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ABSTRACT: Due to adverse health effects and the broad sources of per- and polyfluoroakyl
substances (PFAS), PFAS removal is a critical research area in water purification. We
demonstrate the functionalization of thin-film composite (TFC) hollow fiber nanofiltration
(HFN) membranes by MXene nanosheets during the interfacial polymerization (IP) process
for enhanced removal of perfluorooctane sulfonic acid (PFOS) from water. A MXene-
polyamide (PA) selective layer was fabricated on top of a polysulfone (PSF) hollow fiber
support via IP of trimesoyl chloride (TMC) and a mixture of piperazine (PIP) and MXene :
nanosheets to form MXene-PA thin-film nanocomposite (TFN) membranes. Incorporating

MXene nanosheets during the IP process tuned the morphology and negative surface charge of e g . | PFOS |
the selective layer, resulting in enhanced PFOS rejection from 72% (bare TFC) to more than lon___ Sejectiog
96% (0.025 wt % MXene TFN), while the water permeability was also increased from 13.19
(bare TFC) to 29.26 LMH/bar (0.025 wt % MXene TEN). Our results demonstrate that both
electrostatic interaction and size exclusion are the main factors governing the PFOS rejection,
and both are determined by PA selective layer structural and chemical properties. The lamella structure and interlayer of MXene
nanosheets inside the PA layer provided different transport mechanisms for water, ions, and PFAS molecules, resulting in enhanced
water permeability and PFAS rejection due to traveling through the membrane by both diffusions through the PA layer and the
MXene intralayer channels. MXene nanosheets showed very promising capability as a 2D additive for tuning the structural and
chemical properties of the PA layer at the permeability-rejection tradeoff.

KEYWORDS: MXene nanosheets, PEAS removal, per- and polyfluoroalkyl substances (PFAS), NF membrane, MXene—TFN membranes
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1. INTRODUCTION to that of RO, is achieved.'' Due to the relatively high
molecular weight (500.13 g/mol) and negative surface charge
of PFOS, NF can retain PFOS based on size (steric)
exculpation and electrostatic interaction.'” In addition to the
PFOS rejection capability of the NF membrane, water
permeability (flux) of TFC membranes is an important factor
controlling the separation efficiency at the permeability-
rejection tradeoff. Both the rejection and permeability of
TFC membranes depend on the structural and chemical
properties of the PA layer, such as thickness, morphology,
heterogeneity, and surface charge. Therefore, the development
of novel NF membranes with functionalized and tuned PA
selective layers that provide enhanced PFOS removal and
enhanced permeability is of paramount importance to make
NF an efficient and sustainable technology for water treatment.
Wang et al."”® used an NF TFC membrane (average pure water
flux of 48 LMH) to reject both PFOS and perfluorobutane-

Modern development within the past century has brought with
it an explosive rise in water use and consumer goods. This has
resulted in the contamination of water systems with various
man-made chemicals. Per- and polyfluoroalkyl substances
(PFAS) are a group of synthetic fluorinated compounds that
come in a variety of sizes but are characterized by a hydrophilic
head group and a hydrophobic tail."” The fluorine—carbon
bonds that make up the tail also render PFAS difficult to break
down, causing them to accumulate in the environment.®> The
primary source of PFAS contamination comes from household
product manufacturing and military base exercises.” Despite
the phasing out of many PFAS in manufacturing, the
aftereffects are still being felt today, with PFAS being found
within waterways in all 50 states and 97% of human blood
samples.’

Efforts have been made to remove PFAS from water through
methods such as adsorption’ or membrane separation.”””
Studies on TFC membranes [reverse osmosis (RO) and Received: March 1, 2022
nanofiltration (NF) membranes] show efficient PFAS Accepted:  May 10, 2022
rejection, with RO membranes being more effective (>99%) Published: May 24, 2022
than NF membranes (>90%).'" The lower pressure require-
ment for NF compared to RO makes NF a more economical
and effective separation process if higher PFOS removal, near
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sulfonic acid (PFBS) at 88.3 and 47.7%, respectively. It was
found that size exclusion was the primary rejection mechanism
for PFOS and electrostatic interaction for PFBS."> Similarly,
Zhao et al."* used a commercial NF270 membrane to achieve
94.3% rejection of PFOS by size exclusion as well.'* Although
the size-exclusion mechanism has been identified as the
primary mechanism for PFAS rejection, tuning the PA surface
charge for enhanced electrostatic interaction will improve the
rejection of negatively charged PFAS. Different surface
functionalization techniques and materials, including polymers
and 2D and 3D materials, have been used for functionalizing
the PA selective layer.””'° Among the new generation of
additives for membrane modification, MXenes have become
particularly interesting 2D materials due to their high electrical
conductivity, hydrophilicity, high specific area, and versatile
chemistry.'” They have shown promise in a variety of
applications, including energy storage devices, batteries,
supercapacitors,'® interference shielding,'” water desalina-
tion,” and separation membranes.”"

