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Polar Pore Surface of Polyamide Membranes Enabling

Efficient Solvent Mixture Separation

Aiwen Zhang, Kecheng Guan,* Zhaohuan Mai, Zheng Wang, Liheng Dai, Chuang Li,
Bowen Li, Zhan Li, Mengyang Hu, Pengfei Zhang, and Hideto Matsuyama*

Separating solvent mixtures without phase change using polyamide
membranes reduces energy consumption and enhances environmental
sustainability. However, overemphasizing precise pore control while
neglecting membrane—solvent interactions hinder membrane development
and reduces separation efficiency. Here, it is demonstrated that rapid
separation of solvents of differing polarity can be achieved using a polyamide
membrane featuring relatively large pores with a polar surface formed via
interfacial polymerization between polyethyleneimine (PEI) and trimesoyl
chloride (TMC). The abundant amine groups and flexible chains of PEI
facilitate the formation of a polyamide network that enables fast and selective
transport of mixed solvents with varying polarity. The membrane can exhibit
several-fold-higher permeance while maintaining comparable permselectivity
compared to conventional polyamide membranes fabricated from the reaction

for purifying solvent mixtures mainly relies
on energy-intensive distillation processes,
which currently account for 10%-15% of
global energy consumption.”! Pressure-
driven membrane separation with high en-
ergy efficiency offers a promising alterna-
tive to thermal processes by differentiat-
ing molecules based on size, conformation,
and interactions without phase change.
Membrane technologies have become well-
established for water purification (e.g., de-
salination), and have recently emerged for
solute removal from organic solvents (or-
ganic solvent nanofiltration, OSN). How-
ever, their application in organic media
(e.g., organic solvent reverse osmosis) re-

of m-phenylenediamine with TMC. This work leverages membrane-solvent
interactions to achieve solvent mixture differentiation and may guide the
development of high-performance polymer membranes for efficient solvent

mixture separation.

1. Introduction

Separating solvent mixtures is essential for recovering resources
and purifying products in industries such as chemicals, phar-
maceuticals, and petroleum.l!! Currently, the primary method
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mains underexplored due to the com-
plexity of solvent mixtures."" Nowadays,
a major challenge in developing mem-
branes for separating solvent mixtures is
their generally low permeance.’! Organic
solvent molecules typically have similar
molecular sizes, and relying on precise
size sieving of membranes to enhance
selectivity inevitably sacrifices permeance.l*l Moreover, precisely
controlling membrane pore size is technically challenging and
limits separation targets.®! This necessitates exploring other
strategies beyond pore size sieving to further enhance the sep-
aration performance for solvent mixtures.

Within limited pore space, interactions between the pore
surface and transporting molecules can affect molecular trans-
port significantly. Modifying the pore surface chemistry of the
membranes thus alters membrane-solvent interactions (e.g.,
affinity and repulsion) and can change solvent transfer behavior.
This means that the modulation of membrane pore structure is
governed by the properties of the solvents, such as molecular
size, polarity, and dielectric constant.l! Statistical results indicate
that most organic solvents have a narrow molecular size range of
0.55-0.8 nm,[”] but exhibit distinct polarities (Figure 1a; Table S1,
Supporting Information). Polarity, a fundamental solvent param-
eter, varies more among different solvents, making it an effective
criterion for solvent molecule differentiation.l®*®] According
to the principle of “like dissolves like”,[®) membrane materials
with high polarity enhance affinity toward polar molecules
while repelling nonpolar ones. Thus, membranes with a suit-
ably limited pore size and polar pore surface can facilitate the
transport of higher-polarity solvent molecules while hinder-
ing lower-polarity ones, thereby achieving effective solvent

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) Distribution diagram of molar diameters (d,,, nm) and Hansen solubility parameters (3; solubility parameter due to dipole forces, MPa'/?)
for different organic solvent molecules including protic polar solvents, aprotic polar solvents, and non-polar solvents. b) Graphical illustration of the
polarity in membranes with confined pores enhancing the intramembrane selective transfer of polar/nonpolar solvent molecules.

differentiation. Some studies have leveraged the en-
hanced hydrophobicity of the membrane material to pro-
mote the passage of hydrocarbon solvents through the
membrane.['%) Therefore, creating high-polarity membranes
to separate solvents based on their polarity difference is
feasible.

