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The scalable fabrication of flexible membranes for efficient oil/water separation is in high demand but still
significantly underdeveloped. Here, we present a flexible membrane using TizC,T, (MXene) as the functional
layer on conventional print paper as the substrate. With a simple coating process using MXene ink, we
developed a highly hydrophilic and oleophobic membrane with an underwater oil contact angle of 137°.
Such a simple membrane shows outstanding flexibility and robustness, and demonstrates a facile

approach for membrane scale-up using MXene ink on low-cost print paper. The membrane shows high
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Accepted 8th May 2019 separation efficiency for oil/water emulsions, of over 99%, and a high water permeation flux of over
450 L per m? per h per bar. We demonstrate the excellent anti-fouling property of this membrane by
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1. Introduction

A large quantity of oily wastewater is produced on a daily basis
from various oil industries, including production, refineries,
shipping facilities, etc.* Technologies for treating oily waste-
water are in great demand. Conventional technologies,
including gravity settlement, hydrocyclone and air flotation, are
not effective in separating emulsified oil/water mixtures, due to
the small sizes of the oil droplets in these emulsions.”
Membrane separation technologies, based on a “size sieving”
mechanism, possess great potential in separating tiny oil
droplets from water. However, most commercial membrane
materials, like polyvinylidene fluoride (PVDF), polysulfone (PS),
polypropylene (PP), or polytetrafluoroethylene (PTFE) are not
hydrophilic, and thus suffer from serious membrane fouling
issues, which inevitably cause a quick decline in permeation
flux and separation efficiency.*® This drawback leads to the
limited adoption of these commercial membranes for treating
large amounts of oily wastewater. Therefore, the development of
new membranes with highly hydrophilic, underwater oleo-
phobic and anti-fouling properties is crucial and in great
demand for efficient oil/water separation in industry.'***
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can provide new opportunities for industrial oil/water separation applications.

With advances in nanomaterials and nanotechnology, new
nanocomposites have been suggested to improve the effective-
ness of oil/water separation membranes by adjusting the
surface chemistry, roughness, and pore size.*®' Recently,
a number of fabrication methods, such as surface grafting,'**®
biomimetic adhesion,”?' and surface mineralization,>***?
have been adopted to fabricate superwetting membranes with
a hydrophilic (water-favoring) and underwater oleophobic (oil-
repellent) layer on some substrates for oil/water separation.
Several carbon-based nanocomposite membranes demonstrate
promising efficiency in separation performance and anti-
fouling property for various oil-in-water emulsion systems.**>*
However, these newly-developed membranes are not suitable
for scalable production due to their complexity and high-cost
chemical preparation and membrane fabrication processes.

MZXenes are a class of 2D nanomaterials from a large family of
transition metal carbides, nitrides and carbonitrides.?” Titanium
carbide (Ti;C,T,), where T, denotes surface terminal groups
(-OH, -0, and/or F), is the most widely studied member of the
MXene family in water purification and environmental remedi-
ation applications due to its high surface area, hydrophilicity,
surface functionality, abundance, facile scale-up synthesis, and
environmentally benign characteristics.”*** MXenes have been
also used extensively in water treatment applications, including
water purification membranes,*** heavy metal removal,***
capacitive deionization,* and antimicrobial coatings.*”-**

In this study, a new concept is explored to produce
membranes with a simple and low-cost process by coating 2D
TizC, T, (MXene) on commercial print paper, to achieve efficient
separation of emulsified oil/water mixtures. These new
membranes are produced by simple coating of Ti;C,T, MXene
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ink on commercial print paper as the substrate. These hydro-
philic and densely packed 2D MXene nanoflakes will act as
a functional layer for the efficient separation of emulsified oils,
while the print paper substrate provides mechanical flexibility
and strength. This very simple and yet novel membrane exhibits
a good lifetime with less membrane fouling propensity and an
easy membrane cleanup protocol. Moreover, the new concept
demonstrates a simple and economic way for scalable fabrica-
tion of paper-based membranes for efficient separation of oil/
water emulsions.

2. Methods

2.1. Materials

The commercial white print papers and sunflower oil that were
used in this study were purchased locally. Hexane, silicone oil
and petroleum ether were procured from VWR Chemicals
(Radnor, PA, USA), Merck Millipore (Billerica, MA, USA) and
Sigma-Aldrich (St. Louis, MO, USA), respectively. TizAlC, (MAX)
was purchased from Y-Carbon, Ltd., Ukraine. Other reagents are
of analytical grade and were used as received. In all experi-
ments, deionized (DI) water was used.

