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We investigated the applicability of membranes,
prepared with Ti;C,T, MXene as the active layer, for metal ion
removal from an organic solvent. The removal of various mixed
metal ions from propylene glycol monomethyl ether acetate,
commonly used in the microelectronics industry, was evaluated.
The MXene membrane exhibited over 90% removal efficiency for

metal ions such as Li, Ca, Cr, Fe, Ni, and Co and over 80%

for

metal ions such as Al, V, and Pb from a solution containing 17
metal ions. This result highlights the potential of MXene as an

effective material for ion removal from organic solvents.

MXene, metal ion removal, organic solvent, microelectronics, adsorptive membrane

he constant advancement in the microelectronics (semi-
conductor) industry has led to the economically feasible
micro- and nanofabrication of integrated circuits (ICs)." In the
process of miniaturization of ICs, quality control is very
stringent for the processing fluids; even part per billion (ppb)
contaminants can lead to the failure of devices.”” The main
defects caused by solvents and materials used in chip
manufacturing are particles and metal ions.”* Although most
particles can be removed by a sieving mechanism using
nanofiltration membranes, the removal of trace amounts of
metal ions is challenging.6 For instance, metal ions such as Fe,
Cu, Ni, Cr, Co, Pt, and Ir dissolve in the Si matrix and/or form
silicide, causing p—n junction leakage.” Additionally, Cr
contamination results in reliability degradation of the gate
dielectric.® Furthermore, the presence of these metal ions
impacts the gate oxide quality of ICs.” Therefore, the
maximum concentration of these metallic impurities in the
processing liquid should be maintained at sub ppb levels.'>"'
In the semiconductor industry, solvents such as cyclo-
hexanone (CHN), ethyl lactate (EL), isopropyl alcohol (IPA),
n-butyl acetate (nBA), propylene glycol monomethyl ether
acetate (PGMEA), and propylene glycol monomethyl ether
(PGME) are commonly used."> Among these, PGMEA and
PGME are predominantly used as solvents for photoresists and
antireflective coatings. To purify these solvents, technologies
such as ion exchange,13 reactive distillation,™* liquid—liquid
extraction, adsorption,16 and membrane separation17 are
presently employed. Among these technologies, membrane-
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based separation was found to present fewer operational
challenges. For instance, compared with energy-intensive
processes such as distillation and extraction, membrane-based
separation is an easy process with less energy demand. To date,
different polymeric membranes such as nylon, polyethylene,
and polypropylene were used for the removal of various metal
ions from PGMEA."” Among the membranes tested, the
nylon-based membranes exhibited higher removal efficiency for
both trivalent and divalent metal ions; however, the membrane
exhibited low removal efficiency toward the monovalent metal
ions."” Hence, media with excellent metal removal eficiency
and high sorption capacity are still in high demand.

Recently, an increased amount of interest has been shown in
the use of two-dimensional (2D) materials as adsorbents."®
MXenes are a relatively young class of 2D transition metal
carbides, carbonitrides, and nitrides, which are analogous to
graphene.'” They are prepared by selective etching of layers of
atoms such as aluminum (Al), silicon (Si), and gallium (Ga)
from hexagonal MAX phases, where M is an early transition
metal, A signifies an A-group (mostly IIIA and IVA, or groups
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13 and 14) element, and X stands for carbon and/or
nitrogen.19

The efficacy of MXene-based films in removing metal ions
from aqueous solutions has been explored.”® The obtained
results indicated that the —OH groups on MXenes improve the
film’s wettability and enhance the adsorption capacity. High
removal efficiencies of heavy metal ions such as Pb from
wastewater using MXene were achieved."® The high metal
removal capacity of MXene was attributed to the contribution
of different mechanisms and intermolecular forces such as
electrostatic attractions, ion exchange, and surface complex-
ation.”’ Tt is also reported that the cationic metal ions,
depending on their size and charge, can intercalate between the
layers of MXenes.””

