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Abstract

:

Nanofiltration membranes (NF) have been widely used in the field of water treatment because of their advantages of high separation precision, easy operation, and no phase change. Conventional NF membranes, ensnared by the “trade-off” effect, grapple with the challenge of achieving breakthroughs in both separation efficacy and stability. Recent advancements in research have unveiled the potential of nanoscale porous two-dimensional (2D) materials, characterized by their atomic thinness and superlative mechanical strength. These materials, crafted into nanofiltration membranes as thin as a single atom, boast minimal transport resistance and maximal permeation flux, thereby facilitating the highly discerning transport of water, and are heralded as the quintessential materials for fabricating ultra-thin membranes. This comprehensive review delves into the latest advancements in the research on 2D material NF membranes. A range of performance aspects related to 2D-material-modified NF membranes, including water flux, permeability, pollutant retention rates, and anti-pollution performance, were evaluated, and this review covers the impact of and major approaches to optimizing membrane performance in recent years, providing valuable insights into potential future developments in NF membranes.
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1. Introduction


In the current milieu, the relentless surge in population and the rapid pace of economic development are pitted against the backdrop of finite natural resources, thrusting water pollution and freshwater scarcity to the forefront as pressing challenges [1]. Projections indicate that, by 2050, a staggering 4 to 5 billion people globally will grapple with water shortages and waterborne diseases [2]. The emergence of the COVID-19 pandemic in 2019 has further underscored potential health risks associated with freshwater and sewage pollution. One of the Sustainable Development Goals (2015–2030), number six, is to provide “clean, accessible water for all”, demanding innovative materials and technologies for producing clean water from alternative sources such as wastewater, seawater, and brackish water [3]. As a cost-effective and energy-efficient method of water purification, membrane separation technology has garnered significant attention due to its simple operational processes, high separation efficiency, and widespread applicability in areas such as drinking water production, urban and industrial wastewater treatment, resource recovery, and material separation and concentration [4,5,6]. Depending on pore size, pressure-driven membrane separation processes include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) [7,8,9,10]. The molecular weight cutoff of NF membranes falls between 200 and 2000 Da, positioning them between RO and UF membranes. The unique ion selectivity and substantial membrane flux of NF membranes confer advantages such as a low operating pressure and high water purification efficiency. They can not only remove low molecular weight organic compounds and inorganic salts but also effectively adsorb heavy metal ions, making them widely applicable in water treatment. Nanofiltration membranes also bear abundant surface charges, potentially playing a pivotal role in repelling charged solutes [11,12,13].



Nevertheless, a persistent “trade-off” effect exists between the permeability and separation performances of NF membranes, where membrane permeation flux and the retention rate prove challenging to balance, constraining each other. Achieving the ultra-thinning of the separation layer while ensuring membrane integrity emerges as a pivotal approach to breaking the “trade-off” effect. However, the ultra-thin nature of the separation layer poses challenges to the structure of the membrane and its stability. Furthermore, membrane fouling is an inevitable occurrence in practical applications, leading to diminished separation efficiency, compromised membrane stability, and increased operational maintenance costs [14,15,16,17,18,19]. Addressing the trade-off dilemma by designing novel membrane materials that concurrently enhance selectivity, permeability, and stability has become a pressing issue in the field of dense membranes. In recent years, the widespread research interest in two-dimensional (2D) material NF membranes has surged due to their tunable pore sizes, geometric structures, chemical properties, excellent chemical resistance, sufficient mechanical strength, and outstanding fouling resistance [20,21,22].



Compared to traditional polymeric materials, 2D materials offer a multitude of distinct advantages. (1) The unique single- to few-atom thickness morphologies of 2D nanosheets allow them to serve as ideal building blocks, enabling precise thickness control and the design of membrane transport properties [23,24,25,26]. (2) The narrow interlayer spacing between 2D material nanosheets makes achieving specific molecular selectivity possible [27,28,29]. (3) The ability of 2D materials to form slit-like nanochannels facilitates molecular transport in confined nanoscale spaces (spaces < 2 nm), sometimes leading to unexpected abnormal infiltration phenomena. The ultrafast water and ion permeation rates are orders of magnitude higher than those in graphene oxides (GO) membranes [30]. (4) The tunable physicochemical properties and interlayer spacing/nanopores of 2D materials provide a broader window for membrane design [31,32,33]. (5) Some 2D materials exhibit outstanding chemical resistance in harsh chemical environments, making the manufacturing and application of membranes feasible in various separation processes [27,28,34]. These characteristics position 2D materials as promising candidates for the fabrication of high-performance membrane-separation applications [35,36,37,38,39]. Notable hot topics in the research on 2D materials include graphene [40], GO [41], reduced graphene oxides (rGO) [42], the family of two-dimensional transition metal carbides, nitrides, and carbonitrides (MXenes) [43], 2D metal-organic frameworks (MOF) [44], and 2D covalent organic frameworks (COF), among others. The rapidly evolving landscape of 2D materials provides a diverse new material platform capable of propelling breakthroughs in NF membrane research [45,46].



This review investigated the recent progress in the research on 2D material NF membranes. A systematic assessment was conducted on various performance aspects of 2D-material-modified NF membranes, such as water flux, permeability, pollutant retention rates, and anti-pollution performance. Our analysis covers the impact of and key methods for enhancing NF membrane performance in recent years, offering valuable insights into potential future advancements in NF membranes.