Currently, specific molecular building blocks, introduced
via established interfacial polymerization (IP) techniques,
are required for fundamental modifications of the structure
and properties of the polyamide (PA) thin-film composite
(TFC) membranes to enhance solvent mixture separation
capabilities.**1!] Conventional TFC membranes constructed
from the m-phenylenediamine (MPD) monomer exhibit favor-
able selectivity for desalination or solvent mixture separations
due to their strong steric hindrance; however, they typically
have low permeance of 0.03-0.3 L m= h~' bar™' for organic
solvent mixtures."™1212] Due to the tightly packed all-aromatic
components and highly cross-linked structure of nascent PA
membranes, with pore sizes ranging from 0.3 to 0.4 nm,
the solvent separation performance depends primarily on
strict pore-size regulation.>!3] The characteristic of polarity
in selective solvent transport is rarely utilized. In this regard,
creating membranes with relatively large but limited pore
sizes and highly polar pore surfaces may achieve both high
permeance and selectivity. To realize this, amine monomers
that are composed of abundant polar functional groups and
flexible chains are ideal IP building blocks. Low-molecular-
weight polyethyleneimine (PEI)'* oligomers with aliphatic side
chains and abundant amino groups are better for fabricating
membranes with a highly polar and relatively loose PA layer
than the MPD monomer. Specifically, the excess amino groups
of PEI are necessary both for the IP reaction and as polar
functional groups!'®! that can remain in the polymer network to

Adv. Funct. Mater. 2025, 2422376 2422376 (2 O‘F'H)

generate a high-polarity pore surface. In addition, PEI provides
branched structures and flexible aliphatic chains in the polymer
network, which contribute to the relatively low solvent transport
resistance.['%]

Herein, PA layers embracing polar pore surfaces and relatively
large pore sizes were fabricated using PEI and trimesoyl chlo-
ride (TMC) via interfacial polymerization. Another type of PA
layer, featuring less polar pore surfaces and smaller pore sizes,
was prepared using conventional MPD and TMC. A series of re-
sulting PA TFC membranes with varying cross-linking degrees
were fabricated under different conditions and tested, revealing
a limitation to using the size exclusion effect to improve the sol-
vent mixture separation performance. When the membrane pore
size is reduced to below a certain threshold, further decreases
lead to continued reduction in solvent permeance without sig-
nificantly increasing selective solvent rejection. Comparisons be-
tween PEI-TMC and MPD-TMC membranes demonstrate that
pore surface polarity can offset pore size limitations by enhancing
membrane-solvent interactions, resulting in rapid and selective
separation of solvent mixtures through a synergistic effect of pore
size and polarity (Figure 1b). This work provides insights into
regulating membrane polarity beyond pore size to enhance the
separation performance of solvent mixtures in PA membranes.

2. Results and Discussion

2.1. Fabrication and Characterization of PA Membranes

In this study, oligomer PEI (600 g mol~') with rich amino groups
was mainly applied as an aqueous-phase reactant to react with
trimesoyl chloride (TMC) in hexane solution via IP on solvent-
resistant polyketone (PK) substrates (Figure 2a; Figure S1, Sup-
porting Information). The PEI-based PA network, compared to

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) Schematic illustration of the IP reaction between PEI and TMC to construct a highly polar PA layer with abundant polar functional groups
on the pore surface. b) FTIR, c) XPS spectra of PK substrate, MPD-TMC, and PEI-TMC membranes. d) Cross-section and e) surface morphology of the
PEI-TMC membrane. The surface morphology of PEI-TMC membranes after soaking in f) methanol, g) DMF, h) toluene, and i) hexane for over 20 days.
All scale bars represent 1 um. Digital photos of the membranes are shown in the inset.

the MPD-based all-aromatic PA network, ideally has more po-
lar functional groups and moderate steric hindrance (Figure S2,
Supporting Information). The chemical structure and compo-
sition of the PA TFC membranes were analyzed by Fourier-
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectra (XPS). Characteristic peaks at 1663 and 1544 cm™! in the
FTIR spectra, attributed to the stretching vibration of C = O and
C-N in the formed amide, confirmed the successful preparation
of the PA layer (Figure 2b). In addition, the XPS result showed
that, relative to the PK substrate, both PA TFC membranes ex-
hibit a clear characteristic peak of N 1s at 400.8 eV, primarily as-
cribed to the formation of the PA layer (Figure 2c). This is further
confirmed by the O = C-O (532.4 eV) and O = C-N (531.1 eV)
peaks in the O 1s high-resolution spectra (Figure 3a; Figure S3,
Supporting Information).

