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membrane systems to improve key performance metrics such as water flux, contaminant rejection, and fouling
resistance. Various processes, including biofiltration, adsorption, and nanofiltration, are discussed, where
Ti3CyTx MXenes have been shown to have a potential application. In addition to synthesizing existing literature,
experimental validations are presented that demonstrate how MXene incorporation can alter membrane
morphology and structure, leading to improved antibacterial properties and enhanced overall performance.
These findings underscore the transformative potential of Ti3CoTxy MXenes in developing next-generation bio-
filtration-membrane technologies that are not only more efficient but also more sustainable. Through this
perspective, the key challenges that remain, such as cost implications and long-term stability, are identified, and
future research directions are proposed to address these issues. This in-depth analysis highlights the critical role
MXenes can play in advancing water treatment technologies, particularly in the context of water reuse, and
encourages further interdisciplinary research in this rapidly evolving field.

1. Introduction

Membrane fouling remains a significant challenge, where particles
and microorganisms in the feed solution accumulate on the membrane
surface and block the pores [1]. This issue adversely impacts membrane
performance, diminishing water flux and quality while shortening
membrane lifespan, and increases operational costs [2]. Therefore,
extensive efforts have been made to mitigate fouling before operation
(enhancing membrane properties and feedwater pretreatment), during
operation (optimizing operating conditions), and after operation
(membrane cleaning). These strategies are broadly classified as physical
and chemical methods [3].

Physical methods include optimizing operational parameters like
crossflow velocity, pressure, and temperature. Backwashing and air
sparging are also standard physical techniques for removing foulants
from the membrane surface [4]. In contrast, chemical methods utilize
cleaning agents such as acids, bases, or surfactants to dissolve and
eliminate foulants. However, frequent chemical cleaning can damage
membrane integrity and performance over time [5,6]. Both cleaning
methods increase the operating cost and reduce the efficiency of mem-
brane systems [3,7].

Another strategy to reduce fouling is membrane modification, which
aims to alter membrane surface properties like topology and surface
energy to enhance resistance to fouling [8,9]. Modification of mem-
branes with hydrophilic materials [poly (ethylene glycol) (PEG), poly-
vinyl pyrrolidone (PVP), graphene oxide (GO), silica nanoparticles,
silver nanoparticles (AgNPs), and zwitterions (zwitterionic sulfobetaine
methacrylate (SBMA) [10-14]], can enhance water affinity, thereby
reducing organic fouling [15]. Feed pretreatment methods such as
coagulation, flocculation, and biofiltration are increasingly integrated
into membrane systems to eliminate potential foulants before reaching
the membrane [16]. These approaches to fouling mitigation are often
combined to create strategies tailored to the specific requirements of
each membrane application. Given their promising impact on improving
membrane system efficiency, further exploration of fouling mitigation
methods remains a crucial area of research.

Biofiltration is an efficient pre-treatment for membrane systems
which reduces fouling and enhances the overall efficiency and longevity
[17]. Biofiltration with different media such as sand or anthracite,
supports microbial communities that biodegrade contaminants, mini-
mizing their accumulation on the membrane surface. This strategy
maintains consistent permeate flux, decreases the frequency of mem-
brane cleaning, extends membrane lifespan, and lowers energy con-
sumption and operational costs. Incorporating biofiltration enhances
membrane-based water treatment’s sustainability and economic
viability [11]. Biofiltration is especially effective at removing biode-
gradable organic compounds and can potentially reduce chlorine de-
mand in water treatment systems [18]. The removal of organic matter
helps minimize byproduct formation, thereby contributing to the control
of membrane fouling [19,20]. The efficiency of biofiltration is influ-
enced by factors such as the type of filter media, flow rate, temperature,
and the nature of the microbial community [21]. Optimization strategies
for improving biofilter performance include adjusting empty bed contact

times, temperatures, media size, backwashing schedules, and flow di-
rection [22-24].

Biofiltration holds significant potential for potable water reuse, yet it
faces limitations such as variable efficiency, limited removal of specific
contaminants, and biofouling [25,26]. The choice of filter media, such
as granular activated carbon (GAC), quartz sand, and anthracite, affects
water quality [27-29]. The anthracite surface, which predominantly
contains hydrophobic groups (C—C and C—H), is effective at adsorbing
organic compounds from water sources [30,31]. Despite anthracite’s
effectiveness, drawbacks such as higher costs and biomass accumulation
require further investigation [28,32,33]. GAC, a common biofilter me-
dium, transforms into adsorptive to biological activated carbon (BAC)
upon microbial colonization [34,35]. The transition time from adsorp-
tive filters, such as GAC filters, to biofilters and the associated decrease
in total organic carbon (TOC) removal during microbial growth, are
notable concerns. Peterson and Summers found biofilters remove 70 %
of TOC before 10,000-bed volumes but only 18 % after surpassing
40,000-bed volumes [25]. This decrease in TOC removal suggests that
the adsorptive capacity of GAC filters exceeds the biodegradation ca-
pacities of biofilters. Despite these concerns, biofilters remain viable,
particularly in potable reuse scenarios, as the total matter post-
ozonation consists of 50-80 % biodegradable organic matter. None-
theless, meeting potable reuse TOC limits (0.5-3 mg/L) will almost
certainly necessitate additional treatment [25,36-38].

Biofiltration-membrane hybrid systems synergize the biological ca-
pabilities of biofiltration with the precise separation properties of
membrane technology, enhancing water reuse treatment [39]. As a
pretreatment stage, biofiltration employs microbial communities to
degrade diverse contaminants, and the subsequent membrane stage,
which selectively removes residual pollutants, pathogens, and fine
particulates. This integrated approach enhances treatment efficiency,
targeting a broader range of pollutants, including emerging contami-
nants and microorganisms, while meeting potable reuse TOC limits
(0.5-3.0 mg/L) [39,40]. However, the microbial aspect introduces the
risk of biofouling, where microorganisms accumulate on the membrane
surface, compromising performance and water quality [41,42]. To
counter this, antibacterial membranes are crucial in inhibiting bacterial
growth, reducing biofilm formation, and ensuring sustained perfor-
mance and treated water quality.

