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ABSTRACT: As nanofiltration applications increase in diversity, there is a need for new fabrication methods to prepare chemically
and thermally stable membranes with high retention performance. In this work, thio-bromo “click” chemistry was adapted for the
fabrication of a robust covalently attached and ultrathin nanofiltration membrane. The selective layer was formed on a pre-
functionalized porous ceramic surface via a novel, liquid—vapor interfacial polymerization method. Compared to the most common
conventional interfacial polymerization procedure, no harmful solvents and a minimal amount of reagents were used. The properties
of the membrane selective layer and its free-standing equivalent were characterized by complementary physicochemical analysis. The
stability of the thin selective layer was established in water, ethanol, non-polar solvents, and up to 150 °C. The potential as a
nanofiltration membrane was confirmed through solvent permeability tests (water, ethanol, hexane, and toluene), PEG-in-water
molecular weight cut-off measurements (700 g mol™'), and dye retention measurements.

KEYWORDS: click chemistry, nanofiltration, porous ceramic support, ultrathin membrane, molecular separation,
liquid—vapor interfacial polymerization, thioether-based network

B INTRODUCTION

Separation, recovery, and disposal of liquid mixtures in the
industry accounts for at least 40—70% of both capital and
operating costs.”” Membrane-based technologies have shown
potential as an alternative or a complement to conventional

formation. As a result, large quantities of waste are produced,
which is one of the major drawbacks of the IP method.®

In addition, despite the excellent performance reported for
the NF membranes prepared by the IP method, the resulting
polymeric layers present a low mechanical and chemical

separation and purification processes thanks to their easy
operation, high separation efficiency, low energy consumption,
and ecofriendliness.” This has been observed particularly for
the purification of water or organic solvents under extreme
process conditions (e.g., high pressure and/or temperature),'
where nanofiltration (NF) membranes are ideal for the
removal of small organic solutes with a molecular size between
0.5 and 2 nm (such as antibiotics, catalysts, etc.).

Interfacial polymerization (IP) is extensively used for the
preparation of NF membranes. This method allows the
formation of ultrathin dense polymeric networks on porous
substrates by a controlled polymerization process at the
interface of two immiscible phases (e.g., water—toluene).*”
Unfortunately, the fabrication of NF membranes with good
separation performance by IP implies the use of solvents and
monomers in a large excessé(e.g., at least 1—3 wt %) due to
low monomer to polymer conversions’and byproduct
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stability under severe conditions (i.e., extreme pH values,
bleach, and other reactive chemicals).”'® This correlates to the
monomers used which are usually composed of halogenated
acids, such as trimesoyl chloride (TMC), and diamine
benzene-derivatives (DAB). A combination of these types of
monomers facilitates the formation of cross-linked polymeric
networks at short reaction times, which leads to enhanced
chemical stability in polar and apolar solvents. However, the
amide bonds formed during the reaction between these two
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Scheme 1. Schematic Representation of the Grafting of MPTMS via Vapor Phase Deposition (A) and the Stepwise Thioether-

Based Membrane Formation (B)
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types of monomers (TMC and DABs) are very sensitive to
hydrolysis and thus cannot withstand strong acids, bases, or
hypochlorite-based cleaning treatments.'"”'* Additionally,
swelling and detachment of the membrane from the porous
substrates can occur during the cleaning treatment as the
conventional IP process does not involve a covalent attach-
ment between the membrane and the substrate surface.
Therefore, there is a need to adjust the IP reaction process
to mitigate waste production and to increase the chemical and
mechanical stability of the NF membranes produced.

To overcome the challenges of conventional IP methods,
“click” chemistry can be used instead of amidization reactions.
“Click” chemistry is a tool used for the fabrication of highly
cross-linked and chemically stable polymers. This method is
characterized by a high reaction yield and low waste
production.’” Besides, “click” reactions can promote the
formation of chemical linkages that are chemically inert even
under extreme conditions. Among the existing possibilities, the
thio-bromo “click” reaction, which occurs at room temperature
under basic conditions (pH < 9), results in stable thioether
bonds which can be used as an alternative to conventional
amidization reactions used in conventional IP methods.

