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Roberto Castro-Muñoz b,e,*, Grzegorz Boczkaj b,f,****, Fausto Gallucci g 

a Gdansk University of Technology, Faculty of Chemistry, Department of Process Engineering and Chemical Technology, 80 – 233, Gdansk, G. 
Narutowicza St. 11/12, Poland 
b Gdansk University of Technology, Faculty of Civil and Environmental Engineering, Department of Sanitary Engineering, 80 – 233, Gdansk, G. 
Narutowicza St. 11/12, Poland 
c Chemical and Water Desalination Engineering Program, College of Engineering, University of Sharjah, Sharjah, 27272, United Arab Emirates 
d Department of Chemical Engineering, University of Engineering and Technology, Peshawar, 25120, Pakistan 
e Tecnologico de Monterrey, Campus Toluca, Av. Eduardo Monroy Cárdenas 2000 San Antonio Buenavista, 50110, Toluca de Lerdo, Mexico 
f Advanced Materials Center, Gdansk University of Technology, 80 – 233, Gdansk, G. Narutowicza St. 11/12, Poland 
g Sustainable Process Engineering, Chemical Engineering and Chemistry, Eindhoven University of Technology, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
MXene 
2D materials 
Heavy metals 
Antibiotics 
Membranes 
Wastewater treatment 

A B S T R A C T   

As a novel family of 2D materials, MXenes provide an extensive variety of applications in water 
and effluent treatment due to their distinctive properties and attractive applicability, including 
superior electrical conductivity, higher thermal stability, hydrophilicity, and high sorption- 
reduction capacity. Their excellent sorption selectivity makes them perfect for removing haz
ardous contaminants. Currently, MXene-based materials are regarded as one of the most impor
tant topics in membrane separation processes. This work presents a comprehensive review of 
recent developments in MXene-based water treatment materials. The applications of MXene- 
based membranes, adsorbents, and photo-catalysts in removing antibiotics and heavy metals 
from water are discussed. A comparison of MXene-based membranes with other 2D membranes is 
outlined. Finally, prospects and challenges for future research are discussed.   

1. Introduction 

The global demand and consumption of water have increased because of the growing population, rapid urbanisation, and 
industrialization. Concurrently, anthropogenic activities caused high water pollution that in turn causes a significant risk to humans, 
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aquatic life, and the ecosystem [1,2]. Different pollutants exist in various industrial effluents and may vary depending on the 
manufacturing company and other processing industries [3]. Mining, steel/iron production, oil/gas fracking, industrial laundries, 
powerhouse, metal finishers, and the food/beverage industries are all responsible for the release of the enormous amount of 
contaminated wastewater. Numerous contaminants, including toxins, heavy metals, oils, pesticide residues, sludge, medical products, 
as well as other industrial by-products, can be found in municipal and industrial water outlets [4–6]. 

A large number of pharmaceutically active compounds (PhACs) have been released into the environment without being properly 
treated over the past two decades [1]. Antibiotics are a very dangerous type of such compounds that cause contamination of the 
aqueous environment. Several antibiotics such as fluoroquinolones, lincomycin, sulfonamides, and tetracyclines are widely used in 
livestock farming, pharmaceutics, and chicken metabolic products to cure and treat microbial infectious diseases [7]. Overuse of these 
pollutants and their untreated discharge cause environmental problems. 

In a similar way, other highly harmful elements (such as toxic metal ions) also have a tendency to bio-accumulate and can slowly 
release into waterways, posing significant risks to aquatic life. Mining, recovery, and other commercial operations that involve 
multiple toxic metal ions (Zn2+, Cd2+, Pb2+, Cr6+, and Cu2+) are common sources of wastewater discharge that can eventually reach 
natural water bodies [8–11]. Rapid industrialization caused the mobilization of heavy metals into the environment, which is a major 
concern due to their toxicity, and therefore, these lethal ions had a drastic effect on the ecosystems, human health, and other living 
organisms [12]. Thus, eliminating such lethal pollutants from an aqueous environment is considered indispensable to preserving the 
ecosystem and human life. 

Literature reported the application of various treatment techniques in eliminating contaminants/pollutants from wastewater, such 
as adsorption [12–18], advanced oxidation [19–22], membrane separation [23–28], ozonation [29,30], ion exchange [31], chemical pre
cipitation [32], electro-dialysis [33], photo-catalytic degradation [34–38], bio-surfactants [39], electrocoagulation [40], and other physical, 
chemical, and biological treatment methods [29,41–44]. Most of these treatment techniques have certain drawbacks in treating 
wastewater including complex removal mechanisms, disposal challenges, excessive use of chemicals, generation of sludge and 
by-products, high energy consumption, insufficient removal of noxious compounds, not being valuable at very low concentrations of 

Fig. 1. Typical MXene structures and compositions. Reprinted with permission from Ref. [68]. Copyright (2021), Wiley-VCH GmbH.  
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contaminants, formation of toxic by-products, and regeneration ability [45]. In a similar way, the photo-catalysis processes which 
employed n-type semiconductors (TiO2) are eco-friendly, with fascinating potential in removing stable organic contaminants because 
of the degradation and mineralization of the organic pollutants [46]. However, the employed semiconductors like TiO2 often failed to 
be witnessed under visible light illumination. This is ascribed to the high electron/hole (e− /h+) pair recombination rate and higher 
band gap (~3.2 eV) [47]. Other semiconductor materials like transition metal sulphides also had the disadvantage of photo-corrosion 
which is the self-oxidation of photo-induced holes [48]. Such drawbacks can easily be avoided by developing a heterogeneous Z-type 
system comprised of a potent electron-donor semiconductor [48–50]. 