MXenes are a large family of two-dimensional (2D) transition metal
carbides, nitrides, or carbonitrides [43]. The discovery of titanium
carbide (Ti3CeTy) MXene at Drexel University in 2011 marked the
advent of this family of 2D materials [44]. The synthesis of TizCyTy
MXene through top-down selective etching from a ternary titanium
aluminum carbide (Ti3AlCy), which belongs to the family of ternary and
quaternary transitional metal carbides called MAX phases, paved the
way for exploring various 2D compositions [45]. MXenes have the
chemical formula M, 1X,T,, where M refers to early transition metal
from groups 3 to 6, X denotes carbon and/or nitrogen, and T, stands for
surface terminations and functional moieties such as chalcogenides,
halides, hydroxyl, imido, and amine groups. The variable ‘n’ in the
formula indicates the number of M-X-M layers, which can range from 1
to 4, and x in Ty is <2 [46,47]. Various synthesis methods have been
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Table 1
Various etching processes for synthesizing MXenes.
Methods MXene Etchants Surface References
type groups
Hydrofluoric M3CoTy 50 wt% HF —OH, [49]
acid (HF) M=Ti, 30 wt% HF/35 wt% —O,
etching V, Nb, H,0, —F
Ta, MO, 30 wt% HF/10 mL 1.85 —OH,
Hf, Zr) M (NH4)2S20g —O,
TisCTy  40mL30wt% HF/10mL  —F
1.25 M FeCl;
37.5 mL 20 wt% HF/2.5
mL HNO3
Alkali etching TisC;Ty 1M NaOH + 1 MH,SO, —OH, [50]
27.5 M NaOH —0
125 M KOH
In situ HF TiyCT, 6 m LiF + 0.9 M HCl —OH, [51]
formation TizCoTy 4 m NaF + 12 M HCI —0,
etching 4 M NH4F + 12 M HCI —F
2 g FeF3 + 6 M HCI —OH,
1 M NaHF, —o0,
1 M KHF, —F
2 M NH4HF, —o,
12 m LiF + 9 M HCL —F
Tonic liquid (EMIMBF,1-
ethyl-3-
methylimidazolium
tetrafluoroborate/
BMIMPF,, 1-butyl-3-
methylimidazolium
hexafluorophosphate)
Electrochemical TizCoTy 1 M NH4CI + 0.2 M —OH, [52]
etching M;CT, TMAOH —0,
(M = Ti, (tetramethylammonium —Cl
V, Cr) hydroxide)
1 MHCI
Molten salt TizCoTy ACl; (A = Zn, Cu, Cd, Fe, —O0, [53]
etching Co, Ni, Ag, & Cd) —Cl
KF + LiF + NaF —O0,
—F
Other etching M;3CT, I, —o0, [54]
methods (M = Ti, Ultraviolet light —OH,
MO) Surface acoustic waves —I
(SWAS), LiF —0
Thermal reduction —0,
Algae —OH,
—F
—o,
—OH
—o,
—OH

(Reproduced with permission from Elsevier [48].)

designed to produce MXenes with diverse structures and excellent
physicochemical properties. Table 1 outlines various etching techniques
used for synthesizing MXenes. Additionally, Fig. 1 represents the various
MXene structures and possible elemental compositions.

MXenes have experienced rapid growth in applications, particularly
in biomedical applications, electromagnetic interference shielding,
environmental remediation, wastewater, and water reuse treatment
[55-57]. Extensive research on 2D Ti3C,T, MXene has demonstrated its
efficacy in identifying heavy metals such as lead (Pb), mercury (Hg), and
cadmium (Cd), as well as detecting biomolecules and pathogens such as
Mycobacterium tuberculosis in drinking water [58-60]. MXenes’ high
electrical conductivity (~21,000 S/cm for Ti3CyTy) [61], tunable sur-
face chemistry, and ease of solution processing (—40 to —60 mV zeta
potential in aqueous media) [62] make them promising materials for
biofiltration-membrane hybrid systems [63-65]. Additionally, MXene’s
antibacterial properties offer the potential to prevent biofouling,
thereby extending the membrane’s lifespan and maintaining efficiency
[41,66]. Their high adsorptive capacity (4806 mg.g~* for Hg(II)
removal) [67] improves TOC removal, which is crucial in water reuse
scenarios requiring high levels of TOC reduction [25,55].
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In addition to its antibacterial and adsorptive properties, the TizCoTy
MXene has structural rigidity due to its high stiffness (~330 GPa for a
single flake) [68,69]. Its stiff yet flexible 2D structure can be integrated
into the membrane matrix to improve structural integrity, making the
membrane more resistant to deterioration during backwashing opera-
tions [70,71] especially useful in varying flow rates and operational
conditions.

This review aims to provide a comprehensive and detailed exami-
nation of the role of TisC:Ty MXenes in enhancing biofiltration-
membrane systems for water reuse applications. The study systemati-
cally covers the unique physicochemical properties of TisC.T, MXe-
nes—such as electrical conductivity, hydrophilicity, and tunable surface
chemistry—that make them suitable for integration into membrane
technologies. The review discusses how these properties can be lever-
aged to improve critical performance metrics of biofiltration-membrane
systems, including water flux, contaminant rejection, and fouling
resistance. Furthermore, the article presents both a synthesis of existing
literature and experimental validation on how MXenes can alter mem-
brane morphology and antibacterial properties. Key challenges, such as
cost implications, long-term stability, and scalability, are identified, and
future research directions are proposed. This review, therefore, provides
a thorough analysis of the current advancements in MXene-enhanced
biofiltration and offers insight into the future development of next-
generation water treatment systems.

2. Insights into MXene’s applications in biofiltration-membrane
hybrid treatment

2.1. Potentials and challenges of using MXenes in biofilter media

The addition of antimicrobial materials in biofilter membranes offers
significant benefits in combating harmful bacteria. However, it is crucial
to mitigate the potential risks to useful microorganisms. To balance
these advantages and risks, selective targeting using antibacterial
nanomaterials with tunable properties such as MXenes can be achieved.
MXenes with tunable compositions, atomistic structure, and surface
chemistry can mitigate these risks and harness their full potential in a
responsible and sustainable manner in biofiltration treatment [39]. For
example, the surface chemistry of MXenes can be engineered to target
specific harmful pathogens selectively with minimal impacts on bene-
ficial bacteria [72]. This would necessitate precise control and under-
standing of MXene chemical and physical interactions with various
microbial species [73]. Direct physical contact between the sharp edges
of MXene sheets and a microbe’s membrane can rupture the membrane,
leading to microbial death [74]. Light absorption by MXenes can further
enhance their biocidal activity, causing simultaneous chemical inacti-
vation of microbes through the reactive oxygen species (ROS) and heat
generation [73]. Additionally, the oxidation of MXenes releases small
amounts of metal ions, aiding in microorganism deactivation.

