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A new fouling-resistant mixed-matrix nanofiltration membrane based on a covalently cross-linked TizCaTx
(MXene)/cellulose acetate (MXene@CA) composite was fabricated by phase inversion followed by formaldehyde
cross-linking. The physicochemical properties of the prepared MXene@CA composite membranes were studied
by field emission scanning electron microscopy (FESEM), energy dispersive spectroscopy (EDS), X-ray diffraction
(XRD), and water contact angle techniques. The performance of the prepared membranes was evaluated with
respect to the water flux, bacterial growth inhibition, and rejection properties. The 10%MXene@CA (10:90 wt %
of MXene:CA) composite membrane shows high pure water flux of ~256.85 L m~2 h™! bar™!, 123.28% water
uptake, and 69.7% porosity. The 10%MXene@CA membrane, exhibited more than 92% and 98% rejection of
rhodamine B (RhB) and methyl green (MG), respectively. Furthermore, 10%MXene@CA membrane exhibited
more than 98% and 96% growth inhibition for E. coli and B. subtilis, respectively. Also, the optimal membrane
showed a significantly improved hydrophilicity (water contact angle = 60.8°), which has favored good anti-
fouling properties. The reported nanofiltration membrane, especially 10%MXene@CA, can be suggested for

water purification and biomedical applications.

1. Introduction

Nowadays, nanofiltration (NF) has become one of the cutting-edge
pressure-driven membrane separation techniques used for water soft-
ening, wastewater treatment, chemical, and pharmaceutical industries,
etc. [1-4]. NF has been efficiently used in the selective rejection of
multivalent ions and charged organic molecules due to their unique
separation mechanisms such as steric hindrance and Donnan exclusion
[3,5,6]. High selectivity, (chemical and mechanical) stability, and
fouling resistance are crucial criteria for developing functional NF
membranes [1,7-11]. To minimize fouling and improve the properties
of NF membranes various strategies have been proposed such as modi-
fication with highly hydrophilic polymers [12-14], and incorporation of
nanomaterials [15,16]. Among these strategies, incorporation of hy-
drophilic nanomaterials into polymeric membranes leads to tremendous
enhancement of the membrane stability, hydrophilicity and antifouling
properties [17-20]. However, mixed-matrix hybrid membranes pre-
pared by physical blending can agglomerate or leach out, thus possible
loss to homogeneity, which might decrease the membrane separation
performance [21].
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Among other hydrophilic polymers being used to fabricate NF
membranes [22-25], cellulose acetate (CA) was considered as a prom-
ising alternative because of their good water affinity, biodegradability,
excellent film-forming capability, high toughness, hydrophilic, excellent
biocompatibility, easy chemical modification, and relatively low cost
[26-28]. However, CA membranes are highly susceptible to fouling by
biological and organic contaminants leads to deterioration in its overall
separation performances [29,30]. These challenges encouraged re-
searchers to improve the antifouling properties of CA membranes by the
incorporation of nanomaterials, especially 2D nanosheets, to achieve
improved separation performances [29-32].

Recently, the 2D MXenes have attracted extensive attention for
diverse applications including water treatment membranes, due to their
excellent flexibility, mechanical stability, chemical tunability, hydro-
philic surfaces, and most significantly their nanometer thin 2D structure
with excellent antibacterial activity [33-38]. Particularly, TizC2Tx has
been the most explored MXene for various applications such as efficient
removal of ions, heavy metals, dyes, and radionuclides [39-41]. Ti3CaTx
is typically prepared by selective etching of the Al layer from MAX
(TisAlCy) through either direct HF etching or in situ HCI/LiF acid
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mixture [42,43]. The surface of TizgCyTx is terminated by functional
groups such as -O-, —-OH, and/or -F [44,45]. Despite these endorsing
properties, Ti3CoTy MXene is unable to form stable free-standing films
[46]. Generally, the majority of MXene based membranes were devel-
oped based on forming a film of Ti3CoTy on polymeric porous support by
vacuum-assisted filtration protocol [34,46-51]. Our group first time
reported potential anti-microbial behavior of Ti3CoTx MXene and pre-
pared water purification membranes supported on hydrophilic poly-
vinylidene difluoride (PVDF) substrate [38,47,49]. Wu et al. prepared
solvent resistant NF membrane based on Polyacrylonitrile (PAN)/-
Polyethyleneimine (PEI)-TizCoTyx composite [48]. Ding et al. improved
water flux of TisCoTx membrane by increasing the water transport
channels, using positively charged Fe(OH)s nanoparticles as
pore-forming agents [34]. Ti3CyTx/graphene oxide (GO) composite
membranes were prepared for the effective rejection of dye molecules
and salts [52,53]. MXene/Polyethersulfone (PES) ultrafiltration (UF)
membrane was explored for their favorable rejection of congo red [46].
Liu et al. prepared ultrathin (~60 nm thickness) Ti3CoTx membrane onto
polyacrylonitrile support, which showed water flux 85.4 L m~2h™! and
99.5% rejection of NaCl at 65 °C [51]. Recently, we have reported a 21%
Ag@MXene (21% loading of AgNPs) composite membrane with
enhanced water flux, rejection and antifouling properties [50]. P84
copolyimide/MXene membrane showed a 100% rejection of gentian
violet and flux of 268 L m~2 h™! at 0.1 MPa [54]. Xu et al. prepared
MXene/CS mixed matrix membrane for pervaporation dehydration of
solvents [55].