Herein, we report the effective removal of ions from organic
solution using Ti;C,T, MXene (T,: surface termination)
coated on high-density polyethylene (HDPE). The prepared
media functions as an adsorptive membrane in removing metal
ions from PGMEA. The adsorption of metal ions on MXene-
based membranes submerged in the organic solvent containing
mixed metal ions is investigated. First-principles calculations
reveal a favorable adsorption energy for ions on MXene
nanosheets, providing insights into the strength of MXene—ion
interactions.

The schematic of the MXene membrane preparation is
shown in Figure 1. The details of MXene synthesis and
fabrication of the MXene membrane are given in Supporting
Information (SI), section 1. Briefly, the MAX phase (Ti;AlC,)
was treated with a hydrofluoric acid (HF) solution to etch the
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Figure 1. Preparation and microscopic analysis of the MXene
membrane: (A) Schematic of MXene membrane preparation, here
MZXene suspension in water was vacuum filtered through a highly
porous support made of high-density polyethylene (HDPE) to
construct 2 MXene film on the HDPE surface. (B,C) top surface and
cross-sectional SEM images of the MXene membrane, respectively.
(D) Schematic representation of the steps taken to prepare samples
and test them for metal ion removal from a mixture of 17 mixed metal
ions in PGMEA. The inset in (B) shows the digital photographic
image of the as-prepared MXene/HDPE membrane. The MXene
membrane was prepared by filtering around 5 mg of MXene via
vacuum-assisted filtration on the HDPE support at room temperature.
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Al layers, followed by dimethyl sulfoxide (DMSO) intercala-
tion to obtain MXene with expanded nanochannels. Metal
contaminants were removed from the HDPE substrate by
soaking the substrate in a $% aqueous hydrochloric acid (HCI)
solution for 24 h, followed by deionized water washing.
Subsequently, a MXene membrane was formed on the HDPE
substrate by vacuum-assisted filtration of MXene from a
colloidal solution. The substrates made of HDPE, a prevalent
polymer, and MXene demonstrate favorable compatibility
owing to their relatively modest surface energies. Additionally,
the possibility of establishing hydrogen bonding between
MXene and HDPE, facilitated by the oxygen (O) groups in
MXene and the hydrogen (H) moieties in HDPE, opens up
the prospect of creating durable membranes.”> The top surface
scanning electron microscopy (SEM) image of the MXene
membrane is shown in Figure 1B, verifying the excellent
coverage of the HDPE substrate with the MXene nanoflakes.
The presence of a wrinkled surface, visible from top-down
SEM, indicates stacking of flexible nanosheets. The cross-
sectional SEM image of the MXene membrane is depicted in
Figure 1C and shows the typical oriented lamellar structure.
Furthermore, restacking of a few layers was observed due to
the intersheet interaction. The thickness of the MXene layer on
HDPE was controlled at 1.0 gm. The lamellar structure of the
MXene membrane was further characterized by powder X-ray
diffraction (PXRD). Supporting Information (SI), Figure S1
shows the PXRD patterns of Ti;AIC, MAX powder and the
Ti,C,T, MXene membrane. The shift of the (002) peak to
lower 26 and disappearance of the intense peak at 26 of 39°
indicate the conversion of Ti;AlC, into Ti,C,T, MXene.”* The
X-ray photoelectron spectroscopy (XPS) (SI, Figure S2)
indicated that the as-prepared MXene membrane surface is
terminated with -O, —OH, and —F functional groups, which is
in alignment with the reported data in the literature.”®
Furthermore, the nitrogen adsorption—desorption isotherm,
depicted in SI, Figure S3, was utilized to assess both the
Brunauer—Emmett—Teller (BET) surface area and the pore
size distribution of MXene. This isotherm exhibits a type IV
adsorption isotherm, featuring a H3 hysteresis loop. The
specific surface area of the MXene layer is estimated to be 12.5
m* g~ As shown in SI, Figure S3, the distinct hysteresis loop
in between the adsorption and desorption branches within the
relative pressure range of 0.45 to 1.0 for MXene is an
indication of the mesoporous structure of the MXene layer.
Additionally, the nearly vertical tails observed near the relative
pressure of 1.0 indicate the existence of macropores.

