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ABSTRACT: Membrane technology has become an integral part of wastewater 

treatment and environmental remediation. Among various methods of fabrication, 

electrospinning has drawn significant attention due to its ability to produce highly porous 

membranes with interconnected pore structures, high specific surface area and 

controllable fibre diameter. At the same time, MXenes, a newly emerged family of two-

dimensional (2D) transition metal carbides, nitrides, and carbonitrides have revolutionised 

the paradigms of the materials science due to their hydrophilic surface chemistry, metallic 

electrical conductivity and excellent chemical tunability. In this review, we present a 

comprehensive discussion on the synergistic integration of electrospun nanofiber 

membranes with MXenes in water purification. The fundamentals of electrospinning, the 

methods to embed MXenes into polymer matrices and the morphological modifications 

are thoroughly discussed. We comprehensively review the performance of these 

composite membranes for oil-water separation, heavy metals removal and desalination, 

elucidating the underlying principles and addressing the current scaling-up and stability 

challenges. 

 

1. INTRODUCTION 

Access to clean water is still one of the biggest problems of the 21st century (Damptey et al. 2022; Waisi et al., 2026). According 

to the United Nations World Water Development Report (2023) (‘UNESCO World Water Assessment Programme (WWAP), 

Water for People, Water for Life: The United Nations World Water Development Report’ 2003), rapid industrialisation, 

population growth, and urbanisation have worsened water pollution. More than 80% of the world's wastewater is discharged 

into ecosystems untreated. Heavy metals (like 𝑃𝑏²⁺, 𝐶𝑑²⁺, and 𝐶𝑟⁶⁺), organic dyes (like methylene blue and Congo red), 

pharmaceuticals, and new micropollutants are all very dangerous to aquatic life, human health, and food security (Date and 

Jaspal, 2024; Kadhom et al., 2020). Traditional treatment methods, such as ion exchange, activated carbon adsorption, chemical 

precipitation, and biological processes, have significant drawbacks:  elevated operational costs, limited pollutant removal, 

production of hazardous sludge, and susceptibility to fouling (Crini et al., 2019; Rajasulochana and Preethy, 2016). 

Nanotechnology provides revolutionary solutions via materials characterised by elevated surface-to-volume ratios and 

customised functionalities (Mekuye and Abera, 2023). MXenes, a family of two-dimensional (2D) transition-metal carbides, 
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nitrides, or carbonitrides, have attracted significant attention since their discovery by Naguib et al. at Drexel University in 2011 

(Crini et al., 2019).  
MXenes are a family of two-dimensional transition metal carbides, nitrides and carbonitrides with the general formula 

Mₙ₊₁XₙTₓ, obtained through the selective etching of the A-layer from MAX phases (Kumar and Taunk, 2024). Their relevance 

to water-treatment membranes is not only due to their novelty but also because of the collection of features that directly reduce 

key membrane constraints (Seling et al., 2025; Sun et al., 2024a). Hydrophilic surface terminations, such as −OH and −O, allow 

strong interactions with water and a reduction in pollutant adhesion (Imsong and Dhar Purkayastha, 2023). The increased 

surface area and the tunable interlayer spacing allow selective transport and ion sieving (Jain et al., 2026). Moreover, they possess 

chemically modifiable surfaces to further customise wettability and interfacial interactions, which are crucial to improve 

antifouling properties and separation efficiency (Zhang et al., 2023). Thus, MXenes are better classified as functional membrane 

modifiers and not as inert fillers especially in the case of electrospun nanocomposites for advanced water treatment applications. 

   Electrospinning transforms MXenes into practical, large-scale configurations by producing nanofibers with diameters ranging 

from 50 to 500 𝑛𝑚 (Wafaa Kh. Al-Musawy et al., 2026; Li et al., 2024; Pant et al., 2023a). This method uses high voltage on a 

polymer-MXene solution to shoot out a charged jet that hardens into a nonwoven mat (Khadem et al., 2025b; Raut et al., 2025; 

Wang et al., 2025, 2024; W. Wu et al., 2025a). Adding MXenes (1 − 10 𝑤𝑡%) to polymers like PVDF, PAN, or chitosan makes 

nanocomposites that work together in a way that makes them stronger. (Gao et al., 2019a, 2019b; Jain et al., 2026; Qin et al., 

2022; Wang et al., 2024): 

• Enhanced tensile strength and flexibility. 

• Improved antifouling via MXene's bactericidal effects (e.g., ROS generation). 

• Hierarchical porosity for superior mass transfer. 

  Recent studies demonstrate adsorption capacities exceeding 500 mg/g for dyes and >200 mg/g for heavy metals, with 

regeneration efficiencies >90% over multiple cycles (Chen et al., 2024; Feng et al., 2021; Hou et al., 2023; Jun et al., 2020). 

This review methodically assesses MXene-based electrospun nanocomposites for water treatment applications. It discusses 

ways to make things (e.g., in-situ etching and electrostatic complexation), ways to test them (e.g., SEM, XRD, XPS, and BET), 

how well they perform in batch and flow systems, and how they work (e.g., electrostatic attraction, π-π stacking, and 

photocatalysis). We look closely at important problems, like MXene oxidation, the scalability of electrospinning, and long-term 

stability. We also look at solutions, like hetero structuring with 𝑇𝑖𝑂₂ or 𝑔 − 𝐶₃𝑁₄. Future directions stress pilot-scale 

deployment, life-cycle assessments, and integration with membrane bioreactors for sustainable, real-world uses. 

   This work highlights the potential of MXene electrospun nanocomposites to transform decentralised water purification by 

addressing gaps in synthesis, application, and innovation, in accordance with UN Sustainable Development Goal 6 (Kamto, 

2016). In Scheme 1, there is a brief graph about the content of this review article. 

 

Scheme 1. Main content of this review. 
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2. ELECTROSPINNING FUNDAMENTALS AND SOLUTION PARAMETERS 

One benefit of electrospinning technology is the ability to customise the structure, which can be tailored to individual 

requirements by adjusting electrospinning settings or the device's design. Electrospinning is an efficient and straightforward 

technique for synthesizing nanofibers (Jabur et al., 2017).The electrospinning apparatus primarily consists of a high voltage 

source, a spinneret, and a collector, as shown in Figure 1 (Alfalluji, 2025). The polymer solution is propelled from a hypodermic 

through a needle by a pump. The potential difference between the needle and the drum causes the solution to form a filament 

at the needle's tip, which is subsequently attracted to the collector plate (the drum). The polymer solution traverses the electric 

field, generating a liquid jet aimed at the collector. The swift evaporation of the solvent in the polymer solution transforms this 

jet into a fibre. The procedural stages of the process include (K. Wu et al., 2025): 

i. preparation of the solution. 

ii. Electrostatic field application. 

iii. Cone-jet formation.  

iv. Jet acceleration and stretching. 

v. Collection of fibers. 

vi. Parameter optimization. 

 

Figure 1: Schematic of an electrospinning apparatus.  "AI assisted copy editing". 