The vast majority of Ti3C2Tx membranes listed above, prepared by
VAF on polymeric supports, have demonstrated excellent rejection and
antibacterial properties of the top MXene layer. However, MXene re-
mains weakly bound (mechanically) to the substrates, leading to easy
leaching of MXene and thus declined the separation performance of
overall membranes [39].

Herein, we first time prepared chemically cross-linked MXene@CA
nanoporous membranes by phase inversion followed by cross-linking
with formaldehyde. The performance of the prepared MXene@CA
composite membranes was assessed in terms of water flux, fouling
resistance, and rejection of the charged molecule.

2. Experimental section
2.1. Materials

Cellulose acetate (CA) (average Mn ~30,000 by GPC), formalde-
hyde, sodium chloride (NaCl), sodium sulfate (NaxSO4), magnesium
chloride (MgCly), aluminium chloride (AIClg), lithium fluoride (LiF),
Rhodamine B (RhB), bovine serum albumin (BSA), polyethylene glycol
400 (PEG-400) and methyl green (MG) were purchased from Sigma-
Aldrich. Commercial Whatman CA membrane (pore size 0.2 pm) was
purchased from GE healthcare Life science Germany. MAX (Ti3AlCy) was
obtained from Y-Carbon, Ltd., Ukraine, and used as received. Other
chemicals and solvents were of commercial grade and used as received.

2.2. Synthesis of delaminated MXene (DL-Ti3C2Tx) and cross-linked
MXene@cellulose acetate (CA) based hybrid nanoporous membrane

DL-Ti3CyTx MXene sheets were prepared from MAX (Ti3AlCy) by acid
(Lif/HCD etching of the aluminum layer followed by delamination as
reported earlier with some modifications [50]. Briefly, LiF (80 mg) and
1 mL of 9 M HCI were mixed in a 50 mL Teflon tube and kept under
stirring, at 25 °C, for 5 min followed by the gradual addition of TizAlC,
(50 mg) and the resulting mixture was magnetically stirred for 24 h at
25 °C. The resulting mixture was centrifuged at 3500 rpm for 5 min and
the solid residue was washed several times with DI water to reach a final
pH > 5.5. DL-TizC,Tx was obtained by probe-sonication, under Ar (800
Watt, 30 kHz, 3/1 s on/off). The resulting solution was centrifuged at
5000 rpm for 15 min. The final DL-Ti3C,Tx nanosheets were obtained by
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freeze-drying. Cross-linked MXene@CA nanoporous membranes were
developed by phase inversion followed by formaldehyde cross-linking.
Typically, 0-10 wt% of DL-Ti3CyTx relative to CA was dispersed in a
10 mL of acetic acid/acetone solution (1:1 ratio) using a bath sonicator.
PEG-400 (0.5 g) was added into the above dispersion under stirring at
25 °C. Finally, CA (1.5 g) was added gradually under stirring at 25 °C.
The resulting viscous solutions were stirred constantly followed by
degassing for 24 h and cast on a glass plate using doctor blade (Labcoat
Master casting system, PHILOS, Gyeonggi-do, Korea) with a thickness of
280 pm. Casted membranes were allowed to dry at room temperature
(30 s) and immersed in a coagulation bath containing DI water at 15 °C
for 2 h. Finally, the membranes were washed 4-5 times with DI water to
remove any residual. Cross-linking of the prepared membranes were
carried out using acidic formaldehyde solution (HCHO (2.5% w/v) +
H,S04), as reported earlier [56,57]. Briefly, the cross-linking solution
was prepared by adding sodium sulfate (12 g), formaldehyde (4.328 g),
and sulfuric acid (10 g) into DI water (37.6 mL) under constant stirring
for 10 min at 25 °C. Prepared membranes were kept in the crosslinking
solution at 60 °C for 30, 60, 90, and 120 min. Finally, cross-linked
membranes were washed several times by DI water and used for
further applications. Different membranes were prepared and were
designated as pristine CA, cross-linked CA (CCA), non-cross-linked X%
MXene/CA (X%MXene/CA), and cross-linked X%MXene@CA (X%
MXene@CA), where X is the weight percentage of MXene (0-10 wt%) to
CA in the membrane phase.