Recently, a number of nanocomposites have displayed remarkable potential in water purification owing to their incredible 
physicochemical features [51–55]. Membrane-based wastewater treatment methods have found incredible consideration in recent 
times. Numerous 2D materials such as covalent organic frameworks (COFs), graphene oxide (GO) [56], layered zeolites [57,58], 
metal-organic frameworks (MOFs) [59], and transition metal dichalcogenides (TMDs) have been widely applied for membrane syn
thesis with superior separation performances [60–62]. MXenes, on the other hand, are a new family of 2D nanomaterials, discovered 
by Drexel University researchers in 2011 [63,64]. MXenes are usually described by the formula Mn+1XnTx, where M is an early 
transition metal like Ti, Mo, Sc, W, V, or Zr; X is carbon or nitrogen; T represents the surface termination group like -Cl, –F, =O, or –OH; 
x is the number of surface functional groups; and n ranges from 1 to 4 [65–67]. Typical MXene structures and compositions are 
illustrated in Fig. 1 [68]. 

These new class of materials (MXenes) are a good alternative to many applications because of their unique structural features such 
as ease of fabrication, hydrophilicity, considerable interlayer spacing, dynamic electrochemistry, activated metallic hydroxide sites, 
high specific surface area, higher conductivity, biocompatibility, incredible chemical stability, ion exchange property, maximum 
chemical stability, robust surface functional groups, and superior adsorption-reduction capability [69–73]. These materials have been 
at the forefront of studies for developing MXene-based membranes and photo-catalysts in removing/degrading various contaminants 
and different pollutants from wastewater [69,74–76]. 

This review focuses on the latest advances and novelties in MXene-based membranes and materials (adsorbents and photo- 
catalysts) for the removal of heavy metals and antibiotics from wastewater. The effectiveness of various MXene-based membranes 
at removing harmful pollutants is carefully assessed and the applications of MXenes as adsorbents and photo-catalysts are described in 
considerable detail. Moreover, a comparative analysis of the MXene membranes with other 2D materials is also provided. Lastly, 
various intended challenges are highlighted and recommendations regarding future research are provided. 

2. Removal of heavy metals and antibiotics by MXene-based membranes 

2.1. Removal of heavy metals 

MXenes have been employed for the removal of various heavy meals from the aqueous phase, such as copper (Cu2+), chromium 
(Cr6+), barium (Ba2+), cadmium (Cd2+), mercury (Hg2+), and lead (Pb2+). Considering that heavy metal ions possess a size lower than 
4.5 Å, they can be easily entrapped within the interlayer spacing (lower than 2 Å) of MXene sheets. Apart from this, the chemical 
functionalities of the MXene’s surface are also responsible to display an enhanced adsorptive uptake. MXene-based membranes have 
emerged as novel membranes for the uptake of heavy metal ions from water [77]. A summary of published literature on the appli
cations of MXene-based membranes for the removal of metal ions is presented in Table 1. 

Xie et al. (2019) employed Ti3C2Tx-based membranes by intercalating reduced graphene oxide between the layers [83]. Nano
materials were successfully incorporated into the membrane by hydroxylation, which led to increased wettability, adsorption ability, 
and metal ions reduction. Experimentally, only 44% of the initial Cr(VI) was removed after 150 min over the pristine Ti3C2Tx 
membrane, which was mainly ascribed to its dense configuration that restricted the mass transfer of HCrO4

− , while the performance of 
HCrO4

− removal of the composite membrane resulted as high as 91% after 150 min. Interestingly, the authors reported that after HCrO4
−

Table 1 
Metal ions removal/recovery by MXene-based membranes.  

Mxene-based membranes Metal 
ions 

Water permeability (L m− 2 

h− 1 bar− 1) 
Separation/rejection 
efficiency (%) 

Reference 

PFDTMS-modified hydrophobic 2D d-Ti3C2 membrane Cu2+ – ~100 [78] 
Cr6+ – 

Mxene-anchored goethite heterogeneous Fenton composite 
(β-FeOOH@Mxene0.2) freestanding membrane 

Hg2+ – 99.7 [79] 

Thermal cross-linked 2D Mxene (Ti2C3Tx) membrane Pb2+ ~250 L/m2.h Hydrated rejection of 
Pb2+: 99- 

[80] 

Ti3C2Tx Mxene@MOF decorated polyvinylidene fluoride membrane Ni2+ 17.1 ± 0.2 >95.2 ± 0.5 [81] 
Cd2+ 95.2 ± 0.5 
Mn2+ 97.6 ± 0.4 
Cu2+ 95.2 ± 0.5 
Zn2+ 95.2 ± 0.5 

Mxene (Ti3C2Tx) membrane Pb2+ – 99.5 [82] 
Cu2+ 99.7 
Cd2+ 99.8  
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removal, a shift of 0.1–0.2 eV to greater binding energy was noted for the C-Tiδ+-Tx moieties, suggesting that electrons are being 
drained from Ti3C2Tx as it reductively removes HCrO4

− . In consequence, it was also considered that HCrO4
− elimination over Ti3C2Tx 

follows an independent pathway of electron transfer from Ti3C2Tx to HCrO4
− , releasing Cr(III) that can be attached in Ti3C2Tx-based 

membranes [83]. 
A recent study reported an improved Be(II) removal from Be(NH2)2 complexing solutions using a sandwiched Ti3C2Tx MXene/nano 

zero-valent iron (nZVI)/fungal hypha (FH) nanofiber hybrid membrane [84]. Fig. 2a graphically illustrates the schematic for the 
self-assembly nanofiber preparation [84]. There were numerous MXene/nZVI catalytic units coated on the surface of the final 
nanofiber membranes. In high magnification, nZVI appeared to be uniformly dispersed within the MXene nanosheet layer. When 
dealing with water permeability, such nanofibers exhibited about 301 times greater permeability compared to bare Ti3C2Tx mem
brane, while capturing up to 99.8% Be2+ from the Be(NH2)2 solution with low concentration (19.85 ppm). In particular, the best Be2+

adsorption capacity of the membrane was estimated to be as high as 95.20 mg g− 1 at pH 5.0 and 35 ◦C. Based on the complete 
characterization of the studied membranes, Be2+ forms BeO and BeO2-bidentate inner-sphere complexes on MXene nanosheets, and 
this contributes to efficient Be2+ removal. Due to its sandwiched structure, MXene/nZVI@FH was easily activated and reused after 
leaching with 0.1 M HCl solution. The economic and environmental implications of this aspect are significant. 

Fig. 2b shows the schematic of the synthesis of Ti3C2Tx MXene@MOF@PVDF nanocomposite membranes [81]. The prepared 
membranes exhibited excellent removal for selected heavy metals with a rejection rate higher than 95.2 ± 0.5% for each ion, notably 
high for Mn2+ (97.6 ± 0.4%), as depicted in Fig. 2c and d [81]. 

Using polyethylenimine (PEI) polymer crosslinked with dopamine and graphene oxide on the top surface of the membranes, Zhao 
et al. (2021) observed a decrease in the water inlet pores [85]. Consequently, the resulting GO/MXene_PEI membranes displayed less 
permeance of water. In contrast, the water permeability of GO/MXene_PEI membranes increased with decreasing load, for instance, 
when the membranes’ load was 166 mg m− 2, the membrane permeability was approximately 1.3 ± 0.1 L m− 2 h− 1 bar− 1. Water 
permeability increased by about 3 times with a reduced membrane load of 100 mg m− 2, while rejection for Ca2+ and Mg2+ increased 
slightly, but still was over 70% [85,86]. 

Due to the weakened adsorption associated with the reduction of negative charge during thermal self-crosslinking of MXene 
membranes, Wang et al. (2021) reported the regeneration of the surface charge via hydroxylation [82]. In this process, the alkali 
solution of KOH is used to replace –F with –OH. Surprisingly, the rejection efficiency of a 383 nm-thick hydroxylated MXene membrane 
was higher compared to a pristine MXene membrane when two selective membranes were used to remove Cd2+, Cu2+, and Pb2+

Fig. 2. (a) Schematic illustration of the self-assembly synthesis of MXene/nZVI@FH. Reprinted with permission from Ref. [84]. Copyright (2021), 
Elsevier B.V., (b) A schematic of the fabrication of thin-film composite membranes with the incorporation of synthesized Ti3C2Tx MXene@MOF into 
the thin-film PVDF membrane. Heavy metals rejection rate for M3 MXene@MOF@PVDF nanocomposite membrane with (c) 0.00 wt% (d) 0.10 wt% 
of Ti3C2Tx MXene@MOF nanocomposite. Reprinted with permission from Ref. [81], Copyright (2022), Elsevier Ltd. 
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co-existing anions (Cl− and/or NO3
− ), under external voltage. Up to 70 min of tests, the authors concluded that, when the interlayer 

spacing is controlled through a thermal self-linking protocol, good operational durability and reproducibility are possible [82]. 
Actually, the control of the d-spacing is an important matter in terms of water treatment applications. In fact, the nanostructure of 
MXene, particularly the d-spacing, should be further studied, as the permeation of water molecules can cause channel enlargement in 
2D materials that in turn caused influenced the rejection efficiency [87]. It was recently demonstrated that d-spacing affects the ion 
selectivity of MXene membranes [88]. 

Fan et al. (2020) reported the synthesis of MXene/PVDF membrane and evaluated its potential in the separation and removal of K+/ 
Pb2+ ions by exerting external voltage, as depicted in Fig. 3 [89]. The addition of MXenes enhanced the lead ions rejection in addition 
to improving the anti-swelling potential of the resultant membranes. 

The membrane reusability by using HCl has been also proved by Yang et al. (2020), who reported ions removal of 63, 64 and 70% 
for Cu2+, Cd2+, and Cr6+, respectively, from wastewater using Fe3O4@MXene composite nanofiltration membrane [8]. 

2.2. Removal of antibiotics by MXene-based membranes 

In recent years, the release of antibiotics in groundwater from various effluent and clinical waste from hospitals and pharmacies has 
become a growing environmental concern, thus severely affecting biodiversity and other public health services [90,91]. These toxic 
compounds are very harmful to the ecosystem even at trace concentrations, causing the emergence of terrible viruses and bacteria with 
exceptionally high resistance to existing antibiotics [92]. Aquatic organisms are particularly vulnerable to some antibiotics [93]. 
Therefore, efficient and enhanced removal of antibiotics from an aqueous environment is a necessary step in adopting a sustainable 
environment. 

Fig. 3. Schematic illustration of the ion sieving mechanism induced by electric field. (a) Assembling of MXene/PVDF membrane between three cells 
(feed and permeate) under electric field; (b) and (c) Mechanisms of ion sieving; (d) The reactions and ion transport. Reprinted with permission from 
Ref. [89]. Copyright (2020), Elsevier B.V. 
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Nanofiltration with polymeric membranes is emerged as a potential technology, owing to its high performance, and continuous and 
easy operation [94–96]. Membrane fouling by the adsorption of the antibiotic is the main drawback, which decreases water perme
ability and membrane stability. The primary reason for membrane fouling is the electrostatic attraction between the membrane surface 
and the target antibiotic molecules [97]. Furthermore, the uneven pores configuration in polymeric nanofiltration membranes makes it 
necessary to affect the water/solvent permeation to achieve enough antibiotics rejection [95]. These deficiencies may be overcome by 
improving the anti-fouling resistance and regular pore structure of the employed membranes. The 2D laminated membranes exhibited 
better permeance and pollutants rejection via ion sieving and are good in pervaporation filtration [98,99]. 

The trade-off between the permeance and the selectivity in polymeric membranes can be overcome by using the Ti3C2Tx nanosheets 
with regular slit-shaped interlayer distances, which also boosted the selective permeability of the employed membranes [100,101]. 
Table 2 enlists various MXene-based membranes and their successful application in the removal of a range of antibiotics such as 
azithromycin, bacitracin, tetracycline, erythromycin, penicillin, rifampicin, and chloramphenicol (both water and alcohol soluble). 
The studied membranes showed effective filtration and exceptional rejection performance due to their regular spacings, equidistant 
nanolayers, and large aspect ratio. 

Titanium carbide-based membranes have a greater solvent permeance compared to polymeric nanofiltration membranes because 
these have a high aspect ratio, which results in a regular two-dimensional (2D) structure and high permeation flux. Besides, the 
increased antifouling is also caused by the interaction between the surface terminations of the employed membranes and the target 
antibiotics that affect the final rejection performance of the employed membranes. 

Fig. 4a provides the comparative approach between the permeability of the Ti3C2Tx membranes at different membrane thicknesses 
against the separation of tetracycline aqueous solutions [102]. Generally, membranes with greater thickness offer enhanced rejection 
performance compared to lower thicknesses because of the fewer defects [103]. Fig. 4b and c shows exceptional separation perfor
mance of the Ti3C2Tx membranes (2–4 μm titanium carbide nanosheets) against different antibiotics (penicillin, tetracycline, azi
thromycin, erythromycin, bacitracin, chloramphenicol, and rifampicin) in both aqueous and ethanolic solutions [102]. The reported 
water permeance of the smallest penicillin molecule, with a size of 1.4 nm × 0.7 nm, was about 223.1 ± 9.5 L m− 2 h− 1 bar− 1, with 89.5 
± 0.5% rejection. The reported water permeability values for tetracycline, erythromycin, azithromycin, and bacitracin aqueous so
lutions via a 500 nm thick Ti3C2Tx membrane were 250.4 ± 5.2, 278.5 ± 10.5, 280.4 ± 15.2, and 340.5 ± 20.5 L m− 2 h− 1 bar− 1, 
respectively. In a similar way, the rejection rates of these antibiotics in an aqueous environment are reported to be about 91.5 ± 0.4%, 
95 ± 1.2%, 95.1 ± 1.6%, and 99.5 ± 0.4%, respectively. Furthermore, the Ti3C2Tx membrane exhibits superior separation perfor
mance of the molecular sieving for the ethanol-soluble antibiotics (rifampicin and chloramphenicol). The permeability of ethanol is 
specifically reported to be about 200.5 ± 10.2 L m− 2 h− 1 bar− 1, with an 89.5 ± 0.3% chloramphenicol rejection (1.7 nm × 1.0 nm). 
Similarly, the same membrane revealed 96.2 ± 1.8% and 300.5 ± 10.2 L m− 2 h− 1 bar− 1 of ethanol rejection and permeance for the 
larger rifampicin molecules [102]. Fig. 4d shows the stability of the Ti3C2Tx membranes and their time-dependent separation per
formance with tetracycline aqueous solution and rifampicin ethanol solution [102]. Besides, the selectivity of the membrane could also 
be enhanced by carefully controlling the interlayer spacing [104]. 

Fig. 5 illustrates the removal mechanism of tetracycline hydrochloride (TC) from wastewater by the g-C3N4@MXene/PES (CN-MX) 
composite membrane, which exhibited high permeance of 1790 L m− 2 h− 1 bar− 1 compared to pristine MXene membrane [105]. The 
rejection efficiency of 86% for TC antibiotic was reported by the employed membrane. Literature also reported the superior 
anti-swelling characteristics of the MXene/carboxylated cellulose nanofibers (Ti3C2Tx/CNFs)-based membranes in a water environ
ment, for up to 76 h [106]. The employed membrane unveiled better separation performance with high pure water permeability of 
~26.0 L m− 2 h− 1 bar− 1) and high selectivity rejection of antibiotics (~99.0% for azithromycin) [106]. 

3. MXene-based materials in other water treatment applications 

3.1. MXenes as adsorbents for the removal of antibiotics and heavy metals 

The presence of toxic heavy metal ions even in trace amounts has a drastic influence on living organisms and the environment; 

Table 2 
Antibiotics removal by MXene-based membranes.  

MXene-based membranes Antibiotics Water permeability (L 
m− 2 h− 1 bar− 1) 

Rejection 
(%) 

Molecular 
weight (g/mol) 

Mechanism Reference 

Ti3C2Tx Erythromycin 
Azithromycin 
Tetracycline Penicillin 
Bacitracin 
Chloramphenicol 
Rifampicin 

278.5 ± 10.5 
280.4 ± 15.2 
250.4 ± 5.2 
223.1 ± 9.5 
340.5 ± 20.5 
200.5 ± 10.2 
300.5 ± 10.2 

95 ± 1.2 
95.1 ± 1.6 
91.5 ± 0.4 
89.5 ± 0.5 
99.5 ± 0.4 
89.5 ± 0.3 
96.2 ± 1.8 

734 
749 
444.4 
334.4 
1422 
323 
823 

Molecular sieving and 
electrostatic repulsion 

[102] 

g-C3N4@MXene (CN-MX) Tetracycline 
hydrochloride (TC) 

1790 86 481 Molecular sieving and 
electrostatic repulsion 

[105] 

Ti3C2Tx/CNFs 
(carboxylated 
cellulose nanofibers) 

azithromycin 26.0 ~99.0% 749 Molecular sieving and 
electrostatic repulsion 

[106]  
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Fig. 4. Antibiotics separation performance of Ti3C2Tx membrane, (a) Ti3C2Tx membrane thickness dependent separation performance of tetracy
cline solution at pH 7 with feed concentration of 250 ppm in water, (b) Antibiotics separation performance for 250 ppm aqueous solution, (c) 
Rifampicin and chloramphenicol separation performance in ethanol solution, (d) Time dependent separation performance of Ti3C2Tx membranes 
with tetracycline aqueous solution and rifampicin ethanol solution. Reprinted with permission from Ref. [102]. Copyright (2020), Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

Fig. 5. The removal mechanism of g-C3N4@MXene/PES (CN-MX) composite membrane for dyes and antibiotics from wastewater. Reprinted with 
permission from Ref. [105]. Copyright (2022), Elsevier B.V. 
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therefore, the elimination of these lethal pollutants from the aqueous phase is an essential step in treating toxic effluents. MXenes are 
an ideal candidate to be employed as adsorbents material for the enhanced uptake of various heavy metal ions from an aqueous 
environment since they exhibit unique physicochemical and structural characteristics, such as numerous surface terminations, large 
specific surface area, hydrophilicity, and electron-richness [107]. These adsorbents unveiled exceptional adsorption potentials for the 
successful elimination of heavy metal ions from an aqueous environment [94–96]. Numerous available functional groups and active 
sites for adsorption on the surfaces of the employed nanomaterials also contribute to the enhanced removal of toxic heavy metals 
[111]. 

Similar to the elimination of the heavy metals, the MXene adsorbents have also revealed outstanding uptake performance for the 
confiscation of potentially toxic antibiotics from the water environment. 