2.1 Electrospinning parameters 

The electrospinning process is extremely sensitive to various parameters. These parameters are generally categorized into 

solution properties, processing conditions, and ambient parameters. Fine-tuning of these parameters is essential for the 

transition from "beading" (droplet formation) to high-quality, continuous nanofibers (Ahmadi Bonakdar and Rodrigue, 2024; 

Bonakdar and Rodrigue, 2024; D. Ji et al., 2024; Nadaf et al., 2022; Panditkar et al., 2025). 

1. Solution Parameters 

These are inherent to the chemical makeup of the mixture (like your PVA/MXene solution) (Ye et al., 2024). 

• Concentration & Viscosity: These are the most critical factors. If the concentration is too low, surface tension 

dominates, leading to the jet breaking into droplets (beading). If it is too high, the solution becomes too viscous to flow 

through the needle (Carroll-Bassham and Brettmann, 2024; D. Ji et al., 2024). 

• Molecular Weight: Higher molecular weight polymers provide the necessary chain entanglement to stabilize the jet 

(Cui et al., 2020; Gao et al., 2019b; Munshi et al., 2026). 

• Conductivity/Surface Charge: Adding salts or conductive fillers (like MXene) to the jet's surface charge makes it 

more unstable and makes the fibres thinner (Cui et al., 2020). 
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• Surface Tension: High surface tension makes it hard to start the jet. To lessen this, surfactants are sometimes added 

(Yan et al., 2022). 

2. Processing Parameters 

• Applied Voltage: To form a Taylor Cone, you need a specific voltage. Higher voltage usually makes fibres thinner 

because it increases electrostatic repulsion. However, excessive voltage can cause multiple jets and fibres of different diameters 

(Panditkar et al., 2025). 

• Flow Rate: This tells you how much solution is at the tip of the needle. If the flow rate is too high, the fibres won't 

have enough time to dry before reaching the collector, which can cause them to stick together or remain "wet" (Panditkar et 

al., 2025). 

• Distance from Tip to Collector: • The distance from the tip to the collector must be adequate to facilitate the 

complete depletion of the solvent and the "whipping" stretching process (Cui et al., 2020; Liu et al., 2021; Qian et al., 2022; W. 

Wu et al., 2025a). 

• Needle Gauge (Diameter): Smaller internal diameters can reduce clogging and produce finer fibers, though they 

require higher pump pressure (Ahmadi Bonakdar and Rodrigue, 2024; Yu and Tan, 2025). 

3. Ambient Parameters 

The environment surrounding the setup can significantly alter the final product. 

• Humidity: High humidity can cause small pores to form on the fiber surface (due to "breath figures") or accelerate 

the polymer's precipitation (Mailley et al., 2021; D. Zhang et al., 2020). 

• Temperature: Increasing the temperature usually decreases the solution's viscosity and increases the rate of solvent 

evaporation (Yang et al., 2017). 

3. STRUCTURE, SYNTHESIS, AND PEELING OF MXENES 

MXenes are a family of 2D transition-metal carbides, nitrides and carbonitrides from the periodic table, as shown in Figure 2 

(Pant et al., 2023b) obtained from MAX phases by selective removal of the A-layer (Abdul-Hussein et al., 2024; Pogorielov et 

al., 2021). Their general formula is 𝑀(𝑛+1)𝑋𝑛𝑇𝑥 , where M is an early transition metal, X is carbon and/or nitrogen, and 𝑇𝑥 is 

surface termination groups such as –OH,–O, and –F (Kadhom et al., 2022). The layered architecture together with chemically 

active surface terminations endow MXenes with a unique combination of hydrophilicity, high surface area, tunable interlayer 

spacing and strong interfacial reactivity, which is particularly relevant for membrane and nanocomposite applications (Pant et 

al., 2023b). 

 

Figure 2: Periodic table showing the composition of the MAX phase and MXene (Pant et al., 2023b) licensed under CC BY 
4.0. 
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The synthesis method is very important for the structure, surface chemistry and dispersion properties of MXenes in polymer 

matrices (Patial et al., 2025). Wet chemical etching (Jin et al., 2023) is the most established technique, whilst fluoride-salt-assisted 

etching (Zhu et al., 2023), hydrothermal treatment (Zhang et al., 2023), electrochemical etching (Liu et al., 2023) and molten-

salt methods (Wang et al., 2023) have been developed to improve safety, surface control and scalability. Each route has trade-

offs in etching efficiency, structural integrity, environmental impact and accessibility. Therefore, for the application of MXenes 

in electrospun membranes for water purification, the synthesis process needs to be carefully considered (Raut et al., 2025). 

Table 1 summarizes the commonly used methods for MXene synthesis, along with their advantages and disadvantages. 

The synthesis routes dictate the structural quality, surface chemistry and dispersion characteristics of MXenes, all of which 

directly impact polymer compatibility, membrane formation and ultimate separation performance. 

3.1 Wet chemical (HF etching) 

The moist chemical process is the most widely researched method for producing MXene. For instance, the initial MXene, 

𝑇𝑖3𝐶2𝑇𝑥 , was extracted using 50% HF and 𝑇𝑖3𝐴𝑙𝐶2 as the MAX phase (K. Ji et al., 2024). Subsequently, more MXenes, 

including 𝐻𝑓3𝐶2𝑇𝑥, 𝑇𝑖3𝐶𝑁𝑇𝑥, and  𝑇𝑖2𝐶𝑇𝑥 , have been synthesised via the HF etching technique (Kiran et al., 2025). Consider  

HF etching aluminium atoms from 𝑇𝑖3𝐴𝑙𝐶2 as a case study. The acquisition of single-layer or few-layer MXene materials entails 

two processes: an etching procedure followed by an exfoliation treatment, as illustrated in Figure 3 (Antony Jose et al., 2025).   

 

 
Figure 3: Schematic representation of the exfoliation process of MXenes from MAX phases, Reproduced from (Antony Jose 

et al., 2025), licensed under CC BY 4.0 

 

3.2 Etching using strong acid and fluoride salt 

Researchers offered enhanced strategies to circumvent the direct use of 𝐻𝐹 as an etching agent. An efficient technique involves 

a mixture of fluoride salt and 𝐻𝐶𝑙 instead of 𝐻𝐹. Consequently, the MAX phase will be etched in situ by the generation of HF 

when the MAX phase is submerged in a mixture of fluoride and 𝐻𝐶𝑙. Ghidiu et al. synthesised two-dimensional. 𝑇𝑖3𝐶2 by 

etching 𝑇𝑖3𝐴𝑙𝐶2 in a solution of 𝐿𝑖𝐹 and 𝐻𝐶𝑙. Upon hydration, the hydrophilic substance expands in volume, can be moulded 

like clay, and can be dried to form a highly conductive solid or coatings that are many tens of micrometres thick (Kiran et al., 

2025). Figure 4 (Zhu et al., 2023)  depicted a typical operation. 
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Figure 4: Improved fluoride salt and HCl etching process to prepared V2C MXene, Reproduced from (Zhu et al., 2023), 

licensed under CC BY 4.0. 