2.3. Characterizations

The prepared X%MXene@CA membranes were dried at 30 °C for 24
h and used for physicochemical characterizations. Fourier-transform
infrared (FTIR) spectra were recorded using attenuated total reflec-
tance (ATR) technique with a Nicolet™ iS50 FTIR Spectrometer in the
range of 4000—600 cm~!. The UV-vis spectra of the dye and bovine
serum albumin (BSA) solutions were obtained using a Jasco V-670 ab-
sorption spectrophotometer with scan speed of 100 nm min . Scanning
electron microscopy (SEM) images were recorded by using a FEI Quanta
650 FEG SEM, after gold sputter coatings on samples. The thermal sta-
bility of MXene@CA composite membranes was studied using a ther-
mogravimetric analyzer (TGA) (TA Instruments SDT-Q600) under a
nitrogen atmosphere with 20 °C min~! heating rate from 50 to 500 °C.
Photographs of the prepared membrane and bacterial culture plates
were taken using a Nikon digital camera (DSLR D5100). Zeta potential
was measured by SurPASS Electrokinetic Analyzer (Anton Paar KG,
Austria). The hydrophilicity of the prepared MXene@CA composite
membranes was measured in the form of water contact angle using
KRUSS Drop Shape Analyzer DSA25. Wide-angle X-ray diffractograms
(WAXRDs) of MXene@CA composite membranes were recorded using a
Bruker D8 Advance (Bruker AXS, Germany).

2.4. Water uptake and membrane porosity studies

Water content in the membrane phase was calculated as water up-
take by measuring the weight of membrane in the dry and in the wet
conditions equilibrated in DI water for 24 h. Water uptake of the pre-
pared membranes was measured by immersing a defined square piece of
the membranes in DI water for 24 h. Surficial water was removed and
measured the wet weight of the membrane. The dry weight of the
membranes were measured by keeping membranes under vacuum at 60
°C to get a constant weight. The water uptake (%) was calculated using
Eq. (1).

Wwez - sz[V)‘

dry

Water uptake (%) = x 100 (@D)]

where Wy, and W, are the weights of the dry membrane wet mem-
brane, respectively.
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In order to evaluate porosity of the membrane, known area and dry
weight of membrane were kept in DI water for 24 h. The wet weight of
the membrane was measured after wiping the surface water with a filter
paper. Porosity of the membrane was calculated using Eq. (2):

Wwel - Wdr_v)

Y7 @

Porosity (%) = (

where Wy, and Wy, are the wet and dry weights of the membrane,
respectively. A is the membrane area, d is the thickness of membrane
and p is the density of water.

2.5. Membrane flux, rejection, pore radius, and molecular weight cut off
(MWCO) measurements

The membrane separation performance was assessed in the form of
rejection and flux by filtering salts, dyes and BSA solutions, using a dead-
end filtration set-up (HP4750 Stirred cell, STERLITECH, WA, USA) with
an effective membrane area of about 9.60 cm?.

The water flux (J,,) was determined by the evaluation of water
permeation flow in terms of liter per squire meter per hour per bar, using
the following equation:

J,=V/AtP 3

where V is the quantity of permeation (1), A is the effective membrane
surface area (mz), t is the total time for filtration in hours, and P is the
applied pressure in bar.

Aqueous solutions of different salts (NaCl, MgCl,, MgSO4, and
NayS04) (2000 ppm), dyes (rhodamine B (RhB), and methyl green (MG))
(50, and 100 ppm) and BSA (50 and 100 ppm) were used to measure the
membrane solute rejection (R) performance. The rejection (R) for sol-
utes was expressed as follows:

_ C./ — Cp
f

R (%) x 100 “4)

where, Cr and C,, are feed and permeate concentrations of solutes in mg/
L.

Effective pore diameter (a) of developed MXene@CA composite
membranes were evaluated by using Ferry equation (eq. (5)) [12].

2

R= 100[1 - (1 - }7a>2] (5)

where, R is the solute rejection (%), and r is the solute diameter.

The MWCO of the developed membranes is expressed as the mo-
lecular weight of solutes having 90% rejection by the prepared mem-
brane and can be calculated from the plot of rejection (%) of solute
against their molecular weight in Daltons.

2.6. Membrane stabilities

Membrane oxidative stability was assessed by immersing the mem-
brane samples in a 0.1% aqueous solution of sodium hypochlorite at 70
°C for different time (0-70 h) intervals. Membrane chemical stability
was assessed in terms of percentage weight loss, using the following
equation:

Wdry - Walry

Weight loss (%) = x 100 (6)

cdry

where, Wy, and W4, are the weight of dry and chemically treated dry
membranes, respectively.

2.7. Antibacterial activity evaluation

The model gram-negative bacteria Escherichia coli (E. coli) and gram-
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positive bacteria Bacillus subtilis (B. subtilis) were cultured in Luria-
Bertani (LB) medium at 37 °C. The bacterial cultures (E. coli and
B. subtilis) were sub-cultured in LB media and harvested after 4 h by
centrifugation (4500 rpm, 5 min) and the resulting residue was washed
three times with phosphate-buffered saline (PBS) to obtain bacterial
pellets. Obtained, bacterial pellets were diluted to an approximate cell
concentration of 1 x 10% CFU mL .. The antifouling properties of CCA,
2%MXene@CA, 6%MXene@CA, 8%MXene@CA, and 10%MXene@CA
membranes were evaluated against both E. coli and B. subtilis by filtering
the bacterial suspensions (1 x 10 CFU mL ™Y through the sterilized
membranes. Then, membranes were plated on LB agar and kept for in-
cubation overnight at 37 °C. Finally, the number of colonies grown on
the membrane surface was counted to quantify the bactericidal effi-
ciency of membranes. The cell viability was calculated by the colony
counting method and represented as percentage viability (%) in com-
parison with the control membrane (CCA). The morphology of bacterial
cells on the membrane was studied by SEM, after fixing the membrane
samples with glutaraldehyde (2.5%) followed by serial dehydration in
ethanol solutions.