2. Separation Mechanism and Preparation Methods of 2D Material Nanofiltration Membranes


Two-dimensional materials function as nanofillers (solid phase), dispersed within a continuous matrix (polymer phase) of the polymer substrate. The introduction of 2D materials induces the creation of interface gaps between polymer chains and nanofillers (Figure 1) [47,48,49]. These gaps provide additional channels for molecular transport, endowing the membrane with a higher permeability compared to pure polymer membranes. A small number of 2D nanosheets with specific interlayer spacing can act as nanochannels for molecular transport [36,50,51,52,53]. Two-dimensional material NF membranes can be categorized into two groups, i.e., layered membranes, which mainly depend on interlayer channel pathways for permeation, and membranes made of porous nanosheets. And the separation mechanism of 2D material NF membrane depends largely on the assembly of 2D materials in the membrane [36,46,54].



2.1. Laminar Membrane


To fully exploit their morphological advantages, 2D nanosheets are typically assembled into 2D laminar membranes. In laminar membranes, precise control over the size of the permeating molecules, permeation rate, and selectivity is achieved through the manipulation of convoluted paths between uniformly sized nano-layered plates, forming tunable nanochannels. Laminar membranes typically have two transport pathways: horizontal and vertical nanochannels. Horizontal nanochannels consist of interlayer pathways formed by two adjacent 2D nanosheets (Figure 2). The explicit interlayer spacing of horizontal nanochannels allows for the exertion of size-exclusion effects. To achieve the desired membrane performance, precisely adjusting the interlayer spacing to obtain tunable nanochannel pores has become a primary means of the fabrication of 2D material membranes, particularly for those assembled from non-porous 2D materials. Ions and molecules traverse the interlayer spacing formed by adjacent 2D nanosheets, where functional groups also play a crucial role in molecular transport. For instance, in laminar GO membranes, oxygen-containing functional groups on the basal plane form hydrogen bonds with water molecules, increasing water permeation [57,58]. These oxygen-containing groups also maintain the interlayer spacing between non-oxidized regions, which, at the nanoscale, provide a capillary network. Membranes crafted from other 2D materials such as rGO, MXenes, and 2D transition metal dichalcogenides also show similar water transport pathways. The high performance of laminar 2D material NF membranes hinges primarily on the regulation of interlayer spacing and material functionality. Numerous studies report the adjustment of MXene nanosheet interlayer spacing through cation intercalation [59,60]. For instance, in a study by Ding et al. [61], Al3+ cations were intercalated into the interlayers of Ti3C2 MXene nanosheets. This intercalation significantly improved their ion rejection properties. The intercalated MXene membranes exhibit a remarkable capacity to reject NaCl (~89.5–99.6%) while maintaining fast water fluxes (~1.1–8.5 L·m−2·h−1) [62].



While the controllable interlayer spacing enables the regulation of membrane pores to facilitate molecular transport, intrinsic defects in 2D nanosheets, such as high aspect ratios and curved nanochannels, increase the length of the transmission path [22,64]. Vertical nanochannels alleviate these issues to some extent, including in-plane pores (defects) on the basal plane of 2D material nanosheets, nano-stones formed in the edge gaps of 2D material nanosheets, and intrinsic pores in 2D materials. For example, in-plane pores on the basal plane of graphene nanosheets provide additional vertical nanochannels, creating transmission shortcuts (Figure 3) [65]. Additionally, inherently porous 2D materials, such as 2D COFs, can offer abundant vertical nanochannels [66].




2.2. Nanoporous Membrane


Another category of 2D nanofiltration membranes features a nanoporous pathway structure that acts as a precise molecular sieve through the provision of pores, allowing water molecules to pass while excluding other ions (Figure 4) [67]. Due to their atomic thinness, ions (for example, Na+, K+, and Cl−) can permeate with minimal transport resistance, thereby enhancing water permeation. Commonly, these membranes are more suitable for the retention of most divalent ions and larger molecules than traditional nanofiltration membranes. Still, with aperture adjustments, some monovalent molecules can also be removed [68]. The separation mechanism of 2D material NF membranes primarily relies on size exclusion and electrostatic interactions [69]. Depending on membrane modifications and separation applications, ions can also be retained through ion adsorption [70,71,72]. After the first introduction of nanoporous graphene into NF membrane [73], h-BN (hexagonal boron nitride, also known as white graphene) and compounds with inherent porosity, including 2D zeolites, 2D MOFs, covalent triazine frameworks (CTFs), graphitic carbon nitride (g-C3N4), and COFs, are brought into NF membranes to improve their filtration performance, adhering to the separation mechanisms described above. Materials with inherent porosity avoid the need for a pore generation process, exhibiting higher filtration performance [74]. In recent years, modifications to existing membranes using nanoporous materials have opened up new possibilities for improving nanofiltration processes. Chi et al. presented a polyamide (PA) composite nanofiltration membrane modified by a nanoporous TiO2 interlayer to improve water permeability, showcasing the potential of enhancing separation efficiency through membrane modifications [75]. The modified membrane had a permeability of 12.8 L·m−2·h−1·bar−1, which was an increase of 20.8% compared to that of polyamide composite (TFC membrane), and a rejection rate of 98.2% when filtering a Na2SO4 aqueous solution. In addition to material innovations, the functionalization of nanoporous membranes was reported to improve the filtration properties. A functionalized nanoporous graphene (FNG) membrane, which was prepared by functionalizing GO with oxygen-containing groups via KMnO4 treatment, was reported to exhibit a water permeance of 586 L·m−2·h−1·bar−1 and a precise molecular separation (molecular weight cutoff: 269 Da) due to the synergistic effect of nanopores and oxygen-containing groups [76]. Researchers have been focusing on tuning nanopores to enhance their filtration performance [54]. Li et al. [77] reported the synthesis of large-area defect-free COF membranes with uniformly distributed subnanopores via a simple wet-chemical reaction. This work demonstrated a scalable fabrication method to grow COF membranes with tunable pore sizes in the sub-nm region. Two-dimensional ZTC was bottom-up synthesized through carbon deposition on presynthesized IWV zeolite (Si/Al = 28) using acetylene as a carbon source and subsequent zeolite etching with a NaOH solution [78]. The resulting carbon is made of an extremely thin polyaromatic backbone and contains well-defined vertically aligned micropores (0.69 nm in diameter). In a similar work, Zhao et al. [79] developed colloidal 2D COF membranes with tailored thicknesses and surface charges for precise molecular sieving by oil-in-water emulsion interfacial polymerization technology.