3.3 Hydrothermal 

MXenes are synthesised via the hydrothermal reaction of MAX phases using alkali metal hydroxides (e.g., 𝑁𝑎𝑂𝐻, 𝐾𝑂𝐻) under 

high temperature and pressure conditions. This approach is scalable and does not require hazardous HF, unlike the wet chemical 

procedure. Monolayer 𝑇𝑖₃𝐶₂(𝑂𝐻)₂ was synthesised using 𝐾𝑂𝐻 at 180 °𝐶 for 24 ℎ𝑜𝑢𝑟𝑠 in an autoclave (Peng et al., 2018). 

Notwithstanding its scalable characteristics, the temporal and high temperature-pressure prerequisites limit its use for large-

scale synthesis. Figure 5 (Hada et al., 2022) illustrates the hydrothermal etching of 𝑇𝑖3𝐴𝑙𝐶2 MAX to synthesize 𝑇𝑖3𝐴𝑙𝐶2𝑇𝑥 

MXene. 

 

Figure 5: Schematic illustration of hydrothermal etching 𝑇𝑖3𝐴𝑙𝐶2 MAX to synthesize 𝑇𝑖3𝐴𝑙𝐶2 MXene, Reproduced from 

(Hada et al., 2022), licensed under CC BY 4.0. 

3.4 Electrochemical 

To etch using the electrochemical method, a cathode, an anode, and a direct current bias are required. Numerous studies have 

illustrated the use of electrolytes like 𝐻𝐶𝑙, 𝑁𝑎𝐶𝑙, and 𝐻𝐹  for the electrochemical etching of the MAX phase. Using such a 

route, 𝑇𝑖2𝐶𝑇𝑥, a fluorine-free MXene for the first time, was successfully synthesized (Yan et al., 2023). The electrochemical 

approach may excessively etch the MAX phase, potentially altering the structure of MXenes, despite its simplicity. Pang et al . 

synthesised 𝑇𝑖2𝐶𝑇𝑥 using electrochemically etching of 𝑇𝑖2𝐴𝑙𝐶 in an 𝐻𝐶𝑙 solution. As seen in Figure 6A (Zhu et al., 2023), the 

etching method comprises two steps. The 𝐴𝑙 atom in 𝑇𝑖2𝐴𝑙𝐶 was initially removed using an applied voltage due to the weaker 
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𝑇𝑖 − 𝐴𝑙 bond relative to the 𝑇𝑖 − 𝐶 bond. The comprehensive etching reaction on 𝑇𝑖2𝐴𝑙𝐶 is delineated as follows (Zhu et al., 

2023): 

𝑇𝑖2𝐴𝑙𝐶 + 𝑦𝐶𝑙− + (2𝑥 + 𝑧)𝐻2𝑂 ⟶ 𝑇𝑖2𝐶(𝑂𝐻)2𝑥𝐶𝑙𝑦𝑂𝑧 + 𝐴𝑙+3 + (𝑥 + 𝑧)𝐻2 + (𝑦 + 3)𝑒− … … … (6)   

As seen in Figures 6B–D, two bulk pieces 𝑇𝑖3𝐴𝑙𝐶2 were employed as electrodes. The cathode served as the counter electrode 

in this configuration, resulting in etching exclusively on the anode's surface. In the context, TMA-OH fulfils two functions. 

Initially, it is a component of the electrolyte that contains 𝑁𝐻4𝐶𝑙. Furthermore, 𝑇𝑀𝐴 − 𝑂𝐻 would dissociate into 𝑇𝑀𝐴+ and 

𝑂𝐻−. 

 
Figure 6: Electrochemical etching in aqueous solution, Reproduced from (Zhu et al., 2023)licensed under CC BY 4.0. 

3.5 Molten salt etching 

MXenes are extracted from unconventional MAX phases using the Lewis-acid-mediated molten-salt method. In 2019, 𝐶𝑙 ended 

MXenes, namely. 𝑇𝑖3𝐶2𝐶𝑙2 and 𝑇𝑖3𝐶𝐶𝑙2, were separated using this approach (Khadem et al., 2025b). Furthermore, MXenes, 

both with and without surface termination groups, can be synthesised by the molten salt method, as documented by 

Kamysbayev et al. (Kamysbayev et al., 2020). So, by altering the surface chemistry, the molten salt method opens new uses for 

MXenes. Figure 7 shows a diagram of the synthetic process (Liu et al., 2023). 

 

 
Figure 7: Schematic illustration of the fabrication process of 𝑇𝑖2𝐴𝑙𝐶 and E-𝑇𝑖2𝐶𝑇𝑥 . a) The schematics of the molten salt cell 

with the (𝑇𝑖, 𝐴𝑙, 𝐶) pellet, Reproduced from (Liu et al., 2023), licensed under CC BY 4.0. 
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4. INTEGRATION OF MXENES INTO POLYMERIC ELECTROSPUN MATRICES 

Integration of MXenes into polymeric electrospun matrices is an effective strategy to obtain multifunctional nanofibrous 

membranes with improved mechanical integrity, surface functionality and separation performance (Abraham Swu and Dhar 

Purkayastha, 2025). MXenes are incorporated into electrospun systems either by post-electrospinning surface modification 

(decorating the nanofiber scaffold with MXene) (Zhu et al., 2026) or pre-electrospinning blending (dispersing MXene 

nanosheets in the polymer dope prior to fibre formation) (Buzgo et al., 2018). Both approaches have distinct advantages in 

terms of filler distribution, interfacial contact and control over membrane architecture. 

The successful integration of MXene is highly dependent on the compatibility of MXene nanosheets with the host polymer and 

the dispersion quality achieved during processing (FitzPatrick and Gogotsi, 2025). The high aspect ratio, hydrophilic surface 

terminations and surface charge of MXenes promote interfacial interactions with polar polymers such as PAN, PVDF, PVA 

and chitosan, leading to improved rheological properties of the electrospinning solution and the formation of uniform 

nanofibers (Qin et al., 2022; Renkler et al., 2025; Wang et al., 2024). At optimum loading levels, MXenes are able to decrease 

the fibre width and improve the electrical conductivity and enhance the tensile strength by better load transfer and interfacial 

bonding (Said et al., 2025). 

MXene integration needs careful optimisation, as excessive loading can lead to agglomeration of nanosheets, instability of the 

solution and irregular fibre shape (W. Wu et al., 2025a). These changes can alter pore shape, reduce effective flow and negatively 

affect membrane performance. The final microstructure and functional properties of the obtained composite membrane are 

jointly determined by the combination of polymer, solvent system, MXene concentration and electrospinning parameters 

(Santhamoorthy et al., 2025). 

Two dominant fabrication methods are often cited. In the process of mix electrospinning, MXene nanosheets are directly 

dispersed in the polymer solution before the spinning, which can guarantee the uniform distribution in the fibre network (Li et 

al., 2024). On the other hand, the surface decoration techniques are mainly restricted to the outer surface of the fibre, which is 

beneficial for applications where enhanced surface accessibility, higher hydrophilicity and quicker interfacial interactions with 

the feed solution are required (Xue and Zhang, 2022). Altogether such approaches provide a flexible platform to tailor 

electrospun membranes for water treatment, sensing and a multitude of advanced filtration applications (Cui et al., 2020). 