MXenes hold numerous active surface functional groups, whose activity can be significantly increased under the action of the 
magnetic field, and it is more evident with acidic functional groups [15]. Literature explained the development of the sodium algi
nate/MXene/CoFe2O4 (SA/MX/CFO) composite material for the successful adsorption of Cu2+ and ciprofloxacin (CIP) with an external 
magnetic field [15]. The adsorption potential was reported to enhance by 3.53% and 24.19% against the selective removal of Cu2+ and 
CIP when the employed adsorbent is subjected to the rotating magnetic field (RMF). The enhancement in adsorption potential with the 
help of RMF is ascribed to the following reasons: (i) RMF could enhance the H-bonding of the adsorbent surface that caused an 
exceptional rise in CIP uptake, (ii) the energy of the magnetic field is adsorbed by the target contaminants, thus enhancing their kinetic 
energy and mass transfer capability, and (iii) the CFO exhibit greater strength of the magnetic field at the micro-interface compared to 
Fe3O4, causing higher influence of the magnetic field for both (pollutants and solutions) [15]. 

Fig. 6 illustrates the mechanism of barium ions uptake by the surface of the MXene layers in which both the physisorption and 
chemisorption are responsible for the Ba-adsorption [112]. The MXene surface is generally terminated by the –O, –OH, and –F 
functional groups after the etching process; therefore, these existing functional groups act as vacant active adsorption sites for Ba-ions 
to be adsorbed onto the adsorbent surface. The adsorption of Ba-ions by the MXene’s surface functional groups occurs by the following 
reactions to form Ba(OH)2 and Ba(F)2:  

Ba2+ + 2OH− → Ba(OH)2                                                                                                                                                                 

Ba2+ + 2F− → Ba(F)2                                                                                                                                                                      

Such developed barium hydroxides and barium fluorides are the key Ba-constituent in an aqueous environment and they are 
chemisorbed onto the MXene surface. 

Literature also reported the removal of a range of pharmaceutical compounds (amitriptyline (AMT), verapamil, carbamazepine, 17 
α-ethinyl estradiol, ibuprofen, and diclofenac) by the sonicated Ti3C2Tx MXene [113]. The highest selective adsorption was reported 
for the AMT, with an adsorption capacity of 58.7 mg g− 1 which is due to the electrostatic attraction between the positive AMT 
molecules and the negative MXene surface. The enhanced adsorption of the sonicated MXene compared to pristine MXene material is 
due to the creation of larger cavitation bubbles at lower frequencies that formed oxygenated functional groups on the MXene surface 
and also make well-dispersed MXene. 

Another study reported the adsorption of CIP by the alkaline intercalated MXene (sodium ions (SI)–Ti3C2Tx) and observed better 
adsorption performance compared to pristine MXene due to its high specific surface area and the broad layers (layered spacing and 

Fig. 6. Adsorption mechanism of barium ion on surface of MXene layers. Reprinted with permission from Ref. [112]. Copyright (2017), Elsevier 
B.V. 
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vacant sites) in which the pollutant molecules might be able to adsorb easily [114]. Besides, the intercalation also caused more –O and 
–OH surface terminations to develop on the adsorbent surface which acts as active sites for CIP adsorption. In addition, the adsorbent 
efficiency was also reported to marginally improved in succeeding regeneration stages (~99.7%) because of the nanosheets’ crys
tallinity loss (enhancing amorphosity) that in turn caused increased porosity and moieties, hence resulting in the development of 
numerous active sites (increasing specific surface area) [114]. 

Table 3 and Table 4 enlist various MXene-based adsorbents and their successful applications in the removal of different heavy metal 
ions and antibiotics from an aqueous environment. MXene-based adsorbents unveiled enhanced adsorption potential against the 
elimination of antibiotics and toxic heavy metals in water treatment technologies. These studies proposed the efficient employment of 
MXene-based adsorbents in removing lethal contaminants and pollutants from an aqueous environment. 

3.2. MXenes as photo-catalysts for degradation of antibiotics 

Photo-catalysis is regarded as one of the cost-effective methods for the removal of various environmental contaminants [75,125, 
126]. MXenes, so far, have been employed in various photo-catalytic applications such as N2 fixation [126–128], CO2 reduction 
[129–132], degradation of several pollutants [127,133–135], and water splitting [136–139]. MXene could also improve the 
photo-catalytic activity of the as-developed composite in these applications by performing numerous functions, including limiting the 
size of the photo-catalyst, enhancing reactant adsorption, acting as robust support, and promoting photo-generated charge carrier 
separation [140]. 

The successful use of MXenes in photo-catalysis can be attributed primarily to the following factors: (i) developing intimate contact 
interfaces between the MXene and other semiconductor materials and is facilitated by numerous available functional groups, (ii) 
changing the surface chemistry caused by changing the bandgap alignment of the MXene, and (iii) MXene has outstanding metallic 
conductivity and electron acceptance due to the conductive metallic core in its layered structure [141]. 

In particular, MXenes can be made hybridized with other substances like polymers, graphene, MOFs etc. To enhance their photo- 
catalytic characteristics. MXenes with distinct lamellar structures and high conductivity have been employed as co-catalysts to 
enhance the photo-catalytic degradation capabilities of composites [142]. Table 5 enlists various MXene-based catalysts for the 
successful photo-catalytic degradation of antibiotics. 

The MXene-based photo-catalysts are also employed in literature for efficient environmental photo-catalysis like the removal of a 
range of antibiotics and pharmaceuticals from an aqueous environment because of their fascinating characteristics such as adjustable 
band gap (0.92–1.75 eV), appreciable safety, hydrophilicity, high strength and structural stability, large surface area, non-toxicity, 

Table 3 
Removal of various heavy metal ions by MXene-based adsorbents.  