3. Results and discussion

3.1. Structural characterization of cross-linked MXene@CA nanoporous
membranes

The surface functional groups (OH, -O-) make MXene highly
dispersible in water and offer reactive sites for chemical crosslinking to
prepare stable MXene membranes [39]. Chemically cross-linked MXe-
ne@CA composite membranes were prepared by casting the mixed
matrix membrane including (0-10 wt%) DL-Ti3CyTx with CA followed
by formaldehyde crosslinking. The detailed membrane fabrication pro-
cess is given in Scheme 1. It is expected that surface-terminal groups
such as -OH and -O- of MXene and —-OH groups of CA react with
formaldehyde and form —-O-C-O- linkages [58-60]. A self-crosslinking
is also expected between CA molecules. However, in our case, the con-
tent of MXene in the membrane phase is low (between 0 and 10%) and it
is homogenously distributed in CA polymer matrix. Hence, it is unlikely
to form self-crosslinking between MXene molecules. The FTIR spectra
were conducted to trace functional groups in the prepared DL-Ti3CyTx
and 10%MXene@CA composite membrane, respectively (Fig. S1). For
DL-TigCyTy, absorption peaks at ~3411 (broad band), ~1634 and
~1085 cm ™!, were assigned to the stretching vibration of the strongly
hydrogen bonded OH group, absorbed external water and C-F group in
the MXene, respectively [34]. The FTIR spectrum of 10%MXene@CA
membrane shows a broad absorption band at ~3376 cm™!, which is
attributed to the stretching vibration of strongly hydrogen bonded OH
groups of MXene and CA moieties. Characteristic peak of CA at ~1733
cm ! is attributed to the C=0 stretching vibration of ester groups. The
absorption peaks at ~1373 and ~1229 cm™! were attributed to sym-
metric C-H and C-O stretching vibration from CA, respectively.

Fig. 1(a&b) shows the SEM and TEM images of DL-TigC,Tyx that was
used for membrane fabrication. SEM (Fig. 1a) evidenced successful
delamination of ML-MXene stacks into wrinkled sheet-like flakes. From
TEM (Fig. 1b), the single- and few-layer sheets with an average sheet size
of 200-300 nm can be clearly observed.

The XRD pattern of DL-TigCyTx, CA and 10%MXene@CA membranes
are shown in Fig. 1 (c). Successful etching of the MAX phase was
confirmed by the dimensioning of most intense Al peaks at 20 ~9.7° and
39° [44]. Moreover, a lower angle shift and broadening of MXene
characteristic peak (002) to 20 = ~7° are characteristics of DL-TizCyTx.
Pristine CA shows broad peaks at ~16°, 30°, and 41° indicating the
amorphous nature and non-crystalline structure. Those characteristic
CA peaks were still observed in the 10%MXene@CA composite mem-
brane together with a shift in peak (002) of MXene to lower angle at
~5.7° [44]. The interlayer spacing within the stacks of DL-Ti3CyTy in
pristine MXene and composite 10%MXene@CA were calculated as



R.P. Pandey et al.

1. Solution blending
2. Membrane casting
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Scheme 1. Proposed reaction route for the synthesis of cross-linked MXene@CA hybrid nanoporous Membranes.
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Fig. 1. (a) SEM image of DL-Ti3C,Ty, (b) TEM image of DL-Ti3C,Tx and (c) XRD
pattern of DL-Ti3CyTy, CA and 10%MXene@CA Membrane.

~3.81 A, and ~6.68 A, respectively. The (002) peak shifts toward lower
angles in 10%MXene@CA is most likely due to further dispersion of
MXene sheets within the polymeric matrix [61]. This observation in-
dicates the stable nature of MXene sheets between CA polymeric ma-
trixes after cross-linking.

The surface and cross-section morphology of CA, CCA, 10%MXene/
CA, and 10%MXene@CA membranes were studied by SEM. The surface
morphology of pristine CA membranes exhibited microscale pores on
the surface, and the cross-section shows spongy-like structures (Fig. 2(a
and b)), respectively. After, chemical cross-linking of the pristine CA
membrane, the surface became dense with observed nanopores (Fig. 2(c
and d)). The surface and cross-sectional morphology of the 10%MXene/
CA membrane before crosslinking exhibited a highly rough surface
while maintaining the nonporous and sponge-like structure of CA (Fig. 2
(e and f)). On the other hand, surface and cross-sectional morphology of
the 10%MXene@CA membrane turned to a dense with irregular ar-
rangements of channels, most likely due to the chemical cross-linking
between MXene and CA and condensation on MXene sheets in the
channels [12]. The EDS spectrum and elemental mapping images (in-
serts) provide further evidence for the good dispersion of MXene sheets
within the 10%MXene@CA membrane, as clearly observed from the
uniform distribution of Ti element within the membrane matrix
(Fig. S2).