Membrane performance is determined by the fabrication method, MXene content, polymer chemistry, solvent selection and 

electrospinning parameters, all of which influence fibre morphology and separation efficiency. Table 2 summurize various 

MXene -polymer nanocomposites membrane for water treatment. 

4.1 Blend Electrospinning (Composite Nano-architectures) 

Blend electrospinning creates composite nanofibers with filler scattered throughout the membrane's bulk by immediately 

dispersing delaminated MXene nanosheets into the polymer dope solution before fibres are formed (Buzgo et al., 2018). This 

method is extensively utilised due to its operational simplicity, scalability, and compatibility with prevalent membrane-forming 

polymers including PAN, PVDF, PVA, chitosan, and PU. MXene enhances the electrical conductivity of the spinning solution 

and fortifies the electrostatic stretching of the jet, frequently resulting in diminished fibre diameter, more uniform morphology, 

and enhanced interfacial adhesion between the filler and polymer chains (Bachs-Herrera et al., 2021). 

This technique works very effectively if the nanosheets are well dispersed and the MXene loading is appropriate (L. Zhou et 

al., 2025). MXene at moderate concentrations enhances mechanical reinforcement, hydrophilicity and surface functionality, but 

excessive loading can cause aggregation, bead formation and rheological instability, compromising ultimately fibre continuity 

and membrane porosity (Pan et al., 2026). Thus, tuning the filler content is critical to preserve the structural integrity of the 

electrospun network and to enhance the functional advantages of the MXene phase. 

4.2 Surface Decoration and Modification 

Another approach is surface decoration and coating, where MXene is mainly located on the outer surfaces of electrospun fibres 

or as a functional layer on existing mats. This method increases the surface accessibility of active MXene sites, which is especially 

desirable for adsorption, antifouling, catalytic degradation and oil/water separation, unlike bulk blending. Furthermore, limiting 

the MXene on the membrane surface can reduce the filler loss, promote the hydrophilicity more efficiently, and create a highly 

reactive separation interface without greatly altering the inner pore structure of the electrospun scaffold (Pan et al., 2026). 
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This method can be performed via dip coating (Dhamodharan et al., 2024), vacuum filtration (Imsong and Dhar Purkayastha, 

2023), spray deposition (Abraham Swu and Dhar Purkayastha, 2025), layer-by-layer assembly (Zhu et al., 2023), or self-assembly 

(C. Zhang et al., 2020), depending on the required membrane architecture and application. Surface modification, though 

requiring additional processing steps, offers better control over the thickness of functional layers and interfacial chemistry 

compared to simple blending. It is thus often preferred when the required surface performance is more important than the bulk 

reinforcement (C. Zhang et al., 2020). 

4.3 Fabrication Considerations 

The optimum efficacy of MXene-polymer electrospun membranes is governed by a variety of processing parameters such as 

polymer type, MXene concentration, solvent composition, and electrospinning conditions (Dhamodharan et al., 2024; Riazi et 

al., 2021; W. Wu et al., 2025a; C. Zhang et al., 2020). The strong interactions between polar polymers and MXene surface 

terminations generally lead to better dispersion stability and favour optimal jet formation in the spinning process (Kumar et al., 

2025). In the same way, the solvent polarity and evaporation rate influence the solution homogeneity, while the applied voltage, 

flow rate, tip-to-collector distance, humidity, and temperature determine the fibre diameter, bead formation, and architecture 

of the pores(Castellanos-Espinoza et al., 2025). 

The selection between blending or surface decoration should be determined by the desired trade-off between mechanical 

reinforcement and surface function (Mannafi et al., 2025). Blended electrospinning is suitable for obtaining uniform filler 

dispersion and improving bulk structures (Buzgo et al., 2018), while surface decorating is beneficial for maximising interfacial 

interactions and the accessibility of active sites (Buzgo et al., 2018). The differentiation of water treatment membranes is of 

paramount importance, since separation efficiency, flow, fouling resistance and long-term stability are closely related to the 

position and distribution of MXene in the membrane structure. 

4.4 Fabrication techniques of MXene-integrated membranes 

MXene–polymer hybrid membranes are fabricated from MXene–polymer precursors using various synthesis strategies. Before 

discussing the fabrication of MXene–polymer hybrid membranes, it is essential to understand the fundamentals of MXene 

fabrication (Bisht et al., 2024; Khadem et al., 2025b; Pant et al., 2023a; Parajuli et al., 2022; Wang et al., 2024). This is because 

presynthesized MXenes are used during the architecture of MXene–polymer membranes.  

4.4.1 Surface grafting or modifying MXenes 

MXene sheets undergo chemical surface modification to add functional groups. These modified sheets are then integrated into 

polymer solutions through melting or mixing. The MXenes become physically entangled with or covalently linked to polymer 

chains during crosslinking, forming the final nanocomposite. S-MXene/S-ENR nanosheets are esterified with serine (using 

EDC/DMAP) and combined with amino-modified epoxidase natural rubber (ENR) to form a 3𝐷 network film at 100℃ for 

three hours (Jain et al., 2026). This surface modification technique improves the compatibility between MXenes and various 

polymers, thereby enhancing the properties of the resulting hybrid materials. 

4.4.2 Direct physical mixing 

The most prevalent approach for creating MXene-reinforced polymer composites is the direct mixing of MXene with 

polymers.  Linear thermoplastic polymers (such as TPU, PLA, and PP) are heated to a molten state and then thoroughly mixed 

with MXenes under constant stirring. For instance, MXene and TPU can be processed in an internal mixer at 160 ℃ and 

400 𝑟𝑝𝑚 for five minutes to create a uniform blend before compression. This method is also effective for creating complex 

reinforced composites, such as combining MXene nanosheets with short aramid fibers (SAF) in a polypropylene (PP) matrix 

(L. Zhou et al., 2025). 

4.4.3 In situ polymerization 

During this process, monomers (like pyrrole, aniline, or EDOT) are polymerised directly on the MXene surface. It facilitates 

charge transfer between the molecular orbitals of the MXene and the polymer. This creates conductive channels and widens 

the space between MXene layers. This method greatly increases the electrical conductivity and capacitance of the resulting 

composites by increasing the layer spacing and improving the flow of electrons and ions. In situ polymerisation is used to make 

reinforced composites with different polymers, such as (Jain et al., 2026; L. Zhou et al., 2025): 
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• Thermosets & Thermoplastics: Polyurethane (PU), epoxy resin (EP), and PMMA. In epoxy, the polymer chains 

penetrate the MXene layers, strengthening the overall chemical structure during curing. 

• Conductive Membranes: Electrophoresis deposition is the first phase in making 𝑻𝒊𝟑𝑪𝟐𝑻𝒙/𝑷𝑷𝒚 hybrid membranes. 

The second step involves injecting and polymerising pyrrole. This method is especially promising for energy storage because it 

enables the fabrication of thin, solid-state supercapacitors with excellent electrochemical performance and cycle stability. 