In 2005, Timmerman et al.'* established the first thio-bromo
“click” reaction synthesis to prepare cyclic peptides in high
yields and more rapidly than conventional synthesis methods.
The resulting products were made via the reaction of cysteine-
based peptides as thiol substituted with benzylic bromides
under mild basic conditions (pH ~ 8)."” The method was
expanded to the preparation of polymers by Monnereau et al.
in 2015."° Hyper-cross-linked thioether-based porous polymers
were formed under similar conditions. These networks were
shown to be insoluble in common organic solvents and were
thermally stable up to 500 °C. “Click” reactions show great
potential for use in membrane technology due to the
simplicity, the high yields of the reaction conditions, and the
resulting chemical stability of the polymers formed. Most
studies using “click” chemistry are focused on minor precursor
modifications either before'®™*° or after’"** the layer
formation. However, thus far no study has used the powerful
and high yielding “click” reactions to form distinct membrane
selective layers. Therefore, by adapting the IP method with the
“click” reactions, ultrathin and selective membrane layers can
be formed. A proof-of-concept was shown by Rapakousiou et

al. in 2017,"" where the liquid/liquid IP method in
combination with the “click” reaction of copper-catalyzed
azide—alkyne cycloaddition (CuAAC) was used to form an
ultrathin polymer with thickness of ~5 nm. In this work, we
propose a novel method toward the formation of an ultrathin
cross-linked NF membrane composed of stable thioether
bonds. Starting from the top surface of a pre-functionalized
porous ceramic support, two successive thio-bromo “click”
reactions are conducted to form the NF separation layer. Here,
the “click” reaction is also used to covalently attach the
polymeric layer on top of a porous ceramic support. Ceramic
supports, which exhibit high thermal and chemical stability, do
not suffer from plasticization issues, swelling, or thermal
degradation, which are the phenomena observed with common
porous polymeric supports. In addition, ceramic supports can
be easily functionalized with a wide range of small organic
molecules™ including thiol-terminated ones.”* Even though IP
layers have been successfully formed on ceramic supports in
the past,” only conventional IP (polyamides predominantly)
procedures were used, and to date no covalent attachment
between the selective layer and the ceramic support has been
reported. In this work, the second “click” reaction is done via a
vapor phase interfactial polymerization (VIP) without the use
of a catalyst. For the first time, we report a selective layer made
completely via “click” chemistry. Special effort is devoted to
understanding the impact of each reaction step on the final
layer as well as the thermal and chemical stability of the
network. The system reported here can serve as a proof-of-
concept for developing thioether-based layers for a wide range
of applications such as in membrane science, coatings,
optoelectronics, and many more.

B MATERIALS AND METHODS

Materials. Solvents used were ethanol (technical grade >95%),
anisole (>99%, Merck, NL), and water (MilliQ). Chemicals used were
glycerol (anhydrous, Merck, NL), 1,3,5-tris(bromomethyl)benzene
(3Br) (>97%, Fluorochem, UK), (3-mercaptopropyl)trimethoxysilane
(MPTMS) (>95%, Merck, NL), 1,3-benzenedithiol (2SH) (>99%,
Merck, NL), triethanolamine (TEOA) (>99.5%, Merck, NL), Brilliant
Yellow (70%, Sigma-Aldrich, NL), Rhodamine B (>99%, Merck, NL),
Sudan Black B (>99%, Sigma-Aldrich, NL), and polyethylene glycol
(PEG, Merck, NL). The chemical structures and abbreviations can be
found in Figure S1 of the Supporting Information. The a-alumina (a-
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Al,0,) substrates (disc: 21 or 39 mm of diameter, 2 mm of thickness,
80 nm pore diameter) were purchased from Pervatech B.V., the
Netherlands. These ceramic substrates are comprised primarily of
macroporous a-alumina (>99%), which ensures mechanical stability
under pressure. The polished side of these supports was dip-coated
with a boehmite sol and subsequently calcined at 650 °C for 3 h. The
procedure was performed twice to eliminate any defects on the
surface of the y-alumina support and led to the formation of a thin y-
alumina layer of 3 ym in total thickness (Figure S2B of the Supporting
Information). Further details for the fabrication of the y-alumina-
coated support can be found elsewhere.”*™**

Thioether-Based Cross-Linked NF Membrane Preparation.
Prior to the use of mesoporous y-alumina supports, they were soaked
in a water/ethanol mixture (v/v = 2:1) for 8 h before drying under
vacuum at 50 °C. The synthesis of the thioether-based cross-linked
membrane is divided in three steps as described in Scheme 1.