MZXenes are a large family of 2D transition metal carbides,
carbonitrides, and nitrides with a general formula of M, ,, X, T,
(M represents transition metal, X is carbon/nitrogen, n can be
1 to 4, and T, stands for different surface functional groups
—OH, —O, and —F).” Ti;C,T,, which is the MXene used in
this study, is typically synthesized by etching Al layers from the
structure of its parent MAX phase (TiAIC,).”* MXene as two-
dimensional (2D) nanosheets for membrane functionalization
can provide nanochannels to the resultant membranes with
longer diffusion routes for solute transport, enhance surface
hydrophilicity due to the surface terminal functional groups,
resulting in high water processability, enhance membrane
chemical stability, facilitating membrane performance at
extreme operational conditions, and enhance membrane
selectivity by promoting higher negative surface charge to
membrane surface.””** Ti;C,T, implications for membrane
fabrication showed promising results due to the appropriate
water dispersity (an important factor for TFC fabrication),
flexibility (an important factor for turnability of the PA layer),
and physical—chemical stability (an important factor for the
operation) of Ti,C,T,.>”* Alfahel et al.”’ fabricated an
MXene/cellulose acetate (CA) forward osmosis membrane
as an alternative to commercial TEC FO membranes. With the
addition of 8 wt % MXene, there was a 25% increase in water
permeability compared to the bare CA membrane and
enhanced fouling resistance, losing only 11% flux versus 32%
flux decline for commercial membranes.”” Zarshenas et al.”®
utilized MXene to create an RO thin-film nanocomposite
(TFN) membrane by coating MXene with tannic acid and
then incorporating 0.008 wt % onto PA TFC membranes. This
resulted in an enhancement in permeability (40% higher) and
antifouling (11% higher flux recovery ratio) compared to that
of the bare TFC membrane.*®

In this study, we demonstrate the fabrication of MXene—
TFN membranes on a hollow fiber support tailored for
enhanced PFOS rejection and water permeability. The
performance of the fabricated MXene—TFN membranes for
salt and PFOS removal was evaluated and compared to that of
bare TFC NF membranes. The selective PA layer for the
MXene—TFN membrane was extensively characterized to
understand the relationship between the membrane perform-
ance in terms of PFOS removal, salt removal, water
permeability, and antifouling and the changes in the

physicochemical properties of the selective layer induced by
the addition of MXene nanosheets.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. Polysulfone (Solvay Advanced
Polymers), polyvinylpyrrolidone (Mpbio), and dimethylacetamide
(VWR, HPLC grade) were used for the fabrication of hollow fiber
support layers. Piperazine (Alfa Aesar, 99%), trimesoyl chloride (TCI,
>98.0%), and n-hexane (Beantown Chemical, 95.0% min) were used
for interfacial polymerization (IP) of the PA selective layer. Titanium
powder (325 mesh, 99.5%, Alfa Aesar), aluminum powder (325 mesh,
99.5%, Alfa Aesar), graphite powder (325 mesh, 99% Alfa Aesar),
lithium fluoride (325 mesh, 98.5% Alfa Aesar), and hydrochloric acid
(36.5—38%, ACS grade, BDH) were used for the fabrication of the
MAX phase.

2.2. Synthesis of the Ti;AIC, MAX Phase. The Ti,AlC, MAX
phase was synthesized by mixing titanium (325 mesh, 99.5%, Alfa
Aesar), aluminum (325 mesh, 99.5%, Alfa Aesar), and graphite (325
mesh, 99%, Alfa Aesar) powders in a 2:1:1 molar ratio, and the
mixture was ball-milled for 18—24 h using zirconia balls. The mixture
was then put into an alumina crucible and heated in a high-
temperature furnace at 5 °C/min rate to 1400 °C and kept for 4 h.
After cooling to room temperature, the obtained material was milled
and crushed into powder and sieved to produce powders with a
particle size of <38 ym.

2.3. Synthesis of Ti;C,T, MXenes. The Ti;C,T, MXenes were
synthesized by etching Ti;AlC, in a solution of HCI and LiF. First, a 9
M HCI solution was made by diluting concentrated HCl with DI
water (40 mL total). Then, 3.2 g of LiF was added to the solution and
stirred for 10 min with a magnetic bar to completely dissolve the salt.
After totally dissolving LiF in HCI solution, 2 g of Ti;AlC, was slowly
added to 40 mL of the etchant over a period of 10 min to avoid rapid
heat generation to the exothermic reaction. The mixture was then
stirred continuously for 24 h at 35 °C. MXene powder was washed
with repetitive steps of the centrifuge (3500 rpm for S min),
handshaking the solutions for 2 min, and decantation of the
supernatant until a dark green supernatant (pH > S) was noticed.
The delaminated MXene solution was then centrifuged at 3500 rpm
for 1 h to separate the single-layer MXene flakes from multilayer
MZXene and unreacted MAX phase.

2.4. Hollow Fiber Membrane (Support Layer) Fabrication.
Hollow fiber PSF ultrafiltration membranes were fabricated by the
phase inversion technique. A polymer casting solution was created by
adding 20 g PSF and 3 g PVP40 to 77 g DMAc. This mixture was
mixed at room temperature overnight and allowed to rest for 4 h in
order for bubbles to settle out of the solution. NF membranes were
fabricated by a dry-wet spinning process using a 2 channel syringe
pump (Chemyx) using 100 mL of DI water and S0 mL of casting
solution; the polymer was doped at 2.5 mL/min, while the water
acted as the boring solution at 1.5 mL/min.”” The fabricated HFM
were stored in DI water at 4°.

2.5. MXene-TFN NF Membrane Fabrication. TFC NF
membranes were fabricated by forming a PA selective layer on top
of the PSF hollow fiber support membranes via IP, as shown in Figure
1. PIP (2 g) was added to 98 g of DI water (aqueous phase) and
stirred for 1 h. In this step, different amounts of MXene nanosheets
(0.001, 0.00S, 0.025, and 0.050 wt %) were added to the aqueous
phase and stirred for 1 h. TMC (0.2 g) was added to 100 mL n-
hexane and stirred for 1 h. For IP reaction, the HF PSF support
membranes were immersed in the PIP solution for 2 min. Using an air
knife, the excess solution was cleaned off. Next, the monomer-
saturated HF support membrane was then dipped in TMC solution
for 1 min, resulting in the formation of a thin-film composite (TFC)
PA layer. The TFC membranes were then air-dried for 2 min before
rinsing in DI water and then stored in DI water at 4 °C.*° The blank
(bare) TFC membranes were fabricated as explained above except
that the addition of MXene into the aqueous phase was omitted.

2.6. MXene Nanosheet Characterization. Malvern Zetasizer
Nano-ZS ZEN 3600 (Malvern Panalytical, Malvern, United King-
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Figure 1. Fabrication of hollow fiber membranes by interfacial
polymerization. The porous hollow fiber support layer was immersed
in the aqueous phase (PIP) for 2 min. Then, the excess PIP solution
was removed using an air knife. Next, the monomer-saturated HF
support membrane was then dipped in TMC solution for 1 min,
resulting in the formation of a TFC PA layer. The TFC membranes
were then air-dried for 2 min before rinsing in DI water and then
stored in DI water at 4 °C. The exact process was employed to
fabricate MXene—TFN membranes by adding a certain amount of
MXene nanosheets to the well-dispersed aqueous phase.

dom) was used to measure the zeta potential and the particle size
distribution of the suspended MXene nanosheets. The size and
thickness of the produced Ti,C,T, flakes were measured using an
AFM (Park Systems, NX10, Suwon, South Korea). FTIR (Spectrum
Two FT-IR Spectrometer with ATR, PerkinElmer, Waltham, United
States) was used to investigate the functional surface groups of

MXene. X-ray diffraction (XRD) experiments were performed using a
powder diffractometer (Rigaku, SmartLab, Tokyo, Japan). By utilizing
Bragg’s law, the interlayer sPacing of the MXene layers was calculated
by the following equation’

A
2 sin @ (1)

where d is the interlayer spacing, 4 is the radiation wavelength, and
is the angle of an incident between the beam and the reflecting plane.

2.7. Membrane Characterization. XRD (Bruker D8, Billerica,
United States) was used to characterize the fabricated membranes and
determine the successful functionalization of MXene nanosheets
within the PA layer. AFM (Dimension 3100, Veeco Digital
Instruments, Plainview, United States) was used to measure the
RMS surface roughness of membrane samples and determine the
effect of MXene nanosheets on PA layer formation. The zeta potential
of the membrane surface was evaluated by a streaming potential
analyzer utilizing an adjustable gap cell (SurPASS 3, Anton Paar, Graz,
Austria) as described elsewhere.”> Measurements were performed
with a solution containing 0.01 M KCI. Electrolyte solution flows into
the cell were generated by pressure ranging from 600 to 200 mbar
driven by a pump. The induced streaming potential was measured
using Ag/AgCl electrodes mounted at each end of the adjustable gap
cell.

The carboxylic group density of the polyamide selective layer was
measured using the silver elution method.”> The membranes were
immersed for 10 min in 10 mL of 40 uM silver nitrate at 7 pH, twice
to bind silver ions. Then, the excess silver ions were rinsed by four
washes in 10 mL of 1 uM silver nitrate for 7 min. Finally, the
membranes were immersed in $ mL of 2% nitric acid for 30 min to
elute the bound silver ions. ICP-OES (Optima 8300, PerkinElmer,
Waltham, United States) was used to quantify silver ion concentration
in the solution. The silver concentration was then converted to
carboxyl group areal density using the following equation

CAg+ VAg +NA
A (2)

where [R—COO™] is the ionized carboxyl group areal density, A is the
projected surface area of the polyamide film, C,, is the silver ion
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Figure 2. (a) XRD diffraction of MAX phase Ti;AlC, and MXene film. (b) AFM image of a single MXene nanosheet. (c) FTIR spectra of MXene
nanosheets. (d) particle size distribution of MXene nanosheets. Reported values correspond to the average of triplicate size measurements. Error

bars represent the standard error of the mean.
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concentration, Vj.* is the elution volume, and N, is Avogadro’s
number.”> SEM (JEOL 7000 FE, Tokyo, Japan) was used to image
the top surface morphology as well as the cross- section of fabricated
membranes in order to examine the pore structures of the support
layer and the morphology of the selective layer. ATR-FTIR (Spectrum
2, PerkinElmer, Waltham, United States) spectra were measured
utilizing 8 scans from 450 to 4000 cm™ at 4 cm™! resolution, which
were then averaged. The membrane was pressed against the crystal,
PA layer down, and two replicates were measured. A background
correction was performed on the spectra.”* Water contact angles were
measured utilizing a goniometer (Attension Theta Lite, Biolin
Scientific, Uusimaa, Finland) by the sessile drop method. The hollow
fiber membranes were flattened and a 4 pL water drop was dropped
onto a random location and recorded for 10 s. This was repeated at a
minimum of S other locations on the membrane, and this
measurement was repeated for 3 different samples before averaging
the data.