To remove any metal contamination during membrane
fabrication, the MXene/HDPE membranes were cleaned with
a 5% aqueous HCI solution, followed by washing the
membranes several times with deionized water. The acid-
washed MXene membrane was used for removing metal ions
from a mixture of 17 mixed metal ions in PGMEA. The
experiment was performed under pressure-free conditions by
submerging the substrate in the challenge solution at ambient
temperature. The details of sample preparation and exper-
imental methods are available in the SI, section 1. As presented
in Figure 2A, the MXene membrane exhibited superior
removal efficiency for various monovalent, divalent, and
multivalent ions such as Li, Mg, Al, Ca, V, Cr, Na, K, Fe,
Ni, Cu, Mn, Co, Zn, Cd, Ba, and Pb ions when compared with
the pristine HDPE membrane. The metal ions such as Li, Mg,
Ca, Cr, Fe, Ni, Cu, Mn, and Co were removed above 90%, and
metal removal efficiencies of above 80% were achieved for Al
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Figure 2. Ion removal and interaction with MXene-coated membranes: (A) Metal ion removal efficiency of the control HDPE (blue bar) and
MXene/HDPE (red bar) membranes. The metal adsorption was performed with 100 ppb of mixed metal ions in PGMEA at 22 °C. The membrane
was immersed into the test solution and kept under shaking (120 rpm) for 24 h at 22 °C to reach equilibrium. (B) Schematic diagram showing the
crystal structure of Ti;C, (top) and TiyC,(OH), (bottom) monolayers with side and top views (h represents the adatom height). (C,D)
Adsorption energies and adatom height of Na, K, Fe, and Ni atoms on Ti;C, (top) and Ti;C,(OH), (bottom) monolayer. Here, red, green, and
blue bars refer to the adsorption sites on the MXene nanosheet as labeled in (B).

V, and Pb ions. Among the metal ions studied, ions such as Na,
K, Fe, and Ni are mostly encountered in the solvents used in
the microelectronics industry and their removal is challenging.®
As shown in Figure 2A, the metal ions such as Fe and Ni ions
were removed more efficiently compared with monovalent ions
such as K and Na ions. The higher removal efficiency of Fe and
Ni ions can be attributed to the higher electrostatic attraction
between MXene and divalent/multivalent ions compared to
monovalent ions. Among the monovalent ions such as Na and
K, the higher removal of K ions can be attributed to its lower
solvated radius when compared with Na ions; the latter
facilitated the intercalation of K ions into the MXene
layers.*>*’

The interaction between MXene and different metal ions
was further investigated with density functional theory (DFT)
calculations. We investigated three different adsorption sites,
marked as A, B, and C in Figure 2B. The A site is at the center
of a hexagon composed of carbon atoms, the B site is directly
above the carbon atom, and the C site is directly above the Ti
atom. The adsorption energy (E,4) for all four metals adsorbed
on MXene is defined as
—E

m

Ead = Etotal - EMXene
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where E, is the total energy of the MXene layer with the
adatom element attached, Eppe,. is the total energy of the
pristine MXene layer, and E,, is the total energy of the isolated
metallic element. The negative adsorption energies presented
in Figure 2C reveal that all four investigated metal ions (Na, K,
Fe, and Ni ions) can be spontaneously adsorbed on the Ti;C,
and —OH terminated Ti;C, MXene surfaces. The adsorption
energies for all four elements and all three absorption sites
follow the order of Ti;C, > Ti;C,(OH), suggesting that the
bare MXene has a higher affinity for adsorbing investigated
elements when compared with the —OH terminated MXene.
The negative adsorption energy obtained for both cases
supports the experimentally observed applicability of both bare
and —OH terminated Ti;C, MXene as adsorptive membranes
for the removal of metal ions. As shown in Figure 2C (top
graph), the adsorption energies for the alkali metal ion (Na
and K ions) on the bare Ti;C, were in the range of —1 to —2.3
eV. Meanwhile, the two investigated transition metal ions (Fe
and Ni ions), have a much stronger adhesion on Ti;C,. A
similar trend, given in Figure 2C (bottom graph), was observed
for —OH terminated Ti;C,. This trend supports the
experimentally observed higher removal percentages of Fe
and Ni ions in comparison to Na and K ions. The adhesion

https://doi.org/10.1021/acsaenm.3c00450
ACS Appl. Eng. Mater. 2023, 1, 2452—2457



height, which is the distance between the adatom and Ti
atoms, is calculated and presented in Figure 2D. The
comparison of the results between the alkali and transition
metal ions indicates a decrease in the adatom height as the
adhesion becomes stronger.