The membrane hydrophilicity is elucidated by measuring the water
contact angle. The lower value of the water contact angle is favored for
high membrane hydrophilicity, which can attract more water molecules
and thus improve the water flux and antifouling property of the mem-
branes [62-64]. Water contact angles of the MXene (Ti3CyTy), pristine
CA, CCA, 10%MZXene/CA, and 10%MXene@CA membranes are given in
Fig. 3. The water contact angle have decreased from 70.3° of pristine CA
to 54.0° for 10%MXene/CA with the incorporation of MXene, which is
attributed to the excellent hydrophilic nature of MXene sheets and
confirmed the improved membrane surface hydrophilicity. Water con-
tact angle of pristine MXene was 41°. However, chemical cross-linking
have led to a slight increase of water contact angle from 70.3° (Pris-
tine CA) to 74.6° (CCA), and 54° (10%MXene/CA) to 60.8° (10%MXe-
ne@CA), most likely due to a decrease in the overall density of the
hydroxyl groups as they get involved in the chemical cross-linking [65].
Overall, the hydrophilicity of the 10%MXene@CA membrane has been
significantly improved by the incorporation of MXene.
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Fig. 2. SEM images: (a) CA membrane showing pores on the surface, (b) cross-
section of CA, showing pore channels (c) CCA membrane, showing dense sur-
face (d) cross-section of CCA, showing dense structure (e) surface of 10%
MXene/CA, showing reduction in pore size after incorporation of MXene (f)
cross-section of 10%MZXene/CA, showing dense structure (g) 10%MXene@CA
membrane, showing dense surface after crosslinking and (h) cross-section of
10%MXene@CA, showing dense structure throughout the membrane matrix.

100
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< 70

=, 60-

S 50

40

30

20
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0-
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Fig. 3. Water contact angle of CA, CCA, 10%MXene/CA, and 10%MXe-
ne@CA membranes.
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3.2. Chemical and thermal stability

Sodium hypochlorite is widely used as a disinfectant to meet drink-
ing water standards. However, its strong oxidizing nature endangers
membrane integrity under the standard operating conditions. Fig. 4 (a)
showed the percentage weight loss of the prepared membranes after
treatment with 0.1% aqueous solution of NaOCl for different time in-
tervals (0-70 h). The 10%MXene@CA membrane exhibited highest
chemical stability indicated by only 1.7% compared to 2.9% weight loss
of pristine CA, most likely due to the incorporation of MXene together
with chemical cross-linking. Notably, all composite membranes exhibi-
ted no appreciable weight loss after 45 h treatment. Fig. 4 (b) shows the
TGA curves for CA, CCA, 10%MZXene/CA, and 10%MXene@CA mem-
branes. A three-step weight loss was observed. The first step at the
temperature up to 150 °C, involved the release of absorbed and bound
water present in the membrane matrix. Second step from 250 °C to 375
°C most likely involved the decomposition of oxygen-containing groups
and polymer backbone. The third step might involve the decomposition
of residual carbon from CA and MXene. The CA polymeric matrix started
decomposition at 266 °C. The incorporation of MXene caused the most
significant improvement of thermal stability of 10%MXene/CA, where
the decomposition temperature shifted to 291 °C. Furthermore, chemi-
cal crosslinking enhanced the thermal stability of 10%MXene@CA
composite, where decomposition shifted to ~300 °C, most likely due to
the crosslinking of CA polymer backbone with MXene [66,67].

(a) 3.5
]——ca
3.0/ *—cca
" —¥—10%MXene/CA
1—¢— 10%MXene@CA
£ 2.5
*ﬁ |
9 2.0 .
S 1.5
o 4
s 1.0
0.5
0.0 1 1 L T L} Ll 1
0O 10 20 30 40 50 60 70 80
Time (h)
(b) 1001
90- ‘
80+
70+
< 0] " cA
pug ——CCA
£ 50 ——10%MXene/CA
% —+— 10%MXene@CA
= 401
30+
20
10

50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 4. (a) Oxidative stability of prepared composite membranes after treat-
ment with 0.1% aqueous NaOCI solution at 70 °C for different time intervals
(0-70 h), and (b) thermogravimetric analysis (TGA) of CA, CCA, 10%MXene/
CA and 10%MXene@CA membranes.
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3.3. Water uptake, membrane porosity, and surface charge
characterization

Fig. 5 shows the water uptake (WU) and porosity of the prepared
(0-10 wt%) MXene@CA composite membranes. The WU and porosity of
the membranes are directly proportional to the presence of ionic clusters
formed by hydrogen bonding and void volumes in the membrane matrix.
Both have increased with the increase of MXene % loading. A linear
trend was observed for all the cross-linked MXene@CA membranes with
increasing the amount of MXene (Fig. 5 (a&b)). 10%MXene@CA
showed 1.4 fold WU (123%) and 1.17 porosity (69.7%) in comparison
with prepared CCA membrane 88.0%, 59.4% WUand porosity. Surface
charges indicated by the zeta potential of CA and MXene@CA composite
membranes were measured at pH = 7, as presented in Fig. S3. All CA and
MXene@CA composite membranes exhibited negatively charged surface
at pH 7, and the zeta potential value increased with the increase of
MXene content. The 10%MXene@CA membrane had more negative zeta
potential value (—32.42 mV) compare to pristine CA membrane
(—24.84 mV) due to the negative surface of MXene sheets, leading to
significant enhancement in the effective negative charge [68].

