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HIGHLIGHTS

o Performance of MXene-based membrane was reviewed for liquid separation and water purification.
o MXene-based membranes enhanced water flux and antifouling during membrane filtration.

o Valuable information was provided for applications of MXene-based membranes in water industry.
o Areas of future research for MXene-based membranes were suggested.
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Since MXenes (a new family of two-dimensional materials) were first produced in 2011, they have
become very attractive nanomaterials due to their unique properties and the range of potential industrial
applications. Numerous recent studies have discussed the environmental applications of different
MXenes in adsorption, catalysis, and membranes. Only a limited number of MXene-based membrane
studies have been published to date, and most have discussed only specific MXenes (i.e., Ti3C2Tx), a small
number of solutes (e.g.,, dyes and inorganic salts), and laboratory-scale short-term experiments under
limited water-quality and operational conditions. In addition, to our knowledge, there has been no re-
view of MXene-membrane studies. It is therefore essential to assess the current status of understanding
of the performance of these membranes in liquid separation and water purification. Here, a compre-
hensive literature review is conducted to summarize the current preparation techniques for MXene-
based membranes and their applications, particularly in terms of environmental and industrial appli-
cations (e.g., water treatment and organic solvent filtration), and to direct future research by identifying
gaps in our present understanding. In particular, this review focuses on several key factors, including the
effects of preparation techniques on membrane properties, operational conditions, and compound
properties that influence liquid separation during MXene-based membrane filtration.

© 2020 Elsevier Ltd. All rights reserved.

* Corresponding author.
** Corresponding author.

E-mail addresses: jiyongheo@naver.com (J. Heo), yoony@cec.sc.edu (Y. Yoon).

https://doi.org/10.1016/j.chemosphere.2020.126821
0045-6535/© 2020 Elsevier Ltd. All rights reserved.



2 Y.AJ. Al-Hamadani et al. / Chemosphere 254 (2020) 126821

Contents

1. Introduction . . e
Preparation techmques for MXene based membranes s

N

3. Liquid separation performance of various MXene-based membranes

3.1.  Water purification ..
3.11.  Flux and removal e e
3.1.2. Membrane propertles and operatmg condltlons

3.2, 0Organic SOIVENt fllETation .. .. ... .ottt ettt ettt ettt e e e e e e e e e e

3.21. Flux and removal . . e
3.2.2. Membrane propertles and operatmg condltlons
4,  Conclusions and areas of future study .

Declarationofcompetinginterest.....................................................................................................
Acknowledgements ..........o.veveiuittnii i e
S (] U< 1 Lol

1. Introduction

Due to industrialization and urbanization, global water con-
sumption has increased quickly over the last five decades (Dong
et al., 2017). Water pollution has also increased, mainly due to
human activities and inappropriate management of natural water
resources (Bhatnagar et al., 2015). For example, numerous recent
studies have shown that synthetic contaminants of emerging
concern can be found at very low levels (sub 1 pg/L) in wastewater
influents/effluents and raw/finished drinking water around the
world (Snyder et al., 2003, 2007; Yoon et al, 2010). Different
traditional and advanced treatment processes have been employed
in water and wastewater treatment plants to treat both conven-
tional and emerging pollutants, including coagulation/flocculation/
sedimentation/filtration (Joseph et al., 2013; Westerhoff et al,,
2005), chlorination (Li et al., 2019a), ozonation (Westerhoff et al.,
2005), carbon/nanomaterial adsorption (Joseph et al., 2011; Jung
et al, 2015), membranes (Heo et al,, 2011; Kim et al., 2018), and
ultrasonication (Al-Hamadani et al., 2016; Im et al., 2015). Of these,
membrane processes have been widely used in water and waste-
water treatment in recent years (Ang et al., 2015).

Among conventional liquid-separation processes such as evap-
oration, distillation, crystallization, and filtration, membrane sep-
aration has become a promising technology in the past few decades
in response to environmental and energy challenges (Koros and
Zhang, 2017). Membrane separation and purification have been
extensively employed in the chemical, pharmaceutical, and water
industries and provide a range of benefits including a reduced
carbon footprint, high reliability, simple operation, and reduced
secondary pollution (Li et al., 2017). However, membrane separa-
tion processes are frequently inhibited by a trade-off between
membrane flux and selectivity. To resolve this issue, several studies
have investigated fabrication of novel membranes incorporating
various nanomaterials such as carbon nanotubes (Li et al., 2019b;
Yin et al., 2019), graphene oxides (Chu et al., 2016, 2017a), metal-
organic frameworks (Hua et al, 2019; Liu et al., 2019b), and
MZXenes (Han et al., 2017; Wei et al., 2019).

Since MXenes (titanium carbide (Ti3C2Tx), a new family of two-
dimensional materials) were first produced by Drexel University
researchers in 2011 (Naguib et al., 2012b), they have become very
attractive nanomaterials due to their unique properties, including
outstanding stability, large surface area, high electrical/thermal
conductivity, excellent oxidation resistance, and hydrophilicity
(Lukatskaya et al.,, 2013; Zhong et al.,, 2016). Numerous recent
studies have investigated environmental applications of different
MXenes in adsorption (Jun et al., 2020a; Jun et al., 2020b), catalysis

(Jun et al.,, in review), and membranes (Kang et al., 2017; Liu et al,,
2020). For membrane applications, the ideal design criteria of
membrane fabrication imply that MXene-based membranes should
provide efficient separation and safe long-term operation, and
environmentally friendly manufacturing processes, which are
significantly influenced by the stability, dispersibility, and hydro-
philicity of MXenes.

Only a limited number of MXene-based membrane studies
(approximately 20 journal articles) have been published to date,
and therefore evaluation of the current understanding of the per-
formance of MXene-based membranes in liquid separation is
required. The main objectives of this study were to assess the
current findings on preparation techniques for these membranes
and their applications, particularly in terms of their environmental
and industrial applications (e.g., water treatment and organic sol-
vent filtration), and to direct future research by recognizing gaps in
our present understanding. In particular, this review focuses on
several key factors, including the effects of preparation on MXene-
based membrane properties, operational conditions, and com-
pound properties that influence liquid separation during MXene-
based membrane filtration.

2. Preparation techniques for MXene-based membranes

Several recent studies have investigated the synthesis of
multilayered MXene flakes and nanomaterials (Anasori et al., 2017;
Naguib and Gogotsi, 2015; Naguib et al., 2014), including via wet
etching with HF (Naguib et al.,, 2012a; Ren et al., 2016; Tang et al.,
2012), HCI-LiF (Chen et al., 2018a; Couly et al., 2018; Fu et al.,
2018), or HCI-NaF (Liu et al., 2017). Fig. 1 shows a timeline of
MXene fabrication from 2011 to 2019. In common with other
nanomaterial-based membranes that contain carbon nanotubes,
graphene oxides, and/or metal-organic frameworks, there are three
fabrication methods for membranes: (i) MXenes are used as skel-
eton materials for the fabrication of a lamellar-structure; (ii),
different additives or other nanomaterials are added to fabricate
mixed matrix membranes with MXenes; and (iii) MXenes are
employed as coating materials to modify a membrane support
layer. Fig. 2 shows schematics of the different methods of fabrica-
tion of MXene-based membranes supported on various materials
such as anodic aluminum oxide, polyvinylidene fiuoride, and
polycarbonate.