2.8. Membrane Performance and Salt and PFOS Rejection
Tests. Prior to testing, the membranes were compacted at 70 psi for
90 min using DI water until there was no variation in permeate flux.
The feed solution temperature was kept constant at 25.0 + 0.5 °C
throughout the experiment. After compacting, the membrane pure
water permeance was measured at 65 psi for 60 min. Salt rejection of
membranes was evaluated using a feed solution (2000 ppm MgSO,)
at 65 psi. PFOS rejection of membranes was evaluated using feed
solutions containing 2 mg/L of PFOS in DI water. The rejection
performance of NF membranes was determined by comparing the
targeted species concentration in the feed (C) and permeate (CP)
based on the equation R = 1 — C,/C; The membrane flux recovery
ratio was evaluated based on the DI water flux before and after PFOS
flux experiment and cleaning of membranes with DI water as
explained here.”> The salt concentrations in the feed and permeate
were measured using a calibrated conductivity meter (Orion Star
A212, Thermo Fisher, Waltham, United States). The PFOS
concentration was determined using an ultrahigh-performance liquid
chromatography (UPLC, Agilent I-class System) coupled with a mass
spectrometer (Waters Xevo G2-XS Q-TOF MS). A sample volume of
1 uL was injected into a BEH C18 column (ACUITY UPLC, 1.7 um,
2.1 X 50 mm) with a BEH C18 VanGuard Pre-Column (ACQUITY
UPLC, 1.7 pm, 2.1 X S mm) using a mobile phase gradient of a
solvent comprising 45% acetonitrile and 55% water with 20 mM
ammonium acetate at a flow rate of 0.3 mL min~'. The Q-TOF MS
was operated using an electrospray ionization (ESI) interface in the
negative mode. Samples (50 uL) were prepared using S ppm C"
PFOS isotope as an internal standard (IS) at a 9:1 sample/IS ratio. In
addition, the stability (leaching) of the added MXene in the PA layer
was examined under two conditions of static (no pressure and flow)
and dynamic (65 psi filtration). The static test was completed by
immersing the MXene—TFN membranes in DI water for 3 months
and testing the possible leaching of MXene using ICP-OES. The
dynamic leaching tests were done by measuring the MXene
concentrations in the permeate of MXene—TFN membranes after
48 h filtration under 65 psi using DI water.

3. RESULTS AND DISCUSSION

3.1. Characterization of Synthesized MXene Nano-
sheets. Figure 2a shows the X-ray diffraction (XRD) patterns
of the synthesized Ti;AlC, MAX phase and a pristine MXene
film fabricated by the vacuum filtration of a Ti;C,T,
dispersion. The characteristic (001) peak of MXene appeared
in the XRD pattern of the MXene film and showed that the
(002) peak had shifted from ~9.41° to a lower angle of ~6.29°
after etching. The absence of the main MAX phase at ~39° in
the XRD pattern of the MXene confirmed a near-complete
etching of aluminum and the successful synthesis of MXene.
The d-spacing of the MXene layers was determined to be 1.404
nm, which, with a single-layer thickness of 1 nm, resulted in an
interlayer spacing of 0.404 nm, which is smaller than the

Stokes radius of PFOS molecule (0.63 nm).***” Figure 2b
shows an atomic force microscopy (AFM) image of single-
layer Ti;C,T,, with a flake size of 0.2 ym on average. As shown
in Figure 2b, all Ti;C,T, flakes have the same thickness of 1.0
nm and are characterized as monolayers. The FTIR spectra of
MXene showed two typical representative peaks at 1657 and
1737 cm™, assigned to the vibration of the O functional group,
OH at around 1371 and F at 1083 cm™. The size of MXene
nanosheets is an important factor as the existence of particle
sizes larger than the PA thickness might result in a defect PA
layer. The size of MXene nanosheets is a function of the
preparation method; specifically, the number of washing steps,
shaking time, and centrifugation (speed and time) because
larger flakes are more prone to delamination as interlayer
bonds are weakened.”®

Figure 2d shows that as the number of washes [defining a
“wash” as a single handshaking and centrifuging cycle (for 60
min at 3000 rpm) of the MXene suspension (sediments and
supernatant)] increased, the average particle size of MXene
nanosheets decreased. In addition, the 10 min ultrasonication
of MXene nanosheets after washing resulted in smaller
nanosheets.”” The ultrasonication not only reduced the
average particle size but also increased the uniformity of the
dispersion, as shown in the inset (Figure 2d). The smallest and
the most uniform sample of MXene nanosheets was used to
functionalize TFC membranes. Another critical factor in the
immobilization of MXene nanosheets in the PA layer during
the IP process is the position of the MXene nanosheet. Based
on the size measurement, the average length of the MXene
nanosheets was less than 500 nm with a thickness of 1 nm. If
MXene nanosheets are positioned vertically with respect to the
support layer, their larger size in comparison to the PA
thickness generates defects in the PA layer. However, if MXene
nanosheets are positioned horizontally during the IP process,
the PA layer is formed around them by covering MXene
nanosheets on top and bottom. Due to MXene nanosheet
aspect ratio and van der Waals interlayer interactions between
nanosheets, MXene nanosheets should be positioned in
horizontal orientations in lamellar-like structures on the
surface of the support layer during the PA formation.*
Although there is a possibility of MXene nanosheet
agglomeration due to van der Waals forces and high surface
tension during the IP process, these nanosheets remain
significantly thinner than the PA layer, with each sheet having
an average thickness of around 1 nm.***'

3.2. Polyamide Selective Layer Characteristics. In the
formation of a PSF support layer, macrovoids were developed
on both the inside and the outside boundary (Figure 3a), due
to the instantaneous demixing of the casting solution and
nonsolvent from both sides during the dry—wet spinning
process.*” Figure 3a also shows the presence of a fabricated PA
selective layer on the outer surface of the hollow fiber support
layer. The PA layer is fabricated on the surface of the support
layer soaked in an amine solution (PIP) after contacting the
acid chloride (TMC) in the organic solvent (hexane). The
amine and acid chloride react at the aqueous—organic interface
by the diffusion of amine from the aqueous phase to the
organic phase. The PA layer formation includes rapid (tens of
nanometers within seconds) formation of the incipient film
followed by slow (tens of nanometers in minutes) growth of
PA.* The growth of PA layer is limited by the diffusion of
fresh (not yet reacted) amine from the aqueous phase to the
organic phase through the already formed dense PA layer.**~*
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Figure 3. SEM images of the cross section of the (a) TFC membrane,
the top surface of the (b) TFC membrane, (c) 0.001% MXene, (d)
0.005% MXene membrane surface, (e) 0.025% MXene, and (f)
0.050% MXene. The cross section is magnified at 300X, while the top
surface images are magnified at 12,000X.

Therefore, the amount of PIP at the reaction interface
determines the structure of the PA layer.

In general, the two preparation steps, including the absorbed
PIP by the support layer (during the soaking process) and the
amount of removed excess PIP (by and air-knife, roller, etc.),
determine the quantity of PIP available for the IP process. The
addition of hydrophilic MXene nanosheets into the PIP
aqueous phase might facilitate providing more PIP transport
into the interface reaction zone, resulting in lower PIP
diffusion limitation and, therefore, the formation of an
extended PA layer. In addition, the MXene nanosheets might
have affected the partition coeflicient of PIP into the organic
phase, resulting in enhanced diffusion.”” Figure 3b shows the
top surface (PA selective layer) of the bare membrane with the
nodular structure, which is the typical structure of the PA layer
of the NF membrane. As the MXene loading inside the PA
increased, the surface morphology of the PA layer changed
from nodular structures in bare TFC to the elongated mega-
nodule structures with enhanced heterogeneity at higher
concentrations (Figure 3f).* At higher concentrations of
MXene (0.025—0.050%), dark regions began to form, which
could be a sign of agglomeration of MXene nanosheets. The
support layer properties such as pore size and porosity and
amine diffusion at the aqueous—organic interface determine
the morphology and structure of the PA layer.”” In general,
smaller support pore sizes lead to increased PA film
heterogeneity due to greater nanobubble (CO,) confinement.
The reaction between PIP and TMC in the IP process
generates heat and HCl (strong acid) as a byproduct, which
results in the reduction of dissolved gasses such as CO, and
therefore the degassing of CO, during the IP process (Figure
S1). The released small bubbles of CO, would be encapsulated
as voids (nodules) in the cross-linked polyamide.”® The
enhanced surface heterogeneity of the MXene—TFC mem-
brane can be explained due to the existence of MXene
nanosheets acting as the thick layer confining CO, nano-
bubbles generated during the IP, resulting in mega-nodules.
Figure 4 depicts the effects that MXene nanosheets in the
aqueous phase have on the formation of polyamide during

o 0o B
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(PA) thickness | Nanosheet

Layer
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Figure 4. Schematic of hollow fiber TFN membranes with PSF
support layer and (a) bare PA selective layer, (b) low-concentration
MXene-PA selective layer, and (c) high-concentration MXene-PA
selective layer. (d) Schematic of bare PA structure on the support
layer showing the regular nodular structure with specific thickness and
formation inside a pore of the support layer, (e) schematic of low-
concentration MXene-PA structure on the support layer with
extended structure and formation on the support layer, and (f)
schematic of high-concentration MXene-PA structure on the support
layer with elongated mega-nodule structures and enhanced hetero-
geneity. Schematic of interfacial polymerization (IP) showing (g) the
interaction of aqueous phase (PIP) with organic phase (TMC) for
bare TFC, (h) the interaction of aqueous phase (PIP + low
concentration MXene) with organic phase (TMC) with promoted
PIP transport from the support layer pore toward the interaction
interface, and (i) the interaction of aqueous phase (PIP + high
concentration MXene) with organic phase (TMC) with enhanced
promoted PIP transport from the support layer pore toward the
interaction interface. Atomic elements are represented by: black—
carbon, blue—nitrogen, white—hydrogen, green—chlorine, red—

oxygen.

interfacial polymerization. Figure 4d shows that for bare TEC,
PIP in the aqueous phase enters the pores of the support,
leading to the formation of PA inside the pores, which limits
water transport through the support layer. When MXene
nanosheets are added to the aqueous phase, in Figure 4e, due
to their hydrophilic nature, they promoted the PIP transport
toward the IP reaction interface, causing more PA to form on
the surface rather than inside the pores, which possibly
enhances the water permeability due to the alleviated mass
transport resistance. However, as seen in Figure 4e, the higher
amount of MXene resulted in agglomeration on the surface of
the support layer, acting as dense films blocking the pores with
PIP inside them and therefore preventing the formation of PA
inside and on the mouth of the pore.*” EDAX measurement,
shown in Figure S4, displays MXene nanosheets in the PA
layer, indicating successful functionalization of the outer
selective layer.