Porous Support Pre-Ffunctionalization. The grafting of MPTMS
was conducted using the vapor phase grafting method. Prior to the
synthesis, y-alumina support was filled with glycerol by rubbing a drop
(~1 mL) onto the substrate surface and after 10 min stand time,
dabbed with a tissue. Vapor phase grafting was conducted by placing a
glycerol-filled y-alumina support (top-surface facing down) 2—3 cm
above 50 mL of a 25 mM anisole solution of MPTMS at 105 °C for 3
h (Figure S4). After cooling to room temperature, the pre-
functionalized porous support was washed with 20 mL of anisole
for 1 h under sonication to remove the physisorbed species and dried
overnight at 50 °C under vacuum. Samples obtained at this stage were
denoted as Al-SiM.

Liquid Phase “Click” Reaction. Following the MPTMS grafting
step, the pre-functionalized porous support was soaked for 3—5 min in
a solution containing 0.22 mmol of 1,3,5-tris(bromomethyl)benzene
(3Br) and 0.16 mmol of TEOA in 10 mL of anisole (Figure S4). After
removing from the solution, compressed air was gently blown across
the surface of the support to remove any solvent visible to the eye.
Samples obtained at this stage were denoted as Al-SiM/Br.

Vapor Phase “Click” Reaction. The thioether-based cross-linked
membrane was then prepared by placing the Al-SiM/Br samples (top-
surface facing down) 1-2 cm above 25 uL (0.17 mmol) of 1,3-
benzenedithiol (2SH) pure precursor at 80 °C for 4 h under stirring
(Figure S4). After cooling to room temperature, the resulting
membrane was washed twice in 20 mL of ethanol for 30 min under
sonication and dried at 50 °C under vacuum. Samples obtained at this
stage were denoted as Al-SiM/TE.

Characterization. Fourier transform infrared spectroscopy
(FTIR) measurements were done using a PerkinElmer UATR
Spectrum Two. Wavenumbers between 4000 and 550 cm™ were
scanned in the reflectance mode at a resolution of 4 cm™ for a
minimum of 16 scans.

Field-emission scanning electron microscopy (FE-SEM) images
were obtained with a Zeiss MERLIN high-resolution scanning
electron microscope using an accelerating voltage of 1.4 kV. FE-
SEM samples were sputtered with 2 nm of chromium to avoid sample
charging.

Thermogravimetric analysis (TGA) coupled with differential
scanning calorimetry (DSC) and mass spectroscopy (MS) was
conducted using an STA 449 F3 Jupiter (Netzsch) equipped with a
dual TG/DSC sample/reference holder. Measurements were
performed under 55 mL min™' N, and 15 mL min™! O, flow with
a heating rate of 10 °C min™" from 40 to 800 °C. Calibrations were
made using melting standards. Measurements were run sample-
temperature controlled. The sample masses were determined using an
internal balance 30 min after inserting the sample. The gases evolved
during TGA analysis were transferred to a mass spectrometer (QMS
403 D Aéolos, Netzsch). TGA and MS start times were synchronized,
but no correction was applied for the time offset caused by the
transfer line time (estimated <30 s, systematic offset). A bar graph
scan for m/z = 1—110 amu was recorded for all samples to determine
the evolving m/z numbers. TGA/DSC crucible correction can be
found in the Supporting Information, Figure S12.

Pore size of the mesoporous alumina membranes was determined
by permporometry using cyclohexane as condensable vapor. The
experimental procedure is described in detail elsewhere.”

X-ray fluorescence spectroscopy (XRF) measurements were
conducted on a Bruker SS Tiger using membrane samples prepared
via the stepwise membrane method descripted above. Complete
elemental analysis is provided in the Supporting Information.

Spectroscopic ellipsometry was performed using a J.A. Woollam M-
2000 ellipsometer on silicon wafer (one side polished, CZ test grade,
Silchem) samples coated in a fashion identical to the prepared Al-SiM,
Al-SiM/Br, and Al-SiM/TE membrane samples without the glycerol
pretreatment step. First, a piece of silicon wafer (30 X 30 mm) with a
native oxide layer was cleaned in an oxygen plasma chamber for 10
min at 100 W. Any residual organics were washed off with ethanol and
then, the wafer was dried under vacuum at 50 °C overnight. The
preparation of the coatings followed the stepwise protocol developed
for the preparation of the thioether-based membrane except that no
pore-filling agent was used. After each reaction step, a part of the
substrate was preserved for the analysis (Figure S13). Each sample
was rinsed with ethanol multiple times and dried under vacuum
overnight at 50 °C and stored under N, at room temperature. The
detailed parameters to assess the layer thickness can be found in the
Supporting Information.