A new type of lamellar membrane was fabricated using a stack
of two-dimensional Ti3C,Tx MXene nanosheets (Ding et al., 2017).
Two-dimensional MXene powder was produced by etching an Al
layer from Ti3AlC, particles with HF, since interlayer binding is
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Fig. 2. Fabrication schematic of (a) MXene membrane supported on anodic aluminum oxide (Ding et al., 2017), (b) MXene membrane supported on polyvinylidene fluoride (Rasool
et al., 2017), (c) MXene-GO membrane supported on polycarbonate (Kang et al., 2017), and (d) d-spacing and interlayer spacing between the two adjacent MXene nanosheets in the
membrane (Sun et al., 2019).
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weakened by removing Al as AlFs. MXene nanosheets were fabri-
cated by exfoliation with ultrasonication, then mixing with Fe(OH)3
colloidal solutions to fabricate an MXene membrane by filtering on
an anodic aluminum oxide membrane with a pore size of 0.2 pm.
Then, the Fe(OH)3 colloids were completely removed by dissolving
in HCl, which produced more flow channels for H,O molecules, as
shown in Fig. 2a. Several characterizations were conducted to verify
successful fabrication of MXene membranes (Ding et al., 2017): X-
ray diffraction patterns to confirm the conversion of TizAlC; to
Ti3C,Tx, scanning/transmission electron microscopy (SEM/TEM)
images to confirm the change of Ti3AIC, to Ti3C;Tx MXene nano-
sheets, atomic force microscopy (AFM) to confirm the thickness
(2 nm) and size distribution (100—400 nm) of MXene nanosheets;
and Fourier transform infrared spectroscopy and X-ray photoelec-
tron spectroscopy to confirm that the MXene surfaces had —F, —OH,
and —O functional groups. A somewhat similar method was
employed to fabricate a two-dimensional TizC;Tx MXene mem-
brane via a facile phase-conversion technique by filtrating Ti3C,Ty
on a polyethersulfone ultrafiltration membrane with a nominal
molecular weight cutoff of 10,000 Da (Han et al., 2017). In a sepa-
rate study, Rasool et al. fabricated MXene membranes by filtrating
Ti3C,Tx nanoparticles on a polyvinylidene difluoride membrane
with a pore size of 450 nm, which had antimicrobial properties for
Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) (Rasool et al.,
2017). The membranes were fabricated with various thicknesses
(0.6—1.8 um) by depositing/coating 2—6-mg Ti3C,Tx nanosheets on
a 47-mm diameter polyvinylidene difluoride substrate. While the
polyvinylidene difluoride substrate was hydrophobic based on a
water contact angle of 81°, the Ti3C,Tx nanoparticle coated mem-
brane became very hydrophilic based on a contact angle of 37°.

Traditional uncross-linked polyamide membranes fabricated
through non-solvent-induced phase inversion are somewhat un-
stable in organic solvents such as methanol, acetone, isopropanol,
and n-heptane, as well as in oxidants such as chlorine (Anadao and
Wiebeck, 2019). Han et al. employed Ti3C,Ty to fabricate an MXene
mixed-matrix membrane with unique properties of high hydro-
philicity, selectivity, and solvent resistance (Han et al., 2019).
Ti3C,Tx nanoparticles were introduced into a polyimide (P84)
polymer matrix cross-linked with triethylenetetramine to enhance
the selectivity and solvent resistance. Characterization based on
SEM showed that the polyimide/MXene mixed-matrix membrane
had a channel size of approximately 200 nm with potential for mass
transfer. Both membrane surface roughness and thickness decrease
with increasing MXene content, since the active top layers of the
MXene membrane become denser with increasing MXene loading.
Modification of the cross-sectional structure of the membrane can
be caused by more rapid interchange of H,O molecules and the
solvent in the phase-inversion technique due to the hydrophilicity
of MXene (Kusumawati et al., 2016). Thin-film nanofiltration
membranes may be candidates for solvent filtration, since func-
tionalization of the film filler stage instead of the polymer matrix is
anticipated to produce the preferred functionality and reduce un-
necessary swelling (Xue et al., 2016). An MXene-based membrane
incorporated with 2% unfunctionalized Ti3C,Tx nanosheets on a
resistant thin-film nanofiltration support enhanced the flux of
isopropanol (30% increase; 3.35 Lm 2 h~! bar~!), while the flux of
other solvents (butanone, ethyl acetate, and n-heptane) was not
improved by the membrane (Wu et al, 2016). Functionalized
Ti3C2Tx nanosheets with —NH,;, —COOR, —CgHg, and —Ci3H2g
functional groups synthesized by attaching organo-functional si-
loxanes were incorporated on a polyacrylonitrile ultrafiltration
membrane support, which significantly influenced the solvent flux
for n-heptane, toluene, isopropanol, and ethyl acetate and the
removal of polyethylene glycol.

The majority of current commercially available membrane

materials such as polyvinylidene fluoride, polysulfone, or poly-
propylene are hydrophobic, which has a negative effect on water
flux and separation effectiveness, which is in turn associated with
severe membrane fouling, particularly for oil/water separation
membranes (Rana and Matsuura, 2010). A flexible Ti3C,Tx mem-
brane was fabricated for effective treatment of oily wastewater
(Saththasivam et al., 2019). During the fabrication process, a simple
coating method was employed with MXene ink (2000 mg L™1)
dispersed homogeneously after pretreatment with sonication. The
MXene composite membrane was fabricated by coating MXene
nano-flakes on commercially available white print paper as a sup-
port using vacuum filtration. The MXene membrane appeared to be
very flexible, based on SEM analyses, since the loaded configura-
tions of the MXene coating allowed the composite membrane to
bend without cracking or breakdown. In addition, AFM analyses
demonstrated that the roughness of the MXene membrane
(200 nm) was much smaller than that of the original printer paper
substrate (914 nm), indicating reduced membrane fouling after
coating with MXene. Contact analysis also showed that an MXene
membrane is highly hydrophilic and oleophobic with water (almost
zero within a few seconds) and with underwater oil (137°),
respectively. In particular, the rapid water wetting behavior is
presumably related to MXene's great attraction towards —OH
groups and interlaced porous nanosheets (Han et al., 2017).

Similar to other two-dimensional nanomaterials such as gra-
phene oxides, solute transport within MXene-based laminar
membranes can take place through pores on MXene sheets, in-
plane pores, and/or inter-galleries between MXene sheets (Shen
et al,, 2016). Nevertheless, it is somewhat problematic to tune
these laminar structures precisely, particularly when assuming
defect-free and well-ordered two-dimensional nano-channels. Liu
et al. successfully fabricated free-standing two-dimensional Ti,CTx
MXene membranes by intercalating hyperbranched poly-
ethyleneimine on an anodic aluminum oxide substrate (pore
size = 100 nm) for effective solvent dehydration (Liu et al., 2019a).
While well-ordered assembling structures of the MXene coatings
were seen, limited non-selective in-plane pores were still observed
in the membrane, which could negatively affect membrane per-
formance (Shen et al., 2018). Therefore, to enhance membrane
quality further, a simple interfacial polymerization technique was
employed to seal potential non-selective defects using trimesoly
chloride to react with the hyperbranched polyethyleneimine
initially used in the membrane (Liu et al., 2019a). In a separate
study, MXene-derived membranes were fabricated by depositing a
Ti,CTyx dispersion on the inner surface of an a-Al,O3 tubular sub-
strate at 1 bar and room temperature (Sun et al., 2019). A pressure
filtration unit was employed to fabricate an MXene membrane with
a very thin modifiable interlayer space (thickness = 100 nm) be-
tween loaded adjacent nanosheets, tunable via regulating the sin-
tering temperature.