Adv. Funct. Mater. 2025, 2422376 2422376 (3 Of'l'l)

From scanning electron microscope (SEM) images showing
the morphologies of different PA membranes (Figure 2d,e and
Figure S4, Supporting Information), the PEI-TMC membrane ex-
hibits a thin PA layer thickness and a smooth, dense surface with
visible PK substrate fiber skeletons and minor nanoscale nod-
ules, which is significantly different from the MPD-TMC mem-
brane with typical ridge-and-valley surface morphology. Solvent
resistance of the TFC membranes is a prerequisite for effec-
tive solvent separation. We immersed the PEI-TMC and MPD-
TMC membranes in five typical types of solvents including po-
lar protic methanol, polar aprotic dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO), nonpolar aromatic toluene,
and nonpolar aliphatic hexane for more than 20 days to as-
sess stability. The surface and cross-section morphology revealed
that both TFC membranes remained intact and defect-free after

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Physicochemical properties of PA TFC membranes: a) O 1s spectrum, b) percent content of amide bonds and carboxyl groups, c) MWCO
profile using neutral solute rejection in water, d) content of the elements and the ratio of O/C and N/C, e) water and diiodomethane (DIM) contact angles,
and surface energy of polar components (y7) for MPD-TMC and PEI-TMC membranes. Structural analysis based on MD simulations of MPD-TMC and
PEI-TMC networks: f) 3D snapshots showing free volume distribution of the crosslinked amorphous models (Visualized using Materials Studio 2023.
Grey color: surface of free volume at probe radius of 1.9 A (Kinetic radius of methanol molecule); Blue color: surface of solvent accessible channels.
Cell size: 4.4 x 4.4 X 4.4 nm3), g) pore size distribution, and h) number of polar functional groups after crosslinking, including amide bonds, carboxyl

groups, and unreacted amino groups.

solvent immersion, demonstrating the good solvent resistance of
both PA and substrate layers in the TFC structures (Figure 2f—i;
Figures S5 and S6, Supporting Information). The consistent char-
acteristic peaks of the TFC membrane after immersion in vari-
ous solvents demonstrate its chemical stability and structural in-
tegrity (Figure S7, Supporting Information).

2.2. Membrane Chemical Characterization
PEI-TMC and MPD-TMC membranes prepared under various

conditions (Tables S2 and S3, Supporting Information) were se-

Adv. Funct. Mater. 2025, 2422376 2422376 (4 0f11)

lected for preliminary analyses of their cross-linked structures
and membrane polarity (Tables S4-S7, Supporting Information).
The PA was formed by the reaction between amine and acyl chlo-
ride, with its degree of cross-linking positively correlated to the
content of amide bonds as determined by the XPS O 1s spec-
tra (Figure 3a; Figure S8, Supporting Information). Since oxy-
gen only comes from the acyl chloride groups of TMC, a higher
amide bond content indicates greater cross-linking of acyl chlo-
ride with amines in the PA selective layer.l'”] Unreacted acyl chlo-
ride will hydrolyze to carboxyl groups remaining in the PA. PEI-
TMC membrane prepared under optimal conditions has a lower
content of amide bonds (69.6%) compared to the MPD-TMC
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membrane (79.6%), indicating a higher possibility of retain-
ing more unreacted functional groups (Figure 3b). The pore
size of both PA membranes under different IP times were
also evidenced by the molecular weight cut-off (MWCO)
tests (Figure S9 and Table S7, Supporting Information),
where the PEI-TMC membrane prepared under optimal con-
ditions has a higher MWCO (122.7 g mol™') than the MPD-
TMC membrane (88.6 g mol™') (Figure 3c). The results are
consistent with the theoretically proposed polymer network
features.

A significant determinant of membrane polarity is the polar
functional groups in the polymer structure of the membranes.
These groups influence the dipole moment size of the polymer
moieties, thereby affecting the polarity and intermolecular inter-
actions. Thus, the polarity of polymers is primarily determined
by the polar functional groups they have. More polar functional
groups increase the overall dipole moment, resulting in higher
polarity.'8] The polar groups of PA membranes include amide
bonds (-CONH-), carboxyl groups (-COOH), and various amino
groups (-NH,,q 1 ,)) (Figure S2, Supporting Information). There-
fore, the polar functional group content of PA membranes can be
compared by analyzing the relative O/C and N/C element ratios
from XPS analysis. The results show that the O/C and N/C ratio
of the PEI-TMC membrane is significantly higher than those of
the MPD-TMC membrane (Figure 3d), indicating a higher mem-
brane polarity. Furthermore, we analyzed the surface energy of
the polar and dispersive components for two PA membranes
using contact-angle data from water and diiodomethane (DIM)
(Figure 3e; Figure S10 and Table S8, Supporting Information).['?]
The data indicate that, compared to the MPD-TMC membrane
(2.5 m] m~2), the polar component from the surface energy of
the PEI-TMC membrane (23.8 m] m™2) is higher, further con-
firming its stronger membrane polarity. While different mem-
brane preparation conditions caused slight variations in the po-
larity of PEI-TMC membranes, their values are significantly
higher than MPD-TMC membranes (Figure S10, Supporting
Information).