Although MXenes offer exciting potential for enhancing the anti-
bacterial properties of biofilter membranes, there are several challenges
that need to be addressed. MXenes’ antimicrobial features find value in
applications prioritizing the removal of biological contaminants, such as
viruses or pathogens, rather than their biological transformation [75].
Another issue is the possibility of leaching metal ions from MXenes into
treated water. Because MXenes are transition metal carbides or nitrides,
they may introduce metal ions into water, raising concerns about the
material’s long-term stability and the potential for toxicological effects.
This is especially critical in applications targeting potable water pro-
duction, where adherence to strict water quality regulations is para-
mount. Metal ion leaching may require additional treatment steps,
complicating water treatment processes and increasing operational
costs. [73]. Generating robust data to support regulatory environmental
approval and establishing standards for the safe use of MXene-based
biofilter media is critical. Finally, MXenes tend to aggregate in the
structure of biofilter membranes during fabrication steps, which can
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Fig. 1. Schematic of MXenes with various structures and potential building blocks. The most commonly studied MXene is Ti3C,Ty, but a variety of MXenes with
different M elements have been synthesized, including titanium (Ti), vanadium (V), niobium (Nb), molybdenum (Mo), and tantalum (Ta). Variations in the X
element, typically carbon (C) or nitrogen (N), and different surface termination combinations, further broaden the MXene family. These structural variations
significantly impact MXenes’ electronic, mechanical, and chemical properties, making them versatile materials for various applications [55].

decrease their effective surface area and compromise their antibacterial
efficacy. Developing methods to help well dispersion of MXenes into
biofilter membrane networks can address this issue.

2.2. MXene as a post-treatment adsorbent

MXenes have a high potential for use as post-treatment adsorbents in
biofiltration systems due to their large surface area and tunable surface
chemistry. These attributes make them particularly effective in
addressing residual contaminants that may persist after primary bio-
logical filtration treatment. MXenes can be tailored for selective
adsorption of various pollutants, including residual organic compounds,
heavy metals, and specific pathogens, thereby enhancing the overall
efficiency of the biofiltration process [76]. The adsorption mechanisms
rely on electrostatic interactions and ion exchange, with their effec-
tiveness influenced by water quality parameters such as pH, tempera-
ture, and the presence of background ions and natural organic matter
(NOM) [76,771.

Regarding water quality, the adsorption performance of MXenes
improves with increasing pH levels [76]. Acidic conditions limit the
material’s negative surface charge, reducing adsorption capacity due to
competition between hydrogen ions and positively charged target
compounds. As pH increases, MXene’s surface charges become more
negative, consequently increasing its adsorption capacity [78-80].
Temperature is another critical factor affecting MXenes’ adsorption

capability. High temperatures (up to 55 °C) make the adsorption process
endothermic and spontaneous, thereby increasing adsorption feasibility
through alterations in thermodynamic parameters [79]. In the presence
of background ions and NOM, MXene-based adsorbents exhibit selective
adsorption of target molecules, displaying a preference for divalent and
multivalent ions over monovalent ions. Importantly, MXene-based ad-
sorbents demonstrate good recyclability, maintaining high adsorbate
removal rates of 80-90 % after multiple regeneration cycles, contrib-
uting to their sustainability and cost-effectiveness [81,82]. Table 2
summarizes the adsorptive removal of selected inorganic and organic
contaminants by MXenes and their hybrid nanomaterials, as well as the
study’s main findings [76].

While the potential of MXenes appears promising, practical imple-
mentation still presents challenges such as long-term stability, potential
toxicity, uniform distribution, reusability, and manufacturability that
will necessitate additional research and development. Computational
studies and molecular modeling can help to optimize MXenes’ atomistic
design for specific adsorption processes. However, uncertainties about
MXenes’ long-term stability under various environmental conditions
and concerns about their potential toxicity necessitate generating robust
data through research studies. Furthermore, scaling up the synthesis of
tailored MXenes for industrial applications while preserving their spe-
cific adsorption properties requires conducting pilot studies.
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Table 2
Summary of MXenes and MXene-based nanocomposites’ adsorption efficacy for the removal of selected inorganic and organic contaminants.
MXene Species Qm (mg Cp (mg/L) T (K) pH Main finding Ref.
gD
Ti3CoTy Uranium 214 100 293 5 Enhanced adsorption on hydrated Ti3C,T, compared to dry Ti3C,Ty due to its [83]
TizCoTx-DMSO- av) 5-220 298 flexibility and large interlayer spacing.
hydrated High adsorbed efficacy of hydrated and intercalated MXene towards dye
chemicals and heavy metal ions.
DL-TizCyTy Copper 78.5 10-350 298-318 2-5.5 ~Threefold higher adsorption capacity of TizC,T, than commercial activated [84]
carbon.
Excellent Cu adsorption due to large surface area, functional groups, and
dispersibility of the adsorbents (reached equilibrium in 3 min).
TizCoTy Barium 9.3 1-55 298 3.9 Higher adsorption than other adsorbents: Maximum adsorption capacity of 9.3 [85]
mgg !
TizCoTy Barium (II) 12 50-500 RT 1-10 High adsorption capacity on Alk-TisCyTy (46 mg g~?), approximately three [86]
AIK-TizCoTy 46.5 times greater than unmodified TizCoTy.
Ti3Co(OH)o gF1 2 Chromium 62 10 298-333 1-7 MZXene that has been chemically exfoliated in solutions containing F ions has a [87]
surface covered with F groups.
Sodium alginate/ Copper 87.6 0-10 mM 298-333 1-7 Achieved high adsorption capacity of selected inorganic compounds on the [88]
TizCoTy Lead 383 MZXene/alginate composite and reached equilibrium in 15 min due to its
abundant adsorption sites.
TiyCTy-hydrated Thorium 213 5-180 282-312 1-3.5 Enhanced adsorption due to the inner-sphere complexation caused by the [89]
av) strong attraction between Ti-OH and Th (IV).
TizCoTy Cesium (I) 25.4 5-300 273-303  2-12 Reached the maximum adsorption capacity on TizC,T, in 1 min at room [90]
temperature.
Magnetic TizCoTx Mercury (II) 1128 25-1000 288-318 29 The higher adsorption capacity of magnetic Ti3C,Ty compared to other two- [91]
dimensional materials.
K-HTNs Europium 203 20-300 298 2-10 Improved adsorption of Eu (III) upon exchange with cations in the active sites ~ [92]
Na-HTNs (I 222 of MXene due to electrostatic interaction and H bonding.
TizCoTy-10 % Chromium 250 208 RT 2-13 Effectively reduced Cr (VI) to less toxic Cr (III) species, making residual Cr (VI) [93]
(VD) in treated water far below the World Health Organization’s drinking water
standard.
Alk-Ti,C sheet Cadmium 326 19.6-562 RT 2-9 Successful adsorption of heavy metals and other contaminants on the fluoride- [94]
free exfoliated Ti,AlC MAX phase.
e-TACSs Lead (II) 218 200 298-328  2-11 The significantly high adsorption capacity of the e-TACFs and e-TACSs was [95]
e-TACFs 284 prepared using a hydrothermal and fluoride-free method.
Mzxene-25 Lead 119 100 293-313 0-5 Significant impact of exfoliation temperature had on the interlayer structure [96]
Mzxene-35 Mxene- 164 and morphology of MXene (higher exfoliation temperatures yield larger d-
45 185 spacing and surface area).
TizCoTy Chromium 80 100 298 - Decent capacity but slow adsorption of TisC;T, (80 mg g~ ' in 8 h). [971
MX-SA2:20 Mercury 365 25-994 298 0-11 Excellent adsorption capability of MX-SA4:20 even under highly acidic [98]
MX-SA4:20 933 conditions (pH 0).
MTC-P Rhenium 42.1 5-400 - 1-10 High adsorption upon modification of TiCT, nanosheets [99]
TCNS-P (VID 363
TiyCTy Uranium 470 5-400 - 1-10 Very high but slow adsorption, (reached equilibrium within 48 h, and the [100]
VD) adsorption capacity of 470 mg g~ ! at pH 3).
V,CTy Uranium 174 5-120 RT 3-5 Ion exchange as the dominant adsorption mechanism on multilayered V,CT, [101]
VD (qe) (reached equilibrium after 4.5 h and a maximum adsorption capacity (174 mg
g1 at pH 5).
TizCoTy Methylene 140 5-40 293-313  3.9-9.5  Reached equilibrium quickly (within 30 min) due to the electrostatic [102]
blue interaction between MXene and methylene blue.
TizCaTy Urea 21.7 30-450 RT-313 - High selective urea adsorption on MXene (94 %), with no significant impact on [103]
mg/dL cell viability or hemocompatibility.
MXene@Fe304 Methylene 11.7 1-40 298-328  3-11 The key mechanism in pH above 5.1: electrostatic force caused by the [79]
blue adsorbent’s pH and affinity to Ti site and OH groups.