Incorporation of silver nanoparticles into MXenes is expected to
enhance the antifouling behavior of MXene-based membranes
further and to improve water permeability, as shown in other
silver-nanoparticle-based membranes (Andrade et al, 2015;
Koseoglu-Imer et al., 2013b; Liu et al., 2015). Padney et al. suc-
cessfully fabricated silver/MXene composite membranes by self-
reduction of silver nitrate to silver nanoparticles on the surface of
Ti3C,Tx nanosheets, where the MXene acted instantaneously in
developing nanoparticles and as a reductant (Pandey et al., 2018).
Different loadings of 0—35% silver were incorporated with the
MXenes to create a 470-mm membrane on a hydrophilic poly-
vinylidene difluoride membrane prepared by vacuum filtration
(pore size = 220 nm). Overall, less than 10 wt% loss was detected for
the silver/MXene membranes during stability experiments over a
wide range of temperatures (<150, 150—250, and >250 °C). The



YA,. Al-Hamadani et al. / Chemosphere 254 (2020) 126821 5

weight loss varied depending on temperature due to (i) vapor-
ization of absorbed and bound H;O molecules in the composite
membrane at <150 °C, (ii) decay of O-containing functional groups
such as oxygen, hydroxide, and carbon dioxide at 150—250 °C, and
(iii) thermal decomposition of surface chemical moieties on the
MXene nanosheets at >250 °C (Pandey et al., 2018).

While numerous graphene-oxide-based membranes have been
studied in liquid separation (Chu et al., 2016, 2017a, 2017b), they
have often been found somewhat unstable and to disintegrate in
water due to electrostatic repulsion between graphene-oxide
nanoparticles (Nair et al., 2012). To overcome this issue, compos-
ite Ti3CyTx-graphene-oxide membranes (thickness = approxi-
mately 550 nm) were fabricated, which exhibited a synergistic
effect based on solute removal and water flux (Liu et al., 2020). The
MXene-graphene-oxide membranes were stacked layer by layer
with MXene/graphene-oxide nanosheets to create two-
dimensional interlayer channels for water flow. The membranes
were also hydrophilic, based on water-contact angle, presumably
due to the presence of various functional groups including —COOH,
—OH, and epoxy groups on the graphene-oxide nanosheet surface,
while the presence of relatively hydrophobic MXene may have
decreased the total hydrophilicity.

In recent years, TiO, membranes have been widely studied for
industrial developments owing to benefits such as their extraor-
dinary hydrothermal behavior, thermal/chemical strength and
catalytic properties (Kim et al., 2016). Sun et al. employed TizCyTx
and TiO; to fabricate mesoporous MXene-TiO, membranes by dip-
coating nanosheets/nanoparticles on the surface of an a-Al,03
hollow-fiber substrate with various mass ratios of MXene/TiO,
(0—5 wt.%) (Sun et al., 2018). TEM results showed that the TiO;
nanoparticles were evenly placed on the two dimensional MXene
nanosheets in the mixture of the 5 wt% MXene nanosheet and TiO»
hydrosol. Based on thermogravimetric and differential scanning
calorimetry analyses, three stages of weight loss were observed
arising from a range of effects: (i) The weight loss at < 200 °C was
due mainly to the vaporization of water; (ii) weight loss at
200—350 °C was due mainly to thermal oxidation of hydroxyethyl
cellulose and polyvinyl alcohol; and (iii) in the weight loss at
350—400 °C, an exothermal peak was observed that was associated
with the emergence of anatase. Overall, the findings indicate
effective fabrication of mesoporous MXene-TiO, hollow-fiber
membranes (Sun et al., 2018).

A new graphene-oxide-based membrane intercalated with TiO;
nanocrystals was prepared via in situ HyO, oxidation of Ti3CyTx
nanoparticles followed by vacuum filtration on a mixed cellulose
ester membrane (Han and Wu, 2019). The graphene-oxide-MXene-
TiO, membrane showed excellent permeability and removal per-
formance compared to the pristine graphene-oxide membrane and
the graphene-oxide-TiO, membrane. H,0, oxidation enhances the
production of TiO, nanocrystals, which allow the formation of
continuous nano-channels along with the MXene sheets (Wang
et al., 2018b). In a separate study, Ti3C;Tx-graphene-oxide mem-
branes with a thickness of approximately 90 nm were prepared by
coating the nanomaterials on a porous support via vacuum filtration
(Kang et al., 2017). This fabrication method appeared to be very
effective in inhibiting the transport of target solutes through inter-
edge defects or enhancing packing. The membrane, with a lattice
period of 1.43 nm, swelled in the presence of water and had an
actual interlayer spacing of approximately 0.5 nm. Graphene oxides
are considerably larger than Ti3C,Tx nanoparticles, while the weight
ratio of graphene oxides is smaller than that of Ti3C,Tx, indicating
that the key solute passage channels of Ti3C;Tx nanoparticles are
shielded with graphene-oxide coatings (Han and Wu, 2019).

3. Liquid separation performance of various MXene-based
membranes

3.1. Water purification

3.1.1. Flux and removal

Membrane permeance and selectivity are key parameters for
evaluating the water-purification performance of a membrane. The
two-dimensional lamellar MXene membrane supported on an
anodic aluminum-oxide substrate exhibited outstanding water
permeance (>1000 Lm 2 h~! bar~!) and promising removal (>85%)
of target compounds excluding [Fe(CN)s]>": 100% for bovine serum
albumin (molecular weight = 67,000 g mol™'), 99% for gold
nanoparticles (5 nm), 97% for cytochrome (2.5 x 3.7 nm?), 93% for
5,10,15,20-tetrakis-(N-methyl-4-pyridyl)-21,23-H-porphyrinte-
tratosylate (1.7 x 1.7 nm), 90% for Evans blue (1.2 x 3.1 nm), 85% for
Rhodamine B (1.8 x 14 nm), and 32% for cytochrome
(0.9 x 0.9 nm), which implies that the MXene membrane had a
pore diameter of approximately 2—5 nm (Ding et al., 2017). While
MXene membranes exhibit good removal rates, they also maintain
exceptional water permeance (e.g.,, approximately 1050 Lm—2 h~!
bar~! for Evans blue and cytochrome). This performance arises
from two effects: first, the MXene nanofragments provide more
water-transport pathways compared to conventional microsized
MXene sheets. Water permeability through graphene-oxide
membranes can be improved by reducing the flake size of the
nanoparticles and/or generating more nanochannels (Sun et al.,
2014); and second, intercalated nanoparticles separate the slit
pores between the MXene nanosheets, which provide greater
interlayer distance and generate abundant nanochannels.
Graphene-oxide membranes with nanostand channels exhibited
10-fold greater water permeability than pristine graphene-oxide
membranes while maintaining comparable removal rates (Huang
et al,, 2013).

