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Abstract: The increase in pollutants such as hazardous refractory contaminants, organic dyes, phar-
maceuticals, and pesticides entering water resources on a large scale due to global population growth
and industrialization has become a significant health concern worldwide. The two-dimensional (2D)
MXene material is a new type of transition metal carbide or carbonitride material, which has demon-
strated the capability to adsorb various heavy contaminants, particularly metals such as chromium,
copper, lead, and mercury. In addition, MXenes have a tunable band gap (0.92–1.75 eV) and exhibit
good thermal stability and considerable damage resistance, which means that they are well suited as
adsorbents for waste removal. In this review article, MXene nanocomposites are introduced for the
removal of pollutants from water. The idea of water remediation, the applications of MXene-based
nanocomposites, and the effects on the degradation of water and wastewater contaminants are
reviewed. Future trends in MXene-based nanocomposites for water treatment and environmental
applications will also be discussed.

Keywords: environmental; wastewater; MXene; nanocomposites

1. Introduction

Social economies continue to develop, which results in an escalating need for water.
However, there is a great deal of water on this planet that cannot be utilized straightaway,
resulting in an enormous contradiction between the demands of people for water and the
available water resources [1–4]. Researchers must find novel ways to rationally increase
the water resources used in order to solve these kinds of problems. Different processing
techniques have been discovered for water remediation, including splitting of water, efflu-
ent purification, and antibacterial purification of seawater. A milestone in the research and
progress of water treatment equipment has been photocatalytic technology and adsorption,
both of which have unique properties [5–11].
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Several advanced 2D nanomaterials for environmental remediation were discussed.
Despite their advantages, they had several disadvantages, including high cost, low re-
tention capacity, and poor chemical and thermal stability. To overcome the drawbacks of
conventional 2D nanomaterials, scientists have shown interest in two-dimensional sub-
stances containing nitrides and transition metal carbides, referred to as MXenes, with the
chemical formula Mn+1XnTX [12,13]. Due to their chemical, physical, and functional prop-
erties, MXenes are suitable for a wide range of industrial applications [14]. Early transition
metal carbides and nitrides are known as important compound groups due to their high
metallic electrical conductivity, high hardness, and excellent chemical stability [15]. In high-
temperature applications and cutting tools, they have been investigated as bulk ceramic
materials for decades. Other applications include functional composites and catalysts and
electrochemical energy storage [16]. Due to the strong bonds between transition metals
and carbon/nitrogen atoms (mostly covalent/metallic bonds), it is challenging to reduce
their dimensionality from solid 3D solids to nanomaterials, including 2D sheets and 1D
nanoribbons or nanotubes [17].

The first discovery of MXene was made by Yury Gogotsi and Michel W. Barsoum in
2011. As Ti3AlC2 is immersed in hydrofluoric acid (HF), it is possible to selectively remove
the aluminum layer to obtain 2D titanium carbide Ti3C2 nanosheets with outstanding
universal properties. As a result, the family of “MXenes” is utilized in order to determine
the correlation between the MAX phases and their dimensions. MXenes typically have
a thickness between 1 nm and 2 nm related to the n in MXenes (Mn+1XnTx). MXenes are
mostly derived by selectively etching the A layers from the precursor MAX phase (Mn+1
AXn), in which M indicates a transition metal, A represents any element from groups 12–16
(including Cd, Al, Si, P, S, Ga, Ge, As, In, Sn, Tl, and Pb), X demonstrate C and/or N,
and n indicates 1, 2, or 3 [18,19]. MX phases typically have A layers sandwiched between
octahedral Mn+1Xn structures, with relatively powerful M –X bonds and a weak bond of
M–A [20]. Approximately 30 MXene compositions have been reported in the studies that
were prepared from the MAX phase precursors, mostly by adding transition metals to the
M layers [21]. There are several types of MXenes, but Ti-based MXenes (such as Ti3C2Tx
and Ti2CTx) are most widely used in environmental applications [21,22]. As a result of
their special layered structure and two-dimensional morphology, MXenes can be mixed
with other substances to improve their features. This particular chemical construction
gives MXenes excellent electrical conductivity, flexibility, and tunable properties. In the
context of environmental purification and energy production, MXenes have enticed a lot of
consideration [23], including the photocatalytic oxidation of organic contaminates [24,25],
heavy metals adsorption [26], sensing and catalysis [27], and fueling production and energy
storage [28,29]. Currently, MXene materials are relatively new, and developing them into
commercially viable products will take a lot of effort. The performance and applications of
these devices are being studied by more and more researchers. According to the literature
review, MXenes are most frequently discussed in the context of energy conversion [30],
biomedical, and storage studies [31], and there are fewer studies on environmental cleaning
and wastewater treatment (Figure 1). MXenes and MXene-based composites are examined
in this review for their application in the removal of unwanted contaminants from water,
with particular emphasis on dyes and heavy metals. The synthesis methods, the removal
mechanism, the structure of MXenes and their role in the removal process, and the regen-
eration of MXenes are considered and evaluated. In addition, the current difficulties and
future prospects of these great substances in wastewater and water treatment are discussed.
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Figure 1. A description of MXene synthesis, features, and applications.

2. MXene and Nanocomposite-Based MXene Synthesis

Currently, MXenes are primarily produced through high-temperature sintering and
ball milling of MAX precursors. For layer hexagonal MAX phases with two formula
units per unit cell, layer M and the X-atom are strongly coupled through metallic, ionic,
and covalent bonds, and the A-atom layers penetrate among layers of Mn+1Xn. They are
connected with the M atom via perfect metallic bonds [32–34]. The force among A and
M in the MAX phase unit cell seems weaker than the force among M and X, which is
more susceptible to damage [35]. The metallic bonds among elements of A and M are
difficult to break through mechanical exfoliation, unlike in the other lamellar substances
connected with van der Waals forces [36]. Fortunately, it was demonstrated that even when
purified via acid and ultrasonic conditions, the bonds of M–A were simply broken, but the
M–X bonds did not break completely [37]. It is, therefore, common to obtain MXene by
selectively etching A-phase from MAX.

2.1. Etching Approach

For the preparation of MXene, two primary etching methods are used; HF and in situ
HF [38]. Since high risks are associated with the critical corrosiveness of HF, utilization of a
high concentration of HF was avoided, and the in situ HF method was invented [39]. Other
reagents, such as NaOH and H2SO4, can also be used to etch the A layers without F− [40].
In the preparation procedure, the primary etching purpose is the adequate exfoliating
of A layers from the MAX phases [32]. Etchant concentration and type remain critical
factors in the process. For wet chemical etching to be successful, it is necessary to have
convenient etchants and synthesis conditions. Depending on their properties, the etched
matter differs [32,38,41,42]; despite the lack of sufficient research, [38] referred that they
applied the HF solution concentrated at 50%. On the contrary, by using wet etching
techniques, other types of multilayer MXene have been synthesized with various MAX
phase elements. During the layering step, intercalation is used to produce monolayer
MXenes by the addition of massive organic substances within the layers, including C2H6OS,
NH2NH2 · H2O, CH4N2O, C16H37NO, and C3H9N [43–45]. The result will be the same
regardless of ammonium bifluoride and HCl or HF [46]. There is an alternative method
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for etching the A layer. NaOH and H2SO4 can be used instead of fluorine-containing
etchants [40]. In the delamination section, the kind and concentration of the etchant process
show an influential role in the subsequent process and MXene preparation.

2.1.1. HF Approach

The etching of HF is performed by soaking the MAX phase in a solution containing
hydrofluoric acid, which is a commonly used etchant for etching Al, Si, C, and N layers in
group A [32,38,47]. AlF3 is formed by reacting element A with F− and etching in the MAX
phase. MXene’s surface also contains fluorine (F), which is part of its functional group,
as HF reacts with multiple layers of MXene [32]. It should be noted that the hydrofluoric
acid solution concentration, the temperature, the soaking time, and the circumstances of
etching could significantly influence the structure of MXenes. As a result, finding the right
etching conditions to enhance the MXene’s performance is challenging [41,42,45]. Etchant
concentrations range from 5 to 50 wt.% hydrofluoric acid and exposure times range from
5 to 24 h according to the concentration [38,47,48].

The MXene structure was observed to be affected by changing the HF solution con-
centration. It is possible to produce more sophisticated Ti3C2Tx etching at higher HF
concentrations [38]. With XRD and EDX analysis, Alhabeb et al. investigated the efficiency
of the etching of 5, 10, and 30 wt.% of hydrofluoric acid solution. In this study, the hydroflu-
oric acid concentration etchant had an instrumental role in the exfoliating A-layers. MXene
with an HF content of 30 wt.% displayed an almost accordion-like structure on SEM images.
As the outcomes exhibited, the morphology of MXene in 10 wt.% and 5 wt.% hydrofluoric
acid solutions had an insignificant level of openness and virtually no growth. Thus, using
a high HF concentration could produce MXene with a structure with an accordion-like
appearance and an increased surface area [38]. Furthermore, Chang et al. investigated
Ti3AlC2 powders and showed that the etching procedure findings are not just influenced
by the concentration of hydrofluoric acid solution but also by the length of immersion of
the MAX phase in hydrofluoric acid solution, with an increase in the duration of reaction,
thinned MXene layers could be observed. A weakening trend in peaks of diffraction was
observed via an extensive soaking period of 4 to 20 min h in the Ti3AlC2 XRD patterns
and the HF-treated sample. As a result of the extended reaction time, the multilayer
that resulted from MXene was thinner. A hydrothermal-assisted approach was used by
Wang et al. To prepare V2CTx MXene from etched V2AlC using fluoride and hydrochloric
acid solutions. Based on the obtained results, MXene V2CTx was found to have outstanding
electrochemical features in lithium-ion batteries as an anode [49]. Moreover, [50] exhibited
the electrochemical etching of Al from porous Ti2AlC electrodes in dilute HF to produce a
Ti2CTx MXene layer on Ti2AlC. Based on the results, it is evident that the composition and
etching conditions can be adjusted widely [50].