We performed molecular dynamic (MD) simulations on the
cross-linking processes of both PA networks to analyze the pore
structures and membrane polarity.[?) It was revealed that the
crosslinked PEI-TMC network exhibited a large proportion of
connected voids (blue regions) and thus high inner pore in-
terconnectivity via inserting a theoretical probe of 1.9 A ra-
dius (Figure 3f). Pore size distributions in Figure 3g calcu-
lated by MD simulations demonstrated that the substitution of
MPD with the oligomer PEI permitted a significant increase in
pore apertures from 3.4 A to 4.9 A within the 3D PA moiety.
The theoretical pore size of the PEI-TMC membrane (4.9 A)
closely matches the experimental result (4.72A) obtained through
positron annihilation lifetime spectroscopy (PALS) (Figure S11,
Supporting Information). In addition, the PEI-TMC network
contains significantly more amino and carboxyl groups, with a
slightly lower number of amide bonds compared to the MPD-
TMC network, which suggests that PEI-TMC membranes have
a more polar pore surface (Figure 3h; Figure S12, Support-
ing Information). The MD results validated our experimen-
tal observations, showing good agreement with the experimen-
tal data on MWCOs, XPS, and the surface energy of polar
components.
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2.3. Performance of PA TFC Membranes for Solvent Mixtures

The pore size of polymer membranes is usually determined
by the cross-linked polymer network. A series of MPD-TMC
and PEI-TMC membranes with varying degrees of cross-linking
(amide bond content determined from the XPS O 1s spec-
tra) (Figure S8 and Tables S2-S5, Supporting Information)
were prepared using different preparation conditions. The re-
sults demonstrated that the amide bond content in the PA
membranes increased with prolonged reaction time and higher
amine monomer concentration (Figure S13, Supporting Infor-
mation), indicating a greater degree of cross-linking. Pressurized
methanol filtration through the membranes showed a decrease
in methanol permeance as the degree of cross-linking increased
(Figure S14a,b, Supporting Information). We also conducted fil-
tration experiments (Figure Sl4c,d, Supporting Information) to
study how the degree of cross-linking affects the separation per-
formance of a solvent mixture composed of 95 wt.% methanol
and 5 wt.% hexane, representing a mixture of polar and nonpolar
solvents. A membrane with a smaller pore size (higher degree of
cross-linking or higher content of amide bonds) shows higher re-
jection but a corresponding decrease in permeance (Figure 4a,b)
for both PEI-TMC and MPD-TMC membranes. This demon-
strates a typical trade-off effect between permeance and hexane
rejection for both types of membrane materials, indicating the ef-
fective role of size exclusion in improving solvent separation by
PA membranes.

We plotted the hexane rejection data against the correspond-
ing membrane permeance for the series of MPD-TMC and
PEI-TMC membranes with varying degrees of cross-linking.
While both PEI-TMC and MPD-TMC membranes exhibit sim-
ilar trade-off effects between permeance and rejection, they
have different growth curves toward the maximum rejection
(Figure 4c). Notably, while the PEI-TMC and MPD-TMC mem-
branes both achieve a maximum hexane rejection of ~97.5%,
the PEI-TMC demonstrates significantly higher permeance (as
indicated by the arrows in Figure 4a—c). A similar performance
trend was also observed in the separation of methyl tert-butyl
ether (MTBE)/methanol (Figure S15, Supporting Information).
The results suggest that continuously increasing the degree of
cross-linking of PA membranes will not achieve complete hex-
ane rejection in methanol, likely due to the limited minimum
pore size achievable with a PA membrane (Figure 4d), irre-
spective of whether it is PEI-TMC or MPD-TMC. However, a
lower degree of cross-linking with a higher polar pore surface in
PEI-TMC membranes can enable high permeance while main-
taining similar levels of rejection to those recorded for MPD-
TMC membranes, through a synergistic effect of polar pore sur-
face and suitable pore size (Figure 4d). It is considered that
the high polarity of the PEI-TMC membrane enhances repul-
sion between the PA layer and nonpolar hexane molecules,
hindering their transmembrane transport, while increasing
affinity with polar methanol molecules to facilitate transport
(Figure 4d).