4.4.4 Hot press 

A high-powered mixer at controlled temperatures mixes MXene with a molten polymer matrix. Then, heat pressing is used to 

turn this mixture into the final composite material. The main benefit of this method is that it increases the materials' thermal 

stability, raising their breakdown temperatures significantly. 

Hot pressing is superior to other methods because it outperforms solution-based approaches, especially for polymers that don't 

dissolve or disperse MXene flakes. 

Compatible Polymers: This method has worked well with a wide range of polymers, including PU, PS, PANI, PVDF, 

UHMWPE, and LLDPE. (Munshi et al., 2026). 

4.4.5 Layer-by-layer (LBL) assembly 

The Layer-by-layer (LBL) assembly method involves the sequential deposition of layers of 𝑇𝑖3𝐶2𝑇𝑥 MXenes and polymers 

onto a substrate. Spray deposition, spin coating, and dip coating can regulate the MXene-to-polymer ratio and thickness by 

process repetition. In a specific application, MXene was combined with tris(2-aminoethyl)amine (TAEA) to create multilayer 

structures, referred to as (MXene/TAEA)n, using vacuum-assisted layer-by-layer self-assembly. We made solutions of 𝑇𝑖3𝐶2𝑇𝑥 

MXene and TAEA at a concentration of 1 𝑔/𝐿 were sprayed onto porous substrates that were held in place in a vacuum system. 

The assembly process consisted of spraying, washing, and depositing layers in turns until the desired thickness was reached. We 

also used a quick-LBL method on bigger 3𝐷 shapes, such as CNF aerogels and melamine foam. Another study looked at LBL 

assembly for polyaniline nanofibers and 𝑇𝑖3𝐶2𝑇𝑥 MXene electrodes to improve electrochemical energy storage. (Wang et al., 

2022). 

4.4.6 Electrospinning method 

The electrospinning method is a flexible, scalable approach for producing MXene-polymer nanocomposite membranes. This 

method uses a high voltage to draw a polymer solution into fine jets, which then harden into nanofibers. Then, these nanofibers 

are collected on a rotating drum, forming a continuous membrane with a large surface area and strong mechanical properties. 

The electrospinning process enables the integration of MXene into polymer matrices, thereby improving charge transport, 

signal sensitivity, and mechanical compliance. This makes it useful for a wide range of uses, including flexible sensors and 

biomedical devices. 

To prepare MXene-polymer composites for electrospinning, a polymer solution must first be prepared. After that, the polymer 

solution is sonicated to ensure that the MXenes are equitably distributed. Subsequently, electrospinning will be employed to 

fabricate MXene-functionalized composites using this MXene-polymer solution (Mayerberger et al., 2018). Key factors, such 

as the choice of polymer, the amount of MXene incorporated, the selection of solvents, and adjustments to electrospinning 

parameters, play a critical role in determining the properties of the resulting MXene- integrated electrospun composites 

(Khadem et al., 2025a). 

4.4.6.1 Selection of Polymer 

The choice of polymer is crucial in shaping the shape of MXene-based electrospun nanocomposites. Various polymers, 

including polyvinylidene fluoride (PVDF) (Dallaev et al., 2022), polyurethane (PU) (S. Wu et al., 2025), polyacrylonitrile (PAN) 

(Wafaa Kh Al-Musawy et al., 2026), nylon-6 (Massey, 2007), poly(vinyl alcohol) (PVA) (Liang et al., 2024), have been used for 

wastewater treatment (Jain et al., 2026). The selected polymer influences the viscosity, crystallinity, conductivity, and fiber 

diameter of the resulting composites. For example, research by Mayerberger et al. (Mayerberger et al., 2017) demonstrated that 

the 𝑇𝑖3𝐶2𝑇𝑥/poly(ethylene oxide) (PEO) composite achieved a significant decrease in fiber diameter due to its high 

conductivity and viscosity. In contrast, the PVA-𝑇𝑖3𝐶2𝑇𝑥 composite showed limited conductivity and resulted in thicker fibers 
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due to stronger hydrogen bonding. Other combinations, like PAA-𝑇𝑖3𝐶2𝑇𝑥 and alginate/PEO-𝑇𝑖3𝐶2𝑇𝑥, displayed varying 

effects on fiber morphology based on their interactions and solution properties. This underscores the importance of selecting 

the appropriate polymer for effective fabrication of electrospun MXene/polymer composites (Khadem et al., 2025b). 

4.4.6.2 Loading MXene 

The quantity of MXene nanosheets incorporated into the polymer solution during electrospinning significantly impacts the 

properties and performance of the nanofibers (Khadem et al., 2025b; Pant et al., 2023a; Renkler et al., 2025). A study by Gao 

et al. (Gao et al., 2019b) investigated the impact of varying MXene loading (0, 25, 50, 100, and 400 µ𝑔) on PAN-𝑇𝑖3𝐶2𝑇𝑥 

MXene nanofibers. The resulting fibers were labeled P@M-1 to P@M-4. At lower MXene loadings (P@M-1 and P@M-2), the 

fibers had an average diameter of 122 𝑛𝑚 and 116 𝑛𝑚, respectively, and exhibited a smooth, bead-free structure. However, 

at a higher loading of 400 µ𝑔 (P@M-4), the diameter increased to 120 𝑛𝑚 with a wider distribution, and the fibers became 

rough with noticeable bead formations. The alteration was ascribed to the aggregation of MXene nanosheets, indicating that 

modest MXene loading can improve fibre structure, whereas excessive loading may lead to uneven fibres with variable 

diameters. 

4.4.6.3 Solvent Selection 

The choice of solvent used in the process has a big effect on how MXene-based nanofibers are made and what they are like 

(Jain et al., 2026). It is important to completely dissolve the polymer and mix the MXene nanosheets into a uniform solution. 

This is especially true because MXenes have a low zeta potential in water at neutral pH, and many polymers do not dissolve in 

water (Khadem et al., 2025c). To tackle this issue, various polar organic solvents, including DMF, acetone, water, formic acid, 

tetrahydrofuran (THF), and sodium dodecyl sulphate (SDS), have been used to prepare electrospinning solutions (Xu et al., 

2024). 

The boiling point and vapour pressure of the solvent affect the solution's viscosity, which, in turn, alters the shape of the fibres 

and the way the jet forms (Shlapakova et al., 2026). A solvent with higher conductivity makes the fibres more uniform, and the 

right viscosity range (1425 − 2375 𝑐𝑃) makes sure that the flow is smooth during the electrospinning process. The solvent's 

rate of evaporation is also very important; the faster it evaporates, the less solvent is left over, which means fewer beads form 

and the fibre structure gets better (Higashi et al., 2020; Yu and Tan, 2025). 

Choosing the right solvents is important not only for ensuring MXene mixes evenly with the polymer matrix, but also for 

preventing clumping (Gholami et al., 2024). In addition to technical issues, the safety and environmental effects of solvents 

must come first. Choosing solvents that are low in toxicity and volatility can reduce the risk of skin irritation and breathing 

problems. It can also reduce the need for extensive ventilation and lower air emissions. Also, solvents that release fewer toxic 

vapours are simpler to contain and dispose of, which is consistent with the principles of green chemistry and safety regulations 

(Mansour and Bedair, 2025). 

