shown
extraordinary performance in membranes for the water purifi-
cation process.” In the class of 2D materials, GO and its
derivatives have been predominantly studied for the removal of
various contaminants.™***

MXenes have been introduced as a new class of 2D nano-
based materials that have originated from the family of transi-
tion metals carbides, carbonates, and nitrides, and they are
generally denoted by the formula M,,.,X, T, (n = 1, 2, and 3),
where M stands for the early transition metal group, X stands
for carbon or nitrogen, and T, stands for the attached surface
terminal groups (like -OH, -F or -O);"” the materials used to
build MXenes are shown in Fig. 1a. These MXenes are synthe-
sized by their respective MAX phases, which are denoted by the
general formula M,,AX,, where M represents a transition
metal, A is an A-group element (typically ITIA and IVA; e.g., Al, Si,
and Ga), X denotes C and/or N, and n ranges from 1 to 3. The
synthesis process entails the removal of the “A” atom from the
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middle layer using various methods. To date, close to 30 MX-
enes (including TizC,Ty, TiyCTy,'® Nb,C3T,," TizCNT,,>
Ta,CsT,,>* Nb,CT,,” V,CT,* and Nb,C;T,)** have been
successfully introduced. Among these titanium-based Mxenes,
Ti,CT, is the most compatible for environmental applications
due to its non-toxic nature and high abundance. In particular,
Ti;C,T, is the most extensively studied in the category of Mx-
enes.”” Moreover, two or more transition metals have been
established in Mxene composition and can have ordered or
disordered structures (e.g., Mo,Ti,C3,* (Vo5, Crgs5)3Cs, and
(Tig.5, NDbg5),C).2**” Additionally, MXenes containing nitrides
and carbonitrides have been examined in a few reports related
to electrochemical energy storage and biological applica-
tions.?®*® However, except for titanium carbonitride (Ti;CN), it
is difficult to synthesize nitride MXenes using selective acid etch
procedures, and this is a limiting factor for the extensive
investigation of nitride and carbonitride Mxenes in pollutant
removal applications.*

MXenes have been extensively researched for environmental
applications since their discovery in 2011. Early research (2013)
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(a) Elements used in MXene synthesis. Reprinted from ref. 31 with permission from the American Chemical Society, Chem. Mater.,

Copyright 2018. (b) Schematic of the exfoliation process in the synthesis of TizC,T, MXenes from the max phase. (c) Exfoliation process for
TizAlC,. Reprinted from ref. 53 with permission from Wiley, Adv. Mater., Copyright 2014.
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studies focused on heavy metal adsorption, while later studies
focused on developments in photocatalysis for pollutant
degradation (2017) and water filtering (2019). Mxenes are
attractive components for environmentally friendly remediation
technologies because of their remarkable conductivity, hydro-
philicity, and chemical stability.** Two-dimensional (2D)
nanomaterials exhibit confinement in the thickness dimension
at the atomic scale, while their lateral dimensions range from
tens of nanometres to several micrometres. Such properties of
MXenes permit their use in many processes, like designing
devices, spray coating, painting, and filtration.** In addition,
Mxene polymer and Mxene graphene composites have been
made to enhance the performance of the unaltered compo-
nents, which include the creation of conductive channels and
enhancing its overall stability.’***

Pristine MXenes and Mxene-based materials have a massive
effect in the fields of energy conservation and biological appli-
cations.**** Other emerging applications include electro-
catalysis, photocatalysis,*” reinforcement for composite mate-
rials,*® electromagnetic interference shielding,** gas and
biosensors,** and transparent conducting electrodes.* As
described, MXenes are synthesized from environment-friendly
and abundant elements like C, Ti, and N. Hence, their envi-
ronmental degradation results in nontoxic byproducts like CO,
gas, N, gas, and Ti. Accordingly, MXenes are very suitable for
applications related to environmental remediation.

This review article is centered on MXenes and Mxene-based
composite materials for aqueous media application, which
includes remediation of pollutants like heavy metals,**** dyes,*®
and radionuclides,” organic contaminants,”® and in water
purification membranes.* This review uniquely consolidates
the current knowledge on MXenes and Mxene-based materials
for the removal of emerging water contaminants, including
heavy metals, dyes, PFAS, pharmaceuticals, and micro-/nano-
plastics. Unlike previous reviews, it critically evaluates the
underlying removal mechanisms, material regeneration strate-
gies, and potential environmental and health risks associated
with MXenes and their degradation products. This review
highlights gaps in the large-scale production, toxicity assess-
ments, and the development of robust, recyclable Mxene-based
membranes, providing a roadmap for future research. By inte-
grating synthesis approaches, functional modifications, and
application-specific performance, this work aims to guide the
design of sustainable, next-generation water remediation
technologies.

2 Different techniques for the
synthesis of MXenes
2.1 Direct acid etching method

MXenes are synthesized by selectively etching the “A” group
element, where A is silicon or aluminum (Al), from their
respective MAX phase precursors at room temperature.*>* The
MAX phase most frequently used as a starting reactant for
synthesizing Ti;C,T, is TizAlC,. In this method, Al layers are
removed from Ti;AlC, using HF as the etchant. The MAX

© 2026 The Author(s). Published by the Royal Society of Chemistry
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powder is stirred in HF for several hours, after which the
mixture is washed with deionized water and centrifuged until
the pH reaches 4-6.°>* During etching, Al nanolayers are
replaced by terminal T, groups (-OH, =0, and -F), as shown in
Fig. 1b. Subsequent ultrasonic delamination yields graphite-
like thin sheet structures (Fig. 1c), comprising single or a few
layers of MXenes. MXenes prepared via HF etching can be
sensitive to highly acidic conditions, potentially leading to
aggregation or partial degradation. Washing and neutralization
after etching help stabilize the sheets, while mild acidic to
neutral pH conditions generally preserve the structural integ-
rity. Surface functionalization or embedding into polymeric/
ceramic matrices can further enhance the stability in more
acidic environments. The quality of MXenes depends on factors
such as the temperature, particle size of the MAX phase, HF
concentration, and etching time.>*

2.2 In situ acid etching method

Recently, numerous attempts have been made to replace the
hazardous HF and other fluoride-based salts by adopting
a process that utilizes lithium fluoride (LiF) and hydrochloric
acid (HCI) instead of HF. In this method, HF is formed in situ.
This method enhances MXene dispersion and biocompatibility,
while having a minimal impact on the environment.*>*® Li ions
increase the expansion of the interlayer space once the proce-
dure starts with the controlled loosening of the interlayer van
der Waals bonds inside the MXene frameworks. The capacity to
precisely modify MXene features like thickness, surface adapt-
ability, and intercalation is one of the main advantages of in situ
etching. In water treatment operations, the regulation of the
interlayer gap expansion improves accessibility to active sites
within layers, hence fostering effective interconnections with
targeted molecules or ions. Additionally, the introduction of
specific functional groups such as hydroxyl (-OH), carboxyl (-
COOH), and amino (-NH,) through in situ etching enhances
MXene's water treatment properties. These functional groups
improve surface wettability, selectively adsorb impurities, and
facilitate specific chemical reactions, making MXenes produced
by in situ etching highly suitable for pollutant removal and
water purification applications. A lower reaction rate during HF
etching is particularly advantageous, as it allows for a more
controlled removal of the A layers from MAX phases, preserving
the 2D layered structure and surface terminations. This control
yields MXenes with more uniform morphology, higher surface
area, and enhanced active sites, which are critical for adsorp-
tion and catalytic efficiency. Moreover, slower reactions reduce
exothermic hazards and uncontrolled gas evolution, enabling
safer, reproducible, and scalable production for practical water
treatment applications. The possibility of further improving the
MXene characteristics by adding additional chemicals and
minimizing handling or transfer steps ensures maximal expo-
sure of functional surfaces, further enhancing interactions with
environmental pollutants. Different MXene synthesis pathways
are shown in Fig. 2, together with the associated surface
morphology, interlayer spacing, and surface functionality, as
established by various optimization methods. The morphology
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Synthesis of Ti,C,T, MXenes
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Fig. 2 Synthesis methods of delaminated MXenes utilizing direct HF and in situ HF techniques. Reprinted from ref. 52 with permission from the

American Chemical Society, Nano, Copyright 2017.

of different MXenes visualized using scanning electron
microscopy (SEM) is depicted in Fig. 3.