2.2. Synthesis of MXene

Ti;C,T, MXene was prepared from the MAX (Ti;AlC,) phase using
12 M lithium fluoride (LiF)/9 M hydrochloric acid (HCI) solution,
following methods in the literature. The etching mixture was
prepared by adding 0.8 g of LiF to 10 mL of 9 M HCI solution
under continuous stirring for a period of five minutes. 0.5 g of
TizAlC, was added in small portions into the etching solution
and kept under stirring for 24 h at room temperature to produce
multi-layered (ML)-Ti3C,T,. The synthesized material was
centrifuged at 3500 rpm for five minutes and washed using
deionized (DI) water in order to adjust the pH to within the range
4-5. The ML-Ti;C,T, solution was then probe sonicated in
degassed water for one hour under inert conditions (using argon
gas) at room temperature to produce delaminated (DL) TizC,T,.
The resulting solution was then centrifuged at 3500 rpm for
30 min and, finally, the supernatant was collected and freeze-
dried and stored for preparation of the composite membrane.

2.3. Preparation of the composite membrane

MXene ink suspension at a concentration of 2 mg mL™" was
prepared by homogeneously dispersing the DL-MXene nano-
flakes in deionized water using probe sonication for five
minutes. The stock ink was then further diluted as per the
required MXene mass loadings for membrane coating. The
composite membrane was prepared by depositing the solution
on commercial white print papers using a vacuum-assisted
filtration setup.

2.4. Oil-in-water emulsion preparation

A stable 1% v/v oil-in-water emulsion was prepared as per the
protocol described by Wang et al.*® 10 mL of oil (e.g. sunflower
oil, diesel, hexane, petroleum ether or silicon oil) was sonicated
in 90 mL of deionized water for a period of five minutes using an
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8510E-DTH ultrasonic bath (Danbury, CT, USA). The well-
dispersed emulsion was then further diluted with 900 mL of
deionized water to achieve a final concentration of 1% v/v. The
prepared emulsion was stable over a long period, as no
precipitation was observed even after several months.

2.5. Characterization

Surface and cross-sectional morphologies of the MXene-based
composite membrane were studied using an FEI Quanta 400
(Hillsboro, OR, United States) environmental scanning electron
microscope (ESEM). For imaging the cross-section, the
composite membranes were cryo-fractured in liquid nitrogen.
Transmission electronic microscopy (TEM) images of the
MXene flakes were recorded using a bright field transmission
electron microscope (TEM) (FEI Tecnai G2 TF20 UT). The
samples were dispersed in water and mounted on a lacey carbon
formvar coated Cu grid. The surface roughness of the composite
membranes was characterized using an atomic force micro-
scope (AFM, Bruker, USA). The water contact angle (WCA) and
underwater oil contact angle (OCA) on the surface of the
membranes were measured at room temperature using an
advanced contact angle (CA) goniometer (Rame-hart model 500,
Succasunna, NJ, USA). The WCA and hydrophilicity of the
membranes were studied by analyzing the spreading process of
water into the membranes where a high-speed camera with
a speed of 100 frames/second was used to record the spreading
process. As for the OCA measurement, the membranes were
first immersed in distilled water. Oil droplets of 14 pL were then
released from the bottom and allowed to rise to the surface of
an MXene membrane immersed underwater. For all the contact
angle measurements, an average of five measurements for two
membrane samples was reported. The mechanical strength of
the membranes was investigated at room temperature using
a burst tester (TruBurst4, Halifax, England, UK). Circular
membranes with testing areas of 7.3 cm? and a clamp pressure
of 50 kPa were used in this study. The MXene-based membranes
were deformed until the breakage point using compressed air
operated at a constant pressure rate of 0.5 kPa s . The deflec-
tion of the membrane center was recorded as a function of
applied differential pressure.

2.6. Filtration performance testing

The oil/water separation efficiencies of the MXene-based
composite membranes were evaluated using a glass filtration
apparatus with an effective membrane area of 1.77 cm?. The net
trans-membrane pressure was maintained at 50 kPa using
a diaphragm vacuum pump. Operating flux was calculated by
measuring the volume of permeate passing through the
membrane at a fixed filtration time. The oil content in the
resulting permeate was measured using a total organic carbon
analyzer (TOC-L, Shimadzu, Japan).

3. Results and discussions

The hierarchy of the deposited MXene nanoflakes on the print
paper substrate is illustrated in Fig. 1(a). The delaminated
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(@) Schematic illustration of the deposited MXene nanoflakes on the polymeric fibers of commercial print paper. (b) TEM image of

delaminated TizC,T, MXene. (c) Digital photograph demonstrating the flexibility of the MXene based composite membrane. (d) SEM image of
substrate print paper. (e and f) Cross section SEM images of the MXene-based composite membranes at various magnification levels. The inset in

(f) shows the layer-by-layer structure of MXene nanoflakes.