4.4.6.4 Parameters of Electrospinning  

Identifying the ideal electrospinning parameters for MXene/polymer composites is crucial to improve fibre shape, electrical 

conductivity, and mechanical flexibility, all of which are vital for flexible sensing applications. Key parameters include nozzle 

gauge (21 − 24 𝐺), electric field strength (10 − 30 𝑘𝑉), tip-to-collector distance (10 − 20 𝑐𝑚), flow rate (0.2 𝜇𝐿/

𝑠 𝑡𝑜 2 𝑚𝐿/ℎ), collector type, relative humidity (𝑅𝐻 30% − 97%), and temperature (typically 25 °𝐶) (Abdul-Hussein et al., 

2024; Yan et al., 2022). 

The nozzle gauge is selected to ensure uniform fiber formation and stable jet ejection. Electric field strength strongly influences 

fiber continuity, with higher voltages (> 20 𝑘𝑉) yielding finer nanofibers suitable for strain and pressure sensing due to 

improved conductivity. Moderate voltages (∼ 15 𝑘𝑉) help maintain uniform fiber thickness (SalehHudin et al., 2021). 

The distance from the tip to the collector impacts how quickly the solvent evaporates and how fibres are deposited. Shorter 

lengths produce thicker layers, whereas longer lengths produce fewer flaws. Flow rate affects fiber diameter and porosity: lower 

rates produce ultrafine, porous fibers ideal for capacitive sensing, while higher rates form uniform, conductive networks for 

strain and humidity sensing (Yousefzadeh and Ramakrishna, 2017). 
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Collector type affects fiber orientation and mechanical flexibility; stationary collectors yield random deposition, resulting in 

isotropic conductivity, whereas rotating drums align fibers for filtration membranes. Relative humidity affects fiber morphology: 

lower levels produce smooth fibers, while higher levels enhance sensitivity through nanoporosity. Maintaining a consistent 

temperature is essential to prevent phase separation that can degrade properties (Alfaro De Prá et al., 2017). 

Electrospun composites functionalised with MXene can achieve enhanced environmental stability, mechanical flexibility, and 

electrical conductivity by systematically modifying electrospinning conditions. This makes them appropriate for advanced 

applications in flexible electronics, environmental monitoring, and human motion sensing (Li et al., 2024; W. Wu et al., 2025a). 

5. MORPHOLOGICAL EVOLUTION AND SURFACE WETTABILITY 

The surface wettability and morphological evolution of MXenes are of great significance for their applications in various fields. 

The structural structure of the membrane is significantly altered by the incorporation of MXene loading levels (Huang et al., 

2025). 

5.1 Effect of MXene Concentration on Membrane Porosity 

The incorporation of MXenes into electrospun polymeric membranes can remarkably alter the morphology of the membrane 

and the wettability of the surface, which are closely related to the filtration performance 

• Low Loading (e.g. 0.05 wt%): The fibres maintain a smooth, continuous cylindrical profile. Nanoclusters are sparsely 

present and cause only minor changes to the baseline polymer topography.  

• Optimal Loading (e.g. 0.10 wt%): Homogeneous decoration of the fibre surfaces with a distinct, crystalline-like 

nanocluster topography. The fully retained interconnected 3D porous structure avoids the blockage of pores and increases the 

specific surface area drastically. 

• High Loading (e.g., 0.15 wt%): The high MXene content can lead to aggregation of the nanosheets at the fibre 

junctions and in localised areas of the membrane. This aggregation can block pores, disturb the fibrous matrix, and decrease 

hydraulic permeability, thus preventing flow performance even at higher filler concentrations (Al-Okaidy and Waisi, 2023; Ruiz 

Rocha et al., 2023; W. Wu et al., 2025b). 

So, managing the amount of MXene is important to ensure the final membrane has a good balance of structure, holes, and how 

well it allows things to pass through. 

5.2 Surface Wettability Transformations 

In many cases, pristine polymeric membranes exhibit low fouling resistance or moderate hydrophobicity. The MXene molecular 

signature is rich in polar hydrophilic groups (−𝑂𝐻, = 𝑂). These groups hydrogen bond strongly to water. These groups form 

strong hydrogen bonds with water (Thakur et al., 2026). Under water they form a thick, stable layer of hydration (Helal et al., 

2024). This shield is active and prevents direct adhesion of organic contaminants and oil drops to the polymeric strands. Surface 

wettability of MXenes is one of the important factors for their applications in various industries (Malaki and Varma, 2023). The 

hydrophilic nature of MXenes allows processing to low contact angles, a prerequisite for their application in nano-hybrid 

structures and composite materials (Feng et al., 2022b). Surface terminations of MXenes can affect their wettability and 

properties such as stability and work function can be tuned by the surface terminations (Pang et al., 2024). 

6. PERFORMANCE IN WATER TREATMENT APPLICATIONS 

MXene-based polymer nanocomposite membranes have attracted significant attention for wastewater treatment due to their 

ability to remove a range of contaminants across multiple categories, including dyes, pharmaceuticals, and heavy metals. 

Traditional polymeric membranes have limitations, including limited selectivity, susceptibility to fouling, and inadequate 

removal of emerging pollutants, despite their widespread application. Adding MXenes is a complex solution, as they are highly 

hydrophilic, negatively charged, and functionalized with surface groups (–𝑂𝐻, –𝑂, –𝐹) that facilitate adsorption and rejection 

of contaminants (Du et al., 2025).  
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6.1 pharmaceuticals  

New contaminants, including antibiotics and hormone-altering compounds, are increasingly being detected in water. MXene-

based nanocomposites have demonstrated potential for rejecting compounds such as tetracycline and ibuprofen via electrostatic 

interactions and hydrogen bonding. Their antibacterial action also stops biofilm development, which is one of the biggest 

problems with standard membranes (Ahmaruzzaman, 2022). 

MXene membranes show strong promise for pharmaceutical wastewater treatment because their regular slit-shaped 

nanochannels, tunable interlayer spacing, functional groups like −𝑂𝐻, − 𝐶𝑂𝑂𝐻, 𝑜𝑟 − 𝑁𝐻2 enable strong electrostatic 

interactions, and a 2D lamellar structure enables efficient antibiotic separation via size-exclusion and electrostatic interactions. 

(Munshi et al., 2026). A study examined how specific drugs, both anionic and cationic, bind to MXene. At 𝑝𝐻 7, it was shown 

that cationic pharmaceutical compounds can adsorb up to 58.7 mg/g. Using sonicated MXene, which can adsorb 214 𝑚𝑔/𝑔 

at a frequency of 28 𝑘𝐻𝑧, also made it easier to get rid of cationic medicinal compounds. It is recommended to do further 

research on the production of NH2 − functionalized MXene to make it easier for anionic medicinal chemicals to stick to it 

(Ihsanullah, 2022). 