Membrane Screening and Performance Tests. Permeability
and retention data were collected with a custom-made, dead-end
filtration setup, consisting of a nitrogen tank pressurizing a feed vessel
with a valve to regulate pressure. Permeability is expressed as the flux
of water or a solvent across a membrane per unit of driving force, here
as liters per square meter of exposed membrane area (2.4 or 9.1 cm?*)
per hour per bar of pressure applied across the membrane (L m™h™!
bar™!). Permeability data were collected by weighing the flow of
permeate at timed intervals and at three applied transmembrane
pressures between 8 and 1S bar and by taking the slope of a linear fit
of the collected data. All slopes were found to be linear unless
otherwise noted. A permeability of 0.0 indicates no detected solvent
flux during 17 h of operation at a transmembrane pressure of 15 bar.

Retentions (R) of Brilliant Yellow (BY, M,, = 624.55 g mol™}, 50
ppm), Rhodamine B (RB, M,, = 479.02 g mol™', 50 ppm), Sudan
Black B (SBB, M,, = 457 g mol™", 50 ppm), or PEG oligomers (M,, =
300, 600, 1000, 1500 g mol™!) were calculated by the equation

R=1—cp/cf (1)

where ¢, and ¢ are the permeate and feed solute concentrations,

respectively. Retention samples were obtained at recoveries between
15 and 25%. Solute concentrations of BY, RB, and SBB were
calculated from PerkinElmer 112 UV—vis spectrophotometer results
at the characteristic wavelength of 401.5 (BY), 554 (RB), and 604
(SBB) nm. PEG concentrations were determined by gel permeation
chromatography (GPC). The GPC setup consisted of two SUPREMA
100 A columns from PSS Polymer Standards Service GmbH
(Germany), an HPLC pump from Waters (Millipore B.V., The
Netherlands) and a Shodex RI-Detector from Showa Denko GmbH
(Germany). The columns were calibrated using the same PEG
standards.

B RESULTS AND DISCUSSION

Porous Support Pre-Functionalization with MPTMS.
The porous y-alumina top-surface was pre-functionalized with
MPTMS, a precursor for the thioether-based network, using a
vapor phase deposition grafting method (Scheme 1A). Here,
the alkoxysilane linking groups of the precursor react with the
hydroxyl-rich surface of the y-alumina support via a
condensation reaction, yielding a homogeneous monolayer
coverage without poly(homo)condensation reactions.”

FTIR analysis was used to demonstrate the grafting of the
MPTMS precursor on the top-surface of the porous y-alumina
support. The FTIR spectrum of the pristine (Al) and pre-
functionalized y-support (Al-SiM) in the range 3800—2300
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and 1800—960 cm™" are presented in Figure 1A,B. The bands
appearing on the Al-SiM spectrum between 2840 and 2950

Al A. Al B.
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Figure 1. FTIR spectra of the Al, Al-SiM, Al-SiM/Br, and Al-SiM/TE

samples between 3800 and 2300 cm™' (A) and 1800—960 cm™ (B).

The symbol (*) denotes the vibration band attributed to physisorbed
2

water.

cm™! correspond to the symmetric and antisymmetric C—H

stretching vibrations of the precursor’s aliphatic group. The
grafting is suggested by the disappearance of a sharp vibration
band at 2840 cm™" which corresponds to the Si—OCHj, group
of the MPTMS precursor (Figure S11, Supporting Informa-
tion, Section S). This is also confirmed by the presence of a
broad vibration band centered at 1050 cm™' on the Al-SiM
spectrum, which can be ascribed to the newly formed Si—O—
Al bond and is not visible in the spectrum of the pristine
support (Al).>° Compared to the FTIR spectrum of the
precursor, the weak stretching vibration band of the thiol
group (S—H) located at 2565 cm™" is not visible for the Al-
SiM sample. This can be due to the low concentration of
grafted molecules on the pre-functionalized surface and the
weak absorbance of the S—H group in this IR region.’'

XRF was used to further confirm the presence and
conservation of the side chain of the MPTMS precursor after
grafting. The results are presented in Table S1 (Supporting
Information, Section 6). The analysis revealed the presence of
silicon and sulfur, respectively, 0.3 and 0.3%; thus, confirming
along with the FTIR results that the support has been
successfully functionalized.