2.1.2. HF Solution

To reduce the risks involved by utilizing HF solution with high concentrations in
the production of MXene, this method of etching was introduced as a safer way for pro-
duction [46]. A HF etching method was used by Naguib et al. to synthesize various
MXenes [51]. Finally, the MAX phase is etched into the MAX phase through the reaction
between element A and fluorine in the HF solution [41]. Hydrofluoric acid or form hydroflu-
oric acid via the reaction is the primary reagent compound utilized during the procedure.
Ammonium bifluoride and ammonium fluoride are the two frequently utilized reagents
to achieve the HF process effect, which allows the MAX layers to be exfoliated [52–54].
There are several etchants that have the peculiarity of varying MXene states as a function of
their concentrations, such as FeF3/HCl [55] and LiF/HCl [42,52,56]. The research results of
Ghidiu et al. demonstrated that drilling of the A layers was well done, and sonication could
be shortened from 4 h to 30–60 min to decrease the MXene’s synthesis time. A comparison
of the lattice factors of c revealed no peaks relative to Ti3AlC2; the parameters of MXene
etched with LiF/HCl obtained 2.80 nm, and the c network of aqueous MXene produced
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via LiF/HCl reached 4.0 nm. However, only 2.0 nm of MXene parameters were etched
with hydrofluoric acid utilizing 5 M LiF and 6 M HCl to etch Al in Ti3AlC2 [52]. However,
Lipatov et al. demonstrated that using LiF concentrations and HCl concentrations of more
than 5 M and 6 M, respectively, can reduce the need for sonication in this approach [42], as
both etching and intercalation can be conducted at the same time, and the sonication is not
required in the manufacturing procedure [32,45,46].

Using thin two-dimensional Ti3C2 films simplifies etching. A more spacious nitrogen
interlayer results from the formation of (NH4)3AlF6, which permits the selective etching of
Al according to X-ray photoelectron spectroscopy (XPS) analyses. The lattice parameter c
affirmed via XRD for Ti3C2Tx etched utilizing NH4HF2 is 2.40 nm. The network modulus c
increased by approximately 25% compared to HF at 1.98 nm [46]. A method was developed
by Lipatov et al. for preparing well-strained Ti3C2Tx membranes, which have the greatest
Young’s modulus for nanoindentation tests discussed in studies [48].

2.2. Delamination Method

The delamination process involves interpolation and sonication [38]. The intercalation
process involves introducing ions and molecules between the excavated layers of MXene. It
expands the interlayer space among layers, enhancing the surface area and even separating
layers into 2D structures [43,57]. A sonication stage is utilized if a special MXene flake
concentration or volume is requested, where the partitioned MXene is sonicated for the
generation of the desired flake or concentration of two-dimensional MXene [58,59].

2.2.1. Intercalation Method

In order to remove ions or organic compounds from nonlaminated MXene layers,
intercalation is used before sonication [60–62]. The functional groups involving OH and eF
provide the formation of the multilayer surface for MXene after HF etching. Nevertheless,
intercalation increases the net selectivity of purpose contaminants because some primary
functional groups are replaced by other cations from interplants [63].

It is possible that some materials, including C2H6OS and tetra-alkyl ammonium, such
as tetrahydroxide, interfere with Al and C4H13NO; because of the great possibility of Liþ
ions inserted among the layers, the etchants utilized in situ hydrofluoric acid approach
such as LiF/HCl or even NH4HF2 can be an intercalant [38,44,64,65]. Intercalation and
potential intercalations, particularly alkaline intercalants, have been the subject of extensive
research [55,66]; one molecule that can act as an intercalating species is H2O, which can
expand the network parameter [52].

2.2.2. Sonication Method

The last stage in the manufacture of MXene is sonication, which allows the control of
the size and concentration of flakes [67]. Centrifugation can be used to separate the bigger
MXene compounds from a solution containing the little colloidal MXene particles [38,55].
However, centrifugation omitting sonication is still a restricted option; however, sonication
can increase MXene colloid concentration by exfoliating undissociated particles from the
solution [44]. High efficiency is achieved when higher concentrations and smaller flakes
are used than MXene (Figure 2). Various MAX phases have been etched and exfoliated to
produce several different kinds of MXenes, such as Ti3C2Tx [52], V2C [68], Nb2CTx [69],
Nb4C3 [70], Ta4AlC3 [71], Ti4N3 [72], and Mo2C [73]. The suitable environmentally friendly
solvents for liquid phase exfoliation in this method are some materials such as Polar
clean [74,75], Iris [76,77], and Cyrene [75]. Table 1 shows the different types of MXs
synthesized with different precursors and auxiliaries.
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Table 1. Fabrication of different MXenes.

Kind of
Precursors

Kinds of
Etchants Duration MXene Ref.

Ti3AlC2
1.3 g of LiF +
6 M HCl 24 h Ti3C2Tx [78]

Cr2AlC 0.2 g LiF +
2 M solution 30 min Cr2CTx [79]

Ti3AlC2 NH3F 24 h Ti2C2Tx [80]
Ti3AlC 48% HF 30 h Ti3C2Tx [81]

Ti3AlC2
1g MAX +
10 Ml hf 24 h Ti3C2Tx [82]

3. Features of MXenes

The characteristics of MXenes include a large Young modulus, high electric conductivi-
ties, and substantial fluctuations in band gaps [23]. In comparison to other two-dimensional
materials, such as GO, MXenes have a hydrophilic texture and high metallic conductiv-
ity [38]. Modifications to their surfaces, mixtures, and morphologies can alter their features
and applications [83]. By changing functional groups and developing solid solutions, the
important features and electronic features of MXenes can be improved. In comparison
with CNTs and reduced graphene samples, MXene is reported to have a similar electrical
conductivity to that of GO nanosheets [51]. Ti3C2Tx exhibits a wide range of electrical
conductivities depending on (1) the d-spacing of MXene flake, (2) the concentration of
imperfections, (3) lateral sizes prepared by the different etching techniques, (4) external
functional groups, and (5) yield of delaminations. In general, MXenes with shorter etching
times and less hydrofluoric acid concentrations exhibit higher electronic conductivity and
have better lateral sizes [84,85]. Titanium-based MXene plates with a contact angle of
27–41◦ displayed hydrophilicity [71]. MXenes are suitable for thermal dissipation devices
based on electrical and energy sources due to their high thermal expansion coefficients,
high thermal conductivity, and constant size efficiency [86]. The outstanding mechanical
features of 2D MXenes seem to be one of their distinguishing properties. As a result of
their powerful M–C and M–N bonds, MXenes exhibit fascinating mechanical character-
istics. In studies, MXenes have been found to have elastic constants (c11) more than two
times higher than MAX phases [87] and other two-dimensional samples, such as MoS2.
Transition metal atoms’ mass and surface terminal groups influence MXenes’ mechanical
properties. Magnuson and Halim [88] demonstrated that surface terminal groups reduce
the bond of Ti–C strength by omitting its charge. It was discovered that the Ti–C bond
lengths in Ti2C-Tx are longer than those in Ti3C2Tx, which can affect the elasticity of the
material. It was also suggested that enhancing flexibility could be achieved by altering
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the binding strength. According to Zhao et al., supercapacitors, structural materials, and
other applications should be considered for these materials due to their high mechanical
strength. Asymmetric surface functionalization of MXenes can improve their mechanical
stability [89].

MXene-based materials show a high specific surface area of at least 1000 m2/g [90]
and outstanding electron conductivity. The effective partitioning of photoinduced charge
carriers in two-dimensional MXene materials is a key characteristic of these materials as pho-
tocatalysts [91]. As MXene has a strong capability of electron capturing and well-ordered
e−h+ separation, photoinduced electrons can transfer from photoexcited semiconductors
to MXene when light is irradiated. The present electrons and holes in MXene, can re-
act with O2 and H2O and generate radicals of •O2 − and •OH, respectively, for organic
contaminants oxidation [92]. In MXene, photogenerated e− breaks through the Schottky
barrier and rapidly moves to the surface, allowing photoinduced charges to be separated.
As the Schottky barrier prevented photoexcited e− from migrating from MXene to the
semiconductor, the estranged e− concentrated on the surface of MXene for conducting
reduction reactions [93]. A Schottky barrier produced via the electric field in the MXene
greatly improved its photocatalytic efficiency.