nanoflakes are stacked on the substrate, forming overlapping
lamellar sheets that resulted in interlaced porous nano-
structures. These stacks are expected to create multi-channel
passages for water to flow through the membrane. The TEM
image of Ti3C,T, MXene is exhibited in Fig. 1(b). In this figure, it
can be observed that Ti;C,T, MXene can be exfoliated to a single
sheet/few sheets, showing that the exfoliation process was
effective.** The average sheet diameter can vary between 400
and 600 nm. Fig. 1(c) highlights the flexibility of the synthesized

composite membrane. The stacked structures of the MXene
film enable the composite membrane to be folded without any
cracking or disintegration. Surface morphological investiga-
tions of the composite membrane before and after MXene
coating using SEM are shown in Fig. 1(d-f). It can be observed
that the cellulose framework of print paper in Fig. 1(d) was
evenly wrapped and covered by MXene nanoflakes, showing
a more compact structure and continuous surface, as clearly
shown in Fig. 1(e and f). Cross-section SEM images clearly show

Height

3.0um

Print paper

6673 nm

-726.6 nm

Paper + MXene

Fig. 2 Surface roughness comparison between the print paper substrate and the composite membrane.
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the enlarged interplanar spacing of the stacked DL-MXene
nanoflakes. The thickness of MXene film on the print paper
substrate was 1.2 um (inset, Fig. 1(f)).

XRD patterns of Ti;C,T, MXene are shown in the ESI.{ The
sharp and intense peak located at 26 values of 7.2 can be
assigned to the (002) plane of Ti;C,T, MXene. Other charac-
teristic diffraction peaks at (004), (006), (008), and (0010)
confirm the successful etching of aluminum layers from MAX
and the delamination of multilayered MXene.

AFM analyses, shown Fig. 2, indicate that the print paper
substrate had a root-mean-squared roughness (Ry) of 914 nm.
With the deposition of MXene nanoflakes on print paper via
vacuum filtration, the Ry decreased to 200 nm, suggesting the
loss of microscale roughness for the print paper support. Lower
surface roughness indicates a lower membrane fouling
tendency after coating with MXene.
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The hydrophilicity profile of the composite membrane over
the time is described in Fig. 3(a). The water contact angle swiftly
decreased to zero within two seconds of water droplet disper-
sion on the surface of the composite membrane, thus high-
lighting the excellent hydrophilicity of the composite
membrane. The rapid water wetting phenomenon could be due
to MXene's high affinity towards hydroxyl groups and the
presence of interlaced porous nanoflakes that promote water
passage.®® The underwater oil contact angle, OCA, for the
composite membrane, as shown in Fig. 3(b) was approximately
137° when tested using a sunflower oil droplet. This shows the
great underwater oleophobicity properties of the MXene
composite membrane.

Fig. 3(b) compares the mechanical strength of the MXene-
based composite membrane versus the print paper substrate,
which confirms that the composite membrane possesses better
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Fig. 3

(a) Rapid decrease in water contact angle observed in the composite membrane. (b) Underwater contact angle image indicating the

underwater oleophobicity properties of the membrane. (c) Pressure—deflection curves of the MXene-based composite membrane.
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mechanical strength and ductility due to its higher breakage
pressure and deflection. The breakage pressure increased from
107.0 kPa to 165.1 kPa when the print paper was coated with
delaminated MXene, which represents an increase of 54.3%.
Similarly, the breakage deflection increased by 24.2% in the
MXene-based composite membrane. The enhanced mechanical
property of the MXene-based composite membrane is attrib-
uted to its more compact structure, resulting from the inte-
gration of MXene nanoflakes with cellulose papers that can also
be observed from Fig. 1(f). The higher fracture response during
mechanical loading could be due to effective interaction
between the MXene nanoflakes and cellulose microfibers that
benefited stress transfer and hence delayed the failure of the
composite membrane.*?

The performances of the MXene-based composite
membrane in separating oil-in-water emulsion were evaluated
by measuring the oil content in the permeate and operating
flux. The composite membrane was optimized by varying the
mass loadings of MXene deposited on the print paper. For this
optimization test, the emulsified oil solution was prepared from
sunflower oil due to its high viscosity.**"** The oil droplet size
distribution of the emulsified sunflower oil ranged from 1 to 18
pm with a mean droplet size of 3.92 pm. Additional details on
the oil droplet size distribution can be obtained in the ESL}
From Fig. 4, it can be observed that both permeation flux and oil
content in the filtrates were inversely proportional to the mass
loadings of MXene. The poor oil rejection rate of the porous
commercial paper substrate without MXene loading was
unsurprising, despite displaying a maximum flux of 2717.6 L
per m” per h per bar. By increasing the mass loading of MXene
from 0.1 mg to 0.8 mg, the flux of the composite membrane
decreased fivefold from 1019.1 to 203.8 L per m” per h per bar.
The oil rejection ratio in the filtrate improved by 98.5% as the