MXene-based adsorbents Surface 
area (m2 

g− 1) 

Heavy 
metal 
ions 

Adsorption conditions Adsorption 
capacity (mg 
g− 1) 

Adsorption mechanism Reference 

pH Time 
(min) 

Temp. 
(K) 

MXene/PEI modified 
sodium alginate 
aerogel (MPA) 

16.31 Cr6+ 2 180 318 550.30 Chemical coordination, covalent 
bonding, chelation, chemical 
interactions, electrostatic attraction, 
adsorption, and reduction 

[115] 

2D-Ti3C2Tx MXenes 11.2 Cr6+ 3 40 30 ±
2 ◦C 

104 Chemisorption, electrostatic 
attraction, complexation, surface 
interaction, particle diffusion, and ion 
exchange 

[116] 

Sodium alginate/MXene/ 
CoFe2O4 (SA/MX/ 
CFO) beads with 
rotating 
magnetic field (RMF) 

10.51 Cu2+ 5.5 – 298 88.9 Magnetic and electrostatic 
interactions 

[15] 

SA/MX/CFO beads 
without RMF 

104.1 

MXene core (Ti3C2Tx) shell 
aerogel spheres (MX- 
SA) 

9.66 Hg2+ 4.5 24 h 298 932.84 Complex formation, ion-exchange, 
and electrostatic interactions 

[117] 

2D alk-MXene (Ti3C2(OH/ 
ONa)xF2¡x) 

– Pb2+ 5.8 2 298 140 Electrostatic interactions, diffusion, 
and ion-exchange 

[118] 

Ti3C2Tx powder modified 
with silane coupling 
agent KH570 (Ti3C2Tx- 
KH570) 

75.4 Pb2+ 1–6 2 h 305 152.6 Ion-exchange, chelation, and 
chemisorption 

[119] 

2D Ti3C2Tx nanosheet 13 Ba2+ 7 2 h 298 9.3 Chemisorption and ion-exchange [112] 
Alkalized MXene/layered 

double metal 
hydroxide (alk- 
MXene/LDH) 

– Ni2+ 7 120 25 ◦C 222.7171 Ion exchange, surface complexation, 
chemisorption, physical adsorption, 
and chemical coordination 

[120]  
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high conductivity, environmental flexibility, and huge interlayer spacing [143–145]. MXenes are distinguished by their lamellar 
nanostructures with high conductivity and these materials have the potential to improve the photo-catalytic potential of their com
posites when employed as co-catalysts [146,147]. 

Generally, antibiotics in very low concentration have been perceived globally in a land environment and natural water; and are 
used by humans and other industries such as aquaculture, cattle, and poultry, thus can easily contaminate the environment [123,148]. 
These could enter the environment via different pathways such as domestic wastewater, industrial effluents and other waste streams, 
and livestock wastewater [149]. Their continuous disposal eventually leads to their gradual accumulation in an aquatic environment 
and the soil, from where they can also pass into the food chain. 

MXenes have unveiled remarkable potential as co-catalysts for the photo-catalytic degradation of numerous pharmaceuticals 
because of their exceptional characteristics such as adjustable bandgap, activated metallic hydroxide sites, availability of numerous 
surface functional groups, biocompatibility, hydrophilicity, high specific surface area, high metallic conductivity, ease of function
alization, and fast photo-generated charge carrier separation ability [75,140]. A recent study assessed the confiscation of enrofloxacin 
antibiotic compounds from water by the use of newly developed multi-functional adsorbent photo-catalyst MXene-TiO2 composites by 
hydrothermal treatment [123]. In addition to this, the layered MXene structure can also enhance the photo-catalytic activity by 
promoting the photo-generated charge carrier separation, limiting the size of photo-catalysts, enhancing reacting adsorption, and 
acting as a robust support [140]. 

The MXenes materials exhibited exceptional potential in the photo-catalytic degradation of various antibiotics and pharmaceutical 
compounds. MXenes can be also used as a host material to enhance the catalytic performance of different co-catalysts. Numerous 
methods have been employed for the development of MXene-based photo-catalysts for successful degradation of pharmaceuticals such 
as anodization, chemical vapor deposition, in-situ growth method, sol-hydrothermal method, evaporation-induced self-assembly 
method, in-situ reductive deposition method [75]. 

In the case of NH2-MIL-125(Ti)(TiO2)/Ti3C2 for the efficient degradation of TC-HCl, the better photo-catalytic performance of the 
hetero-junction is ascribed to the enhanced characteristics after the Ti3C2 incorporation, which improved the charge transfer [150]. 
The pharmaceutical (TC-HCl) degradation includes the .OH, formation by water oxidation and electrons activation from the valence 
band (VB) to the conduction band (CB) for the employed NH2-MIL-125(Ti). Similarly, the electron migration from the NH2-MIL-125 
(Ti) CB to the TiO2 CB; and then from TiO2 to Ti3C2 transpires through the hetero-junction. The formation of the Schottky junction 
performs as an electron trap to catch the photo-induced electrons that are transferred to the Ti3C2 surface for electron-oxygen 
reduction. 

In the case of the photo-catalytic degradation of carbamazepine by the hetero-structural TiO2/Ti3C2Tx (MXene), the generated 
electrons at the surface of the TiO2 are prohibited from being shifted to Ti3C2Tx sheets at the interface (Fig. 7a) [151]. Such barred 
transferring is ascribed to the following reasons: (i) MXene’s work function is much lower compared to TiO2, and (ii) MXene has a 
higher negative Fermi level compared to the TiO2 CB [151]. 

Another study reported the use of a novel CuFe2O4/MXene (CFO/Ti3C2) hetero-junction photo-catalyst that unveiled substantial 
synergic visible light degradation of sulfamethazine (SMZ), which is ascribed to the enhanced lifetime of carriers and photo-electrons 
transfer in the employed composite [141]. Fig. 7b illustrates the mechanism of the photocatalytic degradation of the SMZ by the 
employed CFO/Ti3C2 photo-catalyst, under visible light. The CuFe2O4 (CFO), with a band gap of 1.43 eV, is excited by the visible light, 
and the photo-generated electrons are excited from the VB to CB. In the case of CFO/Ti3C2, the photo-induced electrons are shifted to 
the 2D Ti3C2 from the CFO; while, numerous electrons appear near the Fermi level in the Ti3C2 flakes, making it somehow metallic in 

Table 4 
Removal of various antibiotics by MXene-based adsorbents.  