It has been demonstrated that the thickness of Ti3C2Tx films was 5 nm and was able
to transmit photons at wavelengths between 300 and 500 nm and had transmittances up
to 91.2%. Furthermore, a Ti3C2Tx film’s absorption peaks can also be strong and broad
at 700–800 nm, depending on its thickness. Thickening also gives the material a pale
green color, which is beneficial for photothermal usage. Interestingly, optimizing the ion
incorporation and thickness of the film leads to higher transmittance amounts [94]. The
transmittance of Ti3C2Tx films was increased from 74.9 to 92% by tetramethyl ammonium
hydroxide, whereas it was reduced by hydrazine, DMSO, and urea. It is necessary to
establish different optically linked properties for MXene, such as plasmonic emission
color, non-linear optical properties, and luminescence productivity, in order to expand its
uses [93,95].

4. Removing Pollutants from Wastewater: Challenges and Opportunities

Aside from natural storm runoff, wastewater is primarily generated by activities of
anthropogenic, such as the mismanagement of agriculture and industrial effluent [96–98].
There are many hazardous contaminants present in wastewater, involving organic and in-
organic contaminants, heavy metals, poisonous materials, microplastics, and complex poly-
structured derivatives, which can be a threat to humans and the environment [4,99–102].
Although heavy metals and complex organic materials are found in low quantities in the
effluent, they are the most hazardous to human health [103]. A variety of methods are
employed for cleaning wastewater at both the laboratory and industry levels. These in-
volve adsorption [104,105], sand filtration, membrane, advanced oxidation [106], biological
treatment, reverse osmosis (RO), ion exchange, photocatalysis, etc. [107–111]. By combin-
ing these approaches in wastewater purification, toxic wastes and heavy metals can be
degraded more quickly [112,113]. Physicochemical and biological degradation have been
used to omit harmful substances from wastewater. The use of chemical methods usually
generates a large amount of secondary pollution, which must be removed by a secondary
treatment process [114]. Special equipment and high operational costs are required for the
filtration process [115]. Solid sludge generated by biological treatment methods requires ad-
ditional setup for disposal or incineration [116,117]. A nanomaterial has many remarkable
features, involving tiny size, high surface area, great movability, flexibility, biocompatibility,
and powerful adsorption capabilities. Several nanomaterials, including metal and metal
oxide nanoparticles [105,118,119], carbonaceous nanomaterials [120], nanopolymers [121],
nanocomposites [122], and nanogels [123], have been employed for pollution remediation.
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5. Pollutant Removal with MXenes in Wastewater via Adsorption

Nanomaterials based on MXene have emerged as promising adsorbents for wastewater
pollution control [11,124–128]. These adsorbents exhibit interesting physicochemistry,
such as high surface areas, hydrophilicity, great adsorption capacities, electron density,
available sites for adsorption, effective ion exchange, as well as activated metallic OH sites.
MXenes have strong redox reactivity, making them versatile catalysts for electrocatalytic
and photocatalytic pollution removal [129,130]. In addition to being inexpensive, safe,
and abundant, MBNs can be prepared efficiently, allowing them to be used frequently for
environmental remediation [131].

5.1. Adsorption of Inorganic Contaminant

This part discusses the adsorption process of inorganic contaminants such as copper
(Cu), mercury (Hg), lead (Pb), and chrome (Cr) from wastewater, and their removal mecha-
nism is demonstrated in Figure 3. In Table 2, different kinds of MXene are illustrated for
the removal of the metals.
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Table 2. Application of MXene in heavy metals removal.

2D MXene Contaminants Adsorption
Duration

Adsorption
Capacity Ref.

Ti3C2Tx-KH570 Pb 2 h 147.290 (mg/g) [111]
Ti3C2 Cr(VI) 14 h 80 (mg/g) [112]
Ti3C2Tx MXene
Nanosheets Cu 1 min 78.4 (mg/g) [113]

Magnetic Ti3C2TX
Nanocomposite Hg 24 h 1128.41 (mg/g) [114]

Ti2C2Tx Pb 2 h 36.6 (mg/g) [115]

5.1.1. Lead Adsorption

The industrial process of mining, color manufacturing, fertilizer production, batteries,
and metal plating regularly discharges lead, which is among the most dangerous harmful
contaminants. There is a wide variety of applications for MBNs as excellent adsorbents
with a high capacity for the adsorption of lead [131]. By chemically exfoliating MXene
and intercalating alkali, 2D alk-MXene is produced (Ti3C2 (OH/ONa)xF2−x). The two-
dimensional alk-MXene adsorbent exhibited promising results in the decomposition of
lead, in which the adsorption capacity (AC) reached 140.10 mg/g, achieving adsorption
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equilibrium after 2 min. Using hydrofluoric acid, MXene was prepared from Ti3AlC2. A
mixture of MXene and alginate powder was prepared, filling the interlayer spaces and
enabling lead adsorption. MXene/alginate composite demonstrated an enhanced AC of
382.70 mg/g and reached equilibrium during a quarter-hour [133].

5.1.2. Chromium Adsorption

The second inorganic contaminant is chromium, which is generated by factories such
as leather tanning, refractories, electroplating, and metallurgy. There are two natural forms
of chromium: trivalent—Cr (III) and hexavalent—Cr (VI). The chromium forms serve
as a nutrient for aquatic living beings. However, it is toxic at high concentrations. The
hexavalent chromium Cr (VI) is classified as a carcinogenic agent. Therefore, chromium
ions must be removed from the environment before they can be discharged [131]. An
overview of some results obtained using MBNs as absorbents is presented in this section.
To produce two-dimensional Ti3C2Tx nanosheets, bulk Ti3C2Tx was etched using HF
solution and ultrasonically delaminated. Cr (VI) ions adsorption from the effluent was
excellent with the obtained Ti3C2Tx nanosheets. During the analysis of purified water, it
had a concentration of about 5ppb and an AC of 250.0 mg/g. In addition, Cr (III) ions
were found to be decreased to a less harmful form [48]. An in situ polymerization and
intercalation process was used to functionalize MXenes using poly (m-phenylenediamine)
(PmPD). The Ti3C2Tx/PmPD nanocomposite exhibits improved hydrophilicity, enhanced
spacing between layers, positive surface charge, and more surface area than Ti3C2Tx as
well as PmPD. A good AC of 540.40 mg/g has been reported for the nanocomposite,
almost 4 times as large as that of the non-functionalized MXene Ti3C2Tx. Using an original
concentration of 100 ppm, it was discovered to show pseudo-second-order behavior and to
be almost 90% effective after 5 cycles of treatment [134]. A nanocomposite of urchin-like
rutile TiO2–C was fabricated under FeCl3 conditions via in situ MXene (Ti3C2(OH)0.8F1.2)
phase transformation. In contrast, the unmodified MXene demonstrated 62 mg/g AC,
and the nanocomposite showed 225 mg/g for the chromium ion (Cr (VI)). Within 24 h,
adsorption equilibrium was reached (Ti3C2(OH)0.8F1.2) [135]. A primary rationale for
the use of MXene as a novel sorbent to get rid of Cr+6 is provided by Ying et al. The
representative indicates that Cr+6 adsorbs on Ti3C2Tx by the natural act of concluded
–OH moieties, followed by a modification of Cr+6 sorption to Cr+3, and finally, outer
layer co-precipitation of Cr(OH)3. There was a wide variation in the removal potency
between TiO2/Ti3C2(OH)08F1.2 (225 mg/g) and TiO2/Ti3C2(OH)08F1.2 at a hydrogen ion
concentration of 5.0. The synergistic action of nZVI alk-Ti3C2 nanosheets is responsible for
the high removal potency of MXene/nZVI under acidic circumstances (pH = 2.0) [48].

Moreover, MXenes were utilized as adsorbents to eliminate Cr(VI) and methyl orange
(MO) from water. According to the result, the rate of Cr(VI) and MO removing was fast,
and the kinetic system followed the pseudo second order; the sorption isotherm was closely
aligned with the Langmuir isotherm, and the highest removing efficiency for Cr(VI) and
MO achieved 104 and 94.8 mg/g. It was possible to regenerate MXenes using NaOH 0.1 M
aqueous solution, and the process was repeated many times. MXenes typically absorb
Cr(VI) and MO via chemical adsorption in four different ways (Figure 4) [136].