6.2 Heavy metals 

MXene composites facilitate heavy metal removal through various mechanisms, including filtration, adsorption, electrostatic 

interactions, and ion exchange, effectively capture and eliminate pollutants such as mercury (𝐻𝑔2+), lead (𝑃𝑏2+), chromium 

(𝐶𝑟6+), copper (𝐶𝑢2+), and cadmium (𝐶𝑑2+)  (Munshi et al., 2026). Numerous studies have shown that they can remove more 

than 95% of pollutants from industrial wastewater, indicating they are well-suited for this purpose. Also, MXenes have a two-

dimensional lamellar structure that allows water to pass easily and facilitates ion sieving. Textile effluents containing synthetic 

dyes remain difficult to treat using conventional methods (Sun et al., 2024b). For example,  

MXene composites modified with poly(m-phenylenediamine) (PmPD) efficiently remove 𝐶𝑟6+ with approximately 100% 

elimination and a maximum adsorption capacity of 540.47 𝑚𝑔/𝑔 within 2 ℎ𝑜𝑢𝑟𝑠 at 27 °𝐶 and 𝑝𝐻 2. Similarly, MXene/ALG 

composites exhibited effective removal of 𝑃𝑏2+, achieving an adsorption capacity of 382.7 𝑚𝑔/𝑔 and a removal efficiency of 

86.7% within 15 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 at 25 °𝐶 and 𝑝𝐻 6 (Munshi et al., 2026). Zhou et al. (2025) created a collagen-based aerogel 

modified with MXene@polydopamine and oxidised sodium alginate (MPAC) (J. Zhou et al., 2025). At initial concentrations of 

30, 70, and 100 𝑚𝑔/𝐿, the aerogel exhibited 𝐶𝑟(𝑉𝐼) adsorption capacities of 80.73, 100.80, and 112.86 𝑚𝑔/𝑔, respectively. 

The process was spontaneous and endothermic, adhering to the Freundlich isotherm model. This means that the surface was 

not uniform and had a strong attraction to hexavalent chromium. Also, the MPAC aerogel showed that it could use solar energy 

to evaporate water, which combined pollutant removal with efficient use of solar energy. 

6.3 Dyes 

Because of industrialisation, water pollution has worsened, making wastewater treatment even more important. Numerous 

MXene-based polymer composites exhibit exceptional adsorption properties, with certain compounds capable of eliminating a 

diverse array of hues (Munshi et al., 2026). Cationic dyes, such as crystal violet (CV) and methylene blue (MB), are firmly rejected 

by MXene–polymer hybrids (over 90%) due to size exclusion, 𝜋 − 𝜋 interactions, and electrostatic repulsion (Jain et al., 2026). 

For instance, MXene/graphene oxide (GO) composites have attained a Chrysoidine G (CG) removal efficacy of approximately 

97% with a flow of 71.9 𝐿/𝑚² ℎ. Conversely, MXene/GO/Nylon composites exhibit exceptional effectiveness in the removal 

of methylene blue (MB), achieving a removal efficiency of 97% and a substantial water flux of 82.5 𝐿/𝑚² ℎ. The adsorption 

studies were performed under optimal conditions, comprising an initial MB concentration of 10 𝑚𝑔/𝐿, a contact duration of 

30 minutes, and a temperature of 25 °𝐶 (Han and Wu, 2019).  

Charge-based attraction and pore-size exclusion control how well MXene–polymer membranes remove dye. Both of these can 

be changed by changing the chemicals and the nanostructure. Because they carry a negative charge on their surfaces, MXenes 

can attract cationic dyes such as methylene blue (MB). Functional groups like −𝑆𝑂3 𝐻 or −𝑁𝐻2 can strengthen the binding 

and increase the spacing between layers. Adding polymers such as chitosan (CTS) or polyamide (PA) makes the material more 

stable and less likely to break, while adding nanoparticles can control the interlayer spacing to keep the material permeable 

without compromising its ability to reject dye (Jain et al., 2026). 
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6.4 Oil-Water Emulsion Separation 

Industrial wastewater effluents often contain pollutants that pose significant long-term hazards to human health and 

environmental integrity; therefore, these pollutants must be removed before discharge. MXene nanosheets have been proposed 

as promising materials for membrane nanofiltration to improve the separation of oil–water mixtures (AlHadithy et al., 2024). 

Researchers developed novel TA-ZIF-8@MXene membranes that integrate tannic acid-modified ZIF-8 nanoparticles to 

mitigate water barrier resistance. These membranes exhibited favourable flux recovery ratios. The use of hydrophilic TA-ZIF-

8 nanoparticles improved water permeability, making the membrane surface exceptionally hydrophilic and oleophobic (Zeng 

et al., 2022). Furthermore, composite membranes of 2D Na-Bentonite@MXene with switchable wettability have been 

produced, showing rejection ratios of 96% and recovery rates of 86% after eight cycling tests. These membranes may alternate 

between hydrophilic/hydrophobic and hydrophobic/oleophobic surfaces based on the presence of water or oil (Zhang et al., 

2023). 

6.5 Desalination (salt rejection, permeability) 

MXene-based membranes have attracted substantial interest for desalination due to their hydrophilic functional groups, 

adjustable interlayer spacing, and two-dimensional structure, which collectively enhance water transport and ion rejection. 

Numerous MXene membrane designs have been proposed in recent research to enhance desalination efficiency. These consist 

of thin-film nanocomposite membranes, capacitive deionisation devices, and photothermal distillation (Jabeen et al., 2025). In 

2024, Usman et al. developed sulfonated MXene-based thin-film nanofiltration membranes using interfacial polymerisation 

using APIP and DABSA monomers (Jain et al., 2026). Zhu et al. concurrently synthesised Ag@MXene heterojunction 

membranes for photothermal membrane distillation (PMD) (Zhu et al., 2025). MXene nanosheets made the material more 

hydrophilic (contact angle ~24°), more resistant to fouling, and capable of rejecting more than 93% of 𝑁𝑎₂𝑆𝑂₄ and 𝑀𝑔𝑆𝑂₄, 

which is better than regular TFN membranes. The plasmonic coupling effect greatly improved the efficiency of solar-thermal 

conversion (77%) and the flow of freshwater, showing that it is possible to use this technology to desalinate seawater in a way 

that saves energy. Outdoor tests showed a peak flow of 21.53 𝑘𝑔 𝑚⁻² ℎ⁻¹ and a salt rejection rate of  99.95% when there was 

one sun shining. 

Notwithstanding its promise, research on ion-selective separation remains in its infancy. There are currently very few published 

studies that use selective MXene membranes to extract electricity using a salinity gradient or to sieve salts and heavy metals. 

Several monovalent and multivalent ionic species were able to flow through the lamellar MXene membranes, indicating a 

decrease in penetration rate in the following order: 𝑁𝑎+  >  𝐿𝑖+  >  𝐾+  >  𝐶𝑎2+  >  𝑁𝑖2+  >  𝑀𝑔2+  >  𝐴𝑙3+.  