Co = initial concentration; q,, = maximum adsorption capacity; temp. = temperature; SA = sodium alginate; TACSs = Ti3AlC, nanosheets; TACFs = TizAlC; nanofibers;
DMSO Y dimethyl sulfoxide; HTNs = hierarchical titanate nanostructures; PEI = polyethyleneimine; PAA = poly acrylic acid; PDDA = poly (dia-
llyldimethylammonium chloride); MTC-P = multilayer Ti,CT,/PDDA composite; TCNS-P = Ti,CT, nanosheet/PDDA composite; DL = delaminated.

2.3. The synergy of loose nanofiltration post-biofiltration

2.3.1. Optimized loose nanofiltration membranes

Loose nanofiltration (LNF), which operates at lower pressures (3-5)
bar and utilizes membranes with pore sizes ranging from 1 to 5 nm, is
emerging as a versatile and cost-effective water treatment technology,
particularly effective for post-biofiltration treatment [76,104,105].
Renowned for high selectivity and energy efficiency, LNF membranes
are ideal for drinking water treatment [106,107]. Compared to tighter
nanofiltration and reverse osmosis membranes, LNF membranes
generally offer higher permeate flux, enhancing the efficiency and speed
of separation processes [108]. LNF excels at removing larger dissolved
solutes and organic molecules while preserving beneficial monovalent
ions [109,110]. This process provides a targeted and efficient solution
when combined with biofiltration. Biofiltration removes organic matter

and specific contaminants, while LNF refines the effluent by capturing
residual contaminants. The adaptability of LNF membranes, which can
be customized for specific contaminants, makes them a promising
component for advanced water reuse treatment, efficiently and
comprehensively meeting stringent quality standards [104,108].

LNF membranes are typically manufactured using techniques such as
phase inversion, interfacial polymerization, and electrospinning
[111,112]. Among these techniques, interfacial polymerization stands
out for fabricating thin-film composite (TFC) membranes, which are
widely used in nanofiltration and reverse osmosis [113,114]. This
method allows for precise control over pore size, thickness, and surface
chemistry, which is essential for achieving the desired filtration char-
acteristics in LNF membranes. By adjusting parameters such as mono-
mer concentration, reaction time, and temperature, membrane
properties can be finely tuned to meet specific requirements [111,115].
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Table 3
Summary of MXene-based membranes performance for the organic and inorganic pollutants removal.

Membrane/support Fabrication method Thickness Pore size/d- Pollutant ~ Water permeability Rejection (%) Key experimental results Ref.

materials (pm) spacing (nm) (Lm2h!barh

Ti3Co T, @Fe304/CA Vacuum filtration 3.4 - Ton 96.8 Cr®:70.2 % Retained 83.7 % flux and 76 % [124]

Ccd*% 64.1 % removal efficiency after 3
Ccu™%63.2% cycles, restored by HCl
washing.

TizCoT,@NH,-MIL- Non-induced phase - 1.4 (pore Ton 17.1 >95.2 % for The intercalated structure [125]
101(Al)/PVDF separation -+ size)/0.84 (d- Ni'2, cd*?, increases d-spacing for better

interfacial spacing) Mn*2, cut?, water transport.
polymerization Zn*? Enhanced rejection of salts and
Mn*%97.6 %  heavy metals due to the
hydrophilic and negatively
charged surface of MXene.

Hydroxylated Vacuum filtration + 383 1.508 (d- Ton - Heavy metal Improved hydrophilicity due to [126]

TizCoTy/PTFE thermal self- spacing) cations (Pb™2,  the presence of the MXene
crosslinking Cu™?, cd™): increases wettability and ion
99.5 % transport.
Anions (Cl, Suppresses swelling by thermal
NO3): ~97 %  self-crosslinking, maintaining
interlayer spacing.

Ti3CoTy@carbon Electrospinning + - 1.34 (d- Ion - Pb*% 89 % Improved ion adsorption due to [127]
nanofibers carbonization spacing) Ast% 81 % increased interlayer spacing
(CNFs)/PVP and MXene’s large specific

surface area and abundant
active sites.

High removal rate for Pb>* and
As*" at low concentrations (10
ppb to 10 ppm).

High reusability for up to 4
cycles.

Ti3CoTy/modified Non-induced phase - 0.8-1.6 (pore Ton 11.1 (for 0.6 wt% Pb*2% 94 % High antifouling performance [123]
PPSU separation size) MZXene) Cu'2:97.4% with recoverable flux after

Cd*% 97.4 % backwashing due to MXene’s
surface properties.