2.3. Fabrication Methods


The performance of membranes relies on their structural and physicochemical properties, encompassing thickness, pore size, and porosity, as well as surface charge density, hydrophilicity, and roughness. Understanding the relationship between membrane performance and these properties, as well as how membrane performance is influenced by manufacturing methods and conditions, will contribute to tailoring nanofiltration membranes for various application domains [80].



The blending method involves uniformly incorporating two-dimensional nanomaterials into the precursor solution of the membrane material. By employing methods such as phase transformation [81], vapor-phase polymerization sol-gel, and others, a continuous membrane is formed to prepare a composite membrane with uniformly dispersed two-dimensional nanomaterials. This method offers the advantages of technological maturity, operational simplicity, and good stability of the membrane materials. Vatanpour et al. [82] used a blending method to enhance the permeability, fouling resistance, antibacterial properties, separation capability, and mechanical strength of polyethersulfone (PES) membranes by incorporating a two-dimensional nanocomposite material composed of functionalized h-BN nanosheets/graphene oxide/silver (FBN-GO-Ag). First, BN-GO-Ag NPs were added to dimethylacetamide and sonicated until a complete dispersion of BN-GO-Ag was reached. Then, polyvinylpyrrolidone polymer was added and stirred. Finally, PES was poured into the solution and stirred until it dissolved completely. After degassing, the polymeric solutions were poured over the cleaned glasses, and were then rapidly soaked in a water bath. The hydrophilicity and porosity of the modified membrane increased, and the permeability increased by 40%, accompanied by improvements in its dye removal and antifouling properties. In comparison to zero-dimensional, one-dimensional, and three-dimensional materials, the stacking and mutual contact of two-dimensional nanomaterials in blended membranes can more effectively guide the flow of water molecules, enhance separation, and simultaneously create pathways for the rapid migration of charge carriers [83].



The self-assembly technique based on filtration is currently the most commonly used method for fabricating 2D material membranes, offering simplicity and high controllability. The self-assembly technique is a process in which a disordered system of preexisting components forms an organized structure or pattern due to specific, local interactions among the components themselves, without external direction. Filtration pressure operates in two modes: pressure-assisted filtration and vacuum-assisted filtration. The filtration mode significantly influences the microstructure of the resulting laminar membrane. Laminar structures generated through pressure-assisted filtration exhibit highly ordered and densely compacted uniform stacking, which is the result of sustained pressure ensuring stable compression. In contrast, nanosheets produced through vacuum-assisted filtration have a looser assembly due to the decreasing vacuum suction when nanosheets reassemble during the filtration process [84]. Moreover, the dispersion of laminar structures in water or organic solvents can significantly impact the integrity of laminar membranes. For these reasons, filtration is widely employed in the fabrication of membranes based on GO. The hydrophilic nature of GO nanosheets allows for their effective dispersion in water or most polar organic solvents, facilitating the formation of highly ordered laminar structures [25,26,27]. Furthermore, by adjusting the volume and concentration of the 2D material dispersion, membrane thickness is easily controlled, making filtration an easily implementable and cost-effective method. These characteristics render filtration a versatile approach, and it is extensively utilized in the manufacturing of 2D material membranes [23,31,34,85].



Layer-by-Layer (LbL) assembly involves the alternating deposition of 2D materials with opposite charges, making it highly suitable for the fabrication of dense multilayer membranes with adjustable thickness and functionality (Figure 5). Multilayer membranes assembled on a substrate can be further stabilized through covalent bonding, hydrogen bonding interactions, and other molecular interactions. The number of deposition cycles can precisely control the thickness of laminar membranes, and the electrostatic interactions between layers may help alleviate swelling in organic solvents [86,87]. Therefore, LbL is an attractive preparation method that has expanded its applications from highly charged functional groups in GO to other 2D materials, such as MoS2 [88].



Furthermore, coating, mixing, and casting are also employed to obtain 2D material membranes [90,91,92,93]. Typically, 2D materials need to exhibit a good dispersibility in solvents to retain their 2D morphology during film-forming processes using these methods. However, some 2D materials, such as 2D COFs, are challenging to process into defect-free continuous membranes due to their relatively poor dispersibility in water and organic solvents. Therefore, some reports have explored alternative methods like in situ growth [28], interface polymerization [29], and the Langmuir–Blodgett method [30]. In summary, the current focus of most research is still on the ability to precisely control the structure of 2D material NF membranes. In contrast, there is much less research on the scalability of manufacturing methods, except for membranes based on graphene materials. The scalability of manufacturing methods will be a key factor in advancing the practical applicability of 2D material membranes.