3.4. Membrane separation performance

After the successful preparation of CA, CCA, MXene/CA, and MXe-
ne@CA membranes, the effect of crosslinking and MXene content on the
membrane separation performance were assessed in terms of pure water
flux and rejection. The water flux of MXene@CA composite membranes
have increased with increasing MXene content in the membrane (Fig. 6
(a)). The water flux has decreased with increasing crosslinking time
from 30 to 120 min (Fig. S4), while rejection of Na;SO4 showed a pro-
nounced increase from 30 to 60 min. After which, a slow rejection in-
crease was observed with time (Fig. S5). Based on these results, 60 min
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was selected as the optimal crosslinking time in our further analysis.
Fig. 6 (a) shows the pure water flux of the prepared pristine CA, CCA,
MXene/CA and MXene@CA composite membranes. Incorporation of
MXene in CA matrix has significantly improved the pure water flux, due
to the formation of additional nanopores and hydrophilic nature of
MXene. For 10%MXene/CA, water flux increased to 269.02 L m 2 bar !
h~l. However, after chemical cross-linking of 10%MXene@CA mem-
brane, the flux has slightly decreased to 256.85 L m~2 bar™! h™, as
compared with 205 + 6 L m~2 bar ! h™! the water flux of pristine CA
membrane (Fig. 6 (a)). Overall, the pure water flux for the 10%MXe-
ne@CA composite membrane was improved as compared with the
crosslinked CA membrane (CCA).

Solute rejection performance of CA, CCA, 10%MXene/CA, and
MXene@CA composite membranes for different salts, dyes and BSA are
given in Fig. 6(b-d). The rejection behavior of prepared membranes is
believed to be a physical sieving phenomenon. The rejection values
revealed the typical solute hydrated diameter related to the rejection
performance. The 2%MXene@CA membrane crosslinked at 60 °C for 60
min exhibited a 3.28% rejection for NaySO4, which was improved to
58.65% rejection using 10%MXene@CA membrane with the same
crosslinking condition. The increase in rejection performance of MXe-
ne@CA membranes with increasing MXene content could be explained
as the formation of denser layers as well as chemical cross-linking. The
10%MXene@CA membrane exhibited 28.14%, 40.35%, 56.08%,
92.34%, 98.27%, and 100% rejection for NaCl, MgCly, MgSO4, RhB, MG
and BSA, respectively. Meanwhile, bare CA membrane exhibited insig-
nificant rejection for NaCl, MgCly, MgSO4, NapSO4, RhB, and MG, as
well as 65.25% rejection for BSA. Incorporation of MXene into the CA
matrix and the chemical cross-linking step have significantly improved
the solute rejection as attributed to the formation of smaller pore
diameter and decreased macrovoids (Fig. 6(c and d)). The reduction in
water flux and improvement in solute rejection of 10%MXene@CA
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Fig. 5. Water uptake and membrane porosity of CA, CCA, and MXene@CA composite membranes.
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Fig. 6. (a) Pure water flux, (b) Rejection performance of the prepared 10%MXene@CA membrane (c) Comparison of rejection performance of CA, CCA, 10%MXene/
CA, and 10%MXene@CA membranes for different salts, and (d) Comparison of rejection performance of CA, CCA, 10%MXene/CA, and 10%MXene@CA membranes

for different dyes and protein.

membrane compared to 10%MXene/CA membrane was observed
(Fig. 2). The water flux depends upon the density and size of pores and
hydrophilic nature of the membranes, while the solute rejection depends
upon the surface charge and pore size of the membranes. In the case of
10%MXene@CA membrane, chemical crosslinking leads to a reduction
in the density and size of the membrane pores, while maintaining good
hydrophilicity due to the dispersion of MXene within the polymeric
matrix. Membranes with more than 10 wt% MXene loading lead to a
small increase in the pure water flux, while a notable decrease in salt
rejection, maybe due to the agglomeration of MXene at higher loadings.
Thus, incorporation of MXene up to 10% loading has improved hydro-
philicity and decreased pore diameter of the macrovoids. The pore
diameter of the prepared MXene@CA composite membranes was
calculated on the basis of solute rejection data, using above equation (5).
The average uniform pore diameter of the 10%MXene/CA and 10%
MXene@CA composite membranes were found to be 7.47 nm and 1.89
nm, respectively. The MWCO for 10%MXene@CA membrane, was
estimated from the plot of rejection (%) of solute against their molecular
weight in Daltons and given in Fig. S6. The MWCO of 10%MXene@CA
membrane was found to be ~484 Da.