View Article Online
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oil content in the filtrate dropped from 102.5 ppm to 1.6 ppm.
By comparing the morphologies in Fig. 1(d) and (f), it can be
confirmed that higher MXene loading leads to a more compact
structure and a denser selective layer that in return reduce the
flux and increase the permeate quality. In addition, the excel-
lent hydrophilicity and underwater oleophobicity, as well as the
interlaced porous structures of the composite membrane,
contribute to the enhanced oil rejection rate. As the MXene
loading was increased to 0.4 mg, the oil content in the permeate
dropped below the requirement enacted by the US Environ-
mental Protection Agency (USEPA) that permits the discharge of
oil and grease in wastewater to a maximum of 42 ppm for any
one day and a daily average lower than 26 ppm for 30 consec-
utive days. The corresponding flux and permeate quality at
0.4 mg of MXene loading were 543.5 L per m” per h per bar and
11.8 ppm. Further additions of MXene loadings (higher than 0.4
mg) lead to poorer water permeate flux. For subsequent studies,
the MXene composite membranes were prepared using a mass
loading of 0.4 mg MXene as an optimal composite.

The optimized MXene composite membranes that were
prepared using a mass loading of 0.4 mg were also tested with
four other different types of oil-in-water emulsion: namely (i)
diesel, (ii) silicone oil, (iii) petroleum ether, and (iv) hexane.
Fig. 5 shows the filtrate oil content and corresponding flux of
the MXene composite membrane when challenged with these
emulsions. The permeate flux ranges between 543.5 L per m>
per h per bar and 682.3 L per m” per h per bar, where the highest
flux was recorded for hexane, followed by petroleum ether,
silicone oil, diesel and sunflower oil in a decreasing trend. As
for the oil content in the filtrate, the levels for all the emulsions
were less than 12 ppm, which is way below the allowable daily
average limit of 26 ppm set by USEPA. It is worth mentioning
that these high oil rejection ratios were achieved in a single pass
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Fig. 4 Permeation fluxes and oil content in the filtrates of sunflower-oil-in-water emulsions filtrated by composite membranes prepared using

different mass loadings of MXene.
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Fig. 5 Permeation fluxes and oil contents in the filtrates of five oil-in-water emulsions filtrated by the MXene based composite membrane.

with a low operating pressure of only 0.5 bar. Such separation
performance is very attractive from the energy consumption
perspective, since conventional oil/water membrane technolo-
gies operate at a higher transmembrane pressure.*® The excel-
lent permeation is most likely due to the synergy between
hydrophilicity, underwater oleophobicity and the low oil-
adhesion property of the membrane surface induced by the
integration of MXene nanoflakes, as well as the interconnected
porous structure.

The capability of an oil/water separation membrane to
produce consistent water flux and permeate quality is of utmost

importance for practical applications. In this study, we have
investigated the reusability/recyclability of the MXene-based
composite membrane in separating oil-in-water emulsion for
several operating cycles. The membrane was flushed with hot
water at the end of each filtration cycle to recover the flux. It can
be observed in Fig. 6 that the operating flux of the composite
membrane decreased only marginally after eight cycles of
filtration. As for the oil separation efficiency, the oil content in
the permeate was consistently lower than 11 ppm throughout
all the filtration cycles, hence demonstrating an oil rejection
efficiency of more than 99%. At the end of the eighth cycle, the
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Fig. 6 Flux and permeate oil content of the MXene composite membrane over a period of eight operating cycles.
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operating flux and permeate oil content of the MXene
composite membrane were 472.1 L m~> h™' and 7.5 ppm,
respectively. Surprisingly, even with commercial filter paper as
substrate, the membrane remained intact with no sign of
degradation even after 8 cycles of operation/washing steps. This
is most likely due to high mechanical stability imposed by
MXene film. Nevertheless, other substrates should be tested in
the future to assure the long-term durability of the membranes.
These results revealed that the MXene-based composite
membrane featured excellent recyclability with anti-fouling
property for emulsified oil-in-water separation, attributed to
its high hydrophilicity and underwater oleophobicity proper-
ties. These favorable characteristics greatly mitigate fouling by
facilitating the formation of a water layer that prevents direct
interaction between the oil phase and the membrane surface
during the separation process.*”**

4. Conclusion

In conclusion, we have demonstrated the fabrication of an
efficient oil/water separating membrane through a simple and
scalable coating process by coating 2D MXene ink onto everyday
print paper. The print paper functions as a substrate to provide
mechanical flexibility and strength, and the hydrophilic MXene
layer functions as a selective layer to effectively separate emul-
sified oil from water. The new membrane demonstrated over
99% oil rejection efficiency while maintaining a high operating
flux of 472.1 L m~> h™" after 8 consecutive cycles. Such MXene/
paper-based membranes are flexible, robust and anti-fouling,
and are excellent for oily wastewater treatment in various
industries.
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