Ti3C,Tx was used to fabricate an MXene-coated membrane
associated with a hydrophobic polyvinylidene difluoride mem-
brane, which was used for the first time in a solar-assisted direct
contact membrane distillation process (Tan et al., 2018). In addition
to lowering the heating requirement, the degree of membrane
fouling of the MXene-coated membrane was evaluated using feed
water containing 200 mg L' bovine serum albumin and
10,000 mg L~! NaCl. Under conditions with and without visible-
light irradiation, the MXene-coated membrane showed flux de-
creases of approximately 7—8%, significantly smaller than that of a
polyvinylidene difluoride membrane (18—19%). The enhanced
fouling resistance may be attributed to several effects: hydrophilic
repulsion between Ti3CoTx and bovine serum albumin, smaller
electrostatic repulsion between Ti3C,Tyx and bovine serum albumin,
and absorption of bovine serum albumin within the Ti3C,Tx coating.
The results showed that a Ti3C,Tx coating facilitated both limited
heating under visible light conditions and reduced organic fouling
(Tan et al., 2018).

A graphene-oxide-MXene-TiO, membrane exhibited approxi-
mately 7.5- and 2.5-fold higher water permeability (90 L m 2 h™!
bar~1) than a pristine graphene-oxide membrane and a graphene-
oxide-TiO, membrane, respectively (Han and Wu, 2019). Succes-
sively dispersed laminar-structure TiO2 nanocrystals were used as
intercalators, which produced homogenous nano-channels within
the graphene-oxide membrane for H,O molecule transport, while
MXene loading also produced extra nano-channels for water
transport. High removal rates of four dyes (Rhodamine B, methyl
blue, crystal violet, and neutral red; >97%) were achieved by the
graphene oxide-MXene-TiO, membrane; however, the removal
rates of inorganic salts (61% for Na;SO4 and 23% for MgCl,) were
relatively low. Removal of the dyes by adsorption only was very low
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(approximately <10%), implying that other mechanisms such as
size exclusion and/or electro static interaction were dominant in
the transport of organic dyes (Han and Wu, 2019).
Ti3C,Tx-graphene-oxide membranes were tested to evaluate
their separation performance for various dyes (brilliant blue, rose
Bengal, methylene blue, and methylene red) and inorganic salts
(NaCl and MgS04) (Kang et al., 2017). Membrane permeance varied
depending on the target compound: 2.4, 2.3, 2.1, 0.67, 0.30, and
0.23 Lm~2 h~! bar~! for MgSO4, NaCl, methylene red, rose Bengal,
methylene blue, and brilliant blue, respectively (Fig. 3a). In partic-
ular, significantly low fluxes were observed for dyes with high
removal rates compared to mono-/divalent anions/cations with a
small removal percentage, presumably since significant fouling by
the organic dyes occurs during filtration (Van der Bruggen and
Vandecasteele, 2001). The removal rates for the compounds fol-
lowed the order brilliant blue (100%) = methylene blue
(99.5%) > rose Bengal (93.5%) > methylene red (61%) > MgS04 and
NaCl (<10%) (Fig. 3b). The high removal rates of dyes with different
hydrated radii and charges can be attributed to size exclusion and
electrostatic interaction between the membrane and compounds
(Fan et al, 2017); brilliant blue (negative charge, 0.798 nm),
methylene blue (positive charge, 0.504 nm), rose Bengal (negative
charge, 0.588 nm), and methylene red (neutral charge, 0.487 nm).
While electrostatic repulsion may occur between a negatively
charged membrane and salt ions, the very low removal of ions was
attributed to the interlayer spacing (0.5—0.96 nm depending on
Ti3C,Tx swelling) being too large to sieve the ions completely.
Fig. 3c shows schematic diagrams of the steric-exclusion mecha-
nism for hydrated ions and organic dyes on the Ti3C,Tx-graphene

oxide membrane (Kang et al., 2017).

Ti3C,Tx-graphene-oxide composite membranes were used to
evaluate their performance based on the removal of small-
molecule organic dyes (chrysoidine G, neutral red, methylene
blue, crystal violet, and brilliant blue) and two natural organic-
matter types (humic acid and bovine serum albumin) (Liu et al.,
2020). While the stability of graphene-oxide-based membranes is
poor due to electrostatic repulsion between the nanosheet layers
(Zheng et al., 2017), the MXene-graphene-oxide membranes
appeared to be very stable in water, presumably due to reduced
electrostatic repulsion and increased w-7 attraction. In general, the
water permeance of the pristine graphene-oxide membrane was
6.5 L m 2 h~! bar~! and membrane permeability increased with
increasing incorporated MXene content (Liu et al., 2020). These
findings may be explained through a number of effects: first, an
increase in water flux due to an increased interlayer gap between
the graphene oxide nanosheets, and second, the presence of MXene
nanoparticles reducing the H-bonding interaction between H,0
molecules and O-containing functional groups of the graphene
oxide nanosheets, creating enhanced water flux due to decreased
resistance to water transport. Two mechanisms, size exclusion and
electrostatic interaction, dominated in the transport of organic dyes
in the MXene membrane, with high dependence on the properties
of the target dye. The removal rate of uncharged chrysoidine G by
the membrane was very high (approximately 97%), most likely due
to size exclusion rather than electrostatic repulsion. However, high
removal rates (~99.5%) were also observed for the other dyes, which
may be attributed to both size exclusion and electrostatic interac-
tion (attraction/repulsion) (Liu et al., 2020).
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Fig. 3. (a) Permeances of the Ti3C,Tx—GO composite membrane (90 nm thickness) for various ionic and dye solutions. Insets are photographs of the dye solutions before and after
filtration. (b) Rejection of the various ionic and dye solutions indicated in (a) (MR = methyl red, MnB = methylene blue, RosB = rose Bengal, and BB = brilliant blue). (¢) Schematic
diagrams for the steric exclusion mechanisms for hydrated ions and dye molecules on the TisC,Tx-GO membrane (Kang et al., 2017). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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The pure-water permeability of a 21% silver/MXene membrane
with an average pore size of 2.1 nm (420 L m~2 h~! bar™') was
approximately 3.5 times greater than that of the original MXene
membrane as shown in Fig. 4a (Pandey et al., 2018). In addition, the
membrane showed approximately four-fold higher water flux
during filtration of three organic compounds (approximately 390,
350, and 345 L m~2 h™! bar'1 for Rhodamine B, methyl green, and
bovine serum albumin, respectively) compared to the original
MXene membrane, mainly due to the short transport pathway
combined with extra nanopores and interlayer spaces on the hy-
drophilic MXene nanosheet surface (Ding et al., 2017). A silver/
MXene composite membrane also exhibited high removal of
Rhodamine B (80%), methyl green (92%), and bovine serum albumin
(>99%), and reasonable removal of inorganic salts of relatively small
size (<1 nm) at 26, 41, and 50% for NaCl, MgCl,, and AlCls, respec-
tively (Fig. 4b). In addition, after interaction with methyl green and
bovine serum albumin at 2 L of 50 mg L~! of each compound, the
membrane showed high flux recovery of 97% and 91%, respectively,
which can be attributed to the hydrophilic property of hydrated
silver nanoparticles, which enhance the resistance of the mem-
brane surface to organic fouling (Koseoglu-Imer et al., 2013a). In
general, two-dimensional nanosheets such as carbon nanotubes,
metal-organic frameworks, and graphene-based membranes are
fabricated by filtration-based deposition/coating on a highly porous

%01 (a) . TiC.T,

BN 21%Ag@MXene

support (Cheng et al., 2017; Goh et al., 2013; Yang et al., 2019). The
current technique forms dense films with decreased porosity, thus
decreasing water permeability. However, in the silver/MXene
composite membrane, silver nanoparticles produced a slit inter-
space (approximately 1—4 nm) between the MXene nanosheets
with extra nano-pores in the silver/MXene membranes, thus
improving their water permeability, as shown in Fig. 4c (Pandey
et al., 2018).