Research indicates the formation of non-swelling MXene membranes by the intercalation of 𝐴𝑙3+ ions. Swelling is inhibited by 

robust contacts between 𝐴𝑙3+ ions and the oxygen functional groups that finish the MXene surface. The membranes possess 

a thickness of 1.1 µ𝑚, exhibit significant NaCl rejection rates (about 89.5% − 99.6%), demonstrate rapid water fluxes (around 

1.1 − 8.5 𝐿/𝑚^2 ℎ), and maintain outstanding non-swelling stability in aqueous solutions for up to 400 hours. These 

membranes can be readily fabricated using fundamental filtration and ion-intercalation techniques, suggesting their scalability 

(Munshi et al., 2026). 

7. CURRENT CHALLENGES AND FUTURE PERSPECTIVES  

The MXene-based membranes are facing some challenges in the wastewater treatment, including permeability-selectivity trade-

off, fouling, oxidation, and swelling. Challenges limit its effectiveness in actual applications. However, further research and 

development, innovative design methods and a better understanding of separation processes are important to solving these 

problems (Ghanbari and Nazarzadeh Zare, 2024). Future work will involve exploring new membrane topologies to increase 

operational capacity and optimising the mechanical, optical and electrical properties of MXene to improve its performance in 

a variety of applications (Sun et al., 2024b). 

1. Chemical Stability in the Long Term: MXene-based membranes show great promise for short-term use in labs, but 

they require careful testing for stability before they can be used on a large scale and for extended periods (Sun et al., 2024b). 

Environmental factors, such as exposure to chlorine, changes in pH, and oxidative degradation, significantly affect how long 

something lasts. For example, studies have shown that 𝑇𝑖₃𝐶₂𝑇ₓ oxidises in water, making 𝑇𝑖𝑂₂, which makes membranes less 

conductive and selective (Qu et al., 2021). There are also concerns about residual fluoride ions from HF-based etching, which 
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could harm performance and the environment (Fu et al., 2026). Using green etchants, such as LiF/HCl or molten salts, and 

antioxidants, such as ascorbic acid, has been suggested to make materials more resistant to oxidation. 

2. Mechanical Resistance to Pressure: Electrospun mats tend to be compacted under high pressure in continuous 

operations. Phases of crosslinking or heat treatment (stabilisation) are necessary to retain the geometric porosity on a long term. 

In numerous membrane-based separation processes, MXene has exhibited remarkable flexibility, hydrophilic surface 

characteristics, and superior mechanical strength. Moreover, enhanced mechanical strength can guarantee that the improved 

MXene membranes perform more effectively in separation processes (Pan et al., 2026). Significantly, enhanced mechanical 

performance is directly associated with steady operation in high-pressure filters. For instance, the enhanced stiffness observed 

in materials like MXene/PLA, attaining levels of 164.99 𝑀𝑃𝑎, prevents membranes from being compressed under high water 

pressure during processes such as nanofiltration or reverse osmosis (Munshi et al., 2026). 

3. Scalability and Economic Feasibility: The manufacturing of single-layer MXene is constrained to bulk methods 

because to the utilisation of hazardous etching chemicals (HF). The advancement of environmentally sustainable and scalable 

exfoliation techniques is essential to meet the requirements of sustainable industrial production. A comprehensive assessment 

of the stability and scalability of MXene-based composite membranes highlights the need for additional long-term research and 

industrial pilot trials, which are currently lacking. Therefore, thorough examinations focused on lifecycle stability evaluation and 

module-level verification are crucial for validating MXene membranes as appropriate materials for industrial use (Cui et al., 

2023). 

8. CONCLUSION 

Electrospun nanofiber membranes with MXene are a very promising platform for improved water filtration. The long-standing 

three-dimensional fibrous network provides limited structural resistance, whereas the unique surface chemistry of two-

dimensional MXenes enhances Superhydrophilicity and excellent anti-fouling performance. Systematic control of solution 

parameters and the incorporation of nanomaterials can lead to improvements in the well-established trade-off between water 

flux and pollutant removal, opening the door to next-generation environmental remediation technology. 
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Table 1. MXenes synthesis and summarizes their advantages and disadvantages 

 

Table 2.  Various MXene -Polymer Nanocomposites membrane for water treatment. 

MXene Polymers Performance References 

𝑇𝑖3𝐶2𝑇𝑥 
Polyvinylidene fluoride 

(PVDF) 

over 99% growth inhibition of 
Escherichia coli (E. coli) and 
Bacillus subtilis (B. subtilis) 

(Rasool et al., 
2017) 

𝑇𝑖3𝐶2𝑇𝑥 
PAN / Poly (vinyl alcohol) 
(PVA) 

Adsorption capacity 100–500 

(Pb²⁺, Cu²⁺, Cr⁶⁺) 

(Fatima et al., 
2022) 

𝑇𝑖3𝐶2𝑇𝑥 

poly  
(arylene ether nitrile)  
(PEN)  
 

15 ppm MB, MO, CV, and MeB 
solutions achieved 92.31%, 
93.50%, 98.06%, and 99.30% 
within 60 min, respectively 

(Feng et al., 
2022b) 

𝑇𝑖3𝐶2𝑇𝑥 
ZnO/poly(arylene  
ether nitrile) 

separating various oil emulsions 
separation efficiency (>99.4%), 
even in high-temperature and salty 
environments 

(Sun et al., 
2022) 

(𝑇𝑖3𝐶2𝑇𝑥) MXene 
@Ag 

poly  
(arylene ether nitrile)  
 (PEN) 

Different oil–water emulsions 
rejection rate (99.13%) 

(Feng et al., 
2022a) 

𝑇𝑖3𝐶2𝑇𝑥 PAN flux recovery ratio of about 80% 

(Imsong and 
Dhar 

Purkayastha, 
2023) 

Synthesis route Main principle Advantages Limitations 

Relevance to 

membrane 

preparation 

Ref. 

HF etching 

Direct chemical 

removal of the A-

layer using HF 

High etching 

efficiency, well 

established 

Highly toxic and 

unsafe 

Suitable for laboratory-

scale preparation, but 

environmentally 

limited 

(Patial et al., 

2025) 

LiF/HCl etching 

(MILD) 

In situ generation 

of HF from 

fluoride salt and 

acid 

Safer than direct 

HF, controllable 

etching 

Still fluoride-

based 

Widely used for 

preparing high-quality 

MXenes for 

composites 

(Huang and 

Han, 2023) 

Hydrothermal 

etching 

Alkali-assisted 

etching under 

elevated 

temperature and 

pressure 

HF-free, 

relatively scalable 

Requires harsh 

conditions and 

long reaction time 

Promising for safer 

synthesis, though less 

common 

(Abid et al., 

2024) 

Electrochemical 

etching 

Anodic removal of 

the A-layer under 

applied potential 

Fluoride-free, 

controllable 

surface chemistry 

Risk of over-

etching, process 

optimization 

required 

Attractive for cleaner 

MXene production 

(Nouseen 

and 

Pumera, 

2025) 

Molten-salt 

etching 

Lewis-acid-

mediated etching 

using molten salts 

Tunable 

terminations, 

new surface 

chemistries 

More complex 

processing 

Useful for advanced 

functional membranes 

(Wang et al., 

2023) 
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