MXene-based adsorbents Surface 
area (m2 

g− 1) 

Antibiotics Adsorption conditions Adsorption 
capacity (mg 
g− 1) 

Adsorption mechanism Reference 

pH Time 
(min) 

Temp. 
(K) 

Sodium Intercalated (SI) 
Ti3C2Tx MXene 

4.643 Ciprofloxacin 6 15–20 25 ◦C 208.2 Chemisorption and 
electrostatic interactions 

[114] 

Sodium ligninsulfonate 
functionalized 
MXene (Ti3C2-SL) 

– Doxorubicin 
hydrochloride 
(DOX) 

7 180 30 ◦C 190.78 Physical adsorption, 
chemical adsorption, and 
intraparticle diffusion 

[121] 

Alkalized (ALK)-MXene – Tetracycline 5.5 10 40 ◦C 6.81 and 
~57.85 with 
Ni2+

Surface complexation, 
electrostatic interactions, 
and chemisorption, 

[122] 

MXene (MX)-TiO2 – Enrofloxacin (ENR) – – – 1–6 Cation exchange and 
external adsorption 

[123] 

MXenes: 
Mn2C 

– Amoxicillin – – – – Intermolecular interactions 
and H-bondings 

[124] 
Ampicillin – 
Cloxacillin 55% 

Ti2C Amoxicillin 88% 
Ampicillin 44% 
Cloxacillin 100% 

V2C Amoxicillin – 
Ampicillin – 
Cloxacillin 66%  
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Table 5 
Photocatalytic degradation of antibiotics by MXene-based catalysts.  

MXene-based catalysts Specific surface 
area (m2 g− 1) 

Pollutants Degradation conditions Degradation 
(%) 

Reactive species Light source Reference 

pH Catalyst 
dosage (mg) 

Time 
(min) 

Temp. 
(K) 

CdS@Ti3C2 @TiO2 42.38 Sulfachloropyridazine – 50 88 25 ◦C ~100 •O2
− and •OH Visible light (300 

mW cm− 2) 
[152] 

Few-layer MXene/alkaline g-C3N4 37.2 Tetracycline (TC-HCl) – 10 60 – 77 h+, •OH, •O2
− , 

and e- 
Visible light (>420 
nm) 

[153] 

Magnetic Ti3C2Tx 118.022 Diclofenac 5–9 3 g/L 30 293 ~100 HO•, Cl•, O2
●, 

h+, and e- 
UV (1.35 
±0.2 mW cm− 2) 

[154] 

MXene-Ti3C2/MoS2 11.93 Ranitidine – 5 60 – 88.4 •O2
− , h+, and 

•OH 
LED lamp (25 W, 
Trusttech PLS-SXE 
300 

[155] 

Ti3C2/TiO2/BiOCl 8.774 TC – 50 120 – ~100 •O2
− and •OH 500 W Xe lamp [156] 

Ti3C2/g-C3N4 – Levofloxacin – 20 30 Room 72 – 300 W Xe lamp [157] 
Oxygen-vacancy-embedded 2D/2D NiFe- 

LDH/Ti3C2Tx MXene composite 
– Norfloxacin – 20 mg/50 mL 240 – 98 •O2

− , •OH, and 
h+

300 W Xe lamp [158]  
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nature (trapping location for light-induced electrons) [141]. Moreover, Ti3C2 can also provide numerous active adsorption sites due to 
its large specific surface area. Besides, the antibiotic molecules (SMZ) could also be adsorbed by the active material throughout the 
photo-catalysis process. Fig. 8 shows the SMZ degradation into the low-molecular-weight organic compounds (aminobenzenes and 
methylpyrimidines) [151]. 

These studies reflect the importance of MXene-based photo-catalysts for the successful photo-catalytic degradation of numerous 
antibiotics and pharmaceuticals in the next-generation photo-catalysis. 

Fig. 7. (a)Schematic illustration of the degradation mechanism of CBZ by the 001-T/MX photo-catalyst. Reprinted with permission from Ref. [151]. 
Copyright (2018), Elsevier B.V., (b) Possible degradation mechanism of CFO/Ti3C2 for degrading SMZ. Reprinted with permission from Ref. [141]. 
Copyright (2020), Elsevier B.V. 

Fig. 8. Analysis of degradation intermediates and possible degradation pathways of SMZ. Reprinted with permission from Ref. [151]. Copyright 
(2020), Elsevier B.V. 
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4. Comparison of MXene-based membranes with other 2D materials 

MXenes are a new class of 2D materials, along with 2D zeolites, MOFs, COFs, graphitic carbon nitride (g-C3N4), graphene, graphene 
oxide (GO), and layered TMDCs [60,159–162]. There is a promising future for molecular separation applications using most of these 
2D materials [163,164]. Two broad categories of 2D material-based membranes are spongy nanosheet membranes and laminar 
membranes (Fig. 9) [159]. Additionally, 2D materials can be employed as a filler to offset the characteristics of the polymeric 
membranes, as shown in Fig. 10a [165]. The separation efficiency of 2D membranes depends on their physicochemical properties and 
molecular transport pathway. The transport pathways of 2D materials can be manipulated to achieve a precise molecular separation. 
Nanochannels can form horizontal or vertical pathways in laminar membranes (Fig. 10b and c) [165]. 

The frequently employed assembly for the non-porous nanosheets, such as MXenes and GO, are the laminar membranes. Although 
laminar membrane structure is expected to have less permeation rates compared to porous membranes such as porous graphene, 
MOFs, and zeolite nanosheets; however, their facile synthesis methods still make them potential candidates for large-scale applications 
[159]. 

Although a direct comparison of MXenes with other 2D materials is impractical because the performance of membranes can better 
be judged under similar conditions. However, this section aims to overview the efficiency of numerous 2D materials for the separation 
of specific pollutants including antibiotics and heavy metals. 

A comparative analysis of MXene-based membranes with membranes prepared from other 2D materials for the removal of selected 
pollutants is presented in Table 6. The efficiency of MXene-based membranes is comparable to or better than most of the 2D mem
branes, offering in special cases separation efficiency as high as 99% and compelling productivities in terms of permeate flux. This 
demonstrates the significance of using these membranes for water purification in the near future. 