The membrane thickness also had a noticeable influence on the pure
water flux and rejection performance of 10%MXene@CA membrane
(Fig. S7). Pure water flux was decreased, while the rejection of NaySO4
increased with increasing the membrane thickness. 10%MXene@CA
membranes with thickness of 92, 123, 145, and 158 pm shows pure
water flux of 293.94, 256.85, 221.18, and 178.31 Lm ™2 bar ' h™?, and
rejection of NaySO4 42.31%, 58.65%, 62.51%, and 65.28%, respec-
tively. On the basis of the above results, 10%MXene@CA membrane
with a thickness of 123 pm, was optimum for obtaining high separation
performance. Table 1 proved the pure water flux and rejection of 10%
MXene@CA composite membrane in comparison with previously re-
ported cellulose acetate, MXene and GO composite membranes. The

10%MXene@CA composite membrane exhibited excellent separation
performance, compared to reported membranes (Table 1).

3.5. Effect of operating conditions on the separation performance of 10%
MXene/CA and 10%MXene@CA membranes

Effect of operating pressure and concentration of solute on the sep-
aration performance of 10%MXene/CA and 10%MXene@CA mem-
branes were examined as described in Fig. 7. As expected, the pure water
flux of 10%MXene/CA and 10%MXene@CA membranes was increased
with increasing operating pressure, while the rejection of MgSO4 has
decreased (Fig. 7 (a)). The effect of concentration of MgSO4 (2000-4000
ppm) on the separation performance of 10%MXene/CA and 10%MXe-
ne@CA membranes were studied and the results given in Fig. 7 (b). The
rejection performance of both membranes have decreased with
increasing the feed concentration of MgSO4 from 2000 ppm to 4000
ppm, most likely due to the enhancement of the electrostatic shield ef-
fect due to the higher solute concentration [77].

3.6. Flux recovery test

Long-term durability of a membrane is critical for practical appli-
cation with a controlled fouling rate. Fig. S8 showed the three-cycle
filtration tests of 10%MXene@CA membrane with 0.1 g/L RhB solu-
tion at 1 bar. To study the durability and flux recovery, each cycle was
carried out for 120 min. The 10%MXene@CA membrane was washed
four times with DI water after each cycle to remove the adsorbed RhB.
The water flux of 10%MXene@CA membrane has been decreased by
4.30% after three cycles (360 min) of RhB filtration. At the first cycle
(120 min), the flux has decreased by 3.73%. After which, only 2.44%
and 0.50% flux decreases were observed for the second and third cycles,
respectively. Moreover, 10%MXene@CA membrane showed 97.56%,
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Table 1
The performance of the prepared MXene@CA composite membranes compared
with other reported cellulose acetate, MXene, and GO membranes.

Membrane Salt/ Pure water flux (L Rejection Reference
Dye m2h!barh) (%)
GO@nylon 6-13 MB 11 95 [10]
MO 99
NaCl 27
Na,S0, 56
PA 6@GO (1200@ MB 13 92 [71
PA6 MO 99
GO/PDA/PSF NaCl 81 19 [69]
NaSO4 46
MB 66
RhB 95
G-CNTm NaCl 11 51 [70]
Na,SO4 83
MO 96
GO-COOH NaCl 5 48 [71]
Na,SO4 91
ATP/GO RhB 41 99 [72]
CA/MOF@GOg 12 BSA 122 ~92 [26]
CNCs/CDA BSA 75 90 [731
CA/GO-0.5 BSA 125 90 [74]
GO-UR/CA NaCl 20 27 [75]1
MgSO4 73
1.5% CGO MO 30 53 [76]
BSA 100
CA:PA = 4:1 BSA 34 60 [28]
MXene membrane RhB 1000 85 [34]
BSA 100
MZXene (TizCoTy) RhB 118 81 [50]1
MG 94
BSA 100
21% Ag@MXene RhB 420 80 [50]1
MG 92
BSA 100
10%MXene@CA NaCl 256 28 This work
MgSO, 56
Na,yS04 59
RhB 92
MG 98
BSA 100

Methylene blue (MB), Methyl orange (MO), Methyl green (MG), Rhodamine
(RhB).

99.35%, and 99.57% flux recovery after first, second and third cycles
filtration of RhB, respectively. This remarkable performance revealed
the excellent durability and flux recovery of the prepared 10%MXe-
ne@CA membrane.