Figure 5a shows a broad triple peak at 25, 30, and 35° for the
bare TFC membrane corresponding to semi-crystalline
monoclinic phases (a), which were shifted right, indicating a
more compressed lattice.””>* The polyamide and polysulfone
layers were highly amorphous, which prevented the appearance
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Figure 5. Membrane characterization showing (a) XRD pattern, (b) FTIR spectra, (c) surface zeta potential, and (d) water contact angle of TFC
and MXene—TFC membranes. Reported values correspond to the average of triplicate size measurements. Error bars represent the standard error

of the mean.

of sharp peaks.”” The addition of 0.050% MXene loading
resulted in the formation of a single broad peak at 35°
corresponding to the (104) plane, while the remaining peaks
remained unchanged, indicating that surface functionalization
did not significantly alter the membrane crystal structure.’*
The FTIR spectra for all samples are shown in Figure Sb. The
broad peak at 3370 cm™' is due to the absorption of water.
There is an additional peak at 2970 cm™" for all membranes
that can be attributed to —CH groups. A peak at 1640 cm™" is
due to —C=0 stretch forms. The peaks at 1580, 1486, 1294,
1240, 1150, and 1100 cm™" correspond to C—C, C—H, O=
S=0 (symmetric)) O=S=O0 (symmetric), C— O C, and
O=S=0 (asymmetric) in the PSF support layer.”' MXene
spectra show peaks at 3350 and 1640 cm™'.*° The addition of
MXene nanosheets did not significantly affect the spectra of
TFC—MXene membranes, which may indicate the non-
covalent interaction of MXene with the membrane.”> The
MXene—TFN membranes showed an increase in intensity for
the 1640 cm™" peak due to the addition of MXene nanosheets.
Due to a combination of the low concentration of MXene used
and the high penetration of the FTIR detecting the PSF
support layer, more explicit MXene peaks were not visible.””
As shown in Figure Sc, all membranes showed more negative
surface charge at basic pH. This behavior occurs due to the
accumulation of H' ions, causing the surface charge to become
less electronegative.”® The PA selective layer inherently
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possesses an electronegative charge due to carboxyl groups
from the hydrolysis of acyl chlorides from TMC.” The point of
zero charge for the bare polyamide selective layer was
determined to be around pH = 4 in agreement with reported
data in the literature.”” The MXene nanosheets were
electronegatlvely charged across acidic, basic, and neutral
environments.”® It should be reminded that PEOS molecules
are negatively charged due to sulfonic acid functional groups
(Figure S2). 9

Due to their higher electronegative charge of MXene-TEN
compared to bare TFC at every pH, the functionalization of
MXene nanosheets onto the PA selective layer would result in
the enhancement of the electrostatic interactions of the TFC
membrane.*' The TFC-0.00S MXene membranes showed the
most enhanced negative surface charge among the membranes
with more than 3 times higher negative surface charge than
bare TFC. However, the addition of a more-than-optimal
concentration (>0.025) of MXene had no significant effect on
the TFC membrane surface charge. This could be attributed to
the agglomeration of MXene nanosheets on the surface, which
hindered the effect of MXene nanosheets on the electrostatic
charge of the TFC membrane.’”®' By functionalizing the TEC
membrane with MXene nanosheets, the water contact angle of
the membrane was decreased as the MXene loading was
increased (Figure S5d). The presence of many hydroxyl
functional groups gives the MXene nanosheets a hydrophilic
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Figure 6. AFM images of (a) bare TFC, (b) 0.025 MXene—TFN, and (c) 0.050 MXene—TFN and SEM cross-sections of (d) bare TFC, (e) 0.025
MXene—TFN, and (f) 0.050 MXene—TEN. The AFM and SEM images show the enhanced surface roughness and thickness of the PA layer due to

the incorporation of MXene nanosheets during the IP process.
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Figure 7. (a) Pure water permeance for bare TFC membranes and varying concentrations of MXene—TFN membranes. Membranes were
compacted with DI H,O feed for 1 h at 70 psi to reach constant flux; then, the permeate was collected at 65 psi for 1 h. Reported values correspond
to the average of triplicate size measurements. Error bars represent the standard error of the mean. Schematic showing water transport pathways in
(b) typical MXene nanosheets and (c) defect MXene nanosheets. A typical water transport pathway involves flowing through intralayer channels
and between nanosheet gaps. However, defects and microvoids in the nanosheets may provide a quicker alternative to the main path, providing an

increase in permeance.

nature, which allows their addition into the membrane to
increase membrane surface hydrophilicity.*""** Another
possible factor for the reduced contact angle of MXene—
TFN is that the increased surface heterogeneity (Figure 3f)
enhanced the surface hydrophilicity due to the presence of
additional water channels for permeation. Following the
Wenzel model, the already hydrophilic surface became more
hydrophilic as the surface became rougher.”>%*

AFM images and SEM cross sections (Figure 6) showed that
as the MZXene concentration increased, the membrane
roughness increased significantly from RSM = 15.3 nm (bare
TFC) to RSM = 854 nm for the 0.050% MXene—TFN
membrane, and the average PA layer thickness was increased
from 128.9 to 290.4 nm at the highest loading.

3.3. Membrane Flux. The pure water permeance of
membranes with varying amounts of MXene loading was
tested by cross-flow filtration at 65 psi. As shown in Figure 7,
the addition of MXene enhanced the pure water permeance
(PWP) from 13.19 to 29.26 LMH/bar (at 0.025% MXene),
but as the MXene loading increased further, there was a
decrease in PWP to 16.15 LMH/bar (which was still higher
than PWP of bare TFC (13.19 LMH/bar). This behavior can
be justified based on the fact that the addition of highly
hydrophilic nanosheets into the PA layer enhanced the
hydrophilicity of the membrane, resulting in enhanced water
permeability.”’ Another reason for the enhanced water
permeability of the MXene—TFN membrane compared to
the bare TFC might be due to the position and morphology of
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MXene loading.

the formed PA layer. The presence of hydrophilic MXene
nanosheets in the aqueous phase during the IP process
decreases the transport resistance of PIP to the organic phase
during interfacial polymerization, shifting the formation of the
PA layer from inside the pores of the support layer to the
surface of support layer (Figure 4).