5.1.3. Copper Adsorption

The production of paper, pharmaceutical products, batteries, mining, and fertilizer
have been reported as sources of copper ions. Whenever sewage is discharged from these
kinds of industries into the environment, it negatively affects humans and the environ-
ment [137]. MXene nanosheets Ti2C2Tx that contain oxygenated functional groups were
used to effectively remove copper ions. The study by [138] indicated that delaminated MX-
ene showed superior AC than multilayered MXene. It indicated a capacity of 78.450 mg/g
for adsorption. More than 79% of the contaminants were adsorbed in 60 s, and the adsorp-
tion equilibrium was reached in under 3 min. The efficiency of adsorption, after retaining
three cycles, got reduced [139]. MXene Ti3C2Tx was delaminated, and the TiO2 rutile phase
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was delaminated by reacting with the amino acids that existed in the solution. The resulting
reaction formed a histidine-functionalized rutile TiO2 DL–Ti3C2T hybrid. The produced
material could achieve approximately 94.6 mg/g of AC. In 5 minutes, 75% of the Cu ions
were omitted. It was also found that MXene functionalized with amino acids enhanced
removal efficiency [140]. Using Ti3C2TX powder, ultrasonication was conducted, and DOPA
solution was added under magnetic stirring to prepare Ti3C2TX-PDOPA composites. The
composite AC obtained 46.60 mg/g, and the maximum adsorption capability was 93.20%.
Pseudo-first-order kinetics fit the adsorption data. Due to the functional groups of DOPA,
Ti3C2TX was more effective when it was used as an adsorbent [141].
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5.1.4. Mercury Adsorption

The toxic metal mercury is included in the top 10 most poisonous materials. Coal and
waste burning are the leading causes of mercury pollution. Aside from battery production,
mining, cement, and paper production are also industrial sources. The nervous system is
susceptible to its effect. Therefore, mercury must be removed, at least to a safety level [131].
MBNs have been used to remove mercury from water in some studies. Hydrothermal
treatment and ultrasonication were used to functionalize Ti3C2Tx MXene nanosheets
with nanolayered molybdenum disulfide. By combining oxygenated terminal groups
with disulfide groups, mercury ions were removed through adsorption. Using a novel
MoS2– Ti3C2Tx nanocomposite with increased degradation efficiency, it was possible to
reduce the concentration of mercury ions from 50 µmol/L to 0.01 µmol/L within 2 min.
Based on Langmuir adsorption isotherm, an AC of 7.160 mmol/g was reached by the
composite. Moreover, mercury ions were removed at ppb levels even when metal ions were
present [142]. MXene core–shell aerogels (MX-SA) were fubricated using different Ti3C2Tx
MXene and sodium alginate concentrations. The MX-SA4:20 composition showed excellent
mercury ion adsorption among the different compositions. Approximately 932.84 mg/g of
Hg ions can be adsorbed by it. For Hg ions, it has an efficiency of 100%, while for other
metal ions, it has an efficiency of greater than 90%. Within 15 min, the concentration of Hg
reached 1.8 ppb, according to the study. In acidic conditions, it is excellent at removing
pollutants [53]. There was a maximum AC of 4806.0 mg/g for multi-layered oxygen-
functionalized Ti3C2 (Ti3C2Ox). The degradation efficiency of almost 95.6% was achieved
with the oxygen-functionalized multi-layered Ti3C2 (Ti3C2Ox) when the concentration was
decreased from 10,400 to 33 g/L [143].
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5.1.5. Mechanisms of Heavy Metals Degradation

A variety of mechanisms explains the heavy metals’ adsorption on surfaces of MXene.
There is a great affinity between titanium and several metal ions. MXenes with large
surface areas may trap metal ions in their layered structure. Furthermore, electrostatic
interactions occur when metal ions and functional groups on MXene surfaces exchange
ions. A Freundlich model signifying multilayer adsorption describes the isotherm data of
heavy metal removal from most MXenes.

MXene surface can be charged positively at low pH owing to abundant protonated
hydroxyl groups, through which it attracts the negatively charged Cr2O7

2− ions via electro-
static attraction. After the Cr(VI) adsorption of ions onto the surface, the reduction of Cr(VI)
to Cr(III) takes place due to the transfer of electrons from Ti3C2Tx to Cr(VI). A [Ti–O] bond
between Ti3C2Tx and Cr(III) ions may cause the ions to be adsorbed to the Ti3C2Tx with
high affinity. During the formation of covalent bonds (Ti–O–Cr(III)) between Cr(III) ions
and MXene, the Cr(III) ions attach to the surface [144]. The adsorption mechanism of Pb(II)
ions on Ti2CTX-enzymatic hydrolysis lignin (EHL) is illustrated in Figure 5. The Pb ions
are mostly adsorbing onto the surface of the MXene nanosheets and EHL because of the
exchange of ions and chelation of ions via functional groups and polycyclic structures on
the Ti2CTX nanosheets surface. Through chemisorption, Pb ions interact by surface groups
such as -OH and -COOH to enhance the adsorption [145].
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5.2. Adsorption of Organic Contaminant

MBNs can also remove organic pollutants in addition to inorganic contaminants. The
textile industry discharges a significant amount of wastewater containing dyes. In most
studies, MXenes and MXene-based materials were reported to be efficient at adsorbing and
reducing the cationic dye, MB, but other dyes were also reported to be removed, such as
Rhodamine B [146], Safranine T (ST) [147], Acid blue 80 (AB80) [148], MO [149,150], and
Neutral red (NR) by MXenes [147].

Many studies have focused on methylene blue so far. Several findings are discussed
here. With an easy and scalable approach, Ref. [151] developed porous MXene/single-
walled carbon nanotubes. Utilizing the produced material as a dependent electrode, MB
was decomposed by AC of 55.80 mg/g; by electro-sorbing, MB was degraded with a great
AC of 1068.80 mg/g at 1.2 V applied voltage. The maximum AC was also reported to be
28,403.70 mg/g. Additionally; selective adsorption can remove MO by optimizing the pH.
A composite made of PA and MXene was prepared through the hydrothermal preparation
of mixing MXene and PA at different concentrations. Adsorption capacities of 42 mg/g for
MB and 22 mg/g for rhodamine B were observed for PA-MXene-12 composites. Because of
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its larger surface area and O2-containing functional groups, the composite showed a higher
level of adsorption. An increase in pH from 3 to 11 increased the capacity of adsorption and
reached 106.70 mg/g. Even after 12 continuous cycles, it retained nearly 85% of the removal
efficiency [152]. During the synthesis of MXene, the etching technique also affects dye
adsorption. A comparison between Ti3C2 prepared by HF etching and Ti3C2 synthesized
via hydrothermal route was conducted by Peng et al. [150] for MB and MO dye adsorption.
Although, both MXene preparations could not adsorb MO on a practical level. MXene
prepared by the hydrothermal method exhibited considerably higher MB adsorption than
MXene prepared by HF etching. This is likely because of their large specific surface area as
a result of efficient etching and exfoliation.

Table 3 shows the different surface-modified MXene-based nanomaterials utilized to
remove dyes. It is also possible to remove pharmaceutical compounds using nanomaterials
based on MXene. MXene was used to remove the drug amitriptyline (AMT) with a superior
AC of 58.70 mg/g. Although sonication increases the efficiency of adsorption [153].

Table 3. Utilizing of MXenes for dye removal.

2D MXene Contaminants Adsorption
Duration

Adsorption
Capacity Ref.

KOH-Ti3C2Tx MB -h 77 (mg/g) [136]
Ti3C2Tx AB80 20 h - [130]
Self-assembled MXene (Ti3C2)-Co3O4 nanocomposite Rhodamine B 700 min 47.68 (mg/g) [128]
Ti2C2Tx MB 0–24 h 140 (mg/g) [115]
Sulfonic groups functionalized MXenes (Ti3C2-SO3H) MB 70 min 111.1 (mg/g) [137]
MXene (Ti3C2(OHxF1−x)2) ST 180 min 2.861 [129]

Mechanisms of Heavy Metals Degradation

MXenes adsorb dye molecules primarily through interactions with molecules of dye
and the functional groups on their surface. An illustration of the proposed mechanism for
MB adsorption on MXene@Fe3O4 can be seen in Figure 6 [47]. The molecules of MB+ bind
to hydroxyl groups on Ti surfaces for ionizing H+ and generate a monodentate complex
via the M–O–H···N bond, as shown in Equations (1) and (2).

TiOH � Ti-O− + H+ (1)

Ti-O− + MB+ � TiO− MB (2)
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Electrostatic adsorption of MB promotes complex formation, whereas electrostatic ad-
sorption of MB+ and positive charges on the surface of MXene@Fe3O4 impedes it. Because
of interactions among the OH group and the Ti site, MB is possibly reduced by Ti3C2Tx
nanosheets and adsorbed onto the MXene@Fe3O4 surface. A dipole–dipole H-bonding
interaction also exists among the N of the MB and the Ti–OH group, which forms an
OH···N bond. Based on the investigation of Li et al. [147], MB adsorption on MXene-
COOH@(PEI/PAA)n core–shell nanocomposites occurs in three stages: surface adsorption,
internal diffusion of particles, and equilibrium adsorption. Adsorption and subsequent
photocatalytic decomposition remove cationic dye MB by MXene (Ti3C2Tx) [148]. Ti3C2Tx
can remove MB in several steps. The first stage involves the MB adsorption on Ti3C2Tx
surfaces, increasing stacking disorder, possibly because of the wedged layer structure or
chemical MXene transformations. The final step results in the formation of titania when
MXene (Ti3C2Tx) is oxidized. Alternatively, the dye may be degraded via photocatalysis
under UV illumination, possibly because of the Ti(OH)4 and/or TiO2 formation on surfaces
of MXene.

6. Combining Fenton Method with MXene-Based Materials for Organic
Pollutants Degradation

In recent years, oxidation with the Fenton approach has been broadly investigated because
of its high productivity, operation simplicity, and lack of subordinate pollutants [155–158]. There
are two common oxidants used in Fenton-like systems: H2O2 and PS. In particular, MXene-
based catalysts are usually conductive and possess abundant active sites, making them
effective catalysts for degrading organic pollutants with H2O2/PS [159].