2.3 Other methods

Alkali etching and electrochemical etching are two feasible
alternative techniques for the synthesis of MXenes without
using fluorides. These methods improve the sustainability and
adaptability of MXene fabrication methods by expanding the
possibilities for MXene manufacturing and reducing concerns
about the use of fluoride.”” The top-down (i) hydrothermal, (ii)

molten salt, and (iii) electrochemical etching approaches, as
well as the bottom-up (iv) vapor deposition etching (CVD) and
atomic layer deposition (ALD) routes for the synthesis of MX-
enes, are schematically represented in Fig. 4. A safe and efficient
substitute for HF vapor in the preparation of MXenes is the
hydrothermal approach.’® In this process, Ti;C,T, is initially
treated in an alkaline solution, which expands the interlayer
spacing and introduces hydroxyl (-OH) groups on the MXene
surface, improving hydrophilicity. The aluminum layer is then
hydrothermally treated with sulfuric acid, which removes

Fig. 3 SEM images for different MXenes: (A) and (B) TizAlC, particle before and after (TizC,T,) HF treatment, (C) Ti,AlC after HF treatment, (D)
Ta4AlCs after HF treatment, (E) TiNDAIC after HF treatment, and (F) TizAICN after HF treatment. Reprinted from ref. 21 with permission from the

American Chemical Society, Nano, Copyright 2012.
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Fig. 4 Schematic of the top-down and bottom-up synthesis approaches for MXenes: (A) hydrothermal treatment, (B) CVD, (C) molten salt
etching, and (D) electrochemical treatment. Reprinted from ref. 58 with permission from MDPI, Molecules, Copyright 2022.

residual metal species and partially protonates the surface,
resulting in structurally stable and well-functionalized MXene
sheets. This two-step hydrothermal method differs from dedi-
cated alkali etching using NaOH, as it allows for a more
controlled exfoliation, uniform surface functionalization, and
enhanced dispersibility, all of which contribute to improved
lattice characteristics, more complete aluminum removal, and
superior pollutant adsorption capabilities. To create new MAX
phases, element substitution in molten salts has also been
employed.>*® To avoid the hazards associated with HF vapor,
a hydrothermal method has been developed as a safer and more
efficient pathway for MXene synthesis.®>* Utilizing inorganic
alkalis like NaOH, the alkali etching technique removes
aluminum from its initial MAX phase.®® For example, an alkali-
assisted hydrothermal etching method was used to create tita-
nium carbide MXenes with a purity of 92% by weight.** In order
to stop oxidation, the MAX phase is treated in an argon envi-
ronment while in an aqueous solution of NaOH. It is beneficial
to dissolve aluminum hydroxides and oxides at higher alkali
concentrations and temperatures. Electrochemical etching is
another fluoride-free technique that isolates certain nano-
laminate components, like carbon produced from carbide.*
This strategy minimizes the etchants’ negative effects by
decreasing the reliance on them for MXene synthesis. Because
there are no fluorine-based etchants or only a small amount of
them, the resulting exfoliated MXenes are fluorine-free. High-
quality, flawless 2D MXenes can be produced using the

© 2026 The Author(s). Published by the Royal Society of Chemistry

bottom-up technique, including atomic layer deposition ALD
and CVD.*® Electrochemical etching is another fluoride-free
technique that specifically removes the nanolaminate. When
creating 2D sheets from metal carbides, these fluorine-free
methods provide versatility in terms of the number of layers.
This technique is safe for the environment and can prepare
MXenes like Mo,C.*® All things considered, these different
approaches to synthesizing MXenes not only increase the
compounds' potential and uses, but also solve the safety and
environmental issues related to conventional fluoride-based
etching techniques. Overall, fluoride-free synthesis routes—
such as alkali etching, hydrothermal processing, molten-salt
methods, electrochemical etching, and bottom-up ALD/CVD
growth—offer safer and more sustainable alternatives to
conventional HF-based MXene fabrication. These methods
enable effective A-layer removal, improved structural control,
and the production of fluorine-free or high-purity MXenes that
are suitable for environmental applications. Together, they
expand the versatility of MXene synthesis, while addressing
major safety and environmental concerns.

3 MXenes for water purification

There is increasing interest in exploring MXenes and its deriv-
atives in water treatment because of its remarkable properties.
MXenes also possess extraordinary reductive, antibacterial, and
adsorptive properties, high hydrophilicity, and electronic
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conductivity. As MXenes show generous sorption selectivity and
reduction capability, it can be used in many water purification
techniques. Generally, Ti;C,T, and related composites are
widely used in water treatment for removing heavy metals,
radionuclides, and dyes. In water treatment, adsorption is
mainly used for the remediation of pollutants because of the
benefits of easy operation, low cost, regeneration capability of
adsorbents, less sample destruction, and abundant availability
of adsorbents.®®®” Different nanomaterials, including carbon
nanotubes,®® graphene-based materials,* metal oxides,” and
dendrimers,” are broadly used as adsorbents for the remedia-
tion of water pollutants. MXenes have been successfully utilized
in capacitive deionization (CDI), membranes, and photo-
catalysts, as well as in electrosorption and adsorption-based
platforms for water purification. Their high surface area,
tunable interlayer spacing, and abundant surface functional
groups enable the efficient capture of ions, heavy metals, dyes,
and other contaminants, highlighting their versatility as both
functional components in devices and standalone adsorptive
materials.”>7®

3.1 Remediation of heavy metals and radionuclides via
MXene adsorbents

Chemical industries have contributed significantly to heavy
metal pollution in ecosystems.”” Heavy metals generally have
atomic weights ranging from 63 to 201 and a density of more
than 5 g cm™>.”® They accumulate in living organisms, as most
heavy metals are not biodegradable.” The contamination of
water bodies with heavy metals (e.g., zinc, mercury, nickel,
copper, cadmium, lead, and chromium) disrupts aquatic
ecosystems and constitutes a pressing global environmental
issue.**®* MXenes have demonstrated potential in the remedi-
ation of heavy metals via adsorption.** The interlayer separation
(<2 A) in MXenes plays an essential role as the heavy metal ions
(<4.5 A) are confined between these voids. Furthermore, the
surface functional groups of MXenes are responsible for
enhancing efficient adsorption capability. Popularly, titanium-
based MXenes (TizC,T,) have been used to effectively adsorb
different concentrations of metal ions.*>*** Fard et al. reported
on the preparation of Ti;C,T, nanosheets using the exfoliation
method.*® These nanosheets were used to adsorb Ba(u) ions
from aqueous solutions with better uptake capacity. Approxi-
mately 90% of ions were adsorbed within 10 min by Ti;C,T,
nanosheets. By keeping the Ba(u) ion dosage at 100 mg and
using a starting concentration of 55 ppm, the adsorption
capacity of Ti;C,T, was observed to be 9.3 mg g~'. The presence
of other counterions did not interfere much with the adsorption
process, which involves both physisorption (on the MXene's
surface) and chemisorption (because of the functionalities
present on the MXene's surface). This led to the sorption of
Ba(u) ions on the TizC,T, nanosheets. Xiaofang Feng et al
experimented with titanium carbide as a 2D adsorbent alk-
MXene/LDH (layer double hydroxide) to remediate Ni**.*”
Owing to its distinctive sheet-like structure, the functional
groups and desirable binding sites of alk-MXene/LDH provide
a superior adsorbent for eliminating these ions in aqueous

1208 | RSC Sustainability, 2026, 4, 1203-1229
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media. The sorption capability of the adsorbent was 222.7 mg
g~ for Ni**. The efficiency of the removal of Ni*" was 97.35% at
a wide range of pH environments (from 5 to 13), as shown in
Fig. 5. This adsorbent exhibits excellent reproducibility after
eight successive adsorption-desorption cycles. Xuefeng Sha
et al. reported on the synthesis of MXenes-based bismuth oxide
(MXenes-PDA BigO-) through mussel-inspired chemistry that is
based on the formation of dopamine to form polydopamine
(PDA) layers via self-polymerization on MXenes for the
successful confinement of BigO, particles.®® This composite was
used to eliminate iodide ions by the sorption phenomenon. The
sorption capacity was 64.65 mg g~ ', which is higher than that of
pristine MXenes under the same experimental conditions. Defu
Gana et al reported on MXenes-related polymeric nano-
composites (Ti;C,T,-PDOPA).* The resultant TizC,T,-PDOPA
composites were utilized as an efficient adsorbent for the
remediation of Cu®’, exhibiting a sufficient sorption capacity of
65.13 mg g~ ', compared to raw MXenes.

Lelin Hea et al.*® used zero-valent iron particles to prepare
nanocomposite MXenes. To investigate the removal of Cr(vi),
a nanoscale component was introduced into the interlayer
spacing of alkaline-intercalated Ti;C, (alk-Ti;C,). The absorp-
tion capacity of Cr(vi) (194.87 mg g ' at pH = 2) may be
enhanced by the longer interlayer space of alk-Tiz;C, and the
increased active sites of nZVI. Even with the presence of other
coexisting cations, the extremely effective removal of Cr(vi) was
maintained, demonstrating significant promise for actual
environmental cleanup. The mechanistic analysis revealed that
the synergistic impacts of the two nanosheets are the key to
removing Cr(vi) from nZVI-alk-Ti;C, composites. Shahzad et al.
synthesized a highly magnetic titanium carbide (TizC,Ty)
MXene composite (MGMX) through a simple hydrothermal
method, and used it for the elimination of mercuric ions (Hg(1))
in the aqueous phase via adsorption.” The MGMX nano-
composite demonstrated excellent removal of Hg(u) under
various pH conditions. A remarkable adsorption capacity was
observed, i.e., 1128.41 mg g~ for Hg(n). Faisal et al. synthesized
a d-MnO,/MXene in situ hybrid (IH) composite using the
hydrothermal method for the remediation of Cr(vi) via the
adsorption process at various pH values.®> The highest obtained
sorption capacity was 353.87 mg g '. Yongjun Tian et al”
prepared 2D alk-MXene (Ti;C,(OH/ONa),F,_,) for the large-
scale adsorption of Pb(u). The layered structure of this MXene
composite exhibits a highly active site (Ti-OH), which subse-
quently offers significant potential in the remediation of Pb(u)
from aqueous media. The high adsorption capacity of 140 mg
g ' is achieved even with other ions like Ca(u)/Mg(n) in high
amounts. The adsorption equilibrium is attained quickly in
a time period of only 120 seconds.