5. Conclusions, challenges, and future perspective 

This review covers a research gap dealing with the elucidation of the latest advances in MXenes membranes and materials (ad
sorbents and photo-catalysts) for selective separations in water treatments, including the removal of heavy metals and antibiotics. 
These pollutants represent a serious environmental concern since they affect the quality of water bodies, thus severely affecting living 
organisms. Here, it has been proved the outperforming separation of MXenes membranes and materials for the removal of such toxic 
compounds. Moreover, MXene-based composites have drawn lots of interest as photo-catalysts to degrade contaminants because of 
their outstanding thermal and optica characteristics, hydrophilicity, significant surface area, configurable chemical characteristics, 
high chemical stability, regular planar configurations, high metallic conductivity, and so many derivative products. It was found that 
literature reported numerous MXene-based membranes with fascinating separation performance compared to other available 2D 
materials. MXene-based membranes have shown remarkable potential in water treatment, but still there exist many challenges that 
need careful attention because these hurdles prevent them from their actual applications in the real water environment. Some of the 
key challenges and recommendations are summarized below.  

• The HF-synthesis methods for the mass production of MXenes should be minimized because of their drastic ecological concerns and 
therefore other innovative and sustainable alternative green synthesis techniques should be adopted.  

• MXenes are currently produced on lab-scale costly processes but with lower yields. Therefore, MXene synthesis via commercial 
routes should be at the forefront of present-day researchers to develop cheap, efficient, and environmentally friendly MXenes.  

• The application of MXene-based membranes in the actual environment (real water system) should be explored since it is almost 
missing in the literature. Therefore, these membranes should be at the forefront of future studies in order to challenge their efficacy 
in the actual water environment.  

• The mechanisms of pollutants from wastewater should be explored in much detail and an in-depth analysis should be carried out by 
using different available characterization tools and theoretical models.  

• A particular focus should be placed on the regeneration of the membranes employed and the successful removal of pollutants 
retained on their surfaces. This would achieve long-term membrane stability by keeping its cost much lower and the membrane 
much more beneficial.  

• One of the key challenges is the storage and stability of MXene because of its oxidizing nature in the water environment. Therefore, 
the future research area should cope with this trial by exploring different pathways for its mitigations. This will help in developing 
the MXene’s stability and its wide range of applications.  

• Various theoretical and experimental methods should be adopted for optimum water fluxes through the studied membranes since 
these can be directly controlled by the flake sizes of the employed MXenes.  

• The stability of MXene nanosheets is a critical parameter in assessing its potential since it directly affects the overall lifespan of 
these materials. Therefore, future research in this direction might lead to more stable MXene structures that in turn would be 
employed in treating a wide range of hazardous pollutants from actual wastewater streams.  

• The applications of MXene-based membranes in removing simultaneous pollutants from an aqueous environment should be 
explored because real wastewater streams are comprised of different kinds of contaminants and pollutants.  

• The elimination of various pollutants by photo-catalysis via the employment of MXenes should also be explored because extra 
efforts are needed to develop well-connected interfaces to enhance photon adsorption and charge-carrier transportation [173]. This 
in turn would cause superior redox capability and enhanced interfacial arrangements which could develop efficient photocatalysts 
with robust degradation abilities. 
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Fig. 9. Schematic of two types of 2D materials membranes: porous nanosheet membranes and laminar membranes. Reprinted with permission from 
Ref. [159]. Copyright (2021), American Chemical Society. 

Fig. 10. Schematic illustrations of the separation mechanism of 2D material membranes. Reprinted with permission from Ref. [165]. Copyright 
(2020), Wiley-VCH GmbH. 

Table 6 
Comparison of the performance of MXene-based membranes with other 2D materials.  

Membrane Pollutant Concentration 
(mg/L) 

Water permeability (L 
m− 2 h− 1 bar− 1) 

Separation/rejection 
efficiency (%) 

Reference 

SWCNT-intercalated GO ultrathin films Cytochrome c 125 700 ± 50 98.3 ± 0.2 [166] 
2D Ti3C2TX MXene nanosheets Cytochrome c 20 1056 ± 25 97 ± 1 [167] 
Lamellar graphene oxide (LGO) Evans blue 

(EB) 
– 71 85 [168] 

Laminar MoS2 EB 15 μM 245 89 [169] 
Layered WS2 membranes EB 15 μM 450 90 [170] 
2D Ti3C2TX MXene nanosheets EB 10 1084 ± 47 90 ± 1 [167] 
TFN membrane with GO Zn2+ 50–1000 18.03 93.33 [171] 

Cu2+ 92.73 
Ni2+ 90.45 
Pb2+ 88.35 

Thermal cross-linked 2D MXene (Ti2C3Tx) membrane Pb2+ ~100 ~250 L m− 2 h− 1 Hydrated rejection 
of Pb2+: 99 

[89] 

PFDTMS-modified hydrophobic 2D d-Ti3C2 membrane Cu2+ – – ~100 [78] 
Polythiocyanuric acid-functionalized MoS2 nanosheet- 

based high flux membranes 
Hg2+ 10 246 L m− 2 h− 1 80 [172] 
Cr6+

Pb2+

MXene-anchored goethite heterogeneous Fenton 
composite (β-FeOOH@MXene0.2) freestanding 
membrane 

Hg2+ 60 – 99.7 [79]  
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• Various theoretical calculations such as the density functional theory and first principles methods should be explored and intro
duced into the design of the MXene-based photo-catalysts in order to envisage the future structural performance and understand the 
photo-catalytic mechanism at the micro-level and the overall photo-catalytic process [145].  

• Critical and widespread research is needed in the development and applications of MXene-based membranes for identifying 
crosslinkers and substrates for the membrane influencing its performance [174]. 
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[61] R. Castro-Muñoz, F. Galiano, Ó. de la Iglesia, V. Fíla, C. Tellez, J. Coronas, A. Figoli, Graphene oxide – filled polyimide membranes in pervaporative separation 
of azeotropic methanol – MTBE mixtures, Separ. Purif. Technol. 224 (2019) 265–272, https://doi.org/10.1016/j.seppur.2019.05.034. 
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