3. Typical Nanofiltration Membranes with 2D Materials and Their Filtration Performance


The research on the new generation of nanomaterials dominated by carbon-based nanomaterials and porous nanomaterials has been progressing rapidly and is gradually being applied to nanofiltration membrane modification, which is able to regulate the pores in the sub-nanometer range to control the transport properties [94,95,96,97,98,99,100]. The two-dimensional structure has the advantages of large specific surface area, tunable layer spacing, and good hydrophilicity, which can effectively avoid structural complexity and compositional inhomogeneity [101], as well as the ability to generate high-density nanopores (approximately 1012 cm−2) to confer polymer permeability. In addition, the membranes typically exhibit high mechanical strength and broad chemical compatibility, and are not disturbed by problems such as dissolution or swelling in harsh chemical environments and extreme operating conditions, with the potential to transform the technology into useful membrane separations.



3.1. Graphene-Based NF Membranes


Since the first discovery of graphene by A. K. Geim and K. S. Novoselov, the subject of water transport in 2D graphene-based nanocapillaries immediately attracted much attention [102,103]. GO is a single 2D lamellar nanomaterial with a large number of oxygen-containing functional groups such as carboxyl, hydroxyl, and epoxy groups which confer excellent hydrophilicity. Water molecules can flow frictionlessly in the sp2 hybridized region on the surface of GO, and the GO nanosheets stacked on top of each other to form nanochannels can be used as water transport channels. Therefore, the introduction of GO into composite membranes can substantially improve the hydrophilicity and permeability of nanofiltration membranes. Nair et al. tested the water permeation behavior of GO membranes using an osmotic vaporization device [57]. It was found that the submicron-thick GO membranes were completely impermeable to most liquids, vapors, and gases, but allowed the unimpeded permeation of water. In addition, the free space of ≈4.6 Å between two graphene sheets in the GO membrane was sufficient to accommodate a layer of water, and it was these voids that formed a network of hydrophobic graphene nanocapillary tubes allowing for the frictionless flow of a single layer of water, thus enhancing water flux. Li et al. [103] embedded rGO-NH2 in the polyamide layer of a nanofiltration membrane via interfacial polymerization to enhance the permeation performance of nanofiltration membranes. As the rGO-NH2 content increased from 0 to 50 mg·L−1, the pure water flux increased from 30.44 L·m−2·h−1 to 38.57 L·m−2·h−1 at a pressure of 0.2 MPa.



Although GO-based membranes show great potential for water purification, the presence of multiple oxygen-containing functional groups leads to swelling of GO-based membranes during use and fouling of water molecules between the membranes leading to an enlargement of the mass transfer channels and a deterioration in solute retention. The ability to achieve different separation properties by adjusting the spacing between the layers of 2D materials is of great significance for the development and application of 2D separation membranes in the field of accurate screening of ions/molecules in an aqueous solution. Therefore, most of the current research works have introduced functional groups that can participate in interfacial polymerization reactions to improve the compatibility of GO with the substrate, or embedded nanoparticles in the lamellae to increase the layer spacing to reduce the agglomeration phenomenon. Zhang et al. [104] reported for the first time that the layer spacing of GO membranes was efficiently regulated using soft particles–polyacrylonitrile gel particles (PAN GPs) as the intercalating agent. In addition, alkali treatment generated hydrophobic/hydrophilic structures on the surface of PAN GPs, which contributed to the dissolution–diffusion of water in the GO membrane. The GO membranes removed heavy metal complex ions Cu-EDTA2− 4–13 times more efficiently than the 2D material NF membranes in the literature, reduced the water flux by only about 8% (from 15.9 to 14.6 L·h−1) after 120 h of continuous filtration, and maintained a slightly higher retention rate in the permeate flux (from 96.4% to 99.2%). Chen et al. [105] immersed GO membranes in KCl solution, and the hydrated K+ in the solution could be inserted into the refilled GO nanosheets which fixed the layer spacing to ≈11.4 Å. The swelling resistance of the nanofiltration membranes was also improved, suggesting that interactions within the 2D GO nanocapillary tubes were enhanced after the insertion of the hydrated K+.