Nuclear power plays an essential role as traditional fossil fuel
resources are getting depleted. It is considered to be carbon-free
as it does not emit any greenhouse gases; however, radionu-
clides (having high mobility and long half-lives) like uranium
(235 and 238), thorium (232), barium (133, 140), cesium (137),
and strontium (90) are being liberated into the environment
due to the substantial utilization of nuclear energy and opera-
tion of nuclear powerplants.”® The rapid growth of industries

© 2026 The Author(s). Published by the Royal Society of Chemistry
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related to nuclear power has resulted in environmental pollu-
tion because of the emission of nuclear waste. This critical
situation has gained significant attention as it is associated with
adverse environmental effects.”® Adsorption is the most
common and effective technique for the remediation of
contaminants from nuclear debris, among other techniques.
MXenes have distinct qualities and have emerged as cutting-
edge adsorbents for the remediation of different radionuclides
like uranium, palladium, europium, cesium, and thorium.***>
Hydroxylated vanadium carbide MXene (V,C(OH),) nanosheets
have conclusively shown the elimination of uranium ions
[UO,(H,0),]*" experimentally and theoretically as well. Accord-
ing to the experimental procedure, MXene V,C(OH), provides
a high sorption capacity (i.e., 174 mg g ) for uranium.*®*
Furthermore, MXenes remove polluted water from radionu-
clides like cesium ions (Cs'). MXenes like Ti;C,T, have shown
a sorption capability of 25.4 mg ¢~ and attained equilibrium
within sixty seconds. The removal efficiency is quite effective for
up to 5 cycles, as shown in Fig. 6. The sorption capacity is
high due to the existence of functional groups (i.e., fluorine
groups, oxygen, and hydroxyl) and the structure of MXenes.
Other studies have recorded an adsorption capacity of 148 mg
g~ " for Cs* by MXenes (Ti;C,T,).?* Another study showed the
remediation of Cs" from wastewater utilizing composite nano-
materials. Asif Shahzad et al'' synthesized titanium-based
MXenes integrated with Prussian blue aerogel spheres (PBMX

© 2026 The Author(s). Published by the Royal Society of Chemistry

sphere). These spherical structures have high porosity and
unique structures with enriched oxygen-containing functional
groups. The PBMX sphere effectively removes Cs* from waste-
water under all conditions, including neutral, acidic (1 M HCI),
and basic (pH 11) conditions. These nanocomposites have
a sorption capacity of 315.91 mg g~ ' for Cs", the highest value
reported for such identical adsorbents. Another study reported
the removal of Ba*" and strontium (Sr**) by Ti;C,T, from
wastewater. Electrostatic attraction, ion exchange, and inner-
sphere complex production are responsible for the adsorption
of Ba®" and Sr** at different pH values onto the MXenes when
other ions are also present in the media (like NaCl and CaCl,).”
The adsorption capacity exhibited by the MXenes was excellent
(180 mg g~ " and 225 mg g ' for Ba®>" and Sr**, respectively).
Moreover, the MXenes could be reused for up to four cycles.
High sorption capacity and selectivity for the adsorption of
thorium Th(vi) ions were demonstrated by the hydrated MXenes
compared to its dry counterpart.*®* Hydrothermal oxidation and
alkalization techniques for the synthesis of MXenes were used
to prepare hierarchical titanate nanostructures (HTNs). Fig. 7
shows the efficient uptake of Eu(m) ions by the MXenes-based
nanostructures (HTNs) with excellent adsorption capacities
(more than 200 mg g~ '). Immobilization was demonstrated by
the exchanged Eu(m) ions, as the ions were restricted in the
layers of the MXenes.*” MXenes effectively adsorbed Pd(u) with
a high sorption capacity of 184.56 mg g~ '.»*® A reported study

RSC Sustainability, 2026, 4,1203-1229 | 1209
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Fig. 6 (A) Effect of competitive ions on Cs* adsorption. (B) Reusability of TisC,T,, for Cs* adsorption. Reprinted from ref. 100 with permission
from the Royal Society of Chemistry, Dalton Trans., Copyright 2019.

showed the experimental sorption capacity of 160 mg g~ " of
uranium U(v) using a hydration intercalation process that
includes DMSO.' Intercalated Ti;C,T, shows an adsorption
capacity that is five times higher than that for the dry Ti;C,T,.
The interlayer space has a major impact on U(v) adsorption, as
the enlargement of the interlayer space can directly enhance the
adsorption phenomenon. Some reports have observed the

adsorption of U(vi) via reduction of U(vi) to U(wv). The observed
sorption capacity was 470 mg g .** Zhao et al. synthesized
a porous structured MXene gel initiated via calcium ions (3D
MXene-Ca) for the adsorption of U(vi) ions in water with the
highest sorption capacity of 823.6 mg g *.» Shi et al. synthe-
sized iron nanoparticles on alkaline MXene nanoflakes (nZv1/
alkTi;C,T,) by an in situ growth method for the removal and
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Fig. 7 Eu(n) removal by MXene-based Na-HTNs and K-HTNs as a function of (A) contact time, (B) pH, (C) ionic strength, and (D) equilibrium
concentration. Reprinted from ref. 93 with permission from the Royal Society of Chemistry, Environ. Sci.: Nano, Copyright 2020.
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reduction of U(vi) from the water with an adsorption capability
of 1315 mg g ".'* MXenes and their composites are highly
effective adsorbents for water purification due to their high
surface functionality, tunable interlayer spacing, and strong
reductive/adsorptive properties. They efficiently remove heavy
metals (e.g., Pb**, Hg”*, and Cr(v1)) and radionuclides (e.g., U,
Cs, Sr, and Eu) with fast kinetics, high capacity, and excellent
reusability. MXene-based composites further enhance adsorp-
tion through synergistic effects, structural expansion, and
additional active sites, making them promising candidates for
practical and scalable water treatment applications.

3.2 Removal/degradation of dyes via MXene adsorbents

Dye pollution hazards have significantly increased in recent
years as dyes are one of the most consumed chemicals in the
textile industry. The consumption is about ten thousand tonnes
annually, out of which approximately 100 tonnes are discharged
into wastewater.'”” The adsorption method is one of the most
promising approaches to remove dyes as it is a fast, safe, low
cost, and efficient method.'*®'*® Materials related to MXenes
have shown excellent potential for the elimination of dyes.
Many dyes, including methyl orange (MO),"** methyl blue
(MB),"*? rhodamine B (RhB),"** neutral red (NR),"** acid blue 80
(AB80),"** and safranine T (ST),"**'** were remediated by MX-
enes and MXene-based nanomaterials. Reports have also shown
enhanced degradation when the adsorption was performed
under illumination with UV light. Adsorption of MB was per-
formed by Zheng Wei et al.'*® using different hot alkaline-
treated MXenes like NaOH-Ti;C,T,, LiOH-Ti;C,T,, and KOH-
Ti;C,T,. Out of these different MXenes, NaOH-Ti;C,T, showed
an outstanding sorption capacity of 189 mg g~ for MB. A 29%
expansion in the interlayer was observed with LiOH by altering
the surface functionality. The surface area enhancement
increased the efficiency and capacity uptake of NaOH-Ti;C,T,
in comparison to those of the pristine MXenes, as shown in
Fig. 8. The etching method for producing MXenes is a crucial
factor in enhancing the adsorption of dyes. Ti;C, is prepared
using both hydrothermal and HF etching methods. The
adsorption observed for MB using MXenes prepared via the
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hydrothermal method was more rapid and efficient than that of
the conventionally etched MXenes. In the case of MO, which
was not practically adsorbed by MXenes prepared by either
hydrothermal or HF etching methods,111 this limitation is
attributed to weak electrostatic interactions and the absence of
suitable active sites for anionic dye capture. To overcome such
inherent limitations, Chong Cai et al.*"” synthesized a MXene-
based phytic acid (PA-MXene) composite via a hydrothermal
process, achieving significantly improved dye removal. In
comparison to the pristine MXenes, the PA-MXene composite
exhibited enhanced sorption characteristics toward dyes such
as MB and RhB, with its sorption capacity for MB remaining at
approximately 85% after 12 cycles, demonstrating strong
durability for wastewater applications. Yi Cui etal.™*® further
advanced this concept by creating magnetic MXene composites
(Ti3C,-MNPs) through a one-pot method, in which thermal
treatment anchored ~5 nm Fe;0, nanoparticles uniformly onto
the Ti;C, sheets. While pristine Ti;C,T, shows poor affinity for
MO, the incorporation of Fe;O, nanoparticles introduces new
catalytic active sites and facilitates electron-transfer pathways,
enabling the rapidly advanced oxidation of MO and other dyes.
As shown in Fig. 9, these Ti;C,-MNPs composites can catalyti-
cally degrade RhB, MO, MB, and Congo red (CR) through
synergistic adsorption-catalysis mechanisms, illustrating how
surface modification transforms MXenes from weak MO
adsorbents into highly effective catalytic platforms. Free radi-
cals, such as OH and O, , are essential to the degradation
process. For RB, MO, CR, and MB, the absolute degradation
times were 7 min, 12 min, 7 min, and 6 min, respectively. The
catalytic degradation results illustrated that Ti;C,-MNPs had
high degradation efficiency toward these organic dyes. TizC,-
MNPs maintained satisfying performance after cyclic use,
indicating that Ti;C,-MNPs are a favorable contender for
adsorption. Yuan et al.** synthesized an efficient adsorbent
(TizC,-SO3H) using sulfanilic acid for modification of the
surface. The above adsorbent can remove MB from the aqueous
media. The results showed an efficient sorption capacity of
111.11 mg g in comparison to that for raw MXene (21.10 mg
¢~ "). Surface functionalization with sulfanilic groups was found
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(a) Plot of the MB removal rate vs. time for different absorbents. (b) Adsorption isotherms of MB on TizC,T,, LIOH-TizC,T,, NaOH-TizC, T,

and KOH-TizC,T,. Reprinted from ref. 116 with permission from Elsevier, Mater. Chem. Phys., Copyright 2018.
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Reprinted from ref. 95 with permission from the American Chemical Society, Environ. Sci. Technol., Copyright 2018.

to be beneficial in improving the uptake capacity of Ti;C, for the
adsorption of MB, owing to the electrostatic interaction
between the adsorbent and cationic dye in an alkaline
surrounding.

The adsorption efficiency can be increased by incorporating
nanomaterials on the MXene surface. Byung et al."* incorpo-
rated a metal-organic framework (MOF) on the MXene surface
and enhanced the adsorption capacity. These MXenes were
used to adsorb MB and AB80. The surface areas recorded for the
MXenes and MOF were 9 m” g~ " and 630 m” g~ ', respectively.
These MXene composites showed excellent performance and
attained a sorption capacity of 140 mg g~ for MB and 200 mg
g~ ' for AB80. MOF can capture MB due to electrostatic inter-
actions. The studies also defined the high selectivity of MXenes
and the high adsorption capacity of MOF. MXenes and MXene-
based composites are highly effective for the removal and
degradation of dyes from wastewater due to their large surface
area, tunable interlayer spacing, and abundant functional
groups. Surface modifications and hybridization with materials
like MOFs, phytic acid, or magnetic nanoparticles significantly
enhance the adsorption capacity and degradation efficiency,
while maintaining reusability over multiple cycles. These
properties make MXenes promising candidates for rapid,
selective, and sustainable dye remediation in water treatment
applications.

3.3 Remediation of per-and poly-fluoroalkyl substances
(PFAS) (emerging contaminant)

Per- and polyfluoroalkyl substances, or PFAS, represent a class
of organofluorine compounds from anthropogenic sources.
These synthetic chemicals comprise a polar head group and
a non-polar tail, with fluorine-carbon (F-C) bonds, which make
them difficult to break down."***> Due to their unique struc-
ture, PFAS are remarkably chemically and thermally stable,
which makes them popular in a broad range of products and
applications. Although PFAS are used in specific applications
like military operations, water-resistant clothing, and stain-
resistant coatings, their primary use has been in household

1212 | RSC Sustainability, 2026, 4, 1203-1229

product manufacturing, such as nonstick cookware.'***** The
growing use of PFAS has caused them to be easily released into
ecosystems, where they accumulate, leading to the contamina-
tion of water systems. Furthermore, clear evidence shows that
human exposure to PFAS can lead to hormonal imbalances,
weakened immune function, weight gain, higher cholesterol
levels, and an increased risk of cancer.’” Recent reports have
highlighted the concentration of PFAS in the body and its toxic
properties.**® Despite efforts to phase them out, PFAS have been
detected throughout the 50 states in the US. Moreover, PFAS
have been identified in numerous environments and 97% of
analyzed human blood samples, underscoring their pervasive
presence.***

MXenes exhibit excellent physicochemical properties,
making them outstanding materials for the removal of PFAS
from wastewater systems. Moreover, it can be used in various
configurations and forms, such as an addition to hollow fiber
membranes, as demonstrated by Le et al.'' Scientists used
a modified MXene thin-film nanocomposite, which is the base
of the MXene-polyamide selective layer. The materials were
prepared through an interfacial polymerization method that
includes trimethyl chloride, along with a combination of
piperazine and MXene nanosheets (see Fig. 10a). The presence
of MXene allowed for tuning the selective layer's morphology
and negative surface charge, enabling a 96% PFAS removal
efficiency. Additionally, MXenes increased the water perme-
ability by providing various mechanisms of transport for ions
and PFAS particles, as well as influencing the physicochemical
features of the PA layers, thereby optimizing the balance
between permeability and rejection.

MXene-enhanced membranes are effectively used in
electrosorption processes, which further enhance the efficiency
of PFAS removal from water systems in electrocatalytic
membranes. An example of this complex system is presented in
the research by Ma et al'” Scientists utilized the superior
electrical conductivity, adjustable surface properties, and large
surface area of MXenes to remove perfluorocarboxylic acids
(PFCAs), including perfluorobutanoic acid (PFBA) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Production of fiber membranes through interfacial polymerization with MXenes, as a catalyst, and without them. Schematic of the

hollow fiber and the process of removal of PFAS. Reprinted from ref. 121 with permission from the American Chemical Society, Appl. Mater.
Interfaces, Copyright 2022. (b) Scheme of the process with the removal of PFAS with membranes containing MXenes. (c) Efficiency of different
types of zwitterionic PFAS (fluorotelomer sulfonamidopropyl betaines and fluorotelomer betaines, known as FTAB and FTB, respectively)
decomposition within the adsorbent media of three kinds of resins (typical, nonionic, and PFAS-specific), and TizC, MXenes. (d) Efficiency of
adsorbent regeneration. (e) Degradation of the summed zwitterionic PFAS, including FTAB and FTB, after 36 hours of UV/sulfite process. (f)
Byproducts formed during the UV/sulfite process with FTAB and FTB solutions. Reprinted from ref. 123 with permission from American Chemical

Society, Environ. Sci. Technol., Copyright 2022.

perfluorooctanoic acid (PFOA). The PFAS rejection process
involved three MXene variants, each terminating with oxygen,
fluorine, or chlorine atoms, and analyzed their electrosorption,
desorption, and oxidation characteristics. The study revealed
that MXene with an -O functional group on its surface achieved
an adsorption capacity of 215.9 mg g ', notably higher than
MXenes containing -F and —Cl terminations. The same O-rich
MXene also exhibited an oxidation rate constant of 3.9 x
10~% min ! for PFOA, and more than 99% of PFCAs were
decomposed within 3 h under an applied potential of +6 V in
0.1 M Na,SO,. Interestingly, PFOA degraded more rapidly than
PFBA by approximately 20%, highlighting the selective

© 2026 The Author(s). Published by the Royal Society of Chemistry

advantage of O-terminated surfaces. The electrosorption
strategy was also explored by Shrestha et al,"”® who enabled
reversible PFAS adsorption-desorption cycles by integrating
MXenes with poly(3,4-ethylene dioxythiophene) polystyrene
sulfonate (PEDOT). These MXene-PEDOT membranes exhibited
significantly increased surface area and pore volume, leading to
a four-fold enhancement in the volumetric capacitance and
stable cycling performance. A further advancement was
demonstrated by Zhao et al.,"*® who introduced a highly porous
polyaniline-MXene film that nearly doubled the electrosorption
capacitance. The MXene film itself achieved a maximum PFOA
capacity of 358.5 mg g ' under +1.0 V, while the MXene-
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polyaniline composite reached a capacity of 966.1 mg g .
Importantly, the higher PFOA uptake reported by Zhao et al.
relative to the O-terminated MXene of Ma et al. arises from
differences in the film morphology and electroactive surface
accessibility, rather than contradictory performance. Ma et al.
employed densely stacked O-terminated sheets with restricted
interlayer diffusion, whereas Zhao et al. engineered a free-
standing, highly porous MXene film with enlarged gallery
spacing and mixed terminations. Under an applied potential,
this architecture generated stronger electric double-layer fields
and exposed a significantly larger number of electroactive sites,
enabling a ~66% higher adsorption capacity despite similar
intrinsic Ti;C,T, chemistry. Another method employed by Ye
et al.™ involved using reductive processes with highly reactive
reducing species to break down C-F bonds in PFOS. Reactive
reducing species were effectively generated by the activity of
heterogeneous catalysts, such as oxidized vanadium carbide
(V,C) MXene nanosheets. The process was also supported
through the presence of hydrogen peroxide (H,0,). A degrada-
tion efficiency of 96% was achieved for PFOS (initial concen-
tration: 50 pg L") after 4 hours in the presence of 0.15 mg mL "
V,C MXene and 14.7 mM H,0,. It was better than for the
process prepared with only V,C (62% removal) or H,0, alone
(no removal). Near complete defluorination of PFOS (105% =+
23%) was observed after 4 hours within the V,C and H,0,
process. This was followed by the formation and subsequent
decomposition of a short-chain degradation product such as
trifluoroacetic acid. The solvated electrons contributed to the
fast defluorination of PFOS, which was adsorbed onto the V,C
MXene surface. Yang et al*®* prepared mixed-dimensional
MXene composite membranes, which were characterized by
excellent permeability and selectivity. The membranes owed
their excellent properties to the intercalation of 1D carboxylated
cellulose nanofibers (CNFs) into 2D lamellar MXene nano-
sheets, and exhibited distinct rejection rates of over 95% for
PFAS. Moreover, scientists noticed nearly an eightfold increase
in permeance compared to a commercial polyamide
membrane. These excellent results were achieved because of the
strong hydrogen bonding interactions created during the
intercalating process, which oriented the nanochannels into
stable lamellar structures. These structures play a crucial role in
the highly efficient permeance and molecular separation.
Finally, Dixit et al.*** compared the efficiency of MXenes in the
removal of zwitterionic PFAS with that of anionic, nonionic, and
PFAS-specific resins. The scheme of the process is presented in
Fig. 10b. The obtained results showed that Ti;C, MXenes were
the most effective adsorbent. They achieved over 80% efficiency
for all zwitterionic PFAS species within similar experimental
parameters. This was compared to the tested ion exchange
resins, as presented in Fig. 10c. Additionally, MXenes were the
most effective medium for capturing dangerous solutions.
Simultaneously, Ti;C, MXene demonstrated high regeneration
efficacy, which varied depending on the regenerating agent
used, as shown in Fig. 1d. Scientists noted that Na,SO; was the
leading agent for regeneration, achieving approximately 90%
recovery of zwitterionic PFAS, as shown in Fig. 10d. The scien-
tists also investigated the formation of byproducts in
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a subsequent UV-sulfite experiment. The total amount of zwit-
terionic PFAS was decreased by approximately 65% after 6 hours
(~30J em™?), by 95% after 12 hours (~60 ] cm™~?), and by more
than 99.9% after 36 hours (~180 ] cm 2, see Fig. 12e).
Furthermore, scientists did not observe any perfluoroalkyl
carboxylates. However, they identified nine post-products of the
process. All of them were formed from the UV-sulfite process of
the main zwitterionic PFAS (Fig. 12f). MXenes are highly effec-
tive for the removal and degradation of PFAS due to their large
surface area, tunable interlayer spacing, high conductivity, and
functionalizable surfaces. They have been successfully applied
in MXene-enhanced membranes, electrosorption systems,
polyaniline/MXene composites, and reductive catalytic
processes, achieving high removal efficiencies (>95%) and fast
kinetics. Functionalization and hybridization improve the
selectivity, adsorption capacity, and reusability, making MX-
enes a versatile and promising platform for mitigating
emerging PFAS contamination in water systems.

3.4 Removal of micro- and nano-plastics (emerging
contaminant)

Micro- and nanoplastics (NP) are the most prevalent global
pollutants due to the excellent ductility and portability of plastic
products. Human activities have generated 8.3 billion tons of
plastic waste, accounting for 80% of all plastic waste. If plastic
waste is not thrown away correctly, it turns into microplastics
over time due to environmental conditions and microorgan-
isms. By 2050, humanity will generate about 12 billion tons of
plastic waste that will not be recycled and will pose a threat to
ecosystems.™**

Nanoplastics are a newly recognized contaminant that is
widely studied in recent research. Due to their small particle
size, they can penetrate cell membranes and accumulate within
tissues and organs. Moreover, nanoparticles can cross biolog-
ical barriers, ultimately impacting the behavior and metabolism
of organisms. Additionally, the materials are excellent
adsorbers for organic pollutants and heavy metal ions in
aquatic environments. The materials are then transferred to
other ecosystems through the food chain, impacting organisms
at higher trophic levels and potentially affecting human health.
However, research shows that more than 95% of microplastics
can be removed from water in wastewater treatment plants.
However, this is a costly and demanding process that requires
the use of appropriate materials. One such material is MXene,
which is used as an additive in electro-membranes to enhance
the efficiency of the removal process. An innovative solution for
removing nanoplastics from water was tested by Ouda et al.***
The scientists employed electro-membrane filtration to remove
polystyrene (PS) and polymethyl methacrylate (PMMA) at
different pH levels from 5 to 9. The application of voltage
resulted in an increase in the degradation to 36.9% and 29.5%
for PS and PMMA, respectively. Additionally, rejection rates of
up to 95.4% for PS and 97% for PMMA were achieved. The
degradation efficiency of PFAS was found to be strongly
dependent on pH, with varying responses observed among
different PFAS species. The alkaline conditions enhance the
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removal of PS, while acidic conditions are more favorable for
PMMA. Yang et al.*** also utilized a membrane system to remove
PFAS from wastewater systems. For this purpose, scientists
etched Co;0, nanoparticles embedded within holey Ti;C,T,
MXene (Fig. 11a-d). Finally, simple vacuum filtration was used
for polymeric membranes as a supporting matrix for the fast
degradation of microplastics from pollutants. The prepared
system was tested by utilizing fluorescent polystyrene micro-
spheres of various sizes. The membranes showed exceptionally
high microplastic removal rates, reaching more than 99.3%.
Adding MXenes to the membranes allowed for greater water
flow. This also helped maintain the high microplastic removal
efficiency due to the physicochemical stability of the
membranes. A novel approach to removing nanoplastics was
introduced by Urso et al,'*® who designed multifunctional
MXene-derived oxide microrobots. These microrobots can
capture nanoplastics “on-the-fly” in three-dimensional (3D)
space by quickly drawing them to their surfaces. This unique
capability allows them to form multilayer stacks for easy
magnetic collection. The process begins with the thermal
annealing of Ti;C,T, MXene to convert it into photocatalytic
multilayered TiO,. Then, a platinum (Pt) layer is added, along
with magnetic y-Fe,O3 nanoparticles. Finally, MXene-derived vy-
Fe,03/Pt/TiO, microrobots can move efficiently without fuel
when it is exposed to light irradiation due to their negative
photogravitaxis. Another method to remove microplastics from
wastewater is photocatalysis. This method is highly efficient
with environmentally friendly properties, such as the produc-
tion of hydrogen (H,). Cao et al.*** prepared MXene/Zn,Cd; ,S
composites with integrated photocatalytic properties for H,
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evolution and the simultaneous removal of polyethylene tere-
phthalate (Fig. 11e). The obtained composites showed brilliant
photocatalytic performance and H, evolution rate (14.17 mmol
¢~ " in alkaline PET solution). Furthermore, polyethylene tere-
phthalate was converted into useful organic micromolecules,
especially glycolate, ethanol, etc. The high efficiency of the
materials is caused by their improved ability to separate pho-
tocarriers and their optimized band structure. To achieve
higher efficiency in PFAS decomposition, MXenes were added to
various materials to obtain novel composites. Yang et al.*** used
a hydrothermal method to prepare Ti-based MOF catalysts with
abundant Ti-O, bonds and graphitic carbon with a porous
structure. The O-Ti-O species and graphitic carbon facilitated
the application of materials in photosensitive and catalytic
processes. Scientists used composites in the sonication process
and noted that ultrasound effectively removed microplastics.
The obtained results show over 75% removal of micro-
polyethylene after 4 hours of the sonocatalytic process. MX-
enes and MXene-based composites are highly effective in
removing micro- and nano-plastics due to their large surface
area, tunable interlayer spacing, and excellent physicochemical
stability. They have been successfully applied in electro-
membrane systems, photocatalytic composites, and MXene-
derived microrobots, achieving high removal -efficiencies
(>95%) and enabling simultaneous degradation or trans-
formation of plastics into useful byproducts. Functionalization,
hybridization, and integration with magnetic or catalytic
components further enhance the removal efficiency, scalability,
and reusability, making MXenes a promising solution for
emerging plastic pollutants in water systems.

a
— —
Plastic waste Microplastics Nanoplastics
b c

Nanoplastics’ trapping by microrobots

Electrochemical detection

wastowater After the filtration

Remove microplastics from wastewater

: g agricultural
<
-

A ’
,, ® formate, ?
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methanol,
Y
\ food
PET processing

acetate, etc

Fig. 11 Scheme of the (a) formation of micro- and nano-plastics from plastic waste fragments in water. (b) Microrobots removing nanoplastics
from water by trapping them onto their surfaces. (c) Nanoplastic detection by microrobots using electrochemical impedance spectroscopy. (d)
Microplastic removal using membranes containing MXene flakes. Reprinted from ref. 131 with permission from Elsevier, J. Colloid Interface Sci.,
Copyright 2022. (e) Removal of micro- and nano-plastics via the photocatalysis process. Reprinted from ref. 132 with permission from Elsevier,

Chem. Eng. J., Copyright 2024.
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3.5 Pharmaceuticals removal

MXenes have a high surface area, electrical conductivity, and
adjustable surface functionalities, and they can absorb and
break down pharmaceutical waste.'****” The primary purpose of
the Ti;C,T, nanosheet-based hybrid photocatalyst was to elim-
inate carbamazepine, an antiepileptic medication that typically
finds its way into water bodies and harms aquatic ecosystems.***
By creating a heterostructure with Schottky connections that
permitted controlled oxidation under UV light, carbamazepine
was successfully broken down. It worked very well for the
process at low pH levels (between 3 and 5). Other environmental
factors, in addition to material ones, may improve MXene's
degradation function.”® In another study, Ti;C, has been
shown to break down the antiepileptic medication carbamaze-
pine effectively in the presence of visible light, indicating that it
may be useful in treating drug-contaminated water."** An
additional typical medicine that is detected in water supplies is
the anti-inflammatory medication diclofenac. Using a single-
step chemical co-precipitation method, magnetic Ti;C,T, was
synthesized for the photocatalytic degradation of diclofenac in
a UV/chlorine system. The outstanding first-order rate constant
for the UV/chlorine process, which is superior to those of the
traditional UV and UV/H,0, techniques, is the result of the
created active radicals.”®® To further improve their photo-
catalytic degradation effectiveness, MXenes have been coupled
synergistically with a variety of materials, such as graphene,
MOFs, polymers including cellulose and chitosan, and carbon
nanotubes.™® By utilizing the complementary qualities of the
added materials with the special qualities of MXenes, these
composite systems open new possibilities for environmental
remediation and photocatalysis technologies. Creating an
oxidation method employing MXene nanosheets to produce
intercalated TiO, in graphene oxide-based nanofiltration
membranes is one of the most remarkable examples. The
composite of TizC, with graphitic carbon nitride (g-C;N,) and
TiO, is another notable example of MXene synergy.'*® These
constituents demonstrated mutually reinforcing effects and
robust interactions, culminating in the amplified absorption of
visible light and expedited separation of photo-generated
carriers, hence augmenting the rate of photocatalytic destruc-
tion. The high photocatalytic degradation efficiency in MXene-
based photocatalysts can only be achieved by improved charge
separation and reduced recombination, which makes them
a viable option for purifying water. MXene/ZnO composites
were found to have considerably increased photocatalytic
activity under visible light compared to ZnO alone in another
work.™" This was due to enhanced light absorption and charge
separation capability. MXenes and MXene-based composites
are highly effective in the removal and degradation of phar-
maceutical contaminants due to their large surface area,
tunable surface chemistry, and excellent charge transport
properties. They have been applied in photocatalytic degrada-
tion systems for drugs like carbamazepine and diclofenac,
achieving high degradation efficiencies under UV or visible
light. Synergistic integration with materials such as graphene,
MOFs, TiO,, g-C3N,4, and ZnO enhances the light absorption,
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charge separation, and overall photocatalytic performance,
making MXene-based systems promising for sustainable phar-
maceutical wastewater remediation.

4 Mechanisms involved in the
removal of heavy metals, dyes, and
radionuclides

Different mechanisms describe the adsorption phenomena of
heavy metals on the surface of MXenes. Due to the large surface
area of the MXene layers, the metal ions may be trapped within
them. Additionally, ion exchange occurs between the metal ions
and the groups present on the MXene surface, which leads to
electrostatic interactions between them. The titanium present
in the MXene itself has excellent affinity toward many ions. In
most cases, the Freundlich model is used to describe multilayer
adsorption for the removal of metal ions.

The adsorption mechanism of Cr(vi) ions by MXene (TizC,Ty)
nanosheets using the reduction adsorption method is shown in
Fig. 12c. The presence of hydroxyl ions at low pH values is high
because the MXenes are positively charged and attract Cr,0,*~
(negatively charged) via electrostatic interaction.** There is
a reduction in Cr, which changes Cr(vi) to Cr(m) after the sorp-
tion process. The process involves the transfer of an electron
from the surface of the MXene nanosheets to Cr(vi). Finally, the
reduced Cr(m) ions adsorb on the surface with a high adsorp-
tion rate towards metallic ions, which is plausibly due to the
production of the Ti-O bond. Covalent bonding occurs, which
forms a Ti-O-Cr(ur) bond.

The removal of dyes on the surface of the MXenes arises
mainly because of the interaction of various functionalities
present on the MXene surface and the dye molecules. The -OH
groups present on the Ti surface are possibly attached to the
MB" molecules. Because of this, a monodentate complex forms
via M-O-H-N bond,*** as shown in Fig. 12b, and the equations
for the interaction of MB and hydroxyl are shown below.

TiOH s Ti O + H'

Ti" O~ + MB* & TiO — MB

The removal of MB using Ti;C,T, happens via adsorption
and succeeding photocatalytic decomposition, which includes
various steps. In step one, the Ti;C,T, surface adsorbs MB
molecules, which probably increases the stacking disorder,
possibly because of chemical MXene transformation or
compression of the layered structure, followed by the formation
of titania due to oxidation of MXene. The Ti;C,T, sheets can
facilitate the reduction of MB molecules, and adsorption onto
the MXene@Fe;0, eventually occurs due to the OH and Ti
interactions. The production of the OH-N bond appears due to
the dipole-dipole hydrogen bonding interaction between Ti-
OH and N of the MB molecule. There are three stages that occur
due to the adsorption. The first step involves the sorption of the
particle onto the adsorbent's external surface. The second step

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Removal mechanism of MB using V,CT,. Reprinted from ref. 144 with permission from the American Chemical Society, the J. Phys.

Chem. Lett., Copyright 2020. (b) Representation of the removal mechanism of MB using MXene@FezO,. Reprinted from ref. 142 with permission
from the American Chemical Society, Appl. Mater. Interfaces, Copyright 2019. (c) Adsorption mechanism of Cr(vi) by TizC,T,. Reprinted from ref.
44 with permission from the American Chemical Society, Appl. Mater. Interfaces, Copyright 2015. (d) Thorium adsorption mechanism onto the
TizC,T, surface. Reprinted from ref. 18 with permission from Elsevier, Chem. Eng. J., Copyright 2019. (e) Proposed mechanism of Cs* reme-
diation by MXene sheets. Reprinted from ref. 101 with permission from Elsevier, J. Nucl. Mater., Copyright 2020.

involves the internal diffusion of the particles, followed by
obtaining the adsorption equilibrium. In a recent study, V,CT,
MXene has been shown to efficiently adsorb organic dye
pollutants through a combination of strong coulombic inter-
actions, hydrogen bonding, and - stacking with the aromatic
moieties of the dyes. Molecular dynamics simulations reveal
that adsorption is spontaneous and selective, with interaction
energies of up to —150 kJ mol *, highlighting the high affinity
of cationic dyes. Factors such as the molecular charge, linearity,
and mass further modulate the adsorption efficiency, estab-
lishing MXenes as versatile and robust substrates for aqueous
pollutant removal.'*?

Another mechanism'* shows the coulombic interaction
between MB" and negatively charged V,CT, (see Fig. 12a). The
reaction takes place in slightly acidic media, as shown below.

144

~VOH < VO~ + H*

-VO™ + MB & -VO™

The remediation of the radionuclides happens because of
electrostatic attraction and ion exchange between the radionu-
clides and the MXene surface. The mechanism of Th(vi)
adsorption on the hydrated Ti;C,T, is demonstrated in Fig. 12d.
The intense attraction between Th(v) and Ti-OH was confirmed
by XPS analysis." Proton exchange due to the elevation in the
amount of H' ions shows the formation of the Ti-O-Th bond

© 2026 The Author(s). Published by the Royal Society of Chemistry

through the adsorption process. Generally, the chemical ion
exchange predominates when the free energy ranges between 8-
16 kJ mol . The free energy for Ba>" and Sr** was 808 and
11 kJ mol %, confirming the establishment of the ion-exchange
mechanism. The ion exchange process was responsible for the
adsorption of Cs" onto the MXene surface (see Fig. 12e). The
other background ions also take part in the remediation
process. The sorption capacity was 148 mg g ', and the
adsorption phenomena support the ion-exchange mecha-
nism.'** Additionally, in another study, a Ti;C,T,~Fe;0, (70 : 30)
composite was found to efficiently remove radionuclides ***Ba
and "¥’Cs through a combination of encapsulation and surface
complexation. Optimized adsorption occurred at pH 5.5-8.0,
with maximum capacities of 6.34 mmol g~ for Cs* and
4.18 mmol g~ for Ba®*.*** The high affinity for Cs" is attributed
to increased interlayer spacing within MXene, while the syner-
gistic effect of Fe;O, enhances the structural stability and
adsorption performance. This work demonstrates the potential
of MXene-based composites for the selective removal of
hazardous ions from aqueous environments. MXenes remove
heavy metals, dyes, radionuclides, PFAS, micro/nanoplastics,
and pharmaceuticals through a combination of mechanisms,
including adsorption, ion exchange, electrostatic interactions,
surface complexation, reduction, and photocatalytic degrada-
tion. Their high surface area, layered structure, and tunable
surface functional groups (-OH, -O, -F) enable strong binding
and selective uptake of contaminants. For dyes and organics,
MXenes also facilitate photocatalytic or advanced oxidation
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processes. Meanwhile, for PFAS and plastics, they enhance
electrosorption and membrane-based removal. Overall, the
versatility and physicochemical properties of MXenes make
them highly effective for environmental remediation across
a wide range of pollutants.

5 Renewal/reuse capability of
MXene- and MXene-based materials

A variety of reports show that MXenes and MXene-related
materials retain excellent stability, and can be used for several
cycles after the adsorption of the pollutants (dye, heavy metal,
or radionuclides) from the water. The magnetic MXenes (due to
the incorporation of iron nanoparticles) have shown excellent
recyclability after the adsorption process of mercury ions from
the water.”* The efficiency of removing the Hg(n) ions was
retained at more than 90% for up to four consecutive cycles.
Another study showed that the encapsulation of iron on MXenes
will enhance their stability, and a magnet can collect these
composite materials after the adsorption process. The collected
MXene@Fe;0, composite was dried and reused,*® which
demonstrated a removal efficiency of 77% after five consecutive
cycles. The MXenes (Ti;C,T,) loaded with Cs" were regenerated
(via 0.2 M HCI solution) and reused for up to 5 consecutive
cycles with minimal decline of the removal efficiency.'*

The removal of contaminants (dyes, heavy metals, and
medications) from MXene-related sorbents and the possibility
of their subsequent reutilization are critical measures in cost
control, risk reduction for the environment, and handling the
problem of disposing toxic sludge. Information on the desorp-
tion of adsorbed pollutants from MXene-derived adsorbents
using a range of eluents, including HCl, HNO;, NH,OH, H,SO,,
Na,CO3;, NaOH, KOH, and DI-water, is available in the litera-
ture.™”'*® Through a simple batch reaction approach, Ghani
et al” created a sodium-intercalated TizC,T, (SI TizC,Ty)
MXene, which functions as a sorbent and can then be used in
remediation and electrochemical regeneration outcomes. The
findings suggest that an intercalation method occurred,
causing the “d” spacing of the MXene to expand. This resulted
in a much higher adsorption capacity than that of virgin TizC,T,
MZXene and most comparable nanostructures that have been
documented in previous research. The improved adsorption
capacity of SI-Ti;C,T, is supported by this increase in spacing.
Moreover, it was discovered that the intercalation procedure
made it easier to substitute single-bond oxygen and single-bond
hydroxyl groups for single-bond fluoride terminations. SI-
Ti;C,Ty MXene showed exceptionally quick kinetic rates that
were consistent with the Elovich kinetic model. The Redlich-
Peterson isotherm model was followed by the adsorption
isotherm, suggesting a possible chemisorption mechanism.
This mechanism, which is controlled by rate-controlling stages,
may be explained by the electrostatic attraction between the
adsorbent and adsorbate. Complete elimination of the adsor-
bate (ciprofloxacin: CPX) was made possible by the fast
electrochemical regeneration rates of SI-TizC,T,, which are
attributed to its high electrical conductivity. These studies
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suggest that MXene-related adsorbents have great potential for
effective use. They possess the capability for recycling and the
recovery of metal ions, in addition to exhibiting extraordinary
potential for the elimination of heavy metals. Table 1 provides
information on different MXene-based materials for the reme-
diation of different pollutants. Additionally, Table 2 provides
a comparative overview of MXenes and other leading material
classes used in water remediation, highlighting key differences
in their performance, scalability, and environmental impact.
The analysis clearly shows that while several materials exhibit
strong remediation capabilities, MXenes offer a unique balance
of high efficiency, tunable chemistry, and emerging scalable
green synthesis routes, positioning them as a compelling next-
generation platform. Overall, MXenes' stability, rapid kinetics,
and regeneration potential make them cost-effective, environ-
mentally friendly, and practical for repeated use in pollutant
removal.