To verify the differential interactions between the membrane
and solvent molecules, we used quartz crystal microbalance
with dissipation (QCM-D) sensors coated with PEI-TMC and
MPD-TMC membrane films (Figure 4e). These were installed
in a flow cell to characterize the affinity (adsorption capacity)
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Figure 4. Performance of PA TFC membranes. a) Hexane rejection and b) total permeance of PA membranes with different degrees of cross-linking (the
content of N-C = O obtained from the XPS O Ts spectra). c) Trade-off effect between total permeance and hexane rejection by PA membranes including
the PEI-TMC membrane prepared under different IP times and PEl concentrations, as well as the MPD-TMC membrane prepared under different IP
times. Feed concentration of hexane/methanol is 5/95 (w/w). d) A schematic illustrating the mechanism of how pore size and polarity affect separation
performance, along with the interaction between a polar pore surface and polar/nonpolar solvents. e) Schematic diagram of QCM-D test. f) Adsorption
mass of methanol and hexane of MPD-TMC and PEI-TMC membranes was measured by QCM-D. The relationship between solvent permeance and
solvent properties including g) molar diameter (d,,, nm) and h) Hansen solubility parameter (5,; solubility parameter due to dipole forces, MPa'/2).
The solvent sequence: water (1), methanol (2), acetonitrile (3), ethanol (4), acetone (5), isopropanol (IPA) (6), n-propanol (7), toluene (8), hexane (9),

MTBE (10). Error bar represents the standard deviation of triplicate measurements.

of the PA membranes with methanol (polar) and hexane (non-
polar) solvents, as shown in Figure 4£.2!l The results indicate
that although both PEI-TMC and MPD-TMC membranes exhibit
higher methanol affinity than hexane, PEI-TMC membranes ex-
hibit a significantly larger affinity difference between methanol
and hexane. This further demonstrates that the high polarity
of the PEI-TMC membrane likely leads to significantly differ-
ent interactions with polar and nonpolar solvent molecules dur-
ing their transport, resulting in differentiated transmembrane
behavior.

Adv. Funct. Mater. 2025, 2422376 2422376 (6 0f11)

Using the representative PEI-TMC and MPD-TMC mem-
branes with similar rejection capabilities above, the dependence
of solvent transport on molecular size (molar diameter, d,,)) and
polarity (Hansen solubility parameter related to dipole forces, &)
was further examined through solvent permeation tests with dif-
ferent solvents (Figure 4g,h; Table S9, Supporting Information).
The results indicate that the solvent transport rate generally de-
pends on its size and polarity, with smaller and more polar sol-
vents being transported faster. PEI-TMC membrane exhibited
higher permeance for polar solvents compared to the MPD-TMC
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Figure 5. Comparison of a) the rejection and b) the total permeance of MPD-TMC and PEI-TMC membranes toward various solvent mixtures in-
cluding hexane, MTBE, toluene, and IPA in methanol, as well as IPA in water. Separation performance of binary solvent mixtures including c) linear
alkane/methanol and d) linear alcohol/water. e) Rejection of linear alcohols and linear alkanes with approximate molecular weights in methanol by
PEI-TMC membranes. Feed concentration of solvent/methanol is 5/95 (w/w). Feed concentration of solvent/water is 5/95 (w/w). Error bar represents

the standard deviation of triplicate measurements.

membrane. Additionally, we analyzed the permeance data using
combined solvent properties to assess their linear fit with the typ-
ical solvent transport model in OSN. Compared to MPD-TMC
membranes, PEI-TMC membranes demonstrated a stronger lin-
ear fit, particularly for strongly polar solvents (Figure S16, Sup-
porting Information).

Further solvent mixture separation was carried out using the
optimized representative PEI-TMC and MPD-TMC membranes.
Methanol-based binary solvent mixtures with hexane, MTBE,
toluene, or IPA as well as a water-based binary solvent mixture
with IPA were used as feed for the tests. The results show that the
PEI-TMC membrane has a similar solvent rejection profile to that
of the MPD-TMC membrane but with significantly higher per-
meance (Figure 5a,b). Specifically, compared to the MPD-TMC
membrane, the PEI-TMC membrane achieved a similar rejec-
tion of 97.5% for hexane and 98% for MTBE from their methanol
mixtures, but increased permeance by 86.5% and 82.3%, respec-
tively. Such effects were more pronounced when a water-based
binary solvent mixture was used for separation. Compared to the
[PA/methanol mixture, [PA rