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This review evaluates the high-efficiency contaminant removal capabilities of MXenes while 
critically examining 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.
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Abstract

Emerging water contaminants, including dyes, heavy metals, pharmaceuticals, per- and 

polyfluoroalkyl substances (PFAS), and micro- and nanoplastics, present critical challenges for 

environmental sustainability and human health. Two-dimensional transition metal carbides and 

nitrides (MXenes) have recently emerged as transformative materials for water purification, 

offering unparalleled surface area, tunable chemistry, electrical conductivity, and 

photocatalytic activity. This review synthesizes the latest advances in MXene-based 

adsorbents, membranes, and hybrid composites, elucidating the mechanistic underpinnings of 

adsorption, electrosorption, photocatalysis, and ion-exchange processes. Regeneration 

strategies, recyclability, and long-term stability are critically assessed, alongside potential 

environmental and human health risks of MXenes and their degradation products. Key 

challenges in scalable synthesis, structural stability, and membrane integration are highlighted, 

and strategies for mitigating toxicity and optimizing performance are proposed. The insights 
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presented provide a roadmap for the design of next-generation, sustainable MXene-enabled 

water purification technologies.

Keywords: MXenes, Water treatment, Heavy metal ions, pharmaceutical compounds, PFAS 

1. Introduction

The extensive range of urban areas, together with an increasing global population, is 

responsible for the need to procure sufficient and unpolluted water.1 In addition, the rapid pace 

of urbanization has contributed to the generation of toxic waste, posing significant risks to 

human health and the environment.2 The existence of contaminants like salts, heavy metal ions, 

pharmaceuticals, 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 incredibly terrifying for all living organisms.3 Various methods, 

i.e., biological and physicochemical, which include aerobic/anaerobic digestion, biochar 

treatment,4,5 adsorption,6 and membrane filtration,7 are traditionally executed for the 

remediation of different environmental pollutants. Moreover, nano-based materials have 

become an economically feasible and eco-friendly choice for methodical ecological 

elimination, possessing properties such as catalytic/antibacterial agents, adsorbents, and 

membranes with different functionalities for water and wastewater management.8 Zeolites, 

ceramics, carbon nanostructures, and metal-organic frameworks (MOFs) are some of the 

advanced functional nanomaterials. Structuring nano-based material devices may enable us to 

achieve a unique level of selectivity, mechanical stability, sensitivity, and efficiency in 

pollutant removal processes.9 Nanomaterials possess two-dimensional (2D) structures and are 

atomically fragile, and their sizes range from tens of nanometres to a few microns.10 Thickness 

in nanometres provides these materials with exceptional properties like high surface area, 

making them a fascinating contender for environmental remediation applications like catalysis, 
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sensing, and adsorption.11 So far, in the field of remediation, graphene-based nanomaterials 

have shown huge achievements as adsorbents, photocatalytic materials, in membrane 

separation, and for sensing purposes too.12 In addition, graphene and its derivatives have shown 

extraordinary performance in membranes for the water purification process.13 In the class of 

2D materials, GO, and its derivatives have been studied predominantly to remove various 

contaminants.14-16 

MXenes have been introduced as a new material in the classification of 2D nano-based 

materials that have originated from the family of transition metals carbides, carbonates, and 

nitrides, which are generally denoted by the formula Mn+1XnTx (n = 1,2,3), where M stands for 

early transition metal group, X may be carbon or nitrogen, and Tx stands for attached surface 

terminal groups (like –OH, –F or –O),17 the material used to build MXenes are shown in Figure 

1a. These MXenes are synthesized by their respective MAX phases, which are denoted by their 

general formula Mn+1AXn, where M represents a transition metal, A is an A-group element 

(typically IIIA 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 middle layer using various 

methods. Till now, close to 30 MXenes (including Ti3C2Tx, Ti2CTx,18 Nb4C3Tx,19 Ti3CNTx,20 

Ta4C3Tx,21 Nb2CTx,22 V2CTx,23 and Nb4C3Tx
24) have been introduced successfully. Among 

these titanium-based MXenes, which include Ti3C2Tx, Ti2CTx are the most compatible for 

environmental applications due to their non-toxic nature and high abundance. In particular, 

Ti3C2Tx is the most extensively studied in the category of MXene.25 Moreover, two or more 

transition metals have been established in MXene composition and can have ordered or 

disordered structures like (Mo2Ti2C3,26 (V0.5, Cr0.5)3C2, (Ti0.5, Nb0.5)2C).26,27 Additionally, 

MXenes containing nitrides and carbonitrides have been examined in a few of the reports 

related to electrochemical energy storage and biological applications.28,29 However, except for 

titanium carbonitride Ti3CN, it is difficult to synthesize nitride MXenes using selective acid 
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etch procedures, and this is a limiting factor for the extensive investigation of nitrides and 

carbonitrides MXenes in pollutant removal applications.30

MXenes have been extensively researched for environmental applications since their discovery 

in 2011. Heavy metal adsorption was the subject of early research (2013), and developments 

in photocatalysis for pollutant degradation (2017) and water filtering (2019) came next. 

MXenes are attractive components for environmentally friendly remediation technologies 

because of their remarkable conductivity, hydrophilicity, and chemical stability.31 MXenes 

have high surface functionality and electron density, two remarkable blends of electronic 

conductivity and hydrophilicity. Such properties of MXenes permit them to be used in many 

processes, like designing devices, spray coating, painting, and filtration.32 In addition, MXene 

polymer and MXene graphene composites have been made to enhance the performance of the 

unaltered components, which include giving conductive channels and enhancing its overall 

stability.33,34 

Pristine MXenes and their based materials have a massive effect in the field of energy 

conservation and biological applications.35,36 Other rising applications include electro-

catalysis, photo-catalysis,37 reinforcement for composite materials,38 electromagnetic 

interference shielding,39 gas and biosensors,40-42 and transparent conducting electrodes.43 As 

described, MXenes are synthesized from environment-friendly and abundant elements like C, 

Ti, and N; hence, their environmental degradation gives rise to non-toxic by-products like CO2 

gas, N2 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,44,45 dyes,46 and 

radionuclides,47 organic contaminants,48, and in water purification membranes.49 This review 

uniquely consolidates current knowledge on MXenes and MXene-based materials for the 
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removal of emerging water contaminants, including heavy metals, dyes, PFAS, 

pharmaceuticals, and micro/nanoplastics. Unlike previous reviews, it critically evaluates the 

underlying removal mechanisms, material regeneration strategies, and potential environmental 

and health risks associated with MXenes and their degradation products. The review highlights 

gaps in large-scale production, toxicity assessments, and the development of robust, recyclable 

MXene-based membranes, providing a roadmap for future research. By integrating 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 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.50,51 The 

most frequent MAX phase as a starting reactant is Ti3AlC2 for synthesizing Ti3C2Tx. In this 

method, Al layers are removed from Ti3AlC2 using HF as the etchant. The MAX powder is 

stirred in HF for several hours, after which the mixture is washed with de-ionized water and 

centrifuged until the pH reaches 4-6.52,53 During etching, Al nanolayers are replaced by 

terminal Tx groups (–OH, =O, –F), as shown in Figure 1b. Subsequent ultrasonic delamination 

yields graphite-like thin sheet structures (Figure 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 

structural integrity. Surface functionalization or embedding into polymeric/ceramic matrices 

can further enhance stability in more acidic environments. The quality of MXenes depends on 
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factors such as temperature, particle size of the MAX phase, HF concentration, and etching 

time.54

Figure 1. (a) Elements used in MXene synthesis. Reprinted from ref. 31 with permission 
from American Chemical Society, Chemistry of Materials, Copyright 2018, (b) Schematic 
representation of exfoliation of synthesis of MXenes (Ti3C2Tx) from the max phase, and (b) 
Exfoliation process for Ti3AlC2. Reprinted from ref. 53 with permission from Wiley, 
Advanced Materials, Copyright 2014.

2.2. In-situ acid etching method

Not long ago, numerous attempts were made to restore the hazardous HF and other fluoride-

based salts by adopting a process that utilizes lithium fluoride (LiF) and hydrochloric acid 

(HCl) instead of HF. In this method, in situ, HF is formed. This method enhances MXene 

dispersion and biocompatibility while having a minimal impact on the environment.55,56 Li ions 

increase the expansion of the interlayer space once the procedure starts with the controlled 

loosening of interlayer van der Waals bonds inside MXene frameworks. The capacity to 

precisely modify MXene features like thickness, surface adaptability, and intercalation is one 
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of the main advantages of in situ etching.  In water treatment operations, the regulation of 

interlayer gap expansion improves the 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 (–NH₂) 

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 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 adsorption 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 MXene 

characteristics by adding additional chemicals and minimizing handling or transfer steps 

ensures maximal exposure of functional surfaces, further enhancing interactions with 

environmental pollutants. Different MXene synthesis pathways are shown in Figure 2, together 

with the associated surface morphology, interlayer spacing, and surface functionality as 

established by various optimization methods. The morphology of different MXenes visualized 

using scanning electron microscopy (SEM) is depicted in Figure 3.
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Figure 2. Production pathways for the synthesis 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.

Figure 3. SEM images for different MXenes (A) and (B) Ti3AlC2 particle before and after 
(Ti3C2Tx) HF treatment, (C) Ti2AlC after HF treatment, (D) Ta4AlC3 after HF treatment, (E) 
TiNbAlC after HF treatment, and (F) Ti3AlCN after HF treatment. Reprinted from ref. 21 
with permission from the American Chemical Society, Nano, Copyright 2012.

2.3 Other methods 

Alkali etching and electrochemical etching are two feasible alternative synthesis techniques for 

MXenes that provide a way to produce MXenes without the use of fluorides. These methods 

improve the sustainability and adaptability of MXene fabrication methods by expanding the 
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possibilities for MXene manufacturing and reducing worries about the use of fluoride.57 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, are schematically represented for MXene in Figure 4. A safe and efficient substitute for 

HF vapor in the preparation of MXene is the hydrothermal approach that has been devised.58 

In this process, Ti3C2Tx 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 residual metal species and partially protonates the surface, resulting in structurally 

stable and well-functionalized MXene sheets. This two-step hydrothermal method differs from 

dedicated alkali etching using NaOH, as it allows 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.59,60 A safe and efficient substitute for HF vapor in the preparation of MXene is the 

hydrothermal approach that has been devised.61,62 Utilizing inorganic alkalis like NaOH, the 

alkali etching technique removes aluminum from its initial MAX phase.63 For example, an 

alkali-assisted hydrothermal etching method was used to create titanium carbide MXenes with 

a purity of 92% by weight.64 In order to stop oxidation, the MAX phase is treated in an argon 

environment 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 nanolaminate components, like 

carbon produced from carbide.63 This strategy lessens the etchants' negative effects by 

decreasing the synthesis of MXene's reliance on them. Because there are no fluorine-based 

etchants or only a small amount of them, the resulting exfoliated MXenes are fluorine-free. 
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High-quality, flawless 2D MXenes can be produced using the bottom-up technique, including 

atomic layer deposition ALD and CVD.63 Electrochemical etching is another fluoride-free 

technique that removes nanolaminate specifically. 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 Mo2C.65 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 suitable for 

environmental applications. Together, they expand the versatility of MXene synthesis while 

addressing major safety and environmental concerns.
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Figure 4.  Pictorial presentation of top-down and bottom-up synthesis pathways for MXene 
(A) hydrothermal treatment, (B) CVD, (C) molten salt etching, and (D) electrochemical 
treatment. Reprinted from ref. 58 with permission from the MDPI, molecules, Copyright 
2022.

3. MXene for water purification 

Interest is developing in exploring MXene and its derivatives in water treatment because of its 

remarkable properties. MXene also possesses extraordinary reductive, antibacterial, and 

adsorptive properties, high hydrophilicity, and electronic conductivity. As MXene shows 

generous sorption selectivity and reduction capability, it can be used in many water purification 

techniques. Most dominantly, Ti3C2Tx and related composites are widely used in water 

treatment, like removing heavy metals, radionuclides, and dyes. Concerning, water treatment, 

adsorption is mainly used to remediation pollutants. The reasons behind using the same are 

easy operation, low cost, regeneration capability, less destructive results, and abundant 

availability of the adsorbents.66,67 Different nanomaterials, including carbon nanotubes,68 

graphene-based materials,69 metal oxides,70 and dendrimers,71 are broadly used as adsorbents 

for the remediation of water pollutants. MXenes have been successfully utilized in capacitive 
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deionization (CDI), membranes, and photocatalysts, 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 efficient capture of ions, heavy metals, 

dyes, and other contaminants, highlighting their versatility as both functional components in 

devices and standalone adsorptive materials.72-76

3.1. Remediation of heavy metals and radionuclides via MXene adsorbents

Chemical industries are the main reason for source of heavy metals in the ecosystem.77 Heavy 

metals generally have atomic weights ranging from 63 to 201 and a density of more than 5 

g/cm3.78 It accumulates in living organisms, as most of them are not biodegradable.79 As heavy 

metals (such as zinc, mercury, nickel, copper, cadmium, lead, and chromium) are discharged 

into the water, the aquatic population suffers a lot, causing global anxiety.80,81 MXenes 

demonstrated the productive potential of remediation of heavy metals via adsorption.82 The 

interlayer separation (<2Å) in MXenes plays an essential role as the heavy metal ions (<4.5 Å) 

are confined between these voids. Furthermore, surface functional groups of the MXenes are 

responsible for enhancing efficient adsorption capability. Popularly, titanium-based MXenes 

(Ti3C2Tx) have been used to effectively adsorb different concentrations of metal ions.45,83-85 

Ti3C2Tx nanosheets were prepared by Fard et al. using the exfoliation method.86 These 

nanosheets were used to adsorb Ba(II) ions from the aqueous solution with better uptake 

capacity. Approximately 90% of ions were adsorbed within 10 min by Ti3C2Tx nanosheets. The 

adsorption capacity of Ti3C2Tx by keeping the dosage 100 mg for Ba(II) ions, having a starting 

concentration = 55 ppm, was observed to be 9.3 mg/g. The adsorption was not much influenced 

by the occurrence of other counterions. The adsorption process involves both physisorption (on 

MXene's surface) and chemisorption (because of the functionalities present on MXene's 

surface). This leads to the sorption of Ba(II) ions on Ti3C2Tx nanosheets. Xiaofang Feng et al., 

experimented with titanium carbide as 2D adsorbent alk-MXene/LDH (layer double 
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hydroxide) to remediate Ni2+.87 Owing to its distinctive sheet-like structure, functional groups 

and desirable binding sites of alk-MXene / LDH compose a superior adsorbent for eliminating 

these ions in aqueous media. The sorption capability of the adsorbent was 222.7 mg/g for Ni2+. 

The efficiency of the removal of Ni2+ was 97.35% at a wide range of pH environments (from 

5 to 13) shown in Figure 5. This adsorbent exhibits excellent reproducibility after eight 

successive adsorption-desorption cycles. Xuefeng Sha et al. published the synthesis of MXene-

based bismuth oxide (MXene-PDA Bi6O7) through mussel-inspired chemistry that is based on 

the formation of dopamine to form polydopamine (PDA) layers via self-polymerization on 

MXene for the successful jamming of Bi6O7 particles.88 This composite was used to eliminate 

iodide ions by the sorption phenomenon. The significant efficiency was 64.65 mg/g, which is 

higher than that of pristine MXene under the same experimental conditions. Defu Gana et. al. 

reported MXenes-related polymeric nanocomposites (Ti3C2Tx-PDOPA).89 The resultant 

Ti3C2Tx-PDOPA composites were utilized as an efficient adsorbent for the remediation of Cu2+, 

exhibiting a sufficient sorption capacity of 65.13 mg/g, compared to raw MXene.

Zero-valent iron particles are used to prepare nanocomposite MXene by Lelin Hea et al.90 In 

order to examine the elimination of Cr(VI), a nanoscale has been inserted into the interlayer 

structure of alkaline intercalated Ti3C2 (Alk-Ti3C2). The absorption capacity of Cr(VI) (194.87 

mg/g at pH=2) may be enhanced by the longer interlayer space of Alk-Ti3C2 and the increased 

active sites of nZVI. Even with 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- Ti3C2 composites. Shahzad, A. et al. synthesized a highly 

magnetic titanium carbide (Ti3C2Tx) MXene composite (MGMX) through a simple 

hydrothermal method and used it for the elimination of mercuric ions Hg(II) in the aqueous 

phase via adsorption.91 The MGMX nanocomposite demonstrated an excellent removal of 
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Hg(II) in various pH conditions. A remarkable adsorption capacity was observed, i.e., 1128.41 

mg g-1 for Hg(II). Faisal et al. have synthesized δ-MnO2/MXene in-situ hybrid (IH) composite 

using the hydrothermal method for the remediation of Cr (VI) via the adsorption process at 

various pH.92 The highest sorption capacity obtained was 353.87 mg g-1. Yongjun Tian et al.73 

prepared 2D alk-MXene (Ti3C2(OH/ ONa)xF2−x) for the adsorption of Pb(II) at a large scale. 

The layered structure of this MXene composite exhibits a high active site (Ti-OH), which 

subsequently offers high potential in the remediation of Pb(II) from the aqueous media. The 

high adsorption capacity of 140mg/g is achieved even with other ions like Ca(II)/ Mg(II) in 

high amounts. The adsorption equilibrium is attained in a quick time of 120 seconds. 

Figure 5. (a), (b), (c), and (d) denote the effect of adsorbent (MXenes-LDH) amount, contact 
time, pH, and cycles of reusability on Ni+ adsorption, respectively. Reprinted from ref. 87 
with permission from Elsevier, Separation Purification Technology, Copyright 2020.

Nuclear power plays an essential role as traditional fossil fuel resources are depleted. Even 

though being carbon-free energy as it does not emit any greenhouse gas, radionuclides (having 
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high mobility and long half-lives) like uranium (235 and 238), thorium (232), barium (133, 

140), cesium (137), and strontium (90) have been liberated into the habitat due to substantial 

scale utilization of energy and operation.93 The rapid growth of industries related to nuclear 

power causes pollution because of the emission of nuclear waste. This critical situation has 

gained colossal attention associated with the adverse effects on the environment.94 Adsorption 

is the most dominant 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.95-97 Hydroxylated vanadium carbide MXene (V2C(OH)2) nanosheets have 

conclusively shown the elimination of uranium ions [UO2(H2O)n]2+ experimentally and 

theoretically as well. According to the experimental procedure, MXene V2C(OH)2 provides a 

high sorption capacity (i.e., 174 mg/g) for uranium.98,99 Furthermore, MXenes remove polluted 

water from radionuclides like cesium ions (Cs+). MXenes like Ti3C2Tx have shown a sorption 

capability of 25.4 mg/g, and within sixty seconds, they attained equilibrium. The removal 

efficiency is quite effective up to 5 cycles, as shown in Figure 6.100 The sorption capacity is 

high due to the existence of functional groups (i.e., fluorine groups, oxygen, and hydroxyl) and 

the structure of MXene. Other studies recorded an adsorption capacity of 148 mg/g for Cs+ by 

MXene (Ti3C2Tx).101 Another study shows the remediation of Cs+ from wastewater utilizing 

composite nanomaterials. Asif Shahzad et al.102 synthesized titanium-based MXene integrated 

with Prussian blue aerogel spheres (PBMX sphere). These spherical structures have high 

porosity and attain unique structures with enriched oxygen-containing functional groups. 

PBMX sphere effectively removes Cs+ from the wastewater in all conditions, which involves 

neutral, acidic (1 M HCl), and basic (pH 11). These nanocomposites have a sorption capacity 

of 315.91 mg/g for Cs+, the highest value reported for such identical adsorbents.  A further 
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study reported the removal of Ba2+ and strontium (Sr2+) by Ti3C2Tx from wastewater. 

Electrostatic attraction, ion exchange, and inner-sphere complex production cause the 

adsorption of Ba2+ and Sr2+ at different pH values onto the MXene when other ions are also 

present in the media (like NaCl and CaCl2).74 The adsorption capacity exhibited by the MXene 

was excellent, which was 180 mg/g and 225 mg/g for Ba2+ and Sr2+, respectively. Besides, the 

reusability of MXene was perfect for up to four cycles. High sorption capacity and selectivity 

for the adsorption of thorium Th(VI) ions were shown when it is hydrated compared to its dry 

counterpart.18 Hydrothermal oxidation and alkalization techniques of MXene was used to 

prepare hierarchical titanate nanostructures (HTNs). The efficient uptake of Eu(III) ions was 

shown by MXene-based nanostructures (HTNs) with excellent adsorption capacities (more 

than 200mg/g) in Figure 7. Immobilization was demonstrated by the exchanged Eu(III) ions as 

the ions were restricted in the layers of the MXenes.93 The MXene represents the effective 

adsorption of Pd(II) with a high sorption capacity of 184.56 mg/g.103 A reported study shows 

the experimental sorption capacity of 160 mg/g of uranium U(IV) using a hydration 

intercalation process that includes DMSO.104 Intercalated Ti3C2Tx shows an adsorption 

capacity five times higher than dry Ti3C2Tx. The interlayer space has a major impact 

 on U(IV) adsorption, as the enlargement of the interlayer space can directly enhance the 

adsorption phenomenon. Some reports conclude the adsorption of U(VI) by reducing the U(VI) 

to U(IV). The sorption capacity noted was 470 mg/g.95 Zhao et al. synthesized 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.105 Shi et al. synthesized iron 

nanoparticles on alkaline MXene nanoflakes (nZVI/AlkTi3C2Tx) by an in-situ growth method 

for the removal and reduction of U(VI) from the water with the adsorption capability of 1315 

mg/g.106 MXenes and their composites are highly effective adsorbents for water purification 

due to their high surface functionality, tunable interlayer spacing, and strong 
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reductive/adsorptive properties. They efficiently remove heavy metals (e.g., Pb²⁺, Hg²⁺, 

Cr(VI)) and radionuclides (e.g., U, Cs, Sr, Eu) with fast kinetics, high capacity, and excellent 

reusability. MXene-based composites further enhance adsorption through synergistic effects, 

structural expansion, and additional active sites, making them promising candidates for 

practical and scalable water-treatment applications.

Figure 6. (A) Effect of competitive ions on Cs+ adsorption (B), regeneration of Ti3C2Tx, and 
the regeneration effect on Cs+ adsorption. Reprinted from ref. 100 with permission from the 
Royal Society of Chemistry, Dalton Transactions, Copyright 2019.
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Figure 7. Eu(III) 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, Environmental Science: Nano, 
Copyright 2020.

3.2. Removal/degradation of dyes via MXene adsorbents

Dye pollution hazard has gotten to an extreme level in recent years, as it is mainly 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 in wastewater.107 The 

adsorption method is one of the most encouraging ways to remove dyes as it is fast, secure 

processing, lost cost, and efficient.108,109 Materials related to MXenes have shown excellent 

potential for the elimination of dyes.110 Many dyes, including methyl orange (MO),111 methyl 

blue (MB),112 Rhodamine B (RhB),113 Neutral red (NR),114 Acid Blue 80 (AB80),112 and 

Safranine T (ST),114,115 were remediated by MXene and MXene-based nanomaterials. Reports 

also show the enhancement in degradation when the adsorption is done in the illuminated UV 

light. Adsorption of MB was done by Zheng Wei et al.116 using different hot alkaline-treated 
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MXenes like NaOH-Ti3C2Tx, LiOH-Ti3C2Tx, and KOH-Ti3C2Tx. Out of these, NaOH- Ti3C2Tx 

shows an outstanding sorption capacity of 189 mg/g for MB. The expansion in the interlayer 

was noticed by 29% by LiOH, by altering the surface functionality. Surface enhancement 

increases the efficiency and capacity uptake than to the pristine MXene, as shown in Figure 8. 

The etching method for producing MXenes is a crucial factor in enhancing dyes' adsorption. 

Ti3C2 is prepared using both hydrothermal and HF etching methods. The adsorption observed 

for MB using MXenes prepared via the hydrothermal method was more rapid and efficient than 

that of conventionally etched MXene. 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.117 synthesized a MXene-

based phytic acid (PA–MXene) composite via a hydrothermal process, achieving significantly 

improved dye removal. In comparison to pristine MXene, 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 et al.118 further advanced this concept by creating magnetic 

MXene composites (Ti₃C₂–MNPs) through a one-pot method, in which thermal treatment 

anchored ~5 nm Fe₃O₄ nanoparticles uniformly onto the Ti₃C₂ sheets. While pristine Ti₃C₂Tₓ 

shows poor affinity for MO, the incorporation of Fe₃O₄ nanoparticles introduces new catalytic 

active sites and facilitates electron‐transfer pathways, enabling rapid advanced oxidation of 

MO and other dyes. As shown in Figure 9, these Ti₃C₂–MNPs composites can catalytically 

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 radicals, such as OH and O2, are 

essential to the degradation process. For RB, MO, CR, and MB, the absolute degradation times 

Page 20 of 61RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 8

:1
6:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SU00364D

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


were 7 min, 12 min, 7 min, and 6 min, in that order.  The catalytic degradation results illustrated 

that Ti3C2-MNPs had excessive degradation efficiency toward these organic dyes. Ti3C2-MNPs 

endure satisfying performance after cyclic use, indicating that Ti3C2-MNPs are a favorable 

contender for adsorption. Yuan et.al.119 have synthesized an efficient adsorbent (Ti3C2–SO3H) 

using sulfanalic acid for modification of the surface. The above adsorbent can remove MB 

from the aqueous media. The data illustrate the efficient sorption capacity of 111.11 mg/g in 

comparison to raw MXene (21.10 mg/g). Surface functionalization with sulfanalic groups was 

found beneficial in improving the uptake capacity of Ti3C2 for the adsorption of MB, the reason 

being due to the electrostatic interaction between the adsorbent and cationic dye in an alkaline 

surrounding.

Figure 8. (A) Plot of the MB removal rate vs. time for different absorbents. (B) Adsorption 
isotherms of MB on Ti3C2Tx, LiOH-Ti3C2Tx, NaOH-Ti3C2Tx, and KOH-Ti3C2Tx. Reprinted 
from ref. 116 with permission from Elsevier, Materials Chemistry and Physics, Copyright 
2018.

The adsorption efficiency can be increased by incorporating nanomaterials on the MXene 

surface. Byung et al.120 incorporate the metal-organic framework (MOF) on the MXene surface 

and enhance the adsorption capacity. These MXenes were used to adsorb MB and AB80. The 

surface area recorded for MXene was 9 m2/g, and MOF was 630 m2/g, respectively. These 

MXene composites show excellent performance and attain a sorption capacity of 140 mg/g for 

Page 21 of 61 RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 8

:1
6:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SU00364D

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


MB and 200 mg/g for AB80. MOF can capture MB due to electrostatic interactions. The studies 

also define the high selectivity of MXenes and the high adsorption capacity of MOF. In another 

reported work, Zhou et al. synthesized exfoliated MXene for the remediation of MB with an 

excellent sorption activity of 2460.9 mg/g.118 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 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.

Figure 9. (a) Degradation efficiencies of Ti3C2-MNPs on four organic dyes. (b) Degradation 
efficiencies of Ti3C2-MNPs with different mass ratios. Reprinted from ref. 95 with 
permission from the American Chemical Society, Environmental Science and Technology, 
Copyright 2018. 

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.121,122 

Due to their unique structure, PFAS are remarkably chemically and thermally stable, which 
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makes them popular in a broad range of products and applications. Although PFAS are used in 

specific implementations like military exercises, water-resistant clothing, and stain-resistant 

coatings, their primary use has been in household product manufacturing, such as nonstick 

cookware.123,124 The growing use of PFAS has caused them to be easily released into 

ecosystems and accumulate, leading to the contamination 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.125 

Latest study Recent reports have highlighted the concentration of PFAS in the body and its 

toxic properties.126 Despite efforts to phase them out, PFAS has been detected throughout the 

50 states. Moreover, PFAS have been identified in numerous environments and 97% of 

analyzed human blood samples, underscoring their pervasive presence.121

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.121 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 Figure 10a). The presence of MXene allowed for 

tuning the selective layer's morphology and negative surface charge, enabling a 96% PFAS 

removal efficiency. Additionally, MXene increased water permeability by providing varied 

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 
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membranes. An example of this complex system is presented in the research by Ma et al.127 

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 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⁻¹, notably higher than MXenes containing –F and –Cl terminations. 

The same O-rich MXene also exhibited an oxidation rate constant of 3.9 × 10⁻2 min⁻1 for 

PFOA, and more than 99% of PFCAs were decomposed within 3 h under an applied potential 

of +6 V in 0.1 M Na2SO4. Interestingly, PFOA degraded approximately 20% more rapidly than 

PFBA, highlighting the selective advantage of O-terminated surfaces. The electrosorption 

strategy was also explored by Shrestha et al.,126 who enabled reversible PFAS adsorption–

desorption cycles by integrating MXene 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 volumetric capacitance 

and stable cycling performance. A further advancement was demonstrated by Zhao et al.,128 

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⁻1 under +1.0 V, while the MXene–polyaniline composite reached 966.1 mg g⁻1. 

Importantly, the higher PFOA uptake reported by Zhao et al. relative to the O-terminated 

MXene of Ma et al. arises from differences in 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. 
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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 Ti3C2Tx chemistry. Another method employed by Ye et al.129 

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 (V₂C) MXene nanosheets. The 

process was also supported through the presence of hydrogen peroxide (H₂O₂). The efficiency 

of the process was 96% of decomposition of PFOS (in concentration 50 μg L-1) after 4 hours 

using 0.15 mg mL−1 of V₂C MXene and 14.7 mM H2O2. It was better than for the process 

prepared with only V₂C (62% removal) or H2O2 alone (no removal). Near complete 

defluorination of PFOS (105 ± 23%) was observed after 4 hours within the V2C and H₂O₂ 

process. This is followed by the formation and then 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 V2C MXene surface. Yang et al.130 

prepared mixed-dimensional MXene composite membranes, which were characterized by 

excellent permeability and selectivity. The membranes owed their excellent properties to 

intercalating 1D carboxylated cellulose nanofibers (CNFs) into 2D lamellar MXene nanosheets 

and exhibited distinct rejection rates for PFAS over 95%. Moreover, scientists noticed nearly 

an eightfold increase in permeance compared to a commercial polyamide membrane. These 

excellent results were achieved by strong hydrogen bonding created during the intercalating 

process, which regulated the nanochannels into stable lamellar structures. These forms have a 

crucial role in the highly efficient permeance and molecular separation. Finally, Dixit et al.123 

compared the efficiency of MXenes in removing zwitterionic PFAS with that of anionic, 

nonionic, and PFAS-specific resins. The scheme of the process is presented in Figure 10b. The 

obtained results showed that Ti₃C₂ MXenes were the most effective adsorbent. They achieved 
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over 80% efficiency for all zwitterionic PFAS species within similar experimental parameters. 

This was compared to the tested ion exchange resins, as presented in Figure 10c. Additionally, 

MXene was the most effective medium for capturing dangerous solutions. Simultaneously, 

Ti₃C₂ MXene demonstrated high regeneration efficacy, which varied depending on the 

regenerating agent used, as shown in Figure 1d. Scientists noticed that Na2SO3 was the leading 

agent for regeneration, achieving approximately 90% recovery of zwitterionic PFAS, as shown 

in Figure 10d. The scientists also investigated the formation of byproducts in a subsequent UV-

sulfite experiment. The total amount of zwitterionic PFAS was decreased by approximately 

65% after 6 hours (∼30 J cm-²), by 95% after 12 hours (∼60 J/cm-²), and by more than 99.9% 

after 36 hours (∼180 J/cm-², see Figure 12e). What’s more, scientists did not notice 

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 (Figure 12f). 

MXenes are highly effective 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 selectivity, 

adsorption capacity, and reusability, making MXenes a versatile and promising platform for 

mitigating emerging PFAS contamination in water systems.
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Figure 10. a) Production of fiber membranes through interfacial polymerization with 

MXenes as a catalyst and without them. Schematic of hollow fiber and the process of 

removal of PFAS. Reprinted from ref. 121 with permission from American Chemical 

Society, Applied Materials and Interfaces, Copyright 2022. b) Scheme of the process with 

removal of PFAS with membranes containing MXene. c) Efficiency of different types of 

zwitterionic PFAS (fluorotelomer sulfonamidopropyl betaines and fluorotelomer betaines, 

known as FTAB and FTB, respectively) decomposition within adsorbent media such as three 

kinds of resins (typical, nonionic, PFAS-specific), and Ti3C2 MXenes. d) Efficiency of 

adsorbent regeneration. e) Degradation of summed zwitterionic PFAS, including FTAB and 

FTB, after 36 hours of UV/sulfite process. f) Post-product compounds formed during 

the UV/sulfite process with FTAB and FTB solutions. Reprinted from ref. 123 with 

permission from American Chemical Society, Environmental Science and Technology, 

Copyright 2022.
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3.4. Removal of micro- and nano-plastics (emerging contaminant)

Micro and nanoplastics (NP) are the most prevalent pollutants globally 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 

microorganisms. By 2050, humanity will generate about 12 billion tons of plastic waste that 

will not be recycled and will pose a threat to the ecosystems.131

Nanoplastics are a newly recognized contaminant, 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 biological barriers, ultimately impacting the 

behavior and metabolism of organisms. Additionally, materials are excellent adsorbers for 

organic pollutants and heavy metal ions in aquatic environments. Then, materials are 

transferred to other ecosystems through the food chain, impacting organisms at higher trophic 

levels and potentially causing an influence on 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.132 The scientists employed electro-membrane filtration to remove 

polystyrene (PS) and polymethyl methacrylate (PMMA) at varying pH levels from 5 to 9. The 

application of voltage resulted in an increase in 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 obtained results showed that the pH value affects differently for the 

degradation of various kinds of PFAS. The alkaline conditions enhance the removal of PS, 

while acidic conditions are more favorable for PMMA. Yang et al.131 also utilized a membrane 

system to remove PFAS from wastewater systems. For this purpose, scientists etched Co3O4 
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nanoparticles entrenched in holey Ti3C2Tx MXene (Figure 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 microspheres of various sizes. The membranes showed exceptionally high 

microplastic removal rates, reaching more than 99.3%. Adding MXene to membranes allowed 

for a large water flow. This also helped maintain high microplastic removal efficiency due to 

the physicochemical stability of the membranes. A novel approach to removing nanoplastics 

was introduced by Urso et al.133 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 multi-layer stacks for easy magnetic collection. The process begins with the thermal 

annealing of Ti3C2Tx MXene to convert it into photocatalytic multi-layered TiO2. Then, a 

platinum (Pt) layer is added, along with magnetic   γ-Fe2O3 nanoparticles. Finally, MXene-

derived γ-Fe2O3/Pt/TiO2 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 the photocatalysis process. This method shows highly efficient and 

environmentally friendly properties, such as producing hydrogen (H₂). Cao et al.134 prepared 

MXene/ZnxCd1-xS composites with photocatalytic properties for H2 evolution integrated and 

simultaneous removal of polyethylene terephthalate (Figure 11e). The obtained composites 

showed brilliant photocatalytic performance and H2 evolution rate (14.17 mmol g-1 in alkaline 

PET solution). What’s more, polyethylene terephthalate was also converted into useful organic 

micromolecules, especially glycolate, ethanol, etc. The high efficiency of materials is caused 

by their improved ability to separate photocarriers 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.135 used a hydrothermal method to prepare Ti-
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based MOF catalysts with abundant Ti-Ox bonds and graphitic carbon with a porous structure. 

The O-Ti-O species and graphitic carbon facilitated the application of materials in the 

photosensitive and catalytic processes. Scientists used composites in the sonication process and 

noticed that ultrasound effectively removed microplastics. The obtained results show over 75 

% removal of micro-polyethylene after 4 hours of the sonocatalytic process.  MXenes and 

MXene-based composites are highly effective in removing micro- and nanoplastics 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 transformation of plastics into useful byproducts. 

Functionalization, hybridization, and integration with magnetic or catalytic components further 

enhance removal efficiency, scalability, and reusability, making MXenes a promising solution 

for emerging plastic pollutants in water systems.

Figure 11. Scheme of a) Formation of the micro- and nanoplastics from plastic waste 
fragments into water, b) Microrobots removing nanoplastics from water by trapping them 
onto their surfaces. c) Nanoplastic detection by microrobots using electrochemical impedance 
spectroscopy. d) Using membranes containing MXene flakes. Reprinted from ref. 131 with 
permission from Elsevier, Journal of Colloid and Interface Science, Copyright 2022 e) 
Removal of micro- and nanoplastic in the photocatalysis process. Reprinted from ref. 132 
with permission from Elsevier, Chemical Engineering Journal, 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.136,137 The primary 

purpose of the Ti3C2Tx nanosheet-based hybrid photocatalyst was to eliminate carbamazepine, 

an antiepileptic medication that typically finds its way into water bodies and harms aquatic 

ecosystems.138 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 surrounding factors, in 

addition to material ones, may improve MXene's degrading function.138 Ti3C2 has been shown 

in another study to break down the antiepileptic medication carbamazepine effectively in the 

presence of visible light, indicating that it may be useful in treating drug-contaminated water.139 

An additional typical medicine detected in water supplies is the anti-inflammatory medication 

diclofenac. Using a single-step chemical co-precipitation method, magnetic Ti3C2Tx 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 the 

traditional UV and UV/H2O2 technique, is the result of the created active radicals.138 To further 

improve their photocatalytic degradation effectiveness, MXenes have been coupled 

synergistically with a variety of materials, such as graphene, MOFs, polymers including 

cellulose and chitosan, and carbon nanotubes.140 By utilizing the complementary qualities of 

the added materials in addition to 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 TiO2 in 

graphene oxide-based nanofiltration membranes is one of the most remarkable examples. The 

composite of Ti3C2 with graphitic carbon nitride (g-C3N4) and TiO2 is another notable example 

of MXene synergy.140 These constituents demonstrated mutually reinforcing effects and robust 
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interactions, culminating in amplified absorption of visible light and expedited separation of 

photo-generated carriers, hence augmenting the rate of photocatalytic destruction. 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.141 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 pharmaceutical contaminants 

due to their large surface area, tunable surface chemistry, and excellent charge transport 

properties. They have been applied in photocatalytic degradation systems for drugs like 

carbamazepine and diclofenac, achieving high degradation efficiencies under UV or visible 

light. Synergistic integration with materials such as graphene, MOFs, TiO2, g-C3N4, and ZnO 

enhances light absorption, charge separation, and overall photocatalytic performance, making 

MXene-based systems promising for sustainable pharmaceutical 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 

the MXenes. Due to the large surface area of the MXene layers, the metal ions may be trapped 

within them. Additionally, the ion exchange occurs between the metal ions and the group 

present on MXene’s surface, which leads to an electrostatic interaction between them. The 

titanium present in the MXene itself has an excellent affinity toward many ions. In most cases, 

the Freundlich model describes multilayer adsorption for the removal of metal ions.

The adsorption mechanism of Cr(VI) ions by MXenes (Ti3C2Tx) nanosheets using the reduction 

adsorption method is shown in Figure 12c. The presence of hydroxyl ions at low pH value is 

high, due to which the MXenes get positively charged, and it attracts the Cr2O7
2- (negatively 

charged) via electrostatic interaction.44 There is a reduction in Cr, which changes Cr(VI) to 
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Cr(III) after the sorption process. The process involves the transfer of an electron from the 

surface of MXene nanosheets to Cr(VI). Finally, the reduced Cr(III) ions adsorb on the surface 

with a high adsorption rate towards metallic ions, which is feasibly due to the production of 

the Ti−O bond. Covalent bonding occurs, which forms a Ti−O−Cr(III) bond.

The removal of dyes on the surface of the MXenes arises mainly because of the interaction of 

various functionalities present on the MXenes surface and the dye molecules. The -OH groups 

present on the Ti surface are possibly attached to the MB+ molecules, due to which a 

monodentate complex forms via M−O−H−N bond,142 shown in Figure 12b and equations for 

the interaction of MB and hydroxyl are below,

TiOH ⇆ Ti−O− + H+ 

Ti−O− + MB+ ⇆ TiO−MB 

The removal of MB using Ti3C2Tx happens via adsorption and succeeding photocatalytic 

decomposition, which includes various steps. In step one, the Ti3C2Tx surface adsorbs MB 

molecules, which probably increases stacking disorder, possibly because of chemical MXene 

transformation or compression of the layered structure, followed by the formation of titania 

due to oxidation of the MXene. The Ti3C2Tx sheets can see the reduction of MB molecules, 

and eventually, adsorption onto the MXene@Fe3O4 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. Three stages occur due to the 

adsorption; the first step involves the sorption of the particle on the adsorbent's external surface. 

The second step involves the internal diffusion of the particles, followed by obtaining the 

adsorption equilibrium. In a recent study, V2CTx MXene has been shown to efficiently adsorb 

organic dye pollutants through a combination of strong Coulombic interactions, hydrogen 

bonding, and π–π stacking with the aromatic moieties of the dyes. Molecular dynamics 

simulations reveal that adsorption is spontaneous and selective, with interaction energies up to 
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−150 kJ/mol, highlighting the high affinity of cationic dyes. Factors such as molecular charge, 

linearity, and mass further modulate the adsorption efficiency, establishing MXenes as versatile 

and robust substrates for aqueous pollutant removal.143 

Another mechanism144 shows the Coulombic interaction between MB+ and negatively charged 

V2CTx (see Figure 12a). The reaction takes place in slightly acidic media, shown as,

-VOH↔-VO− + H+

-VO- +MB ↔-VO- MB+

The remediation of the radionuclides happens because of electrostatic attraction and ion 

exchange between the radionuclides and the MXene surface. The mechanism of Th(VI) 

adsorption on the hydrated Ti3C2Tx is demonstrated in Figure 12d. The intense attraction 

between Th(IV) and Ti-OH was confirmed by XPS analysis.18 Proton exchange due to the 

elevation in the amount of H+ ions shows the formation of the Ti-O-Th bond through the 

adsorption process. Generally, the chemical ion exchange predominates when free energy 

ranges between 8-16 kJ/mol. The free energy for Ba2+ and Sr2+ was 808 and 11 kJ/mol, 

concluding the establishment of the ion-exchange mechanism. The ion exchange process was 

responsible for the adsorption of Cs+ onto the MXene surface (see Figure 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 mechanism.101 Additionally, in 

another study, a Ti3C2Tx–Fe3O4 (70:30) composite efficiently removes radionuclides ¹³³Ba and 

¹³⁷Cs through a combination of encapsulation and surface complexation. Optimized adsorption 

occurs at pH 5.5–8.0, with maximum capacities of 6.34 mmol g⁻1 for Cs⁺ and 4.18 mmol g⁻¹ 

for Ba2⁺.145 The high affinity for Cs⁺ is attributed to increased interlayer spacing within MXene, 

while the synergistic effect of Fe3O4 enhances 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, 
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radionuclides, PFAS, micro/nanoplastics, and pharmaceuticals through a combination of 

mechanisms, including adsorption, ion exchange, electrostatic interactions, surface 

complexation, reduction, and photocatalytic degradation. 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 processes, while for PFAS and plastics, they enhance electrosorption 

and membrane-based removal. Overall, MXenes’ versatility and physicochemical properties 

make them highly effective for environmental remediation across a wide range of pollutants.

Figure 12. (a) Removal mechanism of MB onto the V2CTx.. Reprinted from ref. 144 with 
permission from Americal chemical society, The Journal of Physical Chemistry Letters, 
Copyright 2020, (b) Representation of the removal mechanism of MB on MXene@Fe3O4 
Surface. Reprinted from ref. 142 with permission from American Chemical Society, Applied 
Materials and Interfaces, Copyright 2019,  (c)Adsorption mechanism of Cr(VI) by the 
Ti3C2Tx, Reprinted from ref. 44 with permission from American Chemical Society, Applied 
Materials and Interfaces, Copyright 2015 (d) Representation of thorium adsorption 
mechanism onto Ti3C2Tx surface. Reprinted from ref. 18 with permission from Elsevier, 
Chemical Engineering Journal, Copyright 2019 (e) Proposed mechanism of Cs+ remediation 
by MXene sheets. Reprinted from ref. 101 with permission from Elsevier, Journal of Nuclear 
Materials, Copyright 2020. 

5. Renewal/reuse capability of MXene- and MXene-based materials 
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A variety of reports show that MXenes and MXene-related materials sustain 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.91 The efficiency of removing the Hg(II) ions was more than 90% up to four 

consecutive cycles. Another study shows the encapsulation of iron on MXenes will enhance its 

stability, and a magnet can collect these composite materials after the adsorption process; also, 

these collected MXene@Fe3O4 composite was dried and again reused.146 and have the removal 

efficiency of 77% after five consecutive cycles. The MXenes (Ti3C2Tx) loaded with Cs+ were 

regenerated (via 0.2M HCl solution) and reutilized for up to 5 following cycles with minimal 

decline of removal efficiency.100

The removal of contaminants (dyes, heavy metals, and medications) from MXene-related 

sorbents and the possibility of their subsequent reutilize are critical measures in cost control, 

risk reduction for the environment, and handling the problem of disposal of toxic sludge. 

Information about desorbing adsorbed pollutants from MXene-derived adsorbents using a 

range of eluents, including HCl, HNO3, NH4OH, H2SO4, Na2CO3, NaOH, KOH, and DI-water, 

is available in the literature. In one study that looked at the MoS2/MX-II adsorbent's 

recyclability, Hg(II) desorption was first found to be roughly 37.3% while using a 5 M HCl 

eluent after a 3-hour contact time. It's interesting to note that with longer contact times of up to 

30 hours, the desorption efficiency increased to 55%.147 Through a simple batch reaction 

approach, Ghani et al.148 created sodium intercalated Ti3C2Tx (SI Ti3C2Tx) MXene, which 

functions as a sorbent and is then used in remediation and electrochemical regeneration 

outcomes. The findings suggest that an intercalation method occurred, causing the MXene's 

"d" spacing to expand. This resulted in a much higher adsorption capacity than that of virgin 

Ti3C2Tx MXene and most comparable nanostructures that have been documented in previous 
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research. The improved adsorption capacity of SI-Ti3C2Tx 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-Ti3C2Tx 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 adsorbate (ciprofloxacin: CPX) was 

made possible by SI-Ti3C2Tx fast electrochemical regeneration rates, which were made 

possible by its high electrical conductivity. These studies 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 different 

pollutant remediation. Additionally, Table 2 provides a comparative overview of MXenes and 

other leading material classes used in water remediation, highlighting key differences in 

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, environmentally friendly, and practical for 

repeated use in pollutant removal.