Cyclohexane permporometry was used to investigate the
possible blocking of the support pores due to poly(homo)-
condensation reactions of the MPTMS precursor. Indeed, the
presence of precursors into the pores can affect the formation
and properties of the resulting NF thioether-based membrane.

The oxygen flux through the Al-SiM and the unmodified -
alumina support as a function of the relative cyclohexane
pressure during the desorption step of the permporometry
analysis is shown in Figure S13A (Supporting Information,
Section 7). At the beginning of the desorption step, all pores
are blocked with condensed cyclohexane and there is no
oxygen flux. In the interval 0.5 > P/P, > 0.3, the oxygen
permeance increases with the increase in number of open
pores. By considering that the capillary condensation process
takes place in this interval, Kelvin diameters of ~5.5 and ~§
nm (Supporting Information, Section 7) were calculated for
the unmodified y-alumina support and the Al-SiM sample (5.5
+ 0.03 and 4.8 + 0.07, accordingly). The results are very
similar, confirming sucessful grafting of MPTMS on the
support’s top-surface without poly(homo)condensation reac-
tions into the pores.

Formation of the Thioether-Based Hyper Cross-
Linked Membrane. Prior to membrane fabrication, thio-
ether-based free-standing films were prepared as a proof-of-
concept via the liquid—liquid IP (LIP) method. The LIP
method, in contrast to a single solvent system, allows for
formation of a well-defined organic network.”* Preparation of
LIP free-standing films was proven to be crucial in determining
potential side reactions by 'H liquid NMR and the
physicochemical properties of the membrane layer such as
thermal and chemical stability. The preparation procedure and
the physicochemical characterizations of the film are reported
in the Supporting Information (Section 4).

Thioether-based cross-linked membranes were prepared on
the pre-functionalized support (Al-SiM) in two steps, as shown
in Scheme 1B. The first step consisted of the deposition of a
basic solution of the 1,3,5-tris(bromomethyl)benzene (3Br)
monomer onto the pre-functionalized porous ceramic support.
Under these solution phase conditions, the thiol surface groups
of the grafted precursors can react with the 3Br monomer via
the thio-bromo “click” reaction, forming a thioether bond (Al-
SiM/Br). The base catalyst (TEOA, pK, ~ 11)** was added to
the 3Br monomer solution to minimize the formation of
disulfide bonds, which were detected by 'H liquid NMR
during the preparation of the film (Figures S9 and S10,
Supporting Information, Section 4). Disulfide bonds are in
general weaker than thioether bonds since they can be cleaved
under mild conditions,””** and thus their presence in the final
membrane layer is viewed as defects. Subsequently, the support
surface was exposed to 1,3-benzenedithiol (2SH) monomer
vapors, leading to the formation of a thioether-based cross-
linked membrane by vapor phase interfacial polymerization
(VIP)(AI-SiM/TE, Scheme 1B, step 2). This second step, was
done without the use of a base catalyst since the nucleophile in
the vapor phase has enough energy to overcome the kinetic
barrier of the “click” reaction.”®®” Therefore, the 2SH
monomer in the vapor phase is expected to react with the
3Br monomer in contact with the liquid phase. Thus, we
expect that the “click” polymerization reaction occurs at the
liquid—vapor interface and an IP should take place on top of
the ceramic support. The reaction parameters for the
preparation of the Al-SiM/TE sample (Scheme 1B) were
selected by screening through different reaction conditions
(reaction times and monomer concentrations). A combination
of Sudan Black B (M,, = 457 g mol™") retention tests and
solvent permeability measurements were conducted to identify
the samples showing the presence of a distinct selective and
permeable layer on top of the support. The results of this
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preliminary study are summarized in the Supporting
Information (Section 8).