3.2. Conjugated Organic Skeleton


Recent studies have found that polymer porous substrates, which are usually only used to enhance the mechanical properties of graphene membranes, can also affect the separation properties of graphene membranes. For example, the size of the pores and the surface roughness of the substrate membrane can cause significant changes in the nanostructure of the graphene membrane loaded on it. Graphene membranes loaded on macroporous base membranes have greater water flux. However, if the pores of the basement membrane become too large, the soft graphene membrane is prone to collapse under high pressure, destabilizing the membrane. Inspired by “rebar” reinforced concrete, graphene membranes may also be stabilized by inserting stronger “rebar” COFs, which are porous crystalline materials with a periodic honeycomb network connected by covalent bonds. COFs with a two-dimensional structure are a class of crystalline porous materials connected by covalent bonds, with excellent properties such as a completely organic and metal-free skeleton, low mass density, good topology, structural diversity, good mechanical properties, and a hollow structure that can be used as an effective water channel. The first COF was synthesized by Yaghi et al. [106] in 2005 and, compared with conventional polymer and graphene materials, the 2D flat plate morphology of COF not only had a low density and large surface area, but also had tunable intrinsic pores that could be used as molecular transport channels [107,108]. From the perspective of membrane design, a 2D COF has the following characteristics. First, since the membrane separation process is mainly based on a size exclusion mechanism, the tunable pores of COFs can serve as selective molecular transport channels. Two-dimensional COFs have intrinsically well-defined and uniformly distributed pores to allow for the vertical transport of molecules through the laminar membrane. Second, a large number of 2D COFs exhibit good stability in aqueous or organic media due to strong covalent bonding [109,110]. In particular, imine-, hydrazine-, and ketamine-bonded COFs exhibit excellent stability in organic solvents [111]. Third, 2D COFs can be designed with tunable physicochemical properties by introducing different organized building blocks. Therefore, 2D COF can be used as an ideal membrane material, and efficient selective separation can be achieved by modifying 2D COF.



The two-dimensional lamellar structure of COF can be seamlessly integrated with graphene nanosheets to modulate the layer spacing between graphene sheets. By inserting COF into the lamellar structure composed of partially chemically reduced graphene oxide (prGO), Goh et al. [112] prepared high-performance composite nanofiltration membranes prGO/COF. By optimizing the incorporation of COF and the pore structure of the nylon-based membrane, the water flux of the prGO/COF membrane was increased by a factor of 27 over the prGO membrane without COF incorporation and without any decrease in selectivity. In addition, the prGO/COF membrane also demonstrated a good self-supporting ability on the macroporous base membrane. By analyzing and calculating the membrane structure, the effective area of the prGO/COF membrane can be increased by 53.4%, and it can work continuously for more than 10 h while withstanding a deformation of 5 bar.



Shao et al. [113] proposed a one-step interfacial “molecular welding” strategy to synthesize COF nanofiltration membranes. Defect-free ultrathin COF nanofiltration membranes with precise screening ability were prepared by interfacial reaction synthesis using the coupled chemical environment of condensation polymerization of COF materials and self-polymerization of dopamine (DA), which was composed of 1, 3, 5-trimethylformylresorcinol (Tp) and p-phenylenediamine (Pa). The molecular flexibility of dopamine and the rigidity of the crystal structure of COFs endowed the polydopamine (PDA)/TpPa-COFs with unique structures and properties. Experimental results and density functional theory simulations revealed that the reactive radicals generated during the polymerization of dopamine facilitate nucleophilic reactions, which promoted the growth of COF thin layers while reducing their defects and regulating their pore sizes, and the COF nanofiltration membranes synthesized by the interfacial molecular welding method show an excellent “two-pronged” effect in desalination. The COF nanofiltration membranes synthesized by the interfacial molecular welding method showed excellent results in desalination, especially in the screening of monovalent/divalent ions.



To address the problems of poor stability and the trade-off relationship between permeability and selectivity of current GO membranes, Dong et al. [114] designed a stable and functionalized ceramic-based GOF nanofiltration membrane by inserting TU (thiourea) and MPD (m-phenylenediamine) molecules between the GO membrane layers to achieve covalent bonding cross-linking between GO nanosheets and form a more stable two-dimensional nano-passage. The salt retention rate of the TU-GOF membrane (GO/TU = 1:2) was significantly improved, Na2SO4 and MgSO4 were almost completely retained, and the retention rates of NaCl (95.6 ± 1.14%) and MgCl2 (90.2 ± 0.95%) were also higher than those reported for GO membranes, organic nanofiltration membranes, and emerging two-dimensional material membranes. When crosslinked with MPD molecules, the MPD-GOF membrane (GO/MPD = 1:4) achieved the simultaneous enhancement of retention and permeability for the four salts, overcoming the contradictory relationship between permeability and selectivity. The covalently cross-linked GOF membrane was used for the separation and removal of tetracycline (TC), oxytetracycline (OTC), chloramphenicol (CAP), and diclofenac sodium (DS) in water, and the results showed that the retention rate of CAP on the TU-GOF membrane was gradually increased with the increase in TU, and CAP could be almost completely removed when GO/TU was 1:3 (99.9 ± 0.1%). When GO/MPD was 1:6, the retention rate and water permeability of MPD-GOF membranes for CAP, DS, OTC, and TC increased simultaneously, realizing the rational size/chemistry regulation and enhanced stability of the nanochannels.



Wu et al. [115] proposed the use of an organic interlayer instead of an inorganic interlayer to optimize the structure of the porous matrix and manipulate the interfacial polymerization process. The PDA-COF hybrid organic interlayer was constructed on a PAN substrate by co-deposition of dopamine and COF nanosheets. The COF optimized the porous structure between the hybrid layers by physicochemical action to control the diffusion rate of monomers, and the PDA enhanced the interactions between the skin layer and the substrate, thus ensuring the stability of the membrane. The ultimately formed ultra-thin and dense PA layer, the thickness of which was drastically reduced from 79 nm to 11 nm, had a separation selectivity performance three times higher than that of a typical industrial filtration membrane. Zhu et al. [116] introduced the hydrophobic MOFs material, zeolite imidazolate backbone-8 (ZIF-8), modified by sodium polystyrene sulfonate into the active separation layer of a polypiperazine amide (PPA) nanofiltration membrane, and similarly obtained good results. When the mass fraction of modified ZIF-8 was 0.10%, the retention rate of the composite membrane for Na2SO4 was 93%, and the retention rate for the reactive dyes reactive black 5 and reactive orchid 2 was greater than 99%; the membrane flux was increased from 10 L·m−2·h−1 without modified ZIF-8 to about 60 L·m−2·h−1.