A facile and scalable technique was employed to fabricate
mesoporous MXene-TiO, membranes by dip-coating the outer
surface of a four-channel o-Al,03 hollow-fiber substrate with a
pore size of approximately 100 nm (Xu et al., 2018). The MXene-
TiO, membranes appeared to have uneven microstructures that
contained finger-like spaces and sponge-like areas, which may
provide significantly less transport resistance compared to pristine
hollow-fiber membrane with particle-piled pores. The performance
of the MXene-TiO, membrane was evaluated based on its per-
meance and removal with 3000 mg L~! dextran solution with
various molecular weights of 10, 40, 70, and 500 kDa. The MXene-
TiO, membrane (1 wt%) exhibited very high permeance of
>90 L m2 h~! bar! and a molecular weight cutoff of approxi-
mately 22 kDa. The permeance was one order of magnitude greater
than that of a pristine hollow-fiber membrane with smaller mo-
lecular weight cutoff properties, presumably due to the elimination
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Fig. 4. Comparison of the performance of the MXene (Ti3C,Ty) and 21% Ag@MXene membranes for the separation of Rhodamine B (RhB), methylene green (MG), and bovine serum
albumin (BSA) molecules at 25 °C: (a) flux, and (b) rejection. (c) Schematic structure and mechanisms of removal of the silver-MXene composite membrane (Pandey et al., 2018).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Fabrication of MXene-TiO, membranes to remove potential defects (Xu et al., 2018).

of pinhole defects associated with the denser MXene-TiO; layer on
the a-Al;03 hollow-fiber surface (Xu et al., 2018). Fig. 5 shows the
fabrication of MXene-TiO, membranes to remove potential defects.

Rasool et al. reported that after 24 h incubation Ti3C,Tx-coated
membranes significantly inhibited bacterial growth and decreased
the viability of bacterial cells compared to the original poly-
vinylidene difluoride membranes (Rasool et al., 2017). High anti-
bacterial activity against Gram-negative E. coli (73%) and Gram-
positive B. subtilis (67%) was observed during filtration of a
TisC,Tx-modified membrane with 10* CFU mL~.. The primary dif-
ference in antimicrobial performance between these bacteria may
have been due to differences in their cell wall configurations. For
example, while E. coli are surrounded by a very thin peptidoglycan
wall (approximately 2—3 nm) between the inner and outer cell
membranes, B. subtilis contain a denser peptidoglycan layer
(approximately 20—80 nm), resulting in greater resistance to the
Ti3C,Tx coating. In addition, the lack of bacterial growth in the
permeate through both the original polyvinylidene difluoride and
Ti3C,Tx-coated membranes indicates 100% removal (Rasool et al.,
2017). Since environmental conditions have a significant influ-
ence on membrane effectiveness, an initial assumption was made
that membrane surface oxidation and TiO; formation might reduce
the antibacterial behavior of the membrane surface (Gao et al.,
2015). However, studies have shown that the growth inhibition of
both bacteria by aged Ti3C,Tx-coated membranes (over 30 days)
was significantly higher (>99%) than that by fresh membranes (73%
for E. coli and 67% for B. subtilis). This was presumably due to the
presence of TiO, nanoparticles on the Ti3C;Tx membrane surface,
similar to the results of another study in which titanium substrates
layered with TiO, nanoparticles exhibited a substantial decrease in
E. coli growth over large surfaces (Seddiki et al., 2014).

3.1.2. Membrane properties and operating conditions

The permeance and selectivity of a compound are considerably
affected by a membrane’s properties and the operating conditions.
Ding et al. observed that the degree of removal of an MXene
membrane varied depending on membrane thickness (Ding et al.,
2017). Removal of Evans blue, cytochrome, and gold nanoparticles
increased with increasing membrane thickness (95% up to 800 nm),
while water molecules still passed through the relatively large

defects. However, nearly 100% removal was achieved for all com-
pounds by a membrane with a thickness of >800 nm, presumably
because the defects in the selective layer of the membrane were
much smaller and therefore water molecules mainly passed
through the channels between the nanosheets. The performance of
the MXene membrane was also evaluated at different tempera-
tures. Removal of Evans blue molecules using a 400 nm-thick
MXene membrane increased from 83% to 90% as the trans-
membrane pressure was decreased from 0.6 MPa to 0.1 MPa,
indicating that convection is dominant for solute transport via
defects at high pressure (Ding et al., 2017).

Membrane fouling resistance and selectivity can be enhanced by
modifying membrane properties such as membrane roughness,
charge, and hydrophilicity (Firouzjaei et al., 2018). The performance
of a MXene/polyethersulfone composite membrane was investi-
gated based on removal and flux at a pressure of 0.1 MPa and
various MXene loadings (0—0.25 W g~ 1) (Han et al., 2017). Solute
removal of Congo red (92%), MgCl; (23%), and NaCl (14%) increased
with increasing MXene loading rate, regardless of the target solute.
However, the membrane flux decreased from approximately
800 L m~2h~! (pure water) to 115 Lm 2 h~! (Congo red), 460 L m 2
h™! (MgCl,), and 435 L m~2 h™! (NaCl) with increasing MXene
loading rate. While it was hypothesized that the hydrophilic MXene
membrane might enhance membrane fouling resistance, unim-
proved membrane flux was observed with increasing MXene con-
tent, presumably due to an increase in mass transfer resistance
(Han et al., 2017).

Lamellar MXene membranes with tunable interlayer spacing
were tested using various inorganic salts (NaCl, Na;SO4, MgS04, and
MgCly) to evaluate their water permeability and ion rejection (Sun
et al., 2019). The stability of an MXene layer on a-Al,O3 tubular
supports was found to be significantly affected by sintering at
various temperatures (200, 300, 400, 450, and 500 °C). Relatively
high temperatures were selected because the ceramic supports
showed a weak interfacial bond at 60 °C causing severe peeling of
the MXene layer on the membrane surface. In particular, the rela-
tively weak van der Waals force and OH groups between the un-
even surface of the ceramic substrate and the MXene coating were
insufficient to link the support and the coatings. However, chemical
interactions such as C—O—Al or Ti—O—Al between the MXene
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laminates and the substrate took place at high temperatures, which
improved the bond between those layers, thus leading to stable
MXene membranes. The pure-water permeability of the MXene
membranes first decreased and then increased with increasing
temperature, being approximately 17, 15, 12, 18, and 22 L m 2 h™!
bar™1 at 200, 300, 400, 450, and 500 °C, respectively. However, salt
removal first increased and then decreased with increasing sin-
tering temperature, which was attributed to a decrease in the
interlayer spacing of the MXene due to the defunctionalization of
—OH groups associated with increasing temperature. The MXene
membrane prepared at 400 °C showed the maximum ion removal
of NapSO04 (76%) > MgS04 (67%) > NaCl (55%) > MgCl, (46%) (Sun
et al., 2019), which is proportional to the charge ratio for each
cation and anion, implying that electrostatic interaction (i.e.,
repulsion) played a significant role in ion removal (Chen et al.,
2018b).