Table 1. A summary of MXene applications in different contaminant remediation. 

Type of MXenes Contaminant Adsorption 
capacity 

Reference

MXene/alginic acid composite Cu(II) 87.6 mg/g 149
MXene/alginic acid composite Pb(II) 382.7 mg/g 149
Ti3C2Tx-KH570 Pb(II) 147.29 mg/g 150
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MXene (Ti3C2)/PEI 
functionalized sodium alginate 
aerogel

Cr(VI) 538.97 mg/g 151

MXene–CS composites Cr(VI) 43.1 mg/g 152
Oxygenated MXene Hg(II) 1057.3 mg/g 153
MoS2/MX-II Hg(II) 1435.20 mg/g 154
MXene-45 Pd(II) 184.56 mg/g 155
Alk-Ti2Csheet Cd(II) 325.89 mg/g 156
alk-MXene/LDH Ni(II) 222.7 mg/g 157
Ti3C2Tx As(III) 2.8 mg/g 158
Sodium alginate/MXene/CoFe2O4 
under RMF

Ciprofloxacin 290.91 mg/g 159

SI (sodium ions)–Ti3C2Tx Metformin 145.07 mg/g 159
Cobalt-doped ZnTiO3/Ti3C2Tx Tetracycline 14.9 mg/g 160
Sonicated Ti3C2TX MXene Amitriptyline 58.7 mg/g 161
DSP-M (Ti3C2TX and DASNP) Naproxen 166.71 mg/g 162
Ti3C2@Fe3O4@β-CD Doxorubicin 7.35 μg/mg 163
MXene-PEDOT:PSS Perfluorohexanoic 

acid (PFHxA)
45.6 mg/g 164

MXene-PEDOT:PSS Perfluorooctanoic acid 
(PFOA)

51.1 mg/g 164

MXene-PEDOT:PSS Perfluorononanoic 
acid (PFNA)

54.9 mg/g 164

O-terminated MXene Perfluorooctanoic acid 
(PFOA)

215.9 mg/g 165

Cl–MXene Perfluorooctanoic acid 
(PFOA)

117.3 mg/g 165

F-terminated MXene Perfluorooctanoic acid 
(PFOA)

158.8 mg/g 165

Table 2. Comparison of MXenes and Leading Material Platforms for Water Remediation

Material Performance in 
Water Remediation

Scalability Environmental 
Impact

Ref

MXenes Very high: metallic 
conductivity, 
hydrophilicity, 
abundant surface 
groups (–O, –OH, –F) 
enable adsorption, 
redox activity, and 
catalysis.

Good potential: 
top-down etching 
from MAX phases; 
scalable with 
reactor volume. 
Emerging greener 
synthesis methods 
(molten-salt, 
electrochemical).

Moderate to high 
concern: HF or 
fluoride etchants 
traditionally used, 
but green routes are 
being developed. 
Long-term stability 
improved.

166
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Graphene 
(and 
derivatives)

Good conductivity 
and surface area; lacks 
rich surface chemistry, 
limiting intrinsic 
redox/adsorption.

Scalable via liquid-
phase exfoliation; 
CVD possible but 
costly.

Production can 
involve strong acids, 
hazardous solvents, 
nanoparticle release 
risk, and energy-
intensive processes.

167

MoS₂ / 
TMDs

Good for membranes, 
catalysis, and 
adsorption. 
Membranes show high 
ion rejection and flux; 
catalytically active 
when combined (e.g., 
MoS₂/Ti₃C₂ for 
HER).

Exfoliation and 
CVD routes exist, 
but scaling with 
defect control is 
non-trivial. Large-
area membranes 
are challenging.

Generally benign, 
but the synthesis 
method determines 
footprint; stability in 
aqueous media 
varies; some require 
high temperature or 
vacuum growth.

168

MOFs (2D 
& 3D)

Extremely high 
surface area, tunable 
porosity, good for 
adsorption/catalysis of 
metals and organics.

Scalability 
challenging: 
solvothermal 
synthesis hard to 
scale. Green 
methods emerging 
(mechanochemical, 
electrochemical).

Significant concerns: 
organic solvents 
(DMF) toxic, 
energy-intensive; 
water stability 
variable, lifecycle 
assessments limited.

169,170

6. Challenges and Other Applications 

Even though these MXenes have extraordinary performance in the adsorption of pollutants 

from the water, numerous challenges still need to be resolved for the full exploitation of their 

properties. One of the significant challenges is the high cost and low yield in production. 

Presently, MXenes are produced with a small yield at a lab scale. A system should be designed 

for a significantly large-scale output, which is 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 cause low costs. The 

traditional method uses HF to prepare MXenes, which is hazardous and is connected with 

severe health and environmental problems. The substitution of HF with less toxic or green 
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chemicals can satisfy an eco-friendly method for MXene production. Up to now, a top-down 

approach is the primary method through which the MXenes are predominantly synthesized, 

and minimal reports exist on the output of MXene utilizing a bottom-up approach. Significant 

awareness is required in this direction to survey the unfamiliar bottom-up techniques for the 

fabrication of MXenes. Another barrier for the researchers to conquer is the storage of MXenes, 

which requires sub-zero temperatures. So, there is a need to produce an effective process for 

preserving the MXene solution over a while without being oxidized. The rapid placement of 

MXenes in different applications makes it mandatory to fully explore 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 modification and 

the chemistry behind the process of removing pollutants from the water must be well explored. 

Surface enhancement increases stability, and biocompatibility reduces cytotoxicity and 

increases recyclability for MXenes. Even though Ti3C2Tx is very much used in water-related 

applications, it is necessary to develop new MXenes and explore different adsorption 

applications. MXenes and related composite materials are satisfactorily used in applications in 

environments like as an antibacterial agent and capacitive deionization. The study report shows 

that MXene exhibits antifouling and antibacterial characteristics when modified with silver 

nanoparticles. MXenes are also used in CDI because of their high hydrophilicity and electrical 

conductivity.171 Apart from that, the tunable surface area is also an essential parameter to the 

usage of MXenes in CDI. These MXene-based electrodes in CDI applications have shown 

extraordinary adsorption capacity for the adsorption of cations and anions simultaneously. 

Studies have also demonstrated the unique antibacterial properties of MXenes against 

bacteria.172 The anionic nature of the surface of the MXenes is responsible for the direct killing 

of the bacteria because of the hydrogen bonding between the oxygenated groups of MXenes 

and the cell membrane, which then prohibits nutrient intake. The atomic configuration and 
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structure also play a critical part in the antibacterial characteristics of MXenes. The surface 

tuning of MXenes can also be beneficial for sensing-based applications. Data based on DFT 

calculation reveals that the Ti2CTx monolayer containing oxygen groups was sensitive towards 

ammonia (NH3), corresponding to other gases.173 Additionally, the doping of metal 

nanoparticles into MXenes will increase the sensing ability of the MXenes by enhancing the 

catalytic activity in all. MXenes were also used as the sensor for phenols by the electrochemical 

process. Another application of MXenes is electromagnetic interference (EMI) shielding.174 

Studies demonstrated that MXenes had been explored for EMI because of their superior 

interlayer electronic coupling and excellent electrical conductivity. Due to the interlayer 

structure of MXenes, allows the radiation to go for multiple internal reflections followed by 

the absorption of electromagnetic waves.

Even though MXene has proven to be a great adsorbent for getting rid of a lot of dangerous 

pollutants, there are still a lot of issues that need to be worked out before its amazing potential 

can be fully utilized. Two significant obstacles to MXene synthesis are its restricted range and 

extremely high cost. These days, MXene is primarily produced in labs with low yields. 

Research in this field will proceed with the creation of an economically viable, efficient, and 

environmentally sustainable technology for producing huge quantities of MXene, which will 

also create new avenues for MXene's potential commercial applications. 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. Even though Ti3C2Tx is an effective in-water 

treatment, more research should be conducted to find effective ways to remove pollutants using 

different types of MXene. Moreover, several theoretical studies, like DFT, forecasted 

remarkable properties of MXene 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 
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removal. Most of them demonstrated exceptional quality and selectivity when utilized to stop 

different types of water pollutants from penetrating. Grain boundaries, impurities, defects, or 

residues of molecules that clog the pores of the nanolayers and lower the gas flow rate are the 

main issues. For this reason, the mixture needs to be carefully filtered before passing through 

the membrane system. Furthermore, it's uncertain how dangerous combinations and pollutants 

are chosen for remediation. Thus, before anticipating the mechanism of selectivity, a thorough 

understanding of the elements influencing the separation process is necessary. Research on 

MXene's possible applications in capacitive deionization, antimicrobials, adsorbents, and 

membranes—aside from adsorption—is scarce. Further research in this area is required to 

determine novel applications of these fascinating 2D nanomaterials in water filtering. There's 

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 MAX-phase precursor purity, etching conditions, and post-treatment steps can 

drastically alter surface terminations, defect 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 demonstrated that high-quality MXene (e.g., Ti3C2Tx)can be prepared in 

as little as 5 minutes, and scaled up to > 100 g per run, facilitating rapid, large-scale production 

while maintaining reproducible structural and electrochemical properties.175,176 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 
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continuous-flow synthesis platforms with real-time monitoring (e.g., pH, intercalant 

concentration, interlayer spacing), development of community-wide standards for precursor 

quality and reporting (composition, etchant, time, temperature, washing), and generation of 

open datasets linking synthesis parameters → surface chemistry → material performance.177 

Furthermore, controlled termination engineering via post-etching treatments (e.g., plasma, salt-

based functionalization) 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 

MXene may be the next generation of materials for environmental cleanup and water 

desalination to overcome the difficulties and produce better MXene-based membranes by 

refining their synthesis methods, as the morphology and structure of MXene membranes affect 

their performance. Additionally, MXene-based membranes were produced fast (in a matter of 

minutes) with the use of a unique electrophoretic deposition (EPD) technique, which involved 

depositing negatively charged MXene 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. Maybe scientists could reduce the difficulties even more by creating more 

effective synthesizing strategies and processes. By adding polymers to its surface, MXene's 

stability and separation capabilities can be enhanced in yet another way. In comparison to 

MXene/traditional 2D materials, they concluded that MXene/polymer membranes function 

exceptionally well throughout the review. Naturally, the prohibitively high cost of MXene in 

membranes will determine its commercialization and limitations. Currently, the need to use the 
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least amount of material may be satisfied by using ultrathin and mixed matrix membranes. For 

instance, because GO and MXene have different interlayer spacings, combining GO and 

MXene would produce an organized layer-structured membrane, which can balance the 

molecular repulsion of organic pollutants and the permeability of water and organic 

solvents.178,179 Despite MXenes’ outstanding performance in pollutant adsorption, several 

challenges must be addressed to fully realize their potential. Key issues include high production 

costs, low yields, hazardous synthesis methods (e.g., HF use), storage stability, and 

aggregation, which can reduce adsorption efficiency. Large-scale, eco-friendly production 

methods and improved storage techniques are needed. Surface modification can enhance 

stability, recyclability, biocompatibility, and adsorption efficiency, while novel MXenes 

beyond Ti3C2Tx should be explored. Beyond adsorption, MXenes show promise in antibacterial 

applications, capacitive deionization, sensing, and EMI shielding due to their tunable surface 

chemistry, high conductivity, and interlayer structures. Advancements in membrane 

fabrication, such as electrophoretic deposition, polymer incorporation, and MXene/GO 

composites, offer faster, energy-efficient, and high-performance water filtration solutions. 

Overall, MXenes are a promising platform for next-generation environmental remediation and 

water treatment, but 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 Ti3C2Tx) in water remediation, there 

are legitimate environmental and health concerns that deserve rigorous scrutiny. Recent studies 

show that Ti3C2Tx can exert ecotoxicity toward aquatic organisms even at sublethal 

concentrations: for instance, exposure of Daphnia magna to Ti3C2Tx caused extensive 

metabolomic perturbations (hundreds of metabolites altered), implicating lipid, amino acid, 

and energy‐metabolism pathways despite no overt mortality or growth inhibition. Similarly, 
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toxicity tests on Microcystis aeruginosa revealed that at higher concentrations (≥ 5 mg L⁻¹), 

Ti3C2Tx significantly impaired growth and photosynthetic capacity, 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, Ti3C2Tx can degrade into titanium dioxide (TiO2) 

nanoparticles and carbonaceous fragments. Such degradation products may themselves have 

unknown or harmful ecotoxicological properties, for example, ROS generation, 

bioaccumulation, 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 Ti3C2 nanosheets can disrupt spermatogenesis in male mice via induction of 

oxidative stress, DNA damage, and activation of apoptosis through the ATM/p53 pathway.178 

Despite their promising performance in water remediation, the large-scale deployment of 

MXenes warrants caution due to potential environmental risks. Strategies to mitigate adverse 

effects include surface functionalization 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, while thorough life cycle and environmental fate assessments encompassing 

degradation pathways, byproducts like TiO2, and long-term bioaccumulation are essential. 

Post-treatment stabilization or 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 stabilization 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, 
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combining rigorous ecotoxicological testing, careful materials engineering, and containment 

strategies is essential; failure to do so risks substituting one pollution problem (organic/metal 

contaminants) with another (nanomaterial pollution).

8. Future Directions

Emerging research on MXenes for water remediation emphasizes the importance of green and 

solvent-free synthesis strategies. Traditional HF-based etching methods, while effective, pose 

significant environmental and safety concerns, limiting large-scale application. 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, –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 controlling flake size, interlayer spacing, and 

surface chemistry to maximize performance while minimizing chemical footprint. Integration 

of MXenes into composite systems is another key direction. MXene–polymer, MXene–

nanocellulose, and MXene–carbon-based composites offer synergistic advantages, combining 

MXene’s high surface area, conductivity, and active sites 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 

hybridization with other 2D materials (e.g., MOFs, graphene) to further improve selectivity, 

durability, and regeneration under realistic water conditions. Addressing microplastics, 

MXenes can be incorporated into 3D scaffolded membranes or cryogel-based composites that 
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enable dynamic capture, self-cleaning, and reusability. The high hydrophilicity, 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. Standardized 

synthesis, characterization, and testing protocols will also be necessary to ensure 

reproducibility, batch-to-batch consistency, and comparability across studies, which is 

essential 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, radionuclides, 

PFAS, and micro- and nano-plastics. Tailored functionalization and controlled oxidation 

further enhance selectivity and efficiency, enabling targeted interactions with diverse 

contaminants. Ti3C2Tx and Ti3CN MXenes have been extensively explored, exhibiting high 

adsorption capacities, recyclability, 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 large-scale, 

environmentally sustainable synthesis, advanced surface engineering for selective contaminant 

capture, and integration of MXene-based systems into existing water treatment infrastructures. 

Rigorous assessment of environmental and human health risks, alongside regulatory 

frameworks, is essential. With interdisciplinary innovation, MXenes offer a versatile, high-
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performance platform capable of transforming water purification and addressing pressing 

global pollution challenges.
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No new data were generated or analysed in this study. All data discussed in this review are cited 
from previously published sources.
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