Pang et al. [117] reported nano-sized UiO-66/GO sandwich membranes for water purification with hydrophilic MOF nanoparticles (UiO-66) used as microporous spacers. UiO-66 has a high porosity of ≈1200 m2·g−1 with a narrow and uniform 6.0 Å pore size, which is suitable for preventing hydrated Na+ transport and reverse solute diffusion. In a cross-flow FO test at a pressure of 1 bar, the UiO-66/GO membrane had a fast water flux of 29.16 L·m−2·h−1, which was 270% higher than that of the pure GO membrane, while the reverse solute (NaCl) diffusion was reduced by 83.5%. Recently, Zhang et al. [118] reported a method to create composite MOF crystals with GO membranes. Instead of using MOF as a microporous spacer only, ZIF-8 nanocrystals were crystallized in situ at the edge of GO nanosheets to seal the relatively large inter-edge pores, which were replaced with the angstrom-sized pores in MOF. This particular composite membrane structure not only optimizes the inter-edge pores, but also enlarges the interlayer spacing, imparting mechanical integrity to the laminate framework thereby producing a stable microstructure. The modified nanofiltration membrane was capable of delivering 60 L·m−2·h−1·bar−1 (cross-flow) and the filtration system had near perfect methylene blue (MB) retention of ≈100% even after 180 h of operation under applied pressure (1 bar).




3.3. g-C3N4


Two-dimensional g-C3N4-based nanofiltration membranes are still a less developed area, and studies published to date have shown that 2D g-C3N4-based membranes have great potential for eliminating divalent ions and organic compounds. g-C3N4 is a material with a laminar structure, and the 3.11 Å regularly distributed triangular nanopores act as a water transport channel as well as molecular sieve functionality. Exfoliation provides g-C3N4 nanosheets with interlayer self-supporting spacers that are stable enough and stiff enough to resist swelling phenomena. Therefore, Chen et al. [119] modified polyamide nanofiltration membranes by incorporating g-C3N4 nanosheets, and the modified membranes had a water flux of 37.6 L·m−2·h−1 compared to the pristine membranes (20.9 L·m−2·h−1). Salt retention was 84% due to Donnan rejection effect and its good contamination resistance. Wang et al. [120] emphasized the function of nanofiltration membranes with g-C3N4 nanosheets to inhibit RB, EB, cytochromec, and gold nanoparticles, with water permeability of 27.5, 29.5, 28.6, and 30.8 L·m−2·h−1·bar−1, and retention of 75.5%, 87.2%, 93%, and 99.5% for the above pollutants, respectively. Wang et al. [121] also increased the water permeability (48 L·m−2·h−1·bar−1) while increasing the EB rejection rate to 97% by adding Fe(OH)3 nanoparticles to g-C3N4 nanosheets.



Deep treatment of high-salt textile wastewater by fractionation of dye species and inorganic salts will contribute to sustainable resource recovery. This requires the removal of large amounts of inorganic salts from textile wastewater and the recovery of high purity dyes with better stability for reuse. Based on the surface cavities of bridging hydrolyzed polyacrylonitrile ultrafiltration membranes, Ye et al. [122] constructed high flux nanofiltration membranes using the biomimetic co-deposition of hydrophilic g-C3N4 nanosheets triggered by PDA/polyethylenimine with APS, which led to the effective separation of organics, dyes, and inorganic salts. When the concentration of g-C3N4 nanosheets was increased to 0.04%, the pore size of the ultrafiltration membrane was reduced to NF grade. As the g-C3N4 content increased, the pore size narrowed and the dye removal increased due to the size exclusion effect. However, the spatial effect had no effect on the salt retention because the g-C3N4 nanosheets were stacked onto the membrane surface, thereby allowing salt permeation, and a decrease in the retention of NaCl and Na2SO4 could be observed. The introduction of g-C3N4 nanosheets led to an improvement in the antifouling performance of the nanofiltration membranes, with a retention of organic dyes of 99.8% and an increase in water permeability of 28.4 L·m−2·h−1·bar−1. The retention of NaCl and Na2SO4 was very low, at 2.9% and 7.6%, respectively. Considering the excellent photocatalytic properties of g-C3N4 nanosheets, Li et al. [123] investigated the performance of 2D g-C3N4-based photocatalytic membranes for the removal of inorganic salts. The generation of rGO was reduced by varying the irradiation time of the composite made of 2D GO and 2D g-C3N4 under UV light. This effect increased the retention of salts such as NaCl (67.5%), Na2SO4 (89.2%), MgCl2 (24.2%), and MgSO4 (40.7%), but resulted in a significant decrease in the permeability of the pure water from 16.4 to 2.0 L·m−2·h−1·bar−1 (UV irradiation reduced the hydrophilicity of the membrane). Despite the high retention of dye molecules and divalent ions by the g-C3N4 nanofiltration membrane, its water permeability remained relatively low. Therefore, improving the water permeability without sacrificing the retention rate is the direction of its development.