Using a simple vacuum filtration technique, graphene oxide and
MXene were incorporated to fabricate a composite lamellar
membrane that showed extraordinarily fast water permeation (Wei
et al., 2019). To determine the optimal ratio of Ti3C;Tyk in the
composite, water permeation and performance in removing
methylene blue were evaluated for a range of MXene contents
between 0 and 100 wt%. The MXene-graphene-oxide membranes
exhibited a somewhat slow increase in membrane permeation (11,
19, 26,34, and 76 Lm 2 h~! bar~!) for methylene blue solution with
increasing MXene ratios of 0, 50, 60, 70, and 80 wt%, respectively,
while a significant increase in permeation (3114 L m~2 h™! bar 1)
was observed with an MXene ratio of 100 wt%. In addition and of
note, removal slightly increased from 96.0 to 98.6% with increasing
MXene ratios (0—70 wt%), then rapidly decreased to 73.3% and fell
to nearly zero with MXene ratios of 80 and 100 wt%, respectively.
These findings imply that outstanding membrane performance in
terms of permeance and removal rates can be achieved by opti-
mizing the graphene oxide and MXene loadings, which affect the
appropriate interlayer spacing (Wei et al., 2019).

The performance of mesoporous MXene-TiO, membranes was
found to vary significantly depending on the membrane’s proper-
ties (Sun et al., 2018). Membrane surface morphology was signifi-
cantly influenced by coating time: with a coating time of 1 min, the
membrane surface appeared to be somewhat rough; with a coating
time of 2.5 min, the membrane exhibited no noticeable pores and
became smooth; and with a coating time of 5 min the membrane
cracked owing to the irregular delivery of tensile stress associated
with a thick membrane. Cross-sectional images showed that the
membrane layer became thicker (0.79—4.96 um) with increasing

TiO, membrane

M

Water diffusion

D Adding MXene =

coating time (0.5—2.5 min, respectively), reducing pure water flux
with increasing coating time. The results imply that the H,O
transport pathway through MXene-TiO, membranes can be
increased with increasing film thickness by creating additional
lamellar structures, leading to obvious longitudinal and lateral
water passage routes, as shown in Fig. 6. The membrane pore sizes
(6.5,5.5,5.3,and 5.0 nm) varied depending on the coating time (0.5,
1, 1.5, and 2 min), as estimated based on the molecular weight cut-
off associated with dextran retention (21.5, 14.9, 13.9, and 12.4 kDa)
(Sun et al., 2018).

3.2. Organic solvent filtration

3.2.1. Flux and removal

Functionalized MXene-based thin-film nanocomposite mem-
branes showed various permeate fluxes depending on functional
groups (—NH,, —COOR, —CgHg, and —Cq2Hyg) for different solvents
(n-heptane, toluene, isopropanol, and ethyl acetate) (Hao et al.,
2017). Ti3C,Tx nanosheets enhanced isopropanol flux, but inhibi-
ted the flux of n-heptane, toluene, and ethyl acetate due to the
range of affinities. In general, relatively high permeability was
achieved for non-polar solvents (n-heptane and toluene; up to
approximately 1.8 L m~2 h~! bar~!) compared to polar solvents
(isopropanol and ethyl acetate; below approximately 0.4 Lm 2 h~!
bar~!). The membrane flux increased slightly with increasing
pressure from 4 to 10 bar, from 2.0 to 2.5 L m~2 h™! for isopropanol
and 15.8—18.7 L m2 h™! for n-heptane. The MXene membranes
with CgHg and Cq3Hyg groups exhibited flux enhancement for n-
heptane (12% and 23%, respectively) compared to Ti3C,Tx having no
functional groups, due to a strong affinity to non-polar solvents.
Likewise, the presence of COOR and NH, functional groups
enhanced the transport of isopropanol through hydrophilic MXene
channels (by 11% and 19%, respectively). In addition, the most
effective enhancement of solvent transport behavior for ethyl ac-
etate, isopropanol, n-heptane and toluene on an MXene membrane
was achieved by —COOR, —NH,, —Cq2H36, and —CgHg functional
groups, respectively. These findings imply that incorporating
functional groups into a membrane is an important method for
controlling membrane transport behavior (Liu et al., 2014).

Flexible Ti3C,Tx membranes were evaluated for their separation
performance for oil/water emulsions (Saththasivam et al., 2019).
The separation efficiency of the MXene membranes was optimized
by changing the MXene mass loadings coated on a white-printer-
paper substrate. A test oil-in-water emulsion was obtained from
sunflower oil with high viscosity, with an oil droplet size ranging

MXene-TiO, membrane

Longitudinal and lateral
transport pathways

Fig. 6. Schematic of rejection mechanism: traditional one-way flow and longitudinal-lateral nanochannel model (Sun et al., 2018).



Table 1

Summary of removal of selected inorganic and organic species by MXene-based membranes.

MXene Species Experimental Support layer Water permeance/key removal Key finding Ref.

condition (pore size)

TizCoTx Rhodamine B Dead-end/cross-flow Anodic 1084 Lm 2 h™! bar~/85% The MXene membrane shows an outstanding water permeance Ding et al.
Evans blue Co=10-20mg L' aluminum oxide  (Rhodamine B) (>1000 L m~2 h~" bar~") and a high removal rate (90%) for (2017)
Cytochrome (200 nm) 90% (Evans blue) compounds having sizes larger than 2.5 nm once applied in water

97% (cytochrome) treatment.

NaCl Cross-flow Polyvinylidene Flux=~10Lm—2h™! The MXene-coated polyvinylidene difluoride membrane Tan et al.

Bovine serum albumin Co, = 10,000 mg L} difluoride conferred a 56—64% reduction in flux decline compared to the (2018)
(NaCly; uncoated membrane. This is due to both higher electrostatic
2000 mg L' (bovine repulsion and also enhanced adsorption of bovine serum albumin
serum albumin) by MXene.

Congo red Dead-end Polyethersulfone 405 L m~2 h~! bar~'/92% (Congo Owing to the MXene composite loose lamellar structure, the Han et al.

Gentian violet Co =100 red) composite membrane could exhibit effective permselectivity in (2017)

MgCl, —1000 mg L™! 80% (gentian violet) the separation of dyes from salts.

Na,S04 2.3% (MgCly)

NacCl 13.2% (NazS04)

13.8% (NaCl)
E. coli C, = ~2700 CFU mL™!  Polyvinylidene 37.4Lm 2 h ' bar '/>99% (E. coli)  Surface oxidation of aged membrane presented an important Rasool et al.
B. subtilis difluoride >99% (B. subtilis) enhancement of anti-microbial activity as compared with the (2017)
(1200 nm) pristine membranes.

Oil Glass filtration unit Conventional 472 Lm 2 h~! bar! with oil The print paper was employed as a substrate to provide Saththasivam
1% v/v oil-in-water print paper content/>99% (total organic mechanical flexibility and strength, and the hydrophilic MXene et al. (2019)
emulsion carbon) layer functions as a selective layer to effectively separate

emulsified oil from water.