6 Challenges and other applications

Even though these MXenes exhibit extraordinary performance
in the adsorption of pollutants from water, there remain
numerous challenges that still need to be addressed to achieve
the full exploitation of their properties. One of the significant
challenges is the high cost and low yield in production. Pres-
ently, MXenes are produced with a small yield at a lab scale. A
system should be designed to achieve a significantly large-scale
output that is both efficient and environmentally friendly. This
will be further helpful in the advanced research field and
introduce viable applications of MXenes on an industrial scale.
It is considered that large-scale production will reduce costs.
The traditional method uses HF to prepare MXenes, which is
hazardous and is connected with severe health and environ-
mental problems. The substitution of HF with less toxic or
green chemicals may provide an eco-friendly approach for
MXene production. To date, a top-down approach has been the
primary method through which the MXenes are predominantly
synthesized. There are few reports on the output of MXene
utilizing a bottom-up approach. Further research is necessary in
this direction to survey the unfamiliar bottom-up techniques for
the fabrication of MXenes. Another barrier for researchers to
overcome is the storage of MXenes, which require sub-zero
temperatures. So, there is a need to develop an effective
process for preserving MXene solutions over a longer time
period without being oxidized. The use of MXenes in different
applications necessitates further exploring their toxic effects on
human health, the environment, and other living organisms.
Aggregation is also a problem that can reduce the impact of
adsorption and the surface area of MXenes. Surface modifica-
tion and the chemistry behind the process of removing pollut-
ants from the water must be thoroughly explored. Surface
enhancement increases stability, and biocompatibility reduces
cytotoxicity and increases recyclability for MXenes. Even though
TizC,T, is frequently used in water-related applications, it is
necessary to develop new MXenes and explore different
adsorption applications. MXenes and related composite mate-
rials have been satisfactorily used in applications, including as
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Table 1 Summary of the application of MXenes in the remediation of different contaminants

e o enes ontaminant sorption capaci eferences
pe of MX C i Adsorpti paci Ref
MXene/alginic acid composite Cu(n) 87.6mg g " 149
MXene/alginic acid composite Pb(u) 382.7mg g’ 149
Ti;C,T,-KH570 Pb(n) 147.29 mg g~ " 150
MXene (Ti;C,)/PEI functionalized sodium alginate aerogel Cr(vi) 538.97 mg g " 151
MXene-CS composites Cr(v1) 431 mgg " 152
Oxygenated MXene Hg(n) 1057.3 mg g " 153
MoS,/MX-IT Hg(n) 1435.20 mg g~ " 154
MXene-45 Pd(u) 184.56 mg g " 155
AIk-Ti,C sheet Cd(n) 325.89 mg g~ " 156
Alk-MXene/LDH Ni(n) 222.7 mg g * 157
Ti;C, Ty As(m) 2.8mgg " 158
Sodium alginate/MXene/CoFe,O, under RMF Ciprofloxacin 290.91 mg g " 159
SI (sodium ions)-TizC, T, Metformin 145.07 mg g~ " 159
Cobalt-doped ZnTiO3/Ti;C,Ty Tetracycline 149 mgg" 160
Sonicated Ti;C,T, MXene Amitriptyline 58.7mgg " 161
DSP-M (Ti;C,T, and DASNP) Naproxen 166.71 mg g " 162
Ti;C,@Fe;0,@B-CD Doxorubicin 7.35 ng mg* 163
MXene-PEDOT:PSS Perfluorohexanoic acid (PFHxA) 456 mgg " 164
MXene-PEDOT:PSS Perfluorooctanoic acid (PFOA) 51.1mgg " 164
MXene-PEDOT:PSS Perfluorononanoic acid (PFNA) 549 mgg " 164
O-terminated MXene Perfluorooctanoic acid (PFOA) 2159 mg g " 165
Cl-MXene Perfluorooctanoic acid (PFOA) 117.3 mg g " 165
F-terminated MXene Perfluorooctanoic acid (PFOA) 158.8 mgg 165

an antibacterial agent and for capacitive deionization. The
study report shows that MXenes exhibit antifouling and anti-
bacterial characteristics when modified with silver nano-
particles. MXenes are also used in CDI because of their high
hydrophilicity and electrical conductivity.””* The tunable
surface area is also an essential parameter to the usage of

MXenes in CDI. These MXene-based electrodes in CDI appli-
cations have shown extraordinary adsorption capacity for the
simultaneous adsorption of cations and anions. Studies have
also demonstrated the unique antibacterial properties of MX-
enes against bacteria.'”” The anionic nature of the surface of the
MXenes is responsible for the direct killing of the bacteria

Table 2 Comparison of MXenes and leading material platforms for water remediation

Performance in water

Material remediation Scalability Environmental impact Ref.
MXenes Very high: metallic Good potential: top-down Moderate to high concern: 166
conductivity, hydrophilicity, etching from MAX phases; HF or fluoride etchants
abundant surface groups (- scalable with reactor traditionally used, but green
0, -OH, -F) enable volume. Emerging greener routes are being developed.
adsorption, redox activity, synthesis methods (molten- Long-term stability
and catalysis salt, electrochemical) improved
Graphene (and derivatives) Good conductivity and Scalable via liquid-phase Production can involve 167
surface area; lacks rich exfoliation; CVD possible strong acids, hazardous
surface chemistry, limiting but costly solvents, nanoparticle
intrinsic redox/adsorption release risk, and energy-
intensive processes
MoS,/TMDs Good for membranes, Exfoliation and CVD routes Generally benign, but the 168
catalysis, and adsorption. exist, but scaling with defect synthesis method
Membranes show high ion control is nontrivial. Large- determines footprint;
rejection and flux; area membranes are stability in aqueous media
catalytically active when challenging varies; some require high
combined (e.g., M0S,/Ti;C, temperature or vacuum
for HER) growth
MOFs (2D & 3D) Extremely high surface area, Scalability challenging: Significant concerns: 169 and 170

tunable porosity, good for
adsorption/catalysis of
metals and organics

solvothermal synthesis hard
to scale. Green methods

organic solvents (DMF) toxic,
energy-intensive; water

emerging stability variable, lifecycle
(mechanochemical, assessments limited
electrochemical)
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because of the hydrogen bonding between the oxygenated
groups of MXenes and the cell membrane, which then prohibits
nutrient intake. The atomic configuration and structure also
play a critical part in the antibacterial characteristics of MX-
enes. The surface tuning of MXenes can also be beneficial for
sensing-based applications. Data based on the DFT calculations
reveal that the Ti,CT, monolayer containing oxygen groups was
sensitive towards ammonia (NH3) and correspondingly to other
gases.'” Additionally, the doping of metal nanoparticles into
MXenes will increase the sensing ability of the MXenes by
enhancing the catalytic activity. MXenes have also been used as
the sensor for phenols by the electrochemical process. Another
application of MXenes is electromagnetic interference (EMI)
shielding.””* Studies demonstrated that MXenes were explored
for EMI because of their superior interlayer electronic coupling
and excellent electrical conductivity. The interlayer structure of
MXenes allows the radiation to go for multiple internal reflec-
tions, followed by the absorption of electromagnetic waves.

Despite their exceptional adsorption capabilities for
hazardous pollutant removal, MXenes face critical barriers that
hinder large-scale application. These challenges include limited
compositional tunability, high synthesis costs, and the lack of
scalable production methods. Currently, MXenes are largely
confined to laboratory-scale preparation with modest yields.
Advancing economically viable and environmentally sustain-
able manufacturing technologies will be essential to unlock
their industrial and commercial potential. For large-scale
production, a relatively low price is anticipated. It is essential
to investigate MXene's potential as an adsorbent in continuous
operation systems. Moreover, several theoretical studies, like
DFT, have forecasted the remarkable properties of MXenes in
water treatment procedures. Appropriate research and the
growth of a functional system are needed to validate the
outcomes of these theoretical computations. Seldom have
MXene membranes been studied for environmental pollutant
removal. Most MXene membranes have demonstrated excep-
tional quality and selectivity when utilized to stop different
types of water pollutants from penetrating. The main issues
include grain boundaries, impurities, defects, or residues of
molecules that clog the pores of the nanolayers and lower the
gas flow rate. For this reason, the mixture needs to be carefully
filtered before passing through the membrane system.
Furthermore, it is uncertain how dangerous combinations and
pollutants are chosen for remediation. Thus, before antici-
pating the mechanism of selectivity, a thorough understanding
of the elements influencing the separation process is necessary.
Research on the possible applications of MXenes in capacitive
deionization, antimicrobials, adsorbents, and membranes—
aside from adsorption—is scarce. Further research in this area
is necessary to determine novel applications of these fasci-
nating 2D nanomaterials in water filtering. There is a good
chance that items based on MXene will soon be available for
purchase.