Ti3CoTy@poly- Vacuum filtration + 7 - Ton/dye 381.2 Zn*?: 96.2 % Significant increase in water [128]
melamine- glutaraldehyde Pb*% 91.7 % permeability (405 % of pure
formaldehyde/ crosslinking CV: 96.4 % MXene membrane).
nylon High adsorption rates for heavy

metals and organics (Zn?",
Pb2*, Phenol, CV) due to the
synergy between MXene and
PMF active sites.

TizCoT,@TiOo/ Spin coating (disc) ~2 6.6 (pore Dye >90 for hollow fiber 90 % Increased stability and pore [129]

alumina + dip coating size) membranes control with 2D MXene acting
(hollow fiber) as “floor tiles”.
Enhanced water flux and
selectivity with MXene
incorporation.

TizCoT@Al,03/ Vacuum filtration - d-Spacing: Dye 88.8 RB: 99.8 % Outstanding rejection rates for [130]

nylon and self-assembly 1.49 nm (dry MB: 99.5 % organic dyes (>99 %).
state) to 1.75 Enhanced water permeability
nm (wet due to Al,O3 intercalation,
state) preventing MXene layer
compaction.
Improved membrane stability
through ionic crosslinking
between Al,O3; and MXene.

TizCoT,@CNTs@ Vacuum filtration 0.496-1.1 1.4-1.5 (d- Dye 20.1-100.9 CR: >95 % Significant increase in anti- [131]
CTAB/PEI spacing) pressure and anti-swelling

properties.

Pillaring with CNTs improved
interlayer spacing, preventing
compaction.

GO@Ti3C,Ty/nylon Vacuum filtration 0.14 1.27 (d- Dye Water: 42 >90 % Increased Interlayer Spacing by ~ [132]

spacing) Acetone: 48.32, incorporating MXene,
Methanol: 25.03, enhancing solvent permeation.
Ethanol: 10.76 Maintained stability in organic
IPA: 6.18 solvents for long-term

operation.
GO@Ti3C,T,/MCE Vacuum filtration 0.55 - Dye 71.9 L/m?h ™! bar ?, 99.5 % for MXene increased interlayer [133]

11 times more than NR, MB, CV, spacing and reduced oxygen-
the pure GO BB containing functional groups on
membrane (6.5 L/ 100 % for HA, GO, improving water flux and
m?h~! bar 1) BSA lowering water flow resistance.

Near-complete removal of

(continued on next page)
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Membrane/support Fabrication method Thickness Pore size/d- Pollutant ~ Water permeability Rejection (%) Key experimental results Ref.
materials (pm) spacing (nm) (L m2h! bar 1)

Natural Organic Matter (HA

and BSA).
DGO@Ti3CoTy/ Vacuum filtration 2 0.73 (d- Dye/ion 63.5 DR28:98.1 %  Demonstrated excellent [134]

PVDF spacing) Direct Black mechanical stability and anti-
38:96.1 % swelling properties due to

dopamine functionalization.

Ti3CoTy/PVDF Vacuum filtration 1.5 d-Spacing: Dye 37.4 MB ~100 Stable rejection of large dye [135]
0.64 in wet molecules.

state

CA = cellulose acetate; PVDF = polyvinylidene fluoride; PTFE = polytetrafluoroethylene; PVP = polyvinylpyrrolidone; PPSU = polyphenylsulfone; CNT = carbon
nanotubes; CTAB = hexadecyl trimethyl ammonium bromide; PEI = polyethyleneimine; GO; graphene oxide; MCE = mixed cellulose ester; DGO = dopamine-
functionalized graphene oxide; CV = crystal violet; RB = rhodamine B; MB = methylene blue; CR = congo red; NR = neutral red; BB = brilliants blue; HA = humic acid;

BSA = bovine serum albumin; DR28 = direct red 28.

Interfacial polymerization is highly adaptable, enabling the incorpora-
tion of functional groups or nanoparticles to enhance performance
characteristics such as fouling resistance. The resulting thin-film com-
posite membranes, featuring a dual-layer structure that combines me-
chanical strength with selectivity, are particularly advantageous for LNF
applications requiring both attributes. This method is scalable,
straightforward, and well-suited for industrial use [111,115]. LNF
membranes, with a molecular weight cut-off (MWCO) of around 1000
Da and significant negative surface charges, are promising for drinking
water treatment. Approximately 90 % of NOM falls within the molecular
weight range of 500-3000 Da. Similar to traditional nanofiltration
membranes, LNF membranes utilize steric exclusion and electrostatic
effects to reject charged solutes [106,116].

As previously mentioned, various methods can be employed in
fabricating LNF membranes via interfacial polymerization to achieve
tailored properties. By adjusting monomer concentrations in both pha-
ses, the density and permeability of the membranes can be influenced.
Higher concentrations typically result in denser, less permeable mem-
branes [117]. However, surpassing the ideal monomer concentrations
may detrimentally affect both water flux and rejection rates [118].
Hence, it’s imperative to tailor the monomer concentration to suit each
application. Another approach involves adjusting reaction time and
temperature, where shorter durations and lower temperatures typically
yield thinner films with larger pores, suitable for applications like LNF.
Careful selection of monomers is also pivotal, encompassing aqueous
phase options like piperazine or m-phenylenediamine and organic phase
candidates like trimesoyl chloride. These monomers can be inter-
changed or supplemented with others to customize membrane proper-
ties. Additionally, incorporating additives like surfactants and
nanomaterials into monomer solutions can alter membrane character-
istics such as hydrophilicity, mechanical strength, and resistance to
fouling [119,120]. Methods such as heat treatment or chemical cross-
linking after fabrication provide further options for tuning membrane
properties. The adaptability of the interfacial polymerization technique
enables the precise customization of LNF membranes to meet specific
requirements of various applications, rendering it a highly efficient
fabrication method [117,118].

2.3.2. MXene-enhanced loose nanofiltration membranes

Incorporating MXenes into networks of LNF membranes can improve
membrane properties in several ways. The notable mechanical robust-
ness of MXenes significantly enhances the membrane’s durability, a
crucial factor for LNF membranes operating under varying pressures
[119]. Moreover, MXenes have a large surface area and various tunable
surface functional groups, enhancing filtration efficiency by interacting
with contaminants and improving membrane selectivity. To increase
salt rejection rates of polyamide nanofiltration membranes, Xui and
Zhang incorporated MXene flakes into the organic phase during inter-
facial polymerization and compared the efficacy of the fabricated

membrane with those of membranes with MXene embedded in the
aqueous phase as well as the unmodified membrane [121]. This strategy
resulted in a nanocomposite nanofiltration membrane with enhanced
surface charge but reduced effective pore size. During a 28-day contin-
uous permeation test, the MXene membrane achieved a NaySO4 rejec-
tion rate of 98.6 %, outperforming membranes with MXene embedded in
the aqueous phase as well as the unmodified membrane. Long-term
water immersion tests demonstrated that the MXene membrane main-
tained high salt rejection even after being submerged in water for up to
105 days, indicating the stability of MXene on the membrane surface
despite significant surface coverage.