6.1. Oxidation of H2O2 Activated by MXene

The oxidation of H2O2 has attracted broad interest in removing organic contami-
nants. [160], where the Fe2+ ions produce free radicals as a catalyst [161]. In addition
to having a lamellar structure, the 2D MXene also has surface electronegativity. Two-
dimensional MXene could be loaded with particles of iron both on the surface and within
lamellar spaces [162]. Furthermore, MXene can disperse iron nanoparticles constantly,
effectively inhibiting the accumulation of iron nanoparticles [163]. Iron particles loaded
into 2D MXene possess a larger specific surface area and a good porous construction rather
than sheer 2D MXene.

For the H2O2 activating, the pores in the complex might act like microreactors. Raniti-
dine was removed by H2O2 activated by magnetic (nZVI)@Ti3C2 nanosheets in 30 min with
91.1% removal efficiency [164]. Thus, MXene-loaded iron species are an effective catalyst
for degrading organic pollutants.

Presently, Fe3O4, MnFe2O4, and nZVI are mainly used as iron-based particles. A
significant factor that affects the activity of 2D MXene is the mass ratio of iron species to
MXene. For example, ferric acetylacetonate was used to modify 2D MXene in different
ratios. With increasing mass ratio, methylene blue’s degradation efficiency increased first,
then decreased. By increasing the mass ratio from 2:1 to 1:1, the catalyst’s pore structure
and specific surface area were improved. Additionally, the accumulation of excessive Fe3O4
reduced specific surface area and active site content as the mass ratio increased [161].

Mechanisms of H2O2 Activation with MXene-Based Materials

A 2D MXene surface coated with iron particles could provide more reaction sites.
MXene can facilitate the transfer of electrons among magnetic particles. Additionally, MX-
ene/nZVI nanosheets contain many hydrophilic functional groups, such as OH, -COOH,
and -CHO, which promote the activation of H2O2 [164]. An illustration of the possible
mechanisms by which organic pollutants can be degraded in iron-based MXene/H2O2 sys-
tems is given in Figure 7. These four kinds of reactions are explained below. (1) Oxidation
of H2O2 on the surface of iron-based MXene: =Fe2+ possesses excellent reduction potential,
increasing the rate of H2O2 reduction and promoting the degradation of organic molecules.
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(“=” indicates the element connected to the surface of MXene). (2) Oxidation of H2O2 in
solution: iron particles precipitate into the solution from the surface of Fe-based MXene, be-
coming free Fe2+ needed for H2O2 activation. (3) Straight reduction: =Fe3+/Fe3+ is reduced
into =Fe2+/Fe2+. In addition, =Fe3+/Fe3+ can have a reaction by H2O· to produce O2·− and
enhance the decomposition of organic compounds. (4) Indirect reduction: hydrogen atoms
are formed in the environment by a reduction reaction of free hydrogen ions. The hydrogen
ions could mix with =Fe0 to produce active particles such as =Fe0·[H]. Moreover, =Fe2+

can be produced by reacting active particles by =Fe3+. Lastly, organic matter reacts with
·OH/O2·− and =Fe0·[H].
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6.2. Utilizing MXene-Based Materials to Activate PS

A great deal of interest has been expressed in the field of organic pollutants degra-
dation based on persulfates (PS) [166]. Generally, PS can be classified into two groups:
peroxymonosulfate (PMS, HSO5

−) and peroxodisulfate (PDS, S2O8
2−) [167]. Additionally,

PMS and PDS have oxidation potentials of 1.82 and 2.01, respectively [168]. By activating
PMS and PDS, pollutants could be degraded via free radicals and non-radical routes such
as the transfer of electrons [169].

Mechanisms of Activating PMS

The use of MXene-based materials for activating peroxymonosulfate has multiple
advantages [170]. MXene’s multilayer structure and high surface area can enable active sites
to be fixed [171]. Secondly, MXene’s high reducibility prevents the active sites aggregation
within catalysis, resulting in increased efficiency [172]. Further, MXene has an excellent
specific capacity [173], which promotes the movement of electrons between the interface
and the PMS.

There are many reductive active sites in the 2D MXene/metal complex and good PS
activity (Figure 8). Combining PMS with metal atoms makes electrons move faster from
peroxymonosulfate to the MXene surface, activating peroxymonosulfate [174]. For PMS ac-
tivation, zero-valent iron nanoparticles (nZVIPs)/MXene were fubricated. PMS connected
to Fe particle and 2D MXene resulted in the elongation of the lO-O bond. This demonstrated
that there are two active centers in the catalyst. Furthermore, two-dimensional MXene or
Fe particles react easily with PMS with a low energy barrier [175]. Additionally, secondary
pollution was reduced because metal ions were less likely to leach into the solution.
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Two-dimensional MXene might serve as a connection platform for metal oxides. It is
simple to fubricate MXene/metal oxide complexes. In some cases, metal oxides increase
the magnetism of complexes for ease of reclaiming (Figure 8). Furthermore, single MXene
or metal oxides have lower PS catalytic abilities than MXene/metal oxides. For instance,
CoFe2O4/MXene improved PS activating than CoFe2O4, causing the Co/Fe/Ti complex
formation to enhance the reactions of the valence cycle of Co(II)/Co(III), Fe(II)/Fe(II),
and Ti(II)/Ti(IV). Therefore, the electron movement was enhanced, and the pollutant
decomposition rate was improved [176]. There is a significant increase in PS activation
following the MXene complexation with metal oxides (Figure 8). Furthermore, metal ions
react via functional groups of surface such as -O, -OH, and -F to make durable complexes
of metal/Ti, accelerating redox reactions [177].

MXene’s dimension is associated with its capability of activation. Because monolayer
MXene contains more exposed active sites, it has a superior PS activation capability than
bulk MXene. Unlike multilayer 2D MXene bulk, monolayer 2D MXene also possesses
a minor HOMO-LUMO gap, facilitating electron transfer and generating free radicals.
Single-layer MXene, for example, degrades aqueous 2,4-dichloro phenoxy acetic acid
at an exponential rate 376 times faster than bulk MXene (7.8 × 10−4 min−1) [178]. To
improve PMS activity, monolayer 2D MXene must be prepared and optimized. As shown
in Figure 9, MXene-based catalysts can activate PMS, and organic compounds can be
degraded by different mechanisms. (1) Activating PMS by =Ti relative active sites can
degrade different mechanisms. Firstly, =Ti2+ and =Ti3+ lose e− to produce =Ti4+, forming
particles for oxidizing [179]. In the second step, the =Ti3+ on the surface of MXene can
react via PMS to generate SO4·−. Furthermore, =Ti and transition metals on the MXene
surface sustain redox reactions to promote electron movement. MXene could facilitate the
Cu(II)/Cu(I) cycle, which makes PMS to be active in generating many oxidative particles,
such as SO4·−, and HO·, 1O2 [180]. Moreover, terminal =Ti-F and the unsaturated = Ti-C-O
are significant active sites for activating PMS [181]. Thus, =Ti is a significant active site
for PMS activation [175]. (2) Two-dimensional MXene surface terminals (-O, -OH) could
make active sites, thereby activating PMS to produce radicals, including O2·−, SO4·−, and
1O2. Additionally, metal sites on the surface of MXene are capable of adsorbing PMS and
activating it to produce O2·−. (3) There are also several dissolved metal ions in H2O that
can activate peroxymonosulfate, and the most predominant oxidizing particles can be
SO4·− and ·OH [182]. The major active particles are SO4·−, ·OH, and 1O2 with activating
peroxymonosulfate [183].
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The activation of PDS can result in free radical generation as well as non-radical
oxidation [184]. MXene-based materials show excellent electrical conductivity, meaning
they could be used to activate PDS by transferring electrons. Furthermore, it has been
demonstrated that the metal sites on the surface of MXene can activate PDS to generate
SO4·−, ·OH, O2·−, and S2O8·−, which can be used to purify water by combining with
organic pollutants.

7. An MXene-Based Photocatalysis System for Pollutants Removal in Wastewater

MXene materials possess an excellent application outlook in photocatalysis due to their
surfactants, electron movement features, and in situ oxidation properties. In research on the
conversion of CO2, water purification, contaminants decomposition, etc., MXene materials
have been broadly utilized for their photocatalytic properties. Currently, photocatalytic
water purification materials are not practical because of the catalyst’s high price, weak
reusing of materials, less usage and sunlight conversion, trouble transferring small-scale
decomposition to large-scale applications, and unclear catalytic mechanisms. The countries
have consistently emphasized water resources recently, which calls for developing new
water treatment technologies. Many research projects have also been started using MXene
materials for photocatalytic water treatment [185–190].