The formation of the PA layer on the mouth of pores,
instead of inside the pores, reduces the water transport
resistance inside the pores, resulting in enhanced water
permeability.”® In addition, another possible justification for
the enhanced water permeability of MXene—TFN membranes
is the presence of MXene nanosheets interfered with PA cross-
linking, which generated defects.*® The decrease in PWP,
among the MXene—TFN membranes, at the highest MXene
loading (TFN-0.050% MXene membranes) can be explained
based on the stacking of MXene nanosheets inside the PA
layer, which blocked water transport on the surface.”'
However, the permeance of TFC-0.050% MXene membranes
remained 22% higher compared to bare TFC due to the higher
hydrophilicity and structure of the PA layer. This behavior can
be justified based on the lamellar structure formed by MXene
nanosheets within the PA layer as one of the governing
transport mechanisms (Figure 7b). In such a structure, the
typical water transport pathway involves flowing through
intralayer channels and between nanosheet gaps, resulting in
long pathways. However, defects and microvoids in the
nanosheets may provide a quicker alternative to the main
pathway, providing an increase in permeance, as in shown in
Figure 7¢.°° These defects may form during the MILD
synthesis of MXenes due to HF etching.°° As more layers are
stacked, these defects can be blocked, possibly hindering water
transport, as shown at the highest MXene loading.®®

3.4. Rejection, Fouling, and Stability of Membranes.
The PFOS rejection of the membranes was measured to
determine whether the MXene functionalization of the PA
selective layer would result in improved PFOS rejection. In
general, TFC—NF hollow fiber membranes fabricated by
piperazine (PIP, MW of 86.1 g/mol) and TMC exhibit around
70% MgSO, rejection.’” Rejection of charged solutes such as
PFOS by electrostatic (Donnan) exclusion is directly related to
the charge characteristics of the polyamide selective layer.
Retention of PFOS by the NF membrane is determined by the
coupled influence of the membrane pore size and charge and
the physicochemical properties of PFOS. The PFOS rejection
was evaluated using a feed solution containing 2 mg/L PFOS
in DI water. Figure 8 shows that adding MXene significantly
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enhanced the PFOS removal from 78.9% bare TFC to 97.6 at
0.025% MZXene loading. PFOS has a relatively high molecular
weight of 500.13 g/mol, and the size exclusion should play a
critical role in PFOS retention. In addition, at a solution pH of
5.5 (original pH, not adjusted), which was the tested
membrane filtration condition, both the membranes and
PFOS were negatively charged (Figure 5).

As shown in Figure Sc, the addition of highly electro-
negatively charged MXene nanosheets increased the electro-
negativity of the functionalized membranes, which facilitates
surface repulsion of the negatively charged PFOS molecules.*'
Silver elution analysis revealed that the 0.025%-MXene—TFN
membrane had significantly lower carboxyl group density (2.54
sites/nm?* vs 3.93 sites/nm?), which indicates a higher degree
of cross-linking.® The silver elution analysis showed that the
carboxylic group density was higher for bare TFC; however, as
shown in Figure Sc, the 0.025%-MXene—TFEN had a more
negative zeta potential.” This higher negative surface charge is
due to MXene nanosheets’ inherent negative zeta potential
having a more significant contribution to the membrane than
that of carboxylic groups. Based on the discussed membrane
characterization, the MXene-TFN membranes possessed a
higher surface charge (Figure S) and higher surface
heterogeneity (extended) of the PA layer (Figure S).
Therefore, the enhanced PFOS removal due to the
immobilization of MXene can be attributed to electrostatic
repulsion followed by size selectivity. As discussed earlier, the
MXene—TFN membranes possessed a larger extended
structure of the PA selective layer due to the presence of
MXene, which explains the enhanced PFOS rejection due to
the extended thickness of the selective layer. These results
emphasize that the structure and thickness of the PA selective
layer, in addition to charge properties, control the ion
rejection/selectivity of NF membranes. Further increasing
the MXene concentration (0.050%) resulted in a negligible
(4%) decrease in rejection compared to 0.025%-MXene—TFC
membranes due to the agglomeration of MXene nanosheets
resulting in defects in the PA layer.”” Another explanation for
the slight reduction of PFOS in the 0.050%-MXene—TFC
membrane is their less electronegative surface charge, as
explained earlier (Figure Sc).

Figure 9a shows the MgSO, salt rejection performance of
the synthesized membranes. The salt rejection results showed
that as the MXene concentration increased up to 0.025%
MXene loading, there was an insignificant decrease (less than
4%) in MgSO, rejection. This trend of no significant reduction
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Figure 9. (a) Magnesium sulfate rejection for bare TFC membranes
and varying concentrations of MXene—TFN membranes. The feed
solution consists of 2000 ppm MgSO, solution. The feed ran for 30
min and permeate collected for 10 min under 65 psi pressure, pH =
5.5, and temperature 25 + 0.5 °C. Reported values correspond to the
average of triplicate size measurements. Error bars represent the
standard error of the mean. (b) Schematic of rejection mechanism for
TFN membrane toward MgSO, and PFOS. The lamellar structure
that was formed by MXene inside the PA layer resulted in interlayer
spaces that swell when exposed to water during the filtration, resulting
in passing MgSO, ions (0.35, 0.23 nm). However, the larger size of
PFOS molecules (0.63 nm) prevented PFOS transport through
MZXene channels.