The chemical versatility of MXenes allows for the customization of
membrane properties such as pore size, topology, and hydrophilicity
which are particularly important for achieving high permeability and
low fouling in LNF membranes [122]. Finally, the high conductivity of
MXenes proves advantageous in applications requiring electrochemical
activation or fouling mitigation through electrochemical methods
[119,122]. A previous study reports the efficacy of nanocomposite NF
membranes composed of polyphenylsulfone (PPSU) polymer MXene
nanosheets for removing heavy metals from wastewater [123]. The
nanocomposite membranes showed a substantial improvement in sur-
face roughness, achieving approximately a 50 % smoother surface
compared to the control PPSU membrane. Additionally, the wettability
of the nanocomposite membrane improved progressively, reaching a
maximum of 0.6 wt% MXene ratio (contact angle = 49.4°), compared to
60.3° for the control membrane. The mean pore size increased from
0.84 nm in the control membrane to 1.6 nm in the 0.6 wt% MXene-
modified membrane, though the porosity remained consistent across
all membranes at around 79 %. Performance evaluations revealed that
incorporating MXene led to a 28 % increase in pure water flux, recording
3.8 LMH with only 0.1 wt% MXene. The highest flux (11.1 LMH) was
observed in the nanocomposite membrane with 0.6 wt% MZXene,
compared to 2.74 LMH for the control PPSU membrane. The retention
rates of metal ions were similar across all membranes. The nano-
composite membranes also demonstrated excellent antifouling proper-
ties, which correlated with the MXene content. Even with a 20 %
reduction in fouling for the 0.1 wt% MXene-modified membrane, the
flux was largely recoverable and remained significantly higher than that
of the control PPSU membrane. Although a direct comparison of various
MXene-based membranes is impractical because membrane perfor-
mance is best evaluated under similar conditions, the goal is to inves-
tigate the efficiency of MXene nanocomposite membranes for the
organic and inorganic pollutants removal from wastewater. So, a
comparative analysis of the performance of MXene nanocomposite
membranes prepared using various design strategies for the removal of
selected pollutants is presented in Table 3.

Capitalizing on the compelling advantages offered by MXenes, we
fabricated novel LNF polyamide membranes incorporated by TizCoTy
MXene nanosheets. To rigorously assess the efficacy of MXene-based
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Fig. 2. The Ti3C,T, MXene structure and its strategic integration into the LNF MXenes membrane which is then incorporated into a hybrid biofiltration-membrane
water treatment system. (a) The schematic illustration of Ti3C,T, MXene, and loose nanofiltration (LNF) TizC,T, MXene polyamide membrane. (b) The schematic
illustration of a combined biofiltration-membrane hybrid unit. This diagram depicts the novel membrane’s design, emphasizing the targeted incorporation of MXenes
to improve properties like antibacterial activity, adsorptive capacity, and mechanical reinforcement.

membranes, we conducted a comparative analysis and evaluated their
performance metrics against those of conventional NF polyamide
membranes (Materials and method section regarding these experiments
were discussed in the Supplementary information). This comparative
study aims to elucidate operational efficiencies, including contaminant
removal rates and water fluxes, offering valuable insights into the po-
tential benefits of incorporating MXenes into biofiltration-membrane
hybrid systems for water reuse systems. Additionally, Fig. 2 provides
the schematic illustration of the Ti3CyT, MXene structure, its integration
with the LNF membranes, and its incorporation into hybrid biofiltration-
membrane water treatment systems.

Fig. 3 depicts a detailed analysis of the structural and morphological
properties of both unmodified and MXene-incorporated LNF mem-
branes. The X-ray diffraction (XRD) patterns of Ti3AlC; MAX and

Ti3CaTy, MXene (Fig. 3a) confirm that the MAX phase was successfully
converted to MXene. Scanning electron microscopy (SEM) images of
MXene sheets on an aluminum oxide support (Fig. 3b;) show single
flakes of TizCoTy MXene, indicating effective MXene delamination
(Fig. 3c—e). SEM images of the pristine porous polyethersulfone (PES)
substrate display a uniform surface with visible pores (Fig. 3c1_p). In
contrast, SEM images of the polyamide-loose nanofiltration (PA-LNF)
membranes show a more textured surface, indicating the formation of
the polyamide layer via interfacial polymerization (Fig. 3d;_5).

The incorporation of MXene resulted in a noticeable change in the
surface morphology of the polyamide membrane, as evident in the SEM
images (Fig. 3e;_¢). Images of 0.04 wt%, 0.1 wt%, and 0.5 wt% MXene-
LNF membranes reveal distinct surface morphology and texture varia-
tions, which become more pronounced as the MXene concentration
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Fig. 3. A detailed structural and morphological analysis of unmodified and MXene-incorporated PA-LNF membranes. (a) The XRD patterns confirm the successful
conversion of Ti3AlC; MAX to Ti3C,T, MXene, and (b-e) the SEM images show the surface morphology and uniform dispersion of MXene within the polyamide
matrix. (f) TEM images indicate a well-dispersed MXene interlayer between the polyamide and PES layers, which has implications for membrane performance and
stability. Notably, the created interlayer positioning improves MXene’s oxidation resistance, extending its functional lifespan within the membrane. (g) AFM
measurements show that MXene incorporation slightly reduces surface roughness, with the 0.04 wt% MXene-LNF membrane exhibiting a lower R, of 109.2 nm
compared to 118.7 nm for the conventional PA-LNF membrane. MXene is a promising material for improving membrane performance in biofiltration-membrane
hybrid systems due to its appealing feathers, which could reduce fouling and improve separation efficiency.

increases. This change in surface morphology suggests that MXene
nanosheets integrate into the polyamide matrix, potentially influencing
the membrane’s pore structure and tortuosity. The well dispersion of
MXene within the polyamide layer is crucial for achieving improved
membrane properties. The varied surface textures at different MXene
concentrations indicate that MXene’s inclusion likely influences key
transport properties such as the water flux and solute rejection, neces-
sitating effective optimization for obtaining improved, repeatable, and
reproducible outcomes [136].