7.1. Composite Based on MXene/TiO2

An N-doped porous two-dimensional layered TiO2/Ti3C2 MXene photocatalyst with
exceptional stability, excellent electron movement, and superior visible-light photocatalytic
performance was tested for phenol decomposition [191]. For three hours, phenol degrada-
tion was detected at 10%, 38.70%, and 96% in different samples containing TiO2, TiO2/Ti3C2
MXene, and N-doped TiO2/Ti3C2 MXene. N-doped TiO2/Ti3C2 MXene removed phenol
by trapping free radicals using C6H4O2, C4H10O, and C10H16N2O8, which acts as ·O2

−,
·OH, and h+ scavengers, C4H10O and C10H16N2O8, moderately reduced the amount of
phenol removal, while p-benzoquinone significantly reduced phenol degradation. The
findings show that the degradation process is influenced by ·O2

−, ·OH, and h+. N-doped
TiO2 creates photogenerated electrons (e−) and holes (h+), which rapidly moved to the
N-doped C matrix under visible-light irradiation. Compared to C (−0.08 eV), TiO2 has
a relatively larger conduction band (CB) (−0.3 eV) [192], which enhances C conductivity
to take on photoinduced e-, increasing separation ability [193]. By reacting photoinduced
electrons with O2, ·O2

− can be generated, and reacting photo-induced holes with OH− in
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H2O causes the production of ·OH [194]. Figure 10 illustrates the photocatalytic phenol
removal utilizing N-doped TiO2/Ti3C2 MXene under visible light illumination.
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Titanium-carbon nanosheets were assessed for photocatalytic decomposition of MB un-
der ultraviolet light irradiation [195]. Compared with perfect TiO2 nanoparticles, titanium-
carbon nanosheets have more outstanding adsorption capabilities. Within 6 h of ultraviolet
irradiation, titanium-carbon nanosheets and pristine TiO2 degraded methylene blue at 86%
and 69%, respectively. In high-energy ball milling, titanium-carbon nanosheets exhibit
enhanced photocatalytic activity for the following reasons: (1) titanium-carbon nanosheets
exhibit exceptional structural properties that promote photocatalysis; (2) a uniform im-
mobilization structure of TiO2 nanoparticles is evident in titanium-carbon nanosheets,
demonstrating high electrical conductivity; (3) titanium-carbon nanosheets developed by
oxygen–titanium–carbon chemical bonding could reduce the e−-h+ recombination in TiO2
nanoparticles that are exposed to the light; (4) the Ti3+ ions present in TiO2 could serve as
both electron traps and donor sites [196]; (5) thus, e− activated by photoexcitation at these
sites can enhance charge carrier density in photocatalysts [197]; (6) moreover, the unuti-
lized activated Ti3+ states trap e− and, therefore, prevent photogenerated e−-h+ pairs from
recombining [198]; and (7) the presence of some surface imperfection indicating vacancies
of TiO2 with O2 reduce the TiO2 band gap, which may reduce the chance of recombination
of e−-h+ [195].

Based on the decomposition of MO, the photocatalytic activity of In2S3/TiO2@ Ti3C2Tx
nanohybrids was assessed and compared with other In2S3-based catalysts, including
In2S3/carbon nanotube, In2S3/reduced GO, In2S3/MoS2, and In2S3/TiO2 [194]. By mod-
ifying In2S3/TiO2 nanohybrids with Ti3C2Tx, MO was degraded almost 1.5, 1.5, 2, and
7 times faster than by In2S3/TiO2, In2S3/MoS2, In2S3/carbon nanotube, and In2S3/GO,
respectively. The following reasons could explain the various photocatalytic performances.
The work function of Ti3C2Tx MXene is very low (1.6–2.8 eV), significantly lower than the
work function of In2S3/reduced graphene oxide (4.9–5.20 eV), CNT (5.10 eV), MoS2 (4.0 eV),
and TiO2 (4.90 eV) [199]. The improved synergetic double heterostructure and Ti3C2Tx
with considerable electrons/holes movability, as well as superior electrical conductivity,
facilitate the severance of photogenerated electrons and holes pairs, even though Ti3C2Tx
contains a considerable volume of functional groups such as O2, OH, and COOH [200]. Af-
ter group decoration, CNT and reduced GO generally lose considerable conductivity [201].
The In2S3-based catalyst’s photocatalytic activity might also be influenced by other param-
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eters, such as the amount of precursor, the mass of the particle, the wide surface area, the
structure, and the dispersibility of the catalyst catalysts [194].

7.2. MXene and Other Material-Based Composite

Photocatalytic reactions of Ag3PO4 result in Ag+ decomposition; therefore, Ag3PO4/Ti3C2
nanocomposite has been used to enhance the photocatalytic elimination of a variety of
organic pollutants (MO, C6H4N2O5, tetracycline hydrochloride, C12H15Cl2NO5S, and
C11H12Cl2N2O5) when illuminated by visible light [176]. According to their rate constants
(min−1), these compounds degrade in the following order: tetracycline hydrochloride
(0.32), MO (0.94), C11H12Cl2N2O5 (0.25), C6H4N2O5 (0.005), and C12H15Cl2NO5S (0.04).
The kinds of materials existing in the wastewater, in terms of being organic or inorganic,
can have a significant impact on their photodegradation of them. Neither humic acid nor
fulvic acid had a significant impact on removing, which is likely because of completion
among natural organic materials and tetracycline hydrochloride since humic acid and
fulvic acid scavenge ·OH and photo-generated h+ [202].

On the basis of the decomposition of Congo Red, BiFeO3/Ti3C2 was evaluated as a pho-
tocatalyst [203]. The photocatalytic degradation of Congo Red in 42 min was approximately
35% in the presence of pure BiFeO3. However, when BiFeO3/Ti3C2 is present, high levels
of Congo Red removal can be achieved (>99%). A dark experiment revealed approximately
20% Congo Red degradation, indicating that a BiFeO3/Ti3C2 nanohybrid photocatalyst is
superior under dark conditions. As a result of the very stable structure of BiFeO3/Ti3C2,
the removing performance of the photocatalyst is identical within four-cycle photocatalytic
degradation activities. When BiFeO3/Ti3C2 is photoexcited, e− and h+ are produced. Be-
cause BiFeO3/Ti3C2 previously described had a relatively low photoluminescence intensity,
the Ti3C2 nanosheets trap e rapidly, reducing the possibility of recombination. Within
photocatalytic degradation, e− reacts with O2 to generate ·O2

−, and h+ reacts via H2O
to generate ·OH. ·O2

− and ·OH exhibit high reactivity to the organic pollutants removal,
which results in Congo Red being mineralized into CO2 and H2O. The increased photocat-
alytic functioning of BiFeO3/Ti3C2 was related to e− and h+ great separation times, small
crystallite size reductions, and large surface areas of BiFeO3/Ti3C2 [203].

Based on the irradiation of visible light, Ag2WO4/Ti3C2 nanocomposites were eval-
uated for their photocatalytic properties in removing tetracycline hydrochloride and sul-
fadimidine [204]. Tetracycline hydrochloride and sulfadimidine degraded 25% and 80%
more quickly with Ag2WO4/Ti3C2 nanocomposites within 40 min than with Ag2WO4 parti-
cles. The Ag2WO4/Ti3C2 nanocomposites produce an electrical field that promotes e- trans-
fer from Ag2WO4 to Ti3C2, enhancing photocatalysis [205]. As a result of Ti3C2 MXene’s
metallic conductivity, Ag2WO4/Ti3C2 nanocomposites exhibit efficient photogenerated
charge transfer and have a longer charge-carrier lifespan. To confirm the photocatalytic
mechanism, an ammonium oxalate, an isopropanol, and a benzoquinone molecule were
utilized to scavenge the photogenerated h+, ·OH, and ·O2

−, respectively [206]. Researchers
found that degrading systems mainly involve holes and ·OH, via ·OH having an unimpor-
tant role. Previous research has shown that Ti3C2 significantly enhances Ag3PO4 stability
and catalytic performance [176].

Ti3C2-OH/ln2S3/CdS nanocomposites were tested for their photocatalytic properties
with decomposing Rhodamine B and MO in visible light [204]. With regard to photodegra-
dation activity, Ti3C2-OH/ln2S3/CdS nanocomposites (approximately 95%) degraded
faster than pristine CdS and In2S3 catalysts (48% and 54%, respectively) during 8 min. In
order to determine the catalytic properties of Ti3C2-OH/ln2S3/CdS nanocomposites, the
valence and CB energies of photocatalysts are important factors. CdS and In2S3 valence/CB
energies were −0.39/1.70 eV and −0.89/1.30 eV, respectively. When visible light is irra-
diated on Ti3C2-OH/ln2S3/CdS photocatalyst, the e- ions are excited to the CB of CdS
and In2S3. A Ti3C2-OH component in the CdS and In2S3 photocatalysts could improve
the proper separation of photoinduced e−–h+ pairs by transferring photoinduced e− to
Ti3C2-OH from the photocatalyst’s CB [207]. The generated holes on the valence band (VB)
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of the Ti3C2-OH/ln2S3/CdS nanocomposites are powerful in the degradation of organic
molecules under the irradiation of visible light [208].

Bismuth oxyhalide photocatalysts are effective in promoting their photocatalytic
property through the development of BiOBrxI1−x photocatalysts [209]. An enhanced photo-
catalytic decomposition rate for Rhodamine B and phenol was obtained by heterostructure
BiOBr0.5I0.5/Ti3C2Tx nanocomposites fabricated using a simple method in comparison to
pristine BiOBr0.5I0.5 and Ti3C2Tx, and they also showed exceptional chemical stability [210].
The nanocomposites BiOBr0.5I0.5/Ti3C2Tx degrade almost 100% of Rhodamine B during
40 min and about 50% of phenol during 5 hours under the irradiation of visible light.
The same circumstances were applied to BiOBr0.5I0.5 alone, which omitted just 32% of
Rhodamine B and 23% of phenol, respectively, while Ti3C2Tx alone did not remove any of
the compounds.

Depending on the condition of the solution, Bi0.90Gd0.10Fe0.80Sn0.20O3/Ti3C2 MXene
hybrids were appraised like photocatalysts Congo Red removing [211]. In low pH, because
of a high concentration of H+, hybrid photocatalysts are getting positively charged, while
Congo Red with functional groups is charged negatively. A high electrostatic attraction
among the molecules and photocatalysts of dye is able to improve dye molecule degrada-
tion along with photocatalytic oxidation [212]. However, Bi0.90Gd0.10Fe0.80Sn0.20O3/Ti3C2
MXene hybrids and dye molecules exhibit relatively low electrostatic interaction at pH > 3
as a result of the H+ concentration in the solution becoming smaller [213].

8. Treatment of Wastewater with MXene-Based Membranes

Water desalination using MXene membranes is a recently developed field of study
[110,214,215]. The physicochemical features of MXenes, including their high volumes, hy-
drophilicity, electrical conductivity, and mechanical strength, set them apart from other 2D
materials [216]. In order to implement a membrane for water purification that is highly attrac-
tive, MXenes are investigated as they can be used to exploit the distances among layers to
enhance ion movement. Around 70 different MXene substances have been utilized to increase
the efficiency of supercapacitors and non-aqueous electrolytes for sodium-ion batteries.

8.1. Membrane Made from Pristine MXene

According to Ren et al., a 2D Ti3C2Tx membrane was tested in a forward osmosis (FO)
system for size-selective rejection and charge of molecules and ions [199]. A membrane that
is 1.50 µm thick showed a less permeation rate (10−4 mol/h·m2) for several organic dyes and
cations, which possessed hydration radii over 6.4 Å. Nanofiltration with dead-end Ti3C2Tx
membranes was reported by Han et al. [200]. The membrane indicated 115 LMH/bar water
flux and a rejection rate of more than 91% for Congo Red, although inorganic salts were
rejected by the membrane below 23%. Similar to the 2D material-based membranes that
were previously reported, the new 2D membrane neat Ti3C2Tx also exhibits a great rejection
of subnanometer-scale molecules, permitting the salt ion’s permeation.

8.2. Hybrid Membranes Based on MXene

Several studies have been performed on heterostructured MXene membranes, in-
cluding nanomaterials, to improve performance. A 90-nm-thick Ti3C2Tx-GO composite
membrane was investigated by Kang et al. (Figure 11) [217]. Adding 30 wt.% GO to thin
MXene membranes prevented the non-selective channel formation but did not impact
the spacing of the interlayer. The membrane rejected almost 90% of dyes, which were
organic with hydration radii over 5 Å, identical to the interlayer space of Ti3C2Tx via OH
end groups. Using Fe(OH)3 intercalation, Ding et al. studied the preparation of 400.0 nm
thick loosely stacked Ti3C2Tx membranes. In order to achieve broader interlayer spaces,
the laminated layers were washed in hydrochloric acid to omit the particles of OH [218].
Having a freely stacked construction and large nanochannels, the membrane investigated
in this paper exhibited 1084.0 LMH/bar water permeance, which was 5 times more than
the water permeance of pristine Ti3C2Tx membranes. Despite the broadened nanochannels,
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the membrane demonstrated high rejection rates of certain dye molecules, for instance,
almost 90% for Evans Blue.
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A nanofiltration membrane based on Ag nanoparticles and Ti3C2Tx was reported by
Pandy et al. [219]. Due to the role of Ti3C2Tx as a reducing agent, Ag+ ions are self-reduced,
and Ag nanoparticles and nanopores form on the MXene surface, enhancing water move-
ment. The membrane of Ag@MXene indicated increased permeances of 387.0, 354.0, and
345.0 LMH/bar for Rhodamine B, methyl green, and bovine serum albumin, respectively.
There were rejection rates of approximately 93% for Rhodamine B, 92.32% for methyl green,
and approximately 100% for BSA, which are similar to those of the Ti3C2Tx neat membrane.
Heterostructured Ti3C2Tx MXene membranes with channels incorporating amalgamated
CNTs studied by Dine et al. [202]. Due to the presence of CNTs, the fubricated membrane in-
dicated 1270.0 LMH/bar water permeance, whereas a dead-end setup resulted in 97.3% and
100% rejection rates for rose bengal and crystal violet, respectively. Additionally, research
has been conducted to improve the sub-nanometer dyes rejection rate and inorganic salts in
aqueous environments by prohibiting MXene interlayer spacing from widening. A Ti3C2Tx
membrane with an Al3+-cation intercalation, for example, was reported by Ding et al.
to have great durability in the aqueous solutions [220]. The cation-intercalated Ti3C2Tx
membranes exhibited restrained swelling in the same condition with great sodium chloride
rejection and water flux (1.10–8.50 LMH) in FO procedures more than 400.0 h operation.
In a recent study, Lu et al. prepared a self-crosslinked Ti3C2Tx membrane through the
dehydroxylation of OH groups through thermal treatments (Figure 12) [221]. As a result of
its anti-inflammatory capability, the membrane was 20–30 times more effective at excluding
monovalent ions than the pristine membranes while used in FO procedures. Another re-
searcher investigated the preparation of a 100 nm thick Ti3C2Tx layer on a tubular α-Al2O3
support via crosslinking with the support and calcination [222]. In crossflow filtration, the
membrane rejected more than 99% of VO2+, had a water permeance of 11.50 LMH/bar,
and was stable for 100.0 h. An anti-swelling Ti3C2Tx MXene membrane pillared with
cation-alginate was conducted by Wang et al. [223]. Because of the greater permeation rate
of monovalent cations over high-valent cations, the membrane was able to select cations
based on their valence. Sun et al. used thermal treatment and picked a polydopamine-
modified α-Al2O3 fiber as a substrate to crosslink a Ti3C2Tx membrane with intercalated
functionalized CNTs [224]. The membrane exhibited anti-swelling capability, indicating
an insignificant growth in d-spacing and a dead-end system showed a great rejection rate
for Rhodamine B (more than 97%). Moreover, the anti-swelling property of the membrane
led to stable performance during a long period of time (50 h) in a crossflow system. In



Water 2023, 15, 1267 21 of 36

spite of efforts to reduce the nanochannel size, the pressure-driven test failed to produce
a great rate of rejection for monovalent ions. Because of the powerful driving force due
to the pressure, the interactions among ions and functional groups are greatly reduced
compared to concentration-driven FO [225]. Furthermore, MXene’s surface functional
groups facilitate ion transport and dehydration of ions [226].
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8.3. Composites of MXene and Polymer for High Rejection of Salt

In addition, polymeric composite membranes are known to perform better at rejecting
salts than conventional membranes. Rather than acting like a selective layer, MXene
enhances the polymeric membrane’s efficiency in these structures. In another example,
according to Wu et al., an interlayer polyamide (PA) membrane coated with Ti3C2Tx has
been developed for FO use (Figure 13) [227]. By inhibiting PA growth inside the substrate,
the nanosheet affected membrane morphology, which resulted in a great water flux of
31.80 LMH and a less specific salt flux of 0.270 g/L, while 2 M sodium chloride was used as
a draw solution. In situ interfacial polymerization of a Ti3C2Tx-embedded PA membrane
was conducted by Wang et al. for applications in RO (Figure 14) [228]. Because Ti3C2Tx
influenced polymer reactant diffusion through interfacial polymerization, the membrane
became more hydrophilic and exhibited less surface roughness. Under 16 bar pressure, the
final PA-Ti3C2Tx membrane rejected NaCl solutions with rates of rejection of 97.90–98.50%
and permeances of 2.30–2.50 LMH/bar. In another study, a surface-charged Ti3C2Tx
membrane was prepared when positively charged polyethyleneimine was deposited on
Ti3C2Tx [229]. Upon PEI deposition, the membrane developed a positive charge, which
resulted in a higher rejection rate of Mg2+ ions and a durability of 9.0 LMH/bar under the
dead-end filtration condition.
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8.4. MXene-Based Photothermal Membranes

Photothermally driven membrane distillation (PMD) harvest solar energy directly
from the sun, making them a more cost-effective method for harvesting sunlight than PV
panels due to their size, availability, fabrication, and maintenance requirements. Solar
energy can be used in the photothermal membrane, and heat can be localized at the interface
between air and water through the localized surface plasmon resonance (LSPR) effect. To
maximize solar energy utilization, evaporators driven by solar energy should have a well-
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structured design. The use of photothermal membranes has boosted water purification
processes, including distillation and desalination [207–209]. The photothermal membrane
comprises a photothermal layer on top and a supporting layer at the bottom. Among the
most popular designs, the bilayer configuration is highly efficient in terms of photothermal
utilization (solar energy absorption) as well as operability and water transfer (Figure 15).
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Recently, the authors of [215] have employed different photothermal materials for
solar steam generation (SSG) systems [231] to manufacture PMD membranes involving
carbon-based nanomaterials [232,233], inorganic semiconductors [234], polymers [235], and
plasmonic materials nanostructures, such as Au, Ag, MXene, TiN, etc. [236], demonstrated
intensive light absorption and strong photothermal conversion abilities [237].

MXene is known for its antifouling properties and has good light-to-heat conver-
sion rates, making it an ideal material for photothermal membranes. Under 1 sunlight
(1000 W/m2) and various operating conditions, such as feed flow rate, and salinity, MXene-
coated membranes were tested indoors with the direct contact membrane distillation
(DCMD) configuration. Increasing the feed salinity and flow rate leads to a decline in water
productivity. The plasmonic properties of MXene play an essential role in its high photother-
mal efficiency. The experiments conducted with electron energy loss spectroscopy (EELS)
on MXene revealed that it displays both transversal and longitudinal surface plasmon
modes ranging from visible up to 0.1 eV in the near-infrared region [238]. By incorporating
MXene nanostructures into PVDF membranes, 12% less energy was consumed per unit vol-
ume of distillate. MXene’s photothermal properties enhanced the membrane’s anti-fouling
capabilities [239].

A membrane coated with MXene with the least amount of Ti3C2Tx achieved the highest
productivity while maintaining a 65.3% photothermal efficiency [240]. Solar evaporators
based on MXene demonstrate high evaporation efficiency, but their freshwater generation
efficiency significantly drops when integrated with water collectors. By incorporating
MXene into PMD membranes, MXene can provide optimal results regarding resource
efficiency and adequate clean water [241]. As demonstrated by Chew et al. in a first proof-
of-concept study of MXene in PMD, when treated with preheated saline water (65 ◦C),
the flux of the MXene-coated polyvinylidene fluoride (PVDF) membrane increased by
10% under solar irradiation versus without solar light while treating preheated saline
water (65 ◦C) [242]. Under 5.8 sunlight illumination, the PVDF membrane with MXene
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coating displayed a lower flux than the PVDF membrane without MXene coating. It
is due to the compact stacking structure of MXene, which dramatically increases vapor
transfer resistance [243,244]. Tan et al. propose a membrane modification strategy based on
emerging 2D materials with many functions. In particular, the current research aimed to
assess how MXene, which has photothermal and antifouling properties, can improve direct
contact membrane distillation (DCMD) performance. Uncoated and MXene-coated PVDF
membranes were used for filtering bovine serum albumin (BSA) and sodium chloride
(NaCl) for 21 h. Results indicate a 12% decrease in heater energy input per unit volume
distillate and a 56–64% reduction in flux decline. The study demonstrated that MXene has
the potential to improve the practical feasibility of membrane distillation [242].

9. MXene Nanomaterial Regeneration

Recently, research has focused on MXene’s recyclability and how well it retains its
properties [245,246]. Several studies have demonstrated the viability of regeneration involv-
ing hydrochloric acid [138,142,247], HNO3 and/or Ca (NO3)2 [248,249], alcohol [250,251],
NaOH [252], and thiourea [253]. For example, in a study, a removal rate of more than 90%
was observed when reclaiming Ti3C2Tx for Cs ion removal with 0.2 M HCl [246]. MX-SA4:20
was nearly 100% reclaimed using 8 M hydrochloric acid by Shahzad et al. [53]. Another
study used 1M of HCl solution as a regenerating agent for MGMX and achieved 90% [138].
Acetate nitrate and calcium nitrate solutions were used to regenerate the absorbent material,
but the findings were unsatisfactory because the first regeneration rate fell from 80% to only
47% and 33%, respectively [9,53,138,254]. According to another study, MXene/alginate has
higher rates of adsorption than non-cross-linked composites due to its stability compared
to calcium nitrate cross-linking [247].

10. Issues of Toxicity

Despite being considered optimistic choices for water and wastewater purification,
two-dimensional MXene-based membranes, catalysts, and adsorbents must be systemat-
ically and analytically analyzed to determine their environmental impact, especially on
aquatic biota and ecosystems [255]. In particular, MXenes may influence the formation of
ROS due to oxidative stress [256]. To date, no comprehensive investigations were conducted
to examine the probable toxic impacts of MXenes. In one case, Ti3C2Tx’s biocompatibility
has been evaluated using an in vitro zebrafish embryo model, with an analysis of its poten-
tial toxicity; the aggregation patterns of Ti3C2Tx suspensions in seawater have also been
examined [255]. This result indicates that the zebrafish embryos were capable of uptaking
MXenes in a dose-dependent manner; the critical poisonousness of adsorbed/attached
MXenes was evaluated at different concentrations of 25, 50, 100, and 200 µg/mL. The
Lethal Concentration 50 (LC50) of Ti3C2Tx was calculated to be 257.4 g/mL according to
the 96 h sigmoidal mortality curve, while the No Observed Effect Concentration (NOEC) to
cause 20% death was 50 g/mL. It was determined that the lowest observed effect concen-
tration (LOEC) (≥20% mortality) of Ti3C2Tx was found to be 100 µg mL−1, which resulted
in a minor addition in mortality of about 21%. Additionally, there was no evidence of
important teratogenic impacts on zebrafish embryos at 100 µg/mL. Based on locomotion
and neurotoxicity assays, 50 g/mL of Ti3C2Tx did not affect neuromuscular activity nega-
tively. Hence, because the LC50 of these MXenes was more than 100 µg/mL, they were
considered practically nontoxic on the basis of the Acute Toxicity Rating Scale by the Fish
and Wildlife Service (FWS), allowing them to be discharged into the aquatic ecosystem at
concentrations less than 100 g/mL [255]. In the early stages of the embryo, in addition to
angiogenesis, MXene nanosheets were evaluated for potential toxicity. As an experimental
model, 3- and 5-day incubated avian embryos were used. According to the study, 46% of
MXene-exposed embryos died between 1 and 5 days after exposure, indicating that MXene
could negatively affect embryogenesis. MXene also prevented the chorioallantoic mem-
brane angiogenesis after five days of incubation at the tested concentrations. As a result of
the reverse transcription polymerase chain reaction (RTPCR) analysis of 7 genes, including
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those that regulate cell survival, proliferation, cell death, and angiogenesis, MXene-treated
embryos had deregulated these genes in contrast to their matched controls in the brain,
heart, and liver tissues. To discover the poisonous impacts of MXenes and determine the
issues of safety, several systematic and analytical research are necessary. The solubility,
dispersion, long-lasting poisonousness, and biodegradation of the compounds must also
be examined [257].

11. Challenges and Recommendations

Due to numerous challenges faced by researchers, the MXene-based nanomaterials
study is still at an early stage despite the extensive usage of these kinds of materials in
removing pollutants such as dyes, as well as organic and inorganic ions. Recent years have
seen an increase in the theoretical concept for the application of MXene-based nanoma-
terials, but the experimental part is moving more slowly. The following are prospective
suggestions for the practical utilization of nanomaterials based on MXene:

• MXenes should be investigated as an adsorbent in continuous operating systems;
• Hazardous HF is traditionally used to synthesize MXenes, which poses serious health

risks. HF can be substituted with greener or less toxic chemicals to ensure an environ-
mentally friendly MXene synthesis;

• It is necessary to study MXene-based nanomaterials’ surface properties to enhance the
performance of adsorption mechanisms;

• Designing an environmentally friendly and cost-effective large-scale production system
for MXenes leads to opening up new avenues of commercial application for MXenes;

• For further biomedical applications, MXene-based nanomaterials must be tested for
their toxicity to both the environment and humans;

• Detaching the photothermal nanoparticles from the MXene-based photothermal mem-
branes surface is another key challenge for practical applications, which reduces the
membrane’s photothermal efficiency and causes secondary pollution. In this situation,
chemical bonding or grafting could provide a stronger adhesive bond between the
photothermal nanoparticles and the membrane surface than physical attachment.

• There are numerous applications of MXene quantum dots (MQDs) in wastewater
purification, and they can be viewed as a new generation of smart nanosystems.

12. Future View on MXene

Several benefits are related to MXene, a novel group of two-dimensional materials.
While MXene-based nanomaterials were studied for over ten years, they are still in the
beginning stages of progress. As a promising material, MXene still requires standardization
to establish durable properties such as improved biocompatibility, homogeneous dispersion,
long-lasting durability, and improved productivity in comparison with other possible two-
dimensional materials at the moment. In order to promote toxic removal productivity,
MXene-based nanocomposite membranes, adsorbents, and electrodes should be used
widely and on a large scale. This will allow cost-effective wastewater purification at home
and in commercial facilities based on MBN-based products.

13. Conclusions

The development of MXenes and nanomaterial-based MXene was an excellent option
for future water remediation. MXene-based nanocomposites exhibited a superior pho-
todegradation capacity to decompose toxic environmental pollutants from water. MXene
nanostructures have been a hotbed for environmental photocatalysis since they possess ex-
cellent bandgap (0.92–1.75 eV), excellent thermal and mechanical stability, perfect thermal
and electrical conductivity, and high solubility in water compared to other 2D nanoma-
terials. In general, MXene-based composites have double the benefits in comparison to
MXene alone.

A number of studies have proven that MXenes and their composites are highly effec-
tive at omitting heavy metals, dyes, and radionuclides because of their structure, which has
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several properties, including a large specific surface area, greater ability to harvest light,
and shorter diffusion routs for e− and h+ that have been photoexcited. Despite numerous
challenges, these unique materials have considerable potential for improvement based
on the optimistic outcomes of common studies. In the field of water and environmental
remediation, there is no doubt that MXene will result in the next generation of adsorbents
and catalysts.
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