3.4. MXenes


Gogotsi et al. successfully stripped a series of 2D early transition metal carbides and nitrides (named MXenes) using hydrofluoric acid at room temperature in 2011 [124]. The general chemical formula of MXene is Mn+1XnTx (n = 1, 2, or 3), where M stands for the early transition metal, X stands for C or N, and T stands for surface-terminated groups such as OH, O, and F. MXenes are attractive as membrane materials due to their tunable layer spacing, surface hydrophilicity, and high mechanical strength, and currently the most widely studied is Ti3C2Tx. However, unlike graphene materials and 2D COFs, exfoliation usually results in an uneven thickness of MXene nanosheets due to their covalently bonded lamellar structure, and MXene membranes also show higher stiffness than GO-based membranes. Although it was shown that MXene membranes constructed by simple filtration methods gave good results, an increase in permeability was often accompanied by a decrease in membrane selectivity. Moreover, turning MXene nanosheets into laminar membranes remains a challenging task [12,20,125]. Despite these problems, there have been several studies that have successfully applied MXene membranes to separation applications.



Most of the early studies focused on separations in aqueous media [59,126,127]. MXene membranes are hydrophilic, with a permeability greater than 1000 L·m−2·h−1·bar−1, while repelling molecules with hydrated sizes larger than their interlayer spacing with a high rejection rate (>2.5 nm) [31,59]. However, MXenes exhibit poor stability in the presence of oxygen and water [128,129]. Jung et al. [31] prepared 90 nm thick Ti3C2Tx-GO membranes by mixing GO with Ti3C2Tx to study the dispersion of MXenes in various polar organic solvents. The dispersion of Ti3C2Tx in N, N-dimethylformamide, N-methylpyrrolidone, dimethylsulfoxide, propylene carbonate, and ethanol, among other organic solvents, showed good dispersion stability. In addition, organic solvents slow down the degradation of Ti3C2Tx compared to water, thus prolonging its service life. The effective layer spacing of the Ti3C2Tx-GO membranes is about 5 Å, corresponding to two layers of water molecules. During pressure-driven filtration at 5 bar, the composite membrane effectively retained dye molecules with hydration radii greater than 5 Å and positively charged dye molecules. The retention was 68% for methyl red, 99.5% for methylene blue, 93.5% for rose red, and 100% for brilliant blue (hydration radii of 4.87, 5.04, 5.88, and 7.98 Å, respectively). Similar to GO membranes, the interlayer spacing of MXene membranes acts as a transport channel for molecules. Therefore, regulating the interlayer spacing is important for the permeability of MXene membranes. Recently, Wu et al. [34] modulated the surface wettability by chemically grafting a hydrophilic group (-NH2) or hydrophobic groups (-C6H5, -C12H25) to drastically increase the speed of polar molecules moving through hydrophilic nano-channels. Ultimately, ultra-high permeability at high capillary pressures of 3337 L·m−2·h−1·bar−1 for acetonitrile and 3018 L·m−2·h−1·bar−1 for methanol was achieved for precise screening separation.





4. Stability–Antifouling Properties of 2D Material NF Membrane


Membrane fouling is an unavoidable problem in the actual use of NF membranes. The membrane antifouling property is another factor that is very important in evaluating an NF membrane’s performance. The performance reduction, increase in energy consumption, and service life shortening caused by membrane fouling will greatly increase the cost of NF technology and limit the application potential of NF membranes. The incorporation of 2D materials into NF membranes has demonstrated better resistance towards fouling accompanied by improved separation properties. Bi et al. [130] constructed a fouling-resistant nanofiltration membrane by introducing graphite quantum dots into the polyamide separation layer, and the modified nanofiltration membrane achieved flux recoveries of up to 91.85%, 99.06%, and 65.26% for BSA, HA, and emulsified oils, respectively, when the amount of graphite quantum dots added was 0.2%. The antifouling ability of MOF-based NF membranes is also a critical area of research.



CNTs and GO especially have shown promising results in enhancing the antifouling performance of nanofiltration membranes. Long et al. [131] have investigated the use of CNT-interlayered NF membranes to enhance the antifouling performance. The inclusion of a CNT interlayer reduced membrane fouling and enhanced the fouling reversibility, which could be attributed to its more uniform water flux distribution. This study also demonstrated the potential trade-off between increasing the thickness of the CNT interlayer to facilitate water transport and its impact on hydraulic resistance. Safarpour et al. [132] introduced TiO2-loaded reduced GO (rGO/TiO2) into polyamide membranes prepared by interfacial polymerization of piperazine and homotrimethylene tricarbonyl chloride to improve membrane fouling resistance, and the contact angle of the membranes decreased from 67.0° before the addition of rGO/TiO2 to 47.2° at an addition level of 0.02% and the flux increased from 48.3 L·m−2·h−1 to 61.1 L·m−2·h−1. The amount of adsorbed BSA on the rGO/TiO2/NF membrane decreased by about 1.5–3.0 times compared with that on the bare NF membrane. Furthermore, a lower flux loss rate was observed in the modified membranes, confirming the enhanced fouling resistance ability of the bare NF membrane through the incorporation of rGO/TiO2. Abdi et al. [133] prepared magnetic GO-based composites (MMGO) by chemically bonding bisguanidine onto the surface of graphene in conjunction with magnetic iron oxides, and finally blended with PES to make the membranes. The introduction of MMGO resulted in increased membrane flux and flux recovery. With powdered milk solution (8000 ppm) as the model foulant, the flux recovery rate of the pure PES membrane without added particles was 48.7%, while the flux recovery rate increased to 90.6% with the addition of 0.5% MMGO. Meng et al. [134] constructed a contamination-resistant nano-filtration membrane by using brominated polyphenylene ether (BPPO) as the support layer and layer-by-layer self-assembled GO, and ethylenediamine (EDA) was used as the cross-linking agent, which formed a chemical bond between the layers and the graphene with the basement membrane in order to enhance the stability of the membrane. The chemical bond was formed between the layers and between graphene and the base membrane to enhance the stability of the membrane. The results showed that the BPPO/EDA/GO membrane still had a good flux and desalination rate after 1 month of immersion in water. The introduction of GO, triethylenetetramine (TETA), and CuFe2O4 into PES NF membranes enhanced the removal rates for arsenic and total dissolved solids in wastewater treatment. The presence of –NH2 and –COOH functional groups on the membrane surface introduced by TETA and GO contributed to the excellent hydrophilicity of GO-TETA-CuFe2O4 (39.88°). GO-TETA-CuFe2O4 membranes demonstrated significantly higher resistance to fouling than the PES NF membranes. The hydraulic reversibility test showed that the total resistance changes from 6.78 × 1012 m−1 to 2.07 × 1012 m−1 [135].