To gain more insights into the mechanism of metal ion
removal, we studied the local chemical environment of metal
ions adsorbed onto the MXene/HDPE membrane using X-ray
photoelectron spectroscopy (XPS). Figure 3A presents the
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Figure 3. XPS and PXRD spectra of MXene/HDPE membranes after
the adsorption of metal ions: (A) XPS high-resolution Fe 2p spectra
of MXene/HDPE membranes and control HDPE membrane. (B)
PXRD patterns of MXene and metal adsorbed MXene/HDPE
membranes. The metal adsorption was performed with 100 ppb of
each metal ion in PGMEA at 22 °C. The membrane was immersed
into the test solution and kept under shaking (120 rpm) for 24 h at 22
°C to reach equilibrium.

XPS high-resolution Fe 2p spectra of the control and MXene/
HDPE membranes after metal ion adsorption. Here, the
control experiment was performed by submerging the HDPE
membrane in the respective metal ion solution for comparison
against the MXene/HDPE membrane. The peaks at 711.3 and
724.8 eV and peaks at 712.4 and 726.1 eV can be assigned to
Fe** and Fe*, respectively. In the spectrum of the MXene/
HDPE membrane sample, the intensity of the Fe** peak was
reduced compared to Fe?*, which indicates that the Fe ions are
reduced upon contacting with MXene. Here, the reduction of
Fe* to Fe’* was assisted by the electron transfer from MXene
to Fe¥*.”® The zeta potential analysis of the MXene/HDPE
membrane revealed that the as-prepared Ti;C,T, MXene
membrane has an isoelectric point (IEP) of ~2.5 (SI, Figure
S4).* Therefore, the partial negative charge of MXene (due to
the presence of the —OH group) attracts positively charged
metal ions. Similarly, the XPS high-resolution Cr 2p spectra
exhibited the same trend. As shown in SI, Figure S5, Cr®
(Cr,0,%7) undergoes reduction upon contact with the MXene
layer, leading to the appearance of Cr*" in the XPS data (see
the reduction half-reaction equation in SI, eq S2). We did not
observe any shift for Na and Ni elements upon contact with
MXene (SI, Figure S6), which can be attributed to the
relatively lower oxidative potential of Na and Ni ions when
compared to Fe and Cr ions.

The X-ray diffractograms of samples before and after the
adsorption of metal ions were further used to evaluate the
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structural changes. As shown in Figure 3B, the (002) peak of
MZXene was slightly broadened and shifted to lower angles after
the adsorption of different metal ions; this indicates an increase
in the d-spacing between the MXene sheets due to the
intercalation of metal ions. This shift in the position of the
(002) peak was slightly smaller for monovalent ions compared
to other metal ions. This can be attributed to the smaller ionic
radii of the monovalent ions. We also note the appearance of a
new set of peaks in the PXRD patterns of the MXene
membranes upon the adsorption of metal ions, which was
similar to multilayer MXene PXRD patterns.”® Thus, we
concluded that the adsorption of metal ion on MXene sheets
promotes the stacking of flakes to construct multilayer MXene,
for which two sets of peaks with their higher index diffraction
pattern can be recorded.

This study demonstrates the tremendous potential of
MZXene membranes for metal jon removal from organic
solvents. The reductive adsorption behavior of the MXene/
HDPE membrane offered improved metal ion removal from
PGMEA under pressure-free conditions. Importantly, despite
the competitive adsorption of 17 metal ions, excellent removal
efficiencies of >90% were obtained for Li, Mg, Ca, Cr, Fe, Nj,
Cu, Mn, and Co ions. This work will open new avenues for the
development of jon-selective MXene-based membranes.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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https://pubs.acs.org/doi/10.1021/acsaenm.3c00450.
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