Reproducibility of MXene synthesis and performance
remains a major challenge because small variations in the MAX-
phase precursor purity, etching conditions, and post-treatment
steps can drastically alter the surface terminations, defect
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densities, interlayer spacing, and flake morphology. For
example, standard wet-chemical fluoride-based etching often
yields heterogeneous mixtures of -F, -OH, and —-O terminations,
while alternative routes, such as molten-salt electrochemical
etching, enable the deliberate production of fluorine-free, -Cl/-
O/-S terminated MXenes, offering greater consistency. Low-
temperature molten-salt (LTMS) etching has recently demon-
strated that high-quality MXenes (e.g., TizC,T,) can be prepared
in as little as 5 minutes and scaled up to >100 g per run, facil-
itating rapid, large-scale production while maintaining repro-
ducible structural and electrochemical properties."”>'7®
Nevertheless, reproducibility still suffers from batch-to-batch
variability arising from differences in MAX precursor quality
(stoichiometry, grain size), subtle changes in intercalation/
delamination procedures, washing pH and volumes, and lack
of standardization in reporting these parameters. Enhancing
reproducibility, therefore, requires the adoption of automated
or continuous-flow synthesis platforms with real-time moni-
toring (e.g., pH, intercalant concentration, interlayer spacing),
development of community-wide standards for precursor
quality and reporting (composition, etchant, time, temperature,
and washing), and generation of open datasets linking
synthesis parameters — surface chemistry — material perfor-
mance."”” Furthermore, controlled termination engineering via
post-etching treatments (e.g., plasma and salt-based function-
alization) or alternative “bottom-up” routes, such as direct
chemical vapor deposition or gas-phase etching, together with
rigorous in situ diagnostics, appears essential for producing
MXenes with reproducible, application-ready properties at
scale. Finally, implementing solvent/salt recycling and less-toxic
chemistries will not only make synthesis safer and greener, but
also reduce batch-to-batch variability due to reagent purity or
waste-induced contamination. Based on the most recent
promising results, it is sensible to believe that MXenes may be
the next-generation materials for environmental cleanup and
water desalination. It will be necessary to overcome the current
difficulties and develop better MXene-based membranes by
refining their synthesis methods, as the morphology and
structure of the MXene membranes affect their performance.
Additionally, the rapid production (within minutes) of MXene-
based membranes with the use of a unique electrophoretic
deposition (EPD) technique, which involved depositing nega-
tively charged MXenes on an anode to generate 2D membranes.
This membrane synthesis method is easier, faster, and uses less
power than other procedures. These advantages make this
approach viable for the production of MXene-based membranes
for ion separation and removal. Thus, scientists may possibly
further reduce the difficulties by creating more effective
synthesizing strategies and processes. By adding polymers to its
surface, the stability and separation capabilities of MXenes can
be enhanced in yet another way. In comparison to MXene/
traditional 2D materials, MXene/polymer membranes function
exceptionally well. Naturally, the prohibitively high cost of
MXenes in membranes will determine its commercialization
and limitations. Currently, the need to use the lowest amount of
material may be satisfied via ultrathin and mixed matrix
membranes. For instance, because GO and MXenes have

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00364d

Open Access Article. Published on 10 January 2026. Downloaded on 3/23/2026 7:05:39 PM.

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

(cc)

Critical Review

different interlayer spacings, combining GO and MXenes would
produce an organized layer-structured membrane, which can
balance the molecular repulsion of organic pollutants and the
permeability of water and organic solvents.'”®'”® Despite the
outstanding performance of MXenes in pollutant adsorption,
several challenges must be addressed to fully realize their
potential. Persistent challenges include costly and low-yield
synthesis, dependence on hazardous chemicals such as HF,
instability during storage, and aggregation-induced perfor-
mance deterioration. Overcoming these barriers will necessitate
the implementation of sustainable large-scale manufacturing
routes and improved stabilization protocols. Surface modifica-
tion can enhance stability, recyclability, biocompatibility, and
adsorption efficiency, while novel MXenes beyond Ti;C,T,
should be explored. Beyond adsorption, MXenes show strong
potential in antibacterial applications, capacitive deionization,
sensing, and EMI shielding due to their tunable surface
chemistry and high conductivity. Advances in membrane
fabrication, including electrophoretic deposition and MXene-
based composites, are enabling more efficient water purifica-
tion technologies. Overall, MXenes are a promising platform for
next-generation environmental remediation and water treat-
ment. However, the cost, scalability, and material optimization
remain critical for commercialization.

7 Critical assessment & risk mitigation
of MXenes in environmental use

Despite the promising performance of MXenes (especially
Ti;C,T,) in water remediation, there are legitimate environ-
mental and health concerns that deserve rigorous scrutiny.
Recent studies show that Ti;C,T, can exert ecotoxicity toward
aquatic organisms even at sublethal concentrations: for
instance, exposure of Daphnia magna to Ti;C,T, caused exten-
sive metabolomic perturbations (hundreds of metabolites
altered), implicating lipid, amino acid, and energy-metabolism
pathways despite no overt mortality or growth inhibition.
Similarly, toxicity tests on Microcystis aeruginosa revealed that
Ti;C,T, significantly impaired growth and photosynthetic
capacity at higher concentrations (=5 mg L™'), indicating
oxidative stress and metabolic disruption.

A major environmental risk arises from the instability of
MXenes in aqueous or oxidative atmospheres: upon exposure to
water/air, TizC,T, can degrade into titanium dioxide (TiO,)
nanoparticles and carbonaceous fragments. Such degradation
products may themselves have unknown or harmful ecotox-
icological properties, for example, ROS generation, bi-
oaccumulation, or altering sediment chemistry. In addition,
studies suggest that chronic exposure (e.g., via repeated release
or sludge disposal) of MXene or its byproducts could pose
cumulative ecological or health risks. On the human health
side, in vivo experiments have shown that Ti;C, nanosheets can
disrupt spermatogenesis in male mice via induction of oxidative
stress, DNA damage, and activation of apoptosis through the
ATM/p53 pathway.'”® Despite their promising performance in
water remediation, the large-scale deployment of MXenes
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warrants caution due to potential environmental risks. Strate-
gies to mitigate adverse effects include surface functionaliza-
tion or immobilization of MXenes within stable matrices, such
as polymers, membranes, or composites, to limit leaching and
the release of free flakes. Controlled dosing at concentrations
below ecotoxic thresholds can further minimize biological
impacts. Meanwhile, thorough life cycle and environmental fate
assessments encompassing the degradation pathways, byprod-
ucts (like TiO,) and long-term bioaccumulation are essential.
Post-treatment stabilization or the capture of MXene residues
ensures that treated water and waste sludges do not contribute
to environmental contamination. Additionally, engineering
oxidation-resistant or biodegradable MXenes through tailored
surface terminations, passivation layers, or composite stabili-
zation can enhance their durability, while reducing ecological
risks. Overall, while MXenes offer exciting capabilities for water
remediation, their environmental and health safety profile
remains incomplete. For responsible deployment, combining
rigorous ecotoxicological testing, careful materials engineering,
and containment strategies is essential; failure to do so risks
substituting one pollution problem (organic/metal contami-
nants) with another (nanomaterial pollution).

8 Future directions

Emerging research on MXenes for water remediation empha-
sizes the importance of green and solvent-free synthesis strat-
egies. Traditional HF-based etching methods, while effective,
pose significant environmental and safety concerns, limiting
the large-scale application of MXenes. Alternative approaches
such as molten-salt etching, electrochemical etching, and
mechanochemical synthesis have shown promise in producing
MXenes with tunable surface terminations (e.g., -Cl, -O, and -S)
in a more environmentally friendly manner. These methods not
only reduce hazardous waste but also improve reproducibility
and facilitate scale-up, which is crucial for practical deployment
in water treatment systems. Future work should continue to
optimize these green synthesis protocols, focusing on control-
ling the flake size, interlayer spacing, and surface chemistry to
maximize performance, while minimizing the chemical foot-
print. Integration of MXenes into composite systems is another
key direction. MXene-polymers, MXene-nanocelluloses, and
MXene-carbon-based composites offer synergistic advantages,
combining the high surface area, conductivity, and active sites
of MXenes with the mechanical robustness and antifouling
properties of the matrix. Such composites have demonstrated
enhanced removal of heavy metals, pharmaceuticals, and
persistent organic pollutants. For PFAS remediation, MXene-
based thin-film nanocomposite membranes have achieved
high rejection efficiencies (>96%), while maintaining good flux.
Future research should explore functionalization and hybrid-
ization with other 2D materials (e.g., MOFs and graphene) to
further improve the selectivity, durability, and regeneration
under realistic water conditions. Addressing microplastics,
MXenes can be incorporated into 3D scaffolded membranes or
cryogel-based composites that enable dynamic capture, self-
cleaning, and reusability. The high hydrophilicity,
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conductivity, and tunable surface chemistry of MXenes make
them suitable for integrating stimuli-responsive or electrically
assisted filtration systems, which can enhance microplastic
capture and reduce fouling. Additionally, life-cycle assessments
and techno-economic studies are critical to evaluate the
sustainability and cost-effectiveness of these systems. Stan-
dardized synthesis, characterization, and testing protocols will
also be necessary to ensure reproducibility, batch-to-batch
consistency, and comparability across studies, which is essen-
tial for translating laboratory advances into scalable water
remediation technologies.

9 Conclusion

MXenes represent a transformative class of 2D materials with
exceptional structural versatility, tunable surface chemistry,
and outstanding physicochemical properties, positioning them
as next-generation solutions for environmental remediation.
Their derivatives demonstrate remarkable efficacy in the
adsorption and degradation of dyes, heavy metals, radionu-
clides, PFAS, and micro- and nano-plastics. Tailored function-
alization and controlled oxidation further enhance selectivity
and efficiency, enabling targeted interactions with diverse
contaminants. Ti;C,T, and Ti;CN MXenes have been exten-
sively explored, exhibiting high adsorption capacities, recycla-
bility, and potential biocompatibility, indicating pathways
toward sustainable, cost-effective water purification. However,
challenges such as oxidative instability, limited scalability, and
performance variability over repeated cycles remain critical
barriers to industrial implementation. Future research must
address the development of a large-scale, environmentally
sustainable synthesis approach, advanced surface engineering
for selective contaminant capture, and integration of MXene-
based systems into existing water treatment infrastructures.
Rigorous assessment of the environmental and human health
risks, alongside regulatory frameworks, is essential. With
interdisciplinary innovation, MXenes offer a versatile, high-
performance platform capable of transforming water purifica-
tion and addressing pressing global pollution challenges.
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