To confirm the formation of the thioether-based cross-
linked network, FTIR analysis was conducted after each
reaction step, on samples Al-SiM/Br and AI-SiM/TE. The
FTIR spectra in the range 3800—2300 and 1800—960 cm™" are
presented in Figure 1A,B, respectively. For these samples, the
presence of aromatic rings is confirmed by the quadrant
stretching vibration band observed at 1602 cm™' (¢(C=C)).
Moreover, this assumption is also verified by the multiple
bands appearing at 1484, 1450, 1440, and 1412 cm™! which are
associated with the stretching and bending vibrations of the
aromatic rings (¥(C=C) and 8(=CH)).*"** The good signal
resolution of these vibration bands in the case of the Al-SiM/
TE sample suggests the increase in the concentration of
aromatic rings, as compared to the Al-SiM/Br sample, which is
attributed to the vapor phase “click” reaction (Scheme 1B, step
2). The absorption band at 1249 cm™', appearing in both
samples, is attributed to the wagging vibration of the methyl
group at the benzylic position, Ph—CH,—X, where X is either a
sulfur or a bromine atom.”” To determine if this vibration band
resulted from the formation of thioether bonds or unreacted
3Br monomers, the spectra were compared to the spectrum of
the pure 3Br monomer (Figure S14, Supporting Information,
Section 9). Even though, in the spectrum of the 3Br monomer,
the vibration of the methyl group (Ph—CH,—Br) appears at
1209 cm™, the presence of bromine in Al-SiM/Br or/TE
cannot be excluded and further in-depth analysis is required.
Moreover, disappearance of the C—Br absorption band at 704
cm™ would indicate full conversion of the benzylic bromides
to thioethers in the membrane layer. However, no specific
signals can be observed below 900 cm™ in the case of the Al-
SiM/TE membrane due to the high intensity of the signal
attributed to the alumina support (Figure S14, Supporting
Information, Section 9). Here, the free-standing film can be
used since it is spectroscopically identical to Al-SiM/TE.
According to the FTIR of the film, an absorption band at 710
cm™! is present which can be attributed to both unreacted
methyl bromides (C—Br)*" or the desirable thioether bonds
(C—=S—C).*>*" Thus, from the FTIR results thioether bond
formation is indicated; however, the presence of bromide in
the sample cannot be excluded and further investigation is
necessary.

XRF analysis was conducted to determine the amount of
sulfur and the presence of any residual bromine in the final
thioether-based membrane. The results are given in Table S1
(Supporting Information, Section 6). The weight concen-
tration of sulfate increases by 1.3% from the Al-SiM to the Al-
SiM/TE samples confirming the higher concentration of
thioether bonds on the surface (AI-SiM: 0.3 wt %; Al-SiM/
TE: 2.0 wt %). Less than 0.1 wt % of bromine was detected in
the Al-SiM/TE sample which suggests the predominance of
the thioether-based bond formation.

To study the pore size of the membrane and to confirm the
formation of a defect-free layer as suggested by the preliminary
SBB retention tests, cyclohexane permporometry experiments
were conducted. The oxygen flux through the Al-SiM/Br and
Al-SiM/TE samples as a function of the relative cyclohexane
pressure during the desorption step is shown in Figure S13A,B
of the Supporting Information (Section 7). A pore diameter of
~4 nm is determined for the AI-SiM/Br sample which
indicates a pore shrinkage of ~1 nm compared to the
unmodified y-alumina support. This decrease in pore diameter

can be attributed to the presence of the 3Br monomers which
have reacted in step 1 with the thiol surface groups present at
the pore entrances (Scheme 1B). Concerning the Al-SiM/TE
sample, an oxygen permeance of 1 X 107® mol s™' m™ Pa™"
was obtained (Figure S13A). This value corresponds to the
detection limit of the setup. The absence of a clear transition
point in the cyclohexane permporometry curve suggests first
the complete coverage of the y-alumina porous support with
the thioether-based network, and second that the Al-SiM/TE
sample is mainly composed of micropores (pore diameter < 2
nm).

According to the literature, the pore size of the layer
can also be estimated using retention tests of a series of PEG
molecules with different molecular weights (M,,). It is known
that PEG molecules can form spheres of certain radius in
solution, which can be estimated via the Stokes—Einstein eq 2

42—44

molecular radius (A) = 0.1673 x (M, (g/mol))**  (2)

where M,, is the molecular weight of the PEG which is 90%
retained by the membrane.

Figure S1S in the Supporting Information (Section 10)
shows the PEG retention obtained for the Al-SiM/TE sample.
A molecular weight cut-off (MWCO) of ~700 g mol™" was
obtained which is much lower than the MWCO of unmodified
y-alumina support (2500 g mol™!)* and well in the NF range.]
Using the MWCO and the eq 2, a hydrodynamic diameter of
1.3 nm was calculated. This value is in accordance with the
pore diameter suggested by the cyclohexane permporometry
measurements (pore diameter below 2 nm) and in the pore
range needed for NF applications.