Cross-sectional transmission electron microscopy (TEM) images
provide insight into the interface between the constituent layers
(Fig. 3f;_4). The high aspect ratio and atomistic structure of MXene
sheets can facilitate a uniform material distribution within the poly-
amide matrix [137]. The formation of an MXene layer in the interface of
the polyamide and PES layers can be observed by comparing the TEM
images of the 0.04 wt% MXene-LNF (Fig. 3f3_4) and the unmodified PA-
LNF membrane (Fig. 3f;_5). Introducing the MXene layer can alter the
transport properties of the modified membranes. The uniform dispersion
of MXene within this interlayer is crucial for achieving consistent
membrane performance. The coverage of the MXene interlayer by both
PES and polyamide layers enhances MXene stability by preventing
MXene flakes from being exposed to oxygen. In addition, embedding
MXene sheets within the membrane network can protect them from
direct exposure to the aqueous environment, enhancing their stability

against hydrolysis and oxidation [138]. Preserving MXene’s structural
integrity is crucial for long-term applications where membrane
longevity is paramount.

Incorporating MXene into the polyamide selective layer also slightly
reduces membrane surface roughness, most likely due to less penetra-
tion of the aqueous monomer solution into the substrate during inter-
facial polymerization as measured by atomic force microscopy (AFM).
The PA-LNF unmodified membrane had an average roughness (R,) of
118.7 £ 5.1 nm, while the 0.04 wt% MXene-LNF membrane had a lower
R, 0f 109.2 4+ 4.8 nm. A smoother surface is less prone to fouling due to
reduced foulants adhesion sites, an essential consideration in
membrane-based water treatment processes [139,140]. Furthermore,
reduced roughness may result in more uniform flow distribution and
enhanced flow dynamics across the membrane surface, improving
overall transport and antifouling properties. Finally, a more straight-
forward membrane cleaning process can remove attached species on the
surface due to less trapped foulants in the surface irregularities. Besides
improved surface topology, MXene's inherent hydrophilicity can
improve the polyamide surface’s wetting properties, promoting more
efficient water spreading and reducing the formation of water clusters or
droplets. This is particularly crucial in membrane filtration processes,
where surface wetting influences transport and antifouling properties
[137,139].

The results discussed earlier show that MXene incorporation causes
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Fig. 4. (a) Water flux and (b) sodium sulfate rejection rate for PA-LNF and
MXene-LNF membranes at various MXene concentrations were compared. Ac-
cording to the graph, the PA-LNF membrane has a water flux of 49.8 + 6.0 LMH
and a high sodium sulfate rejection rate of 95.4 + 3.0 %. MXene-LNF mem-
branes, on the other hand, show an increase in water flux at 0.04 wt% and 0.1
wt% MXene concentrations (59.1 + 6.5 LMH), but a slight decrease at 0.5 wt%
(53.6 + 8.0 LMH). Concurrently, sodium sulfate rejection rates fall from 88.5
+ 4.8 % at 0.04 wt% MXene to 70.1 &+ 3.7 % at 0.5 wt% MXene, indicating a
trade-off between increased water flux and reduced salt rejection rate upon
MZXene incorporation.

significant changes in membrane morphology, structure, and topology.
With the observed changes in the structural and physical properties of
the membrane, we anticipate variations in water flux and contaminant
rejection rates. To evaluate the influence of MXene incorporation into
the PA-LNF on the membrane transport properties, the capability of the
MXene-LNF membranes to remove sodium sulfate from water was
studied. Incorporating MXene sheets into polyamide membranes during
interfacial polymerization had a noticeable impact on water flux and
sodium sulfate rejection (Fig. 4). The unmodified PA-LNF exhibited a
water flux of 49.8 + 6.0 LMH. By adding 0.04 wt% and 0.1 wt% MXene
to the selective layer of the membranes, an elevated water flux of 59.1 +
6.5 LMH was obtained. Reduced surface roughness, as evidenced by
AFM earlier (Fig. 3g1_4), decreased the hydraulic resistance faced by the
water passing through the membrane—the reduced resistance results in
enhanced water flow of the MXene-modified membranes. Additionally,
the minimized penetration of the aqueous monomer solution during
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interfacial polymerization, caused by the generated MXene interlayer
(verified by TEM images, Fig. 3f;_4), led to a uniform pore size distri-
bution, which helped achieve high water flux. Increasing the MXene
concentration to 0.5 wt% decreases the water flux slightly to 53.6 + 8.0
LMH. Despite the positive impact of MXene on the uniformity of the
membrane, the coverage of the 0.5 wt% MXene-LNF membrane pores by
MXene sheets observed in the SEM image (Fig. 3es) enhanced the
transport resistance against the passage of water molecules.

The PA-LNF membrane exhibited a high sodium sulfate rejection rate
of 95.4 + 3.0 % (Fig. 4b). Nevertheless, the addition of MXene to the
membrane matrix resulted in reduced salt rejection rates. The rejection
rate for the 0.04 wt% MXene-LNF membrane was 88.5 + 4.8 %, which
decreased to 82.3 + 5.9 % and 70.1 + 3.7 % for the 0.1 wt% and 0.5 wt
% MXene-LNF membranes, respectively. This pattern suggests that while
MXene incorporation may enhance water flux, it tends to compromise
the membrane’s salt rejection. By generation of the MXene interlayer, as
shown in the TEM images (Fig. 3f3 4), we anticipated higher salt rejec-
tion rates due to introducing a barrier to the salt ions passage. However,
the creation of a uniform pore size distribution and less irregularity/
tortuosity upon MXene addition to the membrane network has a more
significant impact on the barrier effect of the MXene interlayer. This
modification allows for easier passage of salt ions, resulting in lower salt
rejection rates. As 0.04 wt% MXene-LNF membrane exhibited improved
water flux with an acceptable salt rejection rate, this membrane was
used for subsequent experiments.

To extend the application of the MXene-modified membranes, 0.04
wt% MXene-LNF membranes were used to remove organic molecules
from a wastewater sample. Fig. 5 thoroughly evaluates the performance
of PA-LNF and 0.04 wt% MXene-LNF membranes in treating caffeine-
spiked wastewater effluent. Besides caffeine removal, the membrane’s
removal efficacy of dissolved organic carbon (DOC) was evaluated. The
PA-LNF membrane had a water flux of 55.8 4+ 5.9 LMH, while the 0.04
wt% MXene-LNF membrane had a higher water flux of 62.9 + 5.5 LMH.
The improved water flux of the MXene-modified membrane can be
attributed to the uniform pore size distribution and smooth surface, as
evidenced by the analyzed structure and topology of the membranes.
Both membranes performed similarly for DOC removal, with the PA-LNF
membrane achieving almost 77.7-79.3 % removal rates. Regarding
caffeine removal, the PA-LNF membrane achieved 81.9 + 5.9 %,
whereas the 0.04 wt% MXene-LNF membrane reached 76.3 + 8.2 %.
Despite caffeine being larger than ions, the reduced irregularity and
tortuosity in the membrane network due to MXene addition has a more
significant impact than the barrier effect of the MXene interlayer. While
the MXene-LNF membrane showed a slight reduction in contaminant
removal, its higher water flux may offer advantages in scenarios where
higher throughput is desired.