Hydrophilicity plays a crucial role in membrane applications by allowing water molecules to diffuse quickly through the membrane and reducing surface contamination [136]. Abdikheibari et al. [137] have delved into the fabrication of NF membranes through the incorporation of amine functionalized-boron nitride (BN(NH2)) nanosheets to enhance fouling resistance. The PPA membrane containing 0.004 wt% of BN(NH2) nanosheets (PPA-BN-4) exhibited a more negatively charged and hydrophilic surface compared with the bare PPA membrane. The normalized flux remained at 0.97 during the filtration of moderately-concentrated HA solutions, which confirmed the excellent fouling resistance behavior of the PPA-BN-4 membrane. Since the nitrogen atoms of g-C3N4 form hydrogen bonds with water molecules [138], it was possible to improve the wettability of the membrane, thus improving the hydrophilicity and water flux. Therefore, g-C3N4 showed the potential to reduce membrane contamination [122]. However, it is worth noting that the configurations of g-C3N4 have effect on the diffusion behaviors of water. Molecular dynamics simulation results indicated that pure water flow was slower in pristine g-C3N4 confinement compared to that in benzene ring-doped g-C3N4 [139].



Overall, the incorporation of 2D materials has shown significant promise in improving the antifouling performance of nanofiltration membranes. These advancements underscore the growing potential for the development of highly efficient and sustainable membrane technologies.




5. Conclusions


Nanofiltration technology is a green and durable water treatment technology with nano-level retention of substances; it is widely used in the field of water treatment, and can solve the problems associated with drinking water, industrial wastewater, and other areas of metal ion water pollution. Improving the selective separability and application stability of NF membranes is an inevitable requirement for the long-term promotion and application of NF membranes. Two-dimensional material NF membranes have high selectivity and permeability. At present, 2D material-based NF membranes still have deficiencies, most of the NF membrane modification methods have complex processes, and there are also some membrane modification modifiers with high costs, which are not suitable for large-scale popularization and application. The functionalized modification of 2D materials in the field of organic system separation membrane preparation shows a good application potential, but the relevant research is still insufficient. The molecular design of 2D materials for directional modification, in order to expand their application in the process of organic solvent system membrane separation, is a potential research direction to lay the foundations for the preparation of high-performance, high-stability NF membrane. In conclusion, the modification of NF membranes still needs to be further explored; with the continuous deepening of the research and references to the results of other related disciplines, the application of NF membranes will become broader.
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Figure 1. (a) Schematic representation of graphene sheets suspended in a liquid, displaying the potential for corrugation; (b) illustration depicting water molecules traversing a corrugated chemically converted graphene membrane, with dashed lines indicating potential water flow paths. Reprinted with permission from Ref. [55]. 2011, Copyright RSC. (c) A depiction of the manufacturing process for a nanostrand-channelled GO membrane (CHN: copper hydroxide nanostrands). Reprinted with permission from Ref. [56]. 2013, Copyright Springer Nature limited. 
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Figure 2. Schematic showing the diffusion, driven by the large concentration gradient, of the solute (Na+ and Cl− ions in this case) through the MoS2 laminar membrane which has been prefunctionalized by organic dye. Reprinted with permission from Ref. [63]. 2017, Copyright ACS. 
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Figure 3. (a) Schematic diagram of GO membrane (GOM) irradiated by swift heavy ions for the construction vertical nanochannels. Schematic diagrams of water flow path of (b) pristine GOM and (c) GOM after ion irradiation. (d) Photographs of GOM-5E11-Kr. SEM images of (e) GOM and (f) GOM-5E11-Kr. TEM image of (g) GOM and (h) GOM-2E11-Xe. The nanopores are marked with red circles (GOM-5E11-Kr means that the GOM was irradiated by Kr ions with the fluence of 5 × 1011 ions cm2, and GOM-2E11-Xe means that the GOM was irradiated by Xe ions with the fluence of 2 × 1011 ions cm2. Reprinted with permission from Ref. [65]. 2023, Copyright Elsevier). 
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