FE-SEM analysis was used to investigate the morphology,
location, and homogeneity of the AI-SiM/TE membrane.
Figure 2A shows a cross-section image of the membrane with

Figure 2. FE-SEM cross section images of the thin thioether-based
membrane layer covalently attached to a mesoporous y-alumina
support with a magnification of 63k (A) and 260k (B).

part of the a-alumina support and the y-alumina layer
consistent with reported characteristics.”*>” No organic layer
was observed on the top surface until higher magnification was
used, as shown in Figure 2B, where a thin organic layer is
indicated. The organic layer seems to be in direct contact with
the y-alumina support. However, as shown in Figure 2B, the
top layer also appears in a different location in the form of thin
flakes detached from the supports. The detachment can be
artefacts induced either by the primary electron beam or the
high vacuum of the SEM equipment. Based on these
observations, the layer thickness should not be more than 50
nm.
For insight into the thickness of the thioether-based layer,
spectroscopic ellipsometry measurements were performed.
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Ellipsometry has been used to measure the thickness of
polymeric film prepared by conventional LIP.* However,
because of the roughness and porosity of the y-alumina
support, it is impossible to apply this analysis to the Al-SiM/
TE membrane. Thus, the membrane synthesis was transposed
onto silicon wafer substrates to study layer formation after each
reaction step. Grafting of MPTMS on the silicon wafer yields a
thin layer of 1.0 + 0.1 nm. This thickness value is in
accordance with MPTMS layers prepared by Gothe et al.*’
After the first “click” reaction with the 3Br monomer, an
increase in thickness of ~0.3 nm was measured. Finally, after
the second “click” reaction with the 2SH monomer by VIP, an
ultrathin thioether-based layer is formed with a thickness of 7.8
+ 0.4 nm. We expect that when prepared on the porous
membrane support, the thickness of the thioether-based layer
would be higher than the one shown by ellipsometry due to
the inherent porosity of the y-alumina support. Even though
the pores of the support are filled with glycerol, monomers are
expected to be able to infiltrate the porous ceramic during the
VIP step and to form a thicker layer than the one observed
with ellipsometry. Nevertheless, the thickness of the membrane
separation layer is expected to be very thin and thus would not
be observed by FE-SEM.

Stability of the Thioether-Based Cross-Linked Mem-
brane. The stability of the thioether-based network was
assessed first through exposure to different solvents. Perme-
ability tests were conducted with solvents of different polarity
(water, ethanol, toluene, and hexane) under the same
conditions. A thermal treatment was included in the test to
study any potential degradation of the structure caused by the
temperature or the solvent tested. As shown in Figure 3, the
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Figure 3. Permeability of various solvents through the same
membrane over consecutive tests. The same membrane was exposed
to heat for 2 days, and then the water permeability was tested for 2
consecutive days. Between each permeability test, the sample was
dried overnight at 50 °C under vacuum.

water permeability of the AI-SiM/TE membrane is approx-
imately 0.60 + 0.05 L m™ h™' bar™' and similar to ethanol
permeability (0.50 + 0.02 L m™ h™" bar™"). Compared to the
water permeability of the y-alumina-coated support (6 L m™
h™! bar™') and the bare a-alumina (7—8 L m™ h™! bar™')
support,”’ the thioether-based membrane exhibits approx-
imately 1 order of magnitude lower permeability, which
suggests the presence of a layer on top of the support. The Al-
SiM/TE membrane was found impermeable to apolar solvents,
such as toluene and hexane. This suggests that either the
organic layer has collapsed and a dense network has formed
after contact with the apolar medium, or the organic layer has a

rigid hydrophilic structure, impermeable to apolar solvents. To
understand which scenario has occured, the membrane was
dried and retested with water. As shown in Figure 3, the water
permeability showed a slight change (0.53 L m™ h™" bar™'),
which is attributed to incomplete drying of the apolar solvents
between the tests. However, the results suggest that thioether-
based layer did not collapse in the presence of the apolar
solvent. Thus, formation of a rigid hydrophilic network via the
VIP method is indicated.

Following the solvent permeability tests, the thermal stability
of the Al-SiM/TE membrane was further investigated. The
sample was thermally treated at 150 °C during 48 h, and a
water permeability of 0.57 L m™> h™" bar™! was measured. This
value is within error from the value obtained before the
thermal treatment (0.53 L m™ h™* bar™).