NaySO4 Cross-flow Tubular a-Al,03 5-1525 L m~2 h~! bar~!/50—99% The interlayer spacing of MXene-derived membranes lessened Sun et al.

Mg,S04 Co=10mM (120 nm) (VOSO4 > from 0.371 nm (60 °C) to 0.265 nm (450 °C). This resulted from (2019)

MgCl, Na,S04 > Mg,S04 > NaCl > MgCl,)  the moisture loss and de-functionalization (-OH) occurring within

NaCl the MXene film at elevated temperatures.

VOSO4

TizCoTx-Ag Rhodamine B Dead-end Polyvinylidene ~420 Lm 2 h™! bar'/79.9% The 21% silver@MXene composite membrane exhibited enhanced ~ Pandey et al.
Methyl green Co = 50—100 mg L~! difluoride (Rhodamine B) bactericidal properties as validated by over 99% E. coli growth (2018)
Bovine serum albumin (470 nm) 92.3% (methyl green) prevention, compared with approximately 60% for the original

>99% (bovine serum albumin) MXene membrane.
Ti3C,Tx-graphene Brilliant blue Dead-end Polycarbonate ~25L m 2 h~" bar~'/95.4 (brilliant ~ The findings approved the composite membrane’s great retention ~ Kang et al.
oxide Rose Bengal Co=10mg L™’ and nylon (20 blue) of organic dyes with hydrated radii greater than 0.5 nm whichis (2017)

Methylene blue —90 nm) 94.6 (rose Bengal) owing to a combination of physical steric exclusion and

Methylene red 40 (methylene blue) electrostatic repulsion with Ti3C,Ty layers.

MgSO4 5 (MgS04)

NaCl <1 (NacCl)

Rhodamine B Dead-end Mixed cellulose 89.6 Lm~2 h~! bar !/>97% (dyes)  The obtained membrane achieved a highly enhanced water Han and Wu

Methyl blue Co=10mgL™! ester (200 nm) 61% (NaS04) permeance of up to 89.6 Lm~2 h~! bar~!, which is approximately ~ (2019)

Crystal violet (dyes); 5 mmol L~! 23% (NaCl) 7.5 times that of pristine GO membrane and 2.5 times that of GO/

Neutral red (inorganic salts) TiO, membrane prepared via conventional methods.

NaySO4

NaCl

Chrysoidine G Neutral Dead-end Mixed cellulose 71.9 L m~2 h~! bar~!/>99% (dyes) This outstanding removal performance was attributed to the Liu et al.

red Methylene blue Co=10mgL™! ester (450 nm) 61% (NayS04) combined effects of molecular sieving, mainly, and electrostatic (2020)

Crystal violet Brilliants 23% (NaCl) interaction of the composite membranes.

blue Humic acid

Bovine serum albumin

Methyl orange Dead-end Porous nylon ~8.5-11 L m 2 h~! bar '/>95% The resultant graphene oxide/MXene membranes showed very Wei et al.

Methylene blue Acid Co=10mg L™’ membrane high flux for pure solvents (21.0, 48.3, 25.0, 10.8,6.18 Lm 2 h~'  (2019)

yellow 14 (220 nm) for water, acetone, methanol, ethanol and IPA) and outstanding

Indigo carmine Eeosin

dyes molecular separation performance (>90%).
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Xu et al.
(2018)

A crack-free TiO,-MXene layer was well created on macroporous
disks by a single cycle of coating, aging, and calcination, which

a-Al,03 hollow ~90 Lm~2 h~! bar~!/>95%
(molecular weight, >30 kDa)

Dead-end

Dextran

Ti3C,Tx-TiO,

fiber (100 nm)

Co =3000 mg L}
Molecular

could expressively simplify the process and decrees the cost of

membrane fabrication.

weight = 10—500 kDa

Dead-end

Sun et al.

The prepared MXene-TiO, layer showed ‘ideal’ pathways

100—-140 L m 2 h™! bar'/>90%
(molecular weight, >20 kDa)

a-Al,03 hollow

Dextran

(2018)

(longitudinal-lateral transport nano-channel) for dextran

fiber (300 nm)

Co = 6500 mg L}
Molecular

molecules between TiO, nanoparticles and MXene nanosheets.

weight = 10—70 kDa

C, = organic initial concentration.
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from 1 to 18 pm (mean size = 3.9 um) (Gao et al., 2014). Very poor
oil removal was observed for porous paper without the MXene
loading, despite a maximum flux of 2720 L m~2 h™! bar~’. How-
ever, the oil removal ratio in the permeate was enhanced by 98.5%
(oil content, 103 mg L™ to 1.6 mg L~!) with increasing MXene mass
loading (0.1-0.8 mg), while the membrane flux decreased
approximately five-fold (1020—204 L m~2 h™! bar~!). The reduced
flux and enhanced filtrate quality of the highly hydrophilic and
oleophobic MXene membrane was attributed to its relatively high
dense/interlaced porous structure and active layer. For an opti-
mized MXene membrane with a mass loading of 0.4 mg, mem-
brane flux and removal rates varied depending on the oil-in-water
emulsion type, such as diesel, silicone oil, petroleum ether, hexane
and sunflower oil. The permeation flux of the optimized MXene
membrane was in the order hexane > petroleum ether > silicone
oil > diesel > sunflower oil, while the permeation oil content fol-
lowed a somewhat different order: petroleum ether < silicone
oil < hexane < diesel < sunflower oil. Overall, this simple MXene
membrane exhibited exceptional flexibility and strength, and
provided a simple method for membrane scale-up by means of
MXene ink on printer paper (Saththasivam et al., 2019).

Graphene oxide-MXene composite membranes have been
evaluated for their potential for organic solvent nanofiltration
applications (Wei et al., 2019). Similar to an earlier study (Yang
et al., 2017), membranes that incorporated only graphene oxide
showed very ineffective permeance for commonly used organic
solvents such as acetone, ethanol, isopropyl alcohol, and methanol.
However, membranes that incorporated only MXene showed very
high permeance for pure organic solvents: methanol acetone
(8900 L m2 h™! bar'!) > (3780 L m2 h~! bar™!) > ethanol
(2180 Lm~2h~! bar~!) > isopropyl alcohol (1060 Lm~2 h~! bar~1).
While fairly similar permeance was observed even with methylene
blue dissolution in these solvents, very low methylene blue
removal (<2%) was observed for the MXene-only membrane. The
graphene-oxide-MXene membranes exhibited both reasonably
high permeance and removal of solvent-dye solutions;
36—122 L m2 h™! bar~'/90—97% for acetone-methylene blue and
3.5-13.5 L m~2 h~! bar~!/90—97% for isopropyl alcohol -methy-
lene blue with various MXene ratios. These differences in per-
meance and dye-removal rates were attributed to the effects of
solvent viscosity on the interlayer spacing of the membranes. For
example, an MXene-graphene-oxide membrane with an MXene
ratio of 70 wt% and an interlayer spacing of 0.127 nm exhibited
enlarged interlayer spacing after immersion in pure acetone
(0.134 nm), isopropyl alcohol (0.143 nm), ethanol (0.145 nm), and
methanol (0.149 nm) for 12 h (Wei et al.,, 2019).