on the salt rejection of membranes while improving the
membrane permeability (Figure 7) confirmed the successful
functionalization of TFC membranes with MXene, where the
incorporation of MXene to the PA layer increased the
membrane permeability without sacrificing the salt rejection
at the rejection-permeability tradeoff, while 97% PFOS
rejection (improvement of more than 35% compared to bare
TFC) was achieved (Figure 9a). Further increasing the MXene
loading to 0.050% resulted in a decrease in MgSO, rejection.
This behavior was also reported by other groups.”*"*® This
phenomenon can be attributed to higher loading of MXene,
causing a loose PA structure regarding salt rejection.”'
During the IP process, the higher concentration of MXene
nanosheets in the aqueous phase interacts with PIP by
hydrogen bonding, which impedes interfacial polymerization,
resulting in decreased PA cross—linkjng.48 Therefore, the higher
load of MXene in 0.050%-MXene—TFC membranes should
have a lower cross-linked PA selective layer, resulting in lower
salt rejection compared with other membranes. Additionally,
the lamellar structure that was formed by MXene inside the PA
layer resulted in interlayer spaces that swell when exposed to
water during the filtration, resulting in a loss of salt rejection.””
The negative surface charge of the MXene channels cause the
cations to attach to each side of the intralayer channels,
creating repulsive forces between cations that expand the
interlayer channels."**® This did not result in the loss of PEOS
rejection as, unlike the MgSO, ions (0.35, 0.23 nm), the PFOS
molecules (0.63 nm) were significantly Iar%er than the
interlayer channels (0.40 nm) (Figure 9b).”””" In addition,
the negative surface charge of the MXene channels caused
Mg** counterions to exhibit higher transport rates through the

membrane. While the SO,” co-ions are slowed, the net
increase in ion transport would result in a loss of salt
rejection.65

As shown in Figure 10, the flux recovery ratio (FRR %) of
the MXene—TFN membranes increased as the MXene loading
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Figure 10. Flux recovery ratio (FRR %) for bare TFC membranes and
MZXene—TFN membranes. FRR % is the ratio between the pure water
flux (J,,;) of virgin (not used) membrane and pure water flux (J,,)
after filtration of 2 ppm PFOS solution and 15 min of cleaning with
pure water at atmospheric pressure. ], is measured after 30 min of
cleaning with DI H,O at 65 psi. Reported values correspond to the
average of triplicate size measurements. Error bars represent the
standard error of the mean.

increased to a maximum of 98% at 0.025% MZXene loading.
The enhanced (almost 100%) FRR ratio of 0.025%-MXene—
TFN membranes shows no interaction or very weak physical
interaction (deposition) between PFOS and the MXene-PA
surface layer, which could be completely restored after washing
with only DI water. In addition, 48 h PFOS filtration showed
that 0.025%-MXene—TFN membranes showed no flux decline
during the PFOS filtration, while the bare TFC membrane
showed around 20% flux decline. This behavior indicates a lack
of significant PFOS adsorption on 0.025%-MXene—TFEN.
Based on Figure Sc, this can be due to electrostatic interaction
from the highly negatively charged MXene nanosheets
repelling the negatively charged PFOS molecules.”’ In
addition, the increased hydrophilicity of MXene—TFC
membranes (Figure 5d) promoted the formation of a
hydration layer on the surface of the membrane, which
prevented severe attachment of PFOS on the membrane
surface.”” The 0.050% MXene—TFN membranes showed FRR
% reduction compared to the 0.025% MXene—TFN
membranes, which can be justified due to the higher surface
roughness of the membrane, as shown in Figure 6.

These data represent the physical settlement of PFOS on the
membrane surface with reversible fouling rather than
adsorption or pore blocking fouling mechanism. In addition
to the membrane performance (rejection, flux, and fouling),
the stability of MXene inside the PA layer was tested under
two conditions of static (under no pressure) and dynamic
(filtration under 65 psi pressure). Figure S3 shows that for
both 24 h dynamic conditions and 3 month static conditions,
there was no significant leaching of MXene, indicating that the
MXene—TFN was water-stable over long periods of time. The
MXene nanosheets are bonded to the PA layer due to
hydrogen bonding and van der Waals interactions as well as
physical immobilization by the enhanced cross-linking density
of the PA.*! Although negligible, it was noticed that both static
and dynamic leaching tests resulted in the same amount
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(0.4%) of MXene leaching, that is, those MXene nanosheets
that did not bind with PIP during the IP process.

4. CONCLUSIONS

In this study, we reported the fabrication of a novel MXene—
TEN hollow fiber NF membrane by using MXene nanosheets
as the additives to the PA selective layer to enhance the
removal of PFOS from water without sacrificing the salt
rejection of membranes while enhancing the membrane flux.
We were able to successfully functionalize the PA layer by
incorporating MXene nanosheets into the aqueous phase
during interfacial polymerization and tuning the surface charge
and morphology of the PA layer for enhanced PFOS removal,
while the water permeability of the membrane was also
improved. The main factors promoting the enhanced PFOS
removal were electrostatic repulsion and size selectivity due to
the negative surface charge of MXene and enhanced extended
nodular structure of PA due to the existence of MXene
nanosheets during the IP process. In addition, results showed
an optimum MXene loading at 0.025 wt % to achieve the
enhanced PFOS rejection by over 20% (from 72 to 96%)
compared to the bare TFC without any reduction in MgSO,
rejection. The rejection data showed that the salt ions
(MgSO,) and PFOS molecules followed different transport
mechanisms regarding the lamella structure and interlayer
spacing of MXene nanosheets inside the PA layer. These
results show the successful implication of MXene nanosheets
as 2D additives for tuning TFC membrane properties toward
the enhanced removal of emerging pollutants such as PFAS.
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