To further confirm the integrity of the network, a free-
standing film was analyzed by TGA-MS and FTIR spectros-
copy. The TGA results indicate that the thioether-based layer
is thermally stable below 300 °C, where no weight loss was
observed (Figure S17, Supporting Information, Section 13).
Above 310 °C, thermal degradation occurs with a significant
weight loss above 460 °C. FTIR analysis confirmed this
observation (Figure S18, Supporting Information, Section 14).
Compared to the FTIR spectrum of the free-standing film, the
thermally treated sample shows small differences in vibration
bands. New weak bands at 2500, 1500, and 1150 cm™! could
be denoted possibly due to a slight oxidation of the film.
Overall, these results confirm that the thioether-based
membrane prepared via the novel VIP method bear a highly
dense and hydrophilic network thermally stable until at least
150 °C.

Membrane Performance. A series of retention tests were
conducted on the AI-SiM/TE membrane using aqueous
solution of Brilliant Yellow (BY, 625 g mol™"), Rhodamine B
(RB, 479 g mol™"), and an ethanolic solution of Sudan Black B
(SBB, 457 g mol™"). The results are given in Table 1. Both

Table 1. Solute Rejection Tests Performed on the Al-SiM/
TE Membrane”

solute solvent charge M,, (g mol™) retention (%)
Brilliant yellow water negative 625 100 + 0.4
Rhodamine B water positive 479 NBx7
Sudan Black B ethanol neutral 457 S0+2

“The tests were performed under constant pressure (11 bar), using
nitrogen gas, and stirring at 700—800 rpm. Each test was reproduced
3 times of which the presented retention is the average and the error
refers to the standard deviation from the average value of 3 samples.

aqueous solutions result in high retentions values, 99 + 0.4%
for BY and 93 + 7% for RB. However, SBB retention in
ethanol averaged to 50 & 2% which can be attributed to the
neutral character of the SBB dye as compared to the charged
BY or RB. This along with being impermeable to apolar
solvents indicates that the Al-SiM/TE membrane bears a dense
charged surface. Thus, we expect that the AI-SiM/TE
membranes can find use in the removal of dyes from water.
Table S4 compares the retention performance versus water
permeability of the thioether-based NF membrane prepared in
this work with data from the open literature. For the sake of
relevant comparison, only organically grafted-y-alumina mem-
branes were considered in this table. Indeed, the porous
ceramic support structure (pore diameter, porosity, and
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architecture) plays a strong role on the resistance to the
solvent transport as reported in our previous work.**
Compared to the literature, the thioether-based NF membrane
present promising retention performance (PEG MWCO ~ 700
instead of 2800 Da) with acceptable water permeability (~0.6
L m™h™!bar™"). To enhance the membrane permeability, our
future research will focus on the adaptation of the membrane
structure (intrinsic microporosity) and support (to decrease
the resistance to the water flux).

B CONCLUSIONS

A “click” reaction approach within a novel liquid—vapor IP
method was used to prepare ultrathin selective thioether-based
cross-linked NF membranes. Here, we report for the first time
the combination of “click” chemistry with IP in membrane
preparation. In addition to that, we show the formation via
means of “click” chemistry on a porous ceramic support and
formation of a hybrid system, which to the best of our
knowledge has never been reported in the literature before.
Typically, LIP methodologies used in membrane technology
rely on a biphasic liquid system; however, our novel liquid—
vapor system relies on a single environmentally friendly solvent
and minimal reactant usage. The monomer amounts used in
this work are very small (from 0.05 to 0.2 wt %) when
compared to concentrations of a typical IP procedure (from 1
to 3 wt %).6 We demonstrated, via spectroscopic measure-
ments and solvent permeation tests, that the thioether layer
exhibits high thermal (150 °C for two days) and chemical
stability (ethanol, hexane, and toluene).

Preliminary NF tests show permeabilities of 0.6 and 0.5 L
m~> h™" bar™" in water and ethanol, respectively, with a PEG
MWCO of 700 g mol™" as well as good retention of charged
dyes in water. The membrane was found to be impermeable
yet stable to two apolar solvents, toluene and hexane. Based on
this proof-of-concept, the development of thioether-based
cross-linked networks can be expanded to a variety of NF and
separation applications.'® The liquid—vapor IP method
presented is a highly effective and facile method which
shows significant advantages over the liquid—liquid IP method.
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NF, nanofiltration

MWCO, molecular weight cut-oft

MPTMS, 3-(mercaptopropyl)trimethoxysilane
2SH, 1,3-benzenedithiol

TEOA, triethanolamine

BY, Brilliant Yellow

RB, Rhodamine B
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