3.7. Antibacterial properties of the MXene@CA membranes

Antibacterial properties of the MXene@CA membranes were evalu-
ated against E. coli and B. subtilis to estimate the anti-biofouling activity
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of the membranes. The cell viability was measured by counting the
number of colonies and plotted in comparison with the CCA membrane
as control. The photograph of E. coli and B. subtilis on the CCA, 2%
MXene@CA, 6%MXene@CA, 8%MXene@CA, and 10%MXene@CA
membranes at 35 °C for 24 h are given in Fig. 8. It is clearly visible that
bacterial growth was inhibited in the presence of MXene in comparison
with CCA membrane and the growth inhibition increases with the
increasing concentration of MXene in the membranes. Fig. 9 shows the
cell viability plot for both E. coli and B. subtilis grown on different
MXene@CA composite membranes. The cell viability was decreased
with increasing the MXene concentration. Membrane with the highest
concentration (10%MXene@CA) exhibited more than 98% and 96%
growth inhibition for E. coli and B. subtilis, as compared with CCA
membrane, respectively. It was proved that Ti3CyTx having strong
antibacterial activity against Gram-negative E. coli and Gram-positive
B. subtilis bacteria and the activity was dose-dependent [38]. The
possible mechanism of antibacterial activity can be proposed as the
disruption of cellular membranes by sharp edges of the MXene nano-
sheets through direct contact-killing, leading to cell damage [41]. In
addition, a three-step cytotoxicity mechanism for antibacterial activity
of MXene nanosheets has been previously proposed [38]. The mecha-
nism includes the adhesion of bacteria onto the membrane surface,
followed by membrane disruptive interaction with bacteria that induces
membrane stress. Finally the reaction between MXene sheet with some
molecules in the cell wall/cytoplasm of the bacteria results in a
disruption of the cell structure.

To evaluate the interaction of the membrane with bacteria, the
morphological characterization of membrane surfaces after 24 h of in-
cubation were compared by using SEM. Fig. 10 shows the SEM images of
the CCA membrane and 10%MXene@CA membranes with E. coli and
B. subtilis cells on the membrane’s surface. As shown in Fig. 10(a) and
(c), viable E. coli and B. subtilis cells were observed on the CCA mem-
brane. On the other hand, no or minimal viable cells were observed on
the 10%MXene@CA membranes for both E. coli and B. subtilis (Fig. 10(b)
and (d). Moreover, the bacteria on the CCA membranes were very
healthy without any damage. On the other hand, very few bacteria even
with damages were present on the surface of 10%MXene@CA
membrane.

3.8. Separation mechanism of 10%MXene@CA composite membrane

The significant separation performance of 10%MXene@CA com-
posite membrane can be explained with its excellent physicochemical
properties improved by the incorporation of 2D Ti3CyTx nanosheets. The
water flux depends upon the density and size of pores and hydrophilic
nature of the membranes. The wrinkled sheet-like flakes and highly
hydrophilic TizgCoTx permit more water molecules to entering through
the membrane. Nanometers thin TigCyTx sheets provide 2D capillary
network to accelerate water molecules through the membrane,
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Fig. 7. (a) Effect of operating pressure on pure water flux and rejection of 2000 ppm of MgSO,4 and (b) effect of MgSO,4 concentration on rejection performance of

10%MXene/CA and 10%MXene@CA membranes.
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Fig. 8. Antibacterial activity of MXene@CA membranes: Photographs of E. coli and B. subtilis growth on different MXene@CA membranes incubated at 35 °C for
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Fig. 9. Antibacterial activity of MXene@CA membranes: Cell viability mea-
surements (by colony forming count method) of E. coli and B. subtilis on
different MXene@CA membranes 24 h. Error bars represent the standard de-
viation of triplicate experiments.

Fig. 10. SEM images: (a) E. coli cells grown on CCA membrane (b) E. coli cells
grown on 10%MXene@CA membrane (c) B. subtilis cells grown on CCA mem-
brane and (d) B. subtilis cells grown on 10%MXene@CA membrane.

subsequently increase the water flux compared to bare CA. Water con-
tact angle has decreased from 70.3° to 60.8° with incorporation of
Ti3CoTx content from O to 10% in the CA matrix and confirmed that the
hydrophilicity of 10%MXene@CA membrane have increased. The solute
rejection depends upon the surface charge and pore size of the mem-
branes. Incorporation of MXene into the CA matrix and chemical cross-
linking significantly improves the solute rejection compare to the bare
CA membrane, most likely due to the formation of smaller pore diameter
and decreased macrovoids. The large salt and dye molecules are directly
rejected due to the size exclusion. Moreover, TigCyTx acts as the anti-
microbial agent in the membrane matrix, thus improving antibiofouling
properties of 10%MXene@CA membrane.

4. Conclusions

In conclusion, we have successfully fabricated chemically cross-
linked MXene@CA composite membranes by a facile solution blending
followed by chemical cross-linking. Prepared MXene@CA composite
membrane, especially 10%MXene@CA cross-linked at 60 °C for 60 min,
showed excellent hydrophilicity, high water uptake, biofouling resis-
tance, and chlorine tolerant nature. Pore diameter (~1.89 nm) and
separation performance of the prepared 10%MXene@CA membrane
revealed their suitability for water treatment. 10%MXene@CA mem-
brane showed a highly competitive separation performance of as
compared with reported CA, GO, and MXene membranes in the litera-
ture. The 10%MXene@CA membrane showed highly efficient bacteri-
cidal properties against E. coli and B. subtilis, indicating the strong anti-
biofouling performance of the MXene-enforced membrane. These results
will open the door for high performance and cost effective UF/NF
membranes based on MXene composites.
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