MXene-LNF’s antibacterial properties, as demonstrated by Escher-
ichia coli (E. coli) inhibition tests, add another layer of efficacy, making
these membranes particularly suitable for applications where microbial
contamination is a concern. Fig. 6 shows the antibacterial efficacy of the
0.04 wt% MXene-incorporated LNF against E. coli compared to PA-LNF
membrane as the control. The PA-LNF membrane inhibited E. coli at a
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Fig. 5. The performance of PA-LNF and 0.04 wt% MXene-LNF membranes in treating a caffeine-spiked wastewater effluent were compared. The data show that the
0.04 wt% MXene-LNF membrane achieves a higher water flux of 62.9 4+ 5.5 LMH than the PA-LNF membrane, which reaches 55.8 + 5.9 LMH. While both mem-
branes remove DOC at comparable rates, the PA-LNF membrane removes caffeine at a slightly higher rate. The figure emphasizes the trade-off between increased
water flux and minor reductions in contaminant removal when MXene is incorporated into the membrane structure.
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Fig. 6. The antibacterial efficacy of the unmodified polyamide LNF (PA-LNF) and 0.04 wt% MXene-LNF membranes against E. coli were compared. (a) The figure
shows both the inhibition rates calculated relative to the control and the standard deviations used to assess the variability of the results. While the PA-LNF membrane
inhibited E. coli at a poor and inconsistent rate of 6.1 % with a standard deviation of 4.8, the MXene-LNF membrane inhibited E. coli at a significantly higher rate of
63 %, albeit with a standard deviation of 12.2 (b and c). The figure also includes data from an inhibition zone assay, in which the MXene-LNF membrane
demonstrated antibacterial activity by forming an inhibition zone on the agar plate, which the PA-LNF membrane did not. This multifaceted data presentation
supports MXene-LNF’s superior and more reliable antibacterial properties, arguing for its potential application in water treatment applications to reduce microbial

contaminations.

modest 6.1 + 4.8 % rate. This suggests poor antibacterial activity of the
unmodified PA-LNF membrane. In contrast, the 0.04 wt% MXene-LNF
membrane inhibited E. coli at a higher rate of 63.0 + 12.2 %. Moder-
ate antibacterial activity of the MXene-modified membrane is attributed
to the low dispersion of MXene on the membrane surface, as evidenced
by the TEM images. In addition to the standard enumeration agar plate
test, an inhibition zone assay was performed to assess the membranes’
antibacterial properties against E. coli. 0.04 wt% MXene-LNF membrane
displayed a distinct inhibition zone on the agar plate, confirming its
antibacterial efficacy. This zone of inhibition is a qualitative indicator of
the membrane’s ability to inhibit bacterial growth, and its presence
validates the quantitative data from the enumeration test. On the other
hand, the unmodified PA-LNF membrane failed to generate any inhibi-
tion zone, confirming its limited antibacterial activity. The formation of
the inhibition zone in the MXene-LNF membrane but not in the PA-LNF
membrane provides compelling evidence for the enhanced antimicro-
bial properties conferred by MXene incorporation, supporting its use in
water treatment applications where microbial contamination is a
concern.

3. Challenges and future prospect

The integration of MXenes possessing unique physicochemical
properties into water treatment processes represents a promising strat-
egy to advance this area by enhancing treatment efficiency and water
quality. As a result of high water flux and decent rejection rates, MXene-
LNF membranes are appealing options for biofiltration-membrane
hybrid systems. While there is a trade-off regarding reduced salt and
contaminant rejection, this concern is alleviated by the advantages of a
hybrid system, where the biofiltration stage can handle a large portion
of the contaminant removal. Future research should concentrate on
harnessing the potential of MXenes in these hybrid systems. Various
interdisciplinary sciences and technologies should be combined to
optimize MXene-based LNF membranes to enhance membrane perfor-
mance and address challenges such as long-term stability. In addition,
further research and testing are vital to establish the scalability and
capability of MXene-enhanced systems in real water treatment scenarios
on large scales. Finally, to ensure sustainable and cost-effective imple-
mentation, a careful evaluation of the environmental and economic
impacts of using MXenes in large-scale water treatment is necessary.
When combined with biofiltration in a hybrid system, MXene-LNF
membranes contribute to the evolving fields of both biofiltration and
membrane systems, advancing the efficacy, sustainability, and cost-
effectiveness of water treatment technologies. With ongoing research
and development, these systems have the potential to substantially
improve water reuse efforts, contributing to developing more effective
and sustainable solutions for addressing the global water crisis.
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In addition to enhanced water flux in LNF systems combined with
biofiltration, the emphasis frequently shifts from high rejection rates to
other operational efficiencies, such as antifouling capabilities. In this
case, the antifouling properties of membranes are especially important.
Membranes with improved antifouling properties can supplement the
biofiltration stage’s contaminant removal while maintaining high water
flux and system reliability, making them ideal for biofiltration-
nanofiltration hybrid systems. In this case, the effective antibacterial
properties of MXenes add another layer of functionality to MXene-based
LNF membranes, which is extremely useful in this context. Since
biofouling is a common issue in membrane-based water treatment sys-
tems, the significant bacteria inhibition rates demonstrated by MXene-
LNF membranes suggest that they may mitigate biofouling more effec-
tively than conventional membranes.

We experimentally validate the effectiveness of MXenes in enhancing
membrane performance and antibacterial properties without compro-
mising the contaminant removal efficiency. Our experimental findings
reveal that MXene-induced changes in morphology, topology, and
structure of PA-LNF membranes upon its incorporation in the aqueous
solution during interfacial polymerization, influencing water flux,
contaminant rejection rates, and antibacterial activities. Enhanced
water flux particularly at 0.04 wt% MXene concentration and antibac-
terial activities without a considerable decrease in pollutant removal
efficiencies are aligned with the change in the morphology, topology,
and structure, evidenced by SEM, AFM, TEM, and bacterial resistance
results. The significant E. coli inhibition rates demonstrated by our
MXene-PA-LNF membranes suggest that they may mitigate biofouling
more effectively than conventional membranes. Looking ahead,
research and dynamic experiments will be crucial to fully harness the
potential of MXenes for decreasing fouling and biofouling of PA-LNF
membranes. The experimental results show that MXene-LNF mem-
branes have distinct advantages that make them particularly well-suited
for use in biofiltration-membrane hybrid systems for advanced water
reuse treatment.
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