3.2.2. Membrane properties and operating conditions

A polyimide (P84)/MXene membrane exhibited 100% removal
of gentian violet dye regardless of solvent type (water, acetone,
dimethylformamide, and methanol), while the solvent resistance
of the membrane varied depending on the solvent type and the
MXene content (Han et al., 2019). Polyimide has frequently been
employed to fabricate organic solvent membranes due to its
membrane-forming qualities and permselectivity (Campbell et al.,
2016). The water flux of the MXene membrane clearly increased at
first, from approximately 100 L m~2 h~! to 275 L m~2 h~, with
increasing MXene loading (1% TizC,Tx) at a pressure of 0.1 MPa, and
then decreased to approximately 175 L m—2 h~! with an MXene
loading of 2%. The flux trends can be explained as follows:
homogenously lamellar MXene layers with high hydrophilicity and
plentiful water nanochannels (particularly those produced by the
mixture including the inorganic additive, triethylenetetramine)
significantly enhance the membrane flux (Wang et al., 2018a).
However, a further increase in MXene loading results in
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encapsulation of the MXene nanoparticles in the polymer matrix
together with the formation of a sticky casting solution and a thick
functional layer, which negatively influence the membrane flux
(Ding et al., 2015). All MXene membranes exhibited significant flux
declines for each solvent (approximately 55% for acetone, 70% for
methanol, and 60% for dimethylformamide) after the MXene
membrane had been soaked in the solvent for 18 days (Han et al.,
2019).

A two-dimensional defect-free MXene (Ti,CTyx) membrane that
incorporated hyperbranched polyethyleneimine and trimesoly
chloride was tested for solvent dehydration, and differences in
solvent flux were observed that depended on the solvent type and
the solvent-to-water ratio (Liu et al., 2019a). Dehydration of organic
solvents or water/organic solvent mixtures, which entails high
energy consumption, has attracted increased attention owing to
the extensive consumption of organic solvents in numerous in-
dustries (Mashtalir et al., 2014). The MXene membrane had a
relatively high water flux (~2200 L m~2 h™!) with a very small
water content (12.6 wt%) during dehydration of water/methanol
mixtures, while for ethanol and isopropanol dehydration, the
permeate water content increased significantly to approximately
80 and 99 wt% and the water flux decreased to approximately 1400
and 1000 L m~2 h~', respectively (Liu et al., 2019a). These findings
might be attributed to the decreased molecular kinetic diameters of
the solvents; 0.47 nm (isopropanol), 0.43 nm (ethanol), and
0.36 nm (methanol). Ti,CTx-based membranes showed better sol-
vent dehydration performance compared with TizCoTx-based
membranes in terms of permeate water content and water flux,
presumably due to sorption and steric exclusion effects. Table 1
summarizes the performance of various MXene-based mem-
branes for the removal of selected inorganics and organics, and key
findings.

4. Conclusions and areas of future study

Since MXenes were first discovered in 2011, their potential for
environmental and industrial applications has been increasingly
recognized. In particular, recent studies have shown that the
effective fabrication of various MXenes has resulted in high po-
tential for applications of MXene-based membranes in the area of
water purification and organic solvent filtration. While there has
been only a limited number of studies of MXene-based membranes
in recent years, three common fabrication techniques have
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emerged: (i) MXenes are employed as skeleton materials for the
preparation of lamellar-structure membranes; (ii) various additives
or other nanomaterials such as graphene oxide and TiO; are added
to fabricate mixed-matrix membranes with MXenes; and (iii)
MXenes are used as coating materials on membrane supports
consisting of various materials such as anodic aluminum oxide,
polyvinylidene fluoride, and polycarbonate.

Overall, MXene-based membranes have shown outstanding
performance compared to pristine membranes, based on their
permeance and removal qualities for inorganic and organic solu-
tions containing organic dyes (e.g., Rhodamine B, Evans blue, cy-
tochrome, brilliant blue, rose Bengal, methylene blue, methylene
red, and etc.), inorganic salts (e.g., NaCl, NapSO4, MgCly, and MgS04),
or other organics (e.g., bovine serum albumin and dextran). These
findings are presumably attributable to the following effects: (i)
MXene nanofragments/nanosheets modified/combined with other
nanomaterials, such as graphene oxide and/or TiO, nanoparticles,
provide more water transport pathways than pristine membranes;
(ii0 intercalated MXene-based nanoparticles separate the pores on
MXene nanosheets, increasing interlayer separation and thereby
producing abundant nanochannels; and (iii) hydrophilic and
negatively charged MXenes have a high capacity for incorporation
of specific species/functionalities that benefit increased membrane
fouling resistance and improved membrane selectivity, owing to
steric exclusion, adsorption, and electrostatic interaction (i.e., both
repulsion and attraction). In addition, the transport of various sol-
vents such as ethyl acetate, isopropanol, n-heptane and toluene is
effectively enhanced by functionalizing MXene-based membranes
with different functional groups including —COOR, —NH;, —C12Hag,
and —CgHg.

Challenges remain in improving MXene-based membranes for
future applications, particularly for liquid separation and water
purification. Effective development of more stable, dispersible, and
hydrophilic MXenes in water is essential to fabricate efficient
MXene-based membranes successfully. Comprehensive studies are
necessary to develop effective MXene-based membranes particu-
larly in terms of various crosslinkers and membrane substrates
affecting membrane performance. In order to clearly understand
the mechanisms of liquid separation by MXene-based membranes,
evaluation of detailed molecular structure of the membrane is also
necessary. Since numerous MXenes (over 70 family members) have
been fabricated to date, this is a key fabrication strategy for MXene-
based membranes that may provide efficient separation, safe long-

Golvent quality or operating conditiob
. pH

» Solute concentration

* Temperature

« Background inorganics

» Natural organic matter

* Membrane pressure

» Bench/pilotfull scale

\- Dead-end/cross-flow /

Fig. 7. Areas of future study of MXene-based membrane in liquid separation.
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term operation, and environmentally friendly manufacturing pro-
cesses. In addition, recent MXene-based membrane studies have
been restricted to specific MXenes (i.e., TizC,Tx), a few solutes (e.g.,
dyes and inorganic salts), and laboratory-scale short-term experi-
ments with dead-end stirred-cell units under limited water-quality
and operational conditions. Thus, a complete assessment of various
MXene-based membranes for various conventional and emerging
contaminants (e.g., natural organic matter, endocrine-disrupting
compounds, pharmaceuticals, and personal-care products) under
varying water chemistry (e.g., pH, background organics and ions,
and temperature) and operational (e.g, pressure and recovery)
conditions is essential. In addition, a comprehensive evaluation is
necessary to examine the effects of various emerging MXenes on
membrane preparation and membrane properties in terms of
charge, hydrophilicity, interlayer spacing, and surface smoothness,
since it is challenging to evaluate the interactions between con-
taminants and MXene, the homogeneity of MXene dispersion in
various solvents, and the development of effective incorporation
methods. This information will enable measurement of large-scale
and long-term membrane stability for promoting applications of
MXene-based membranes. Fig. 7 shows the areas of future study of
MXene-based membranes in terms of MXene-based membrane
properties, solute physicochemical properties, operation condi-
tions, and solvent/water quality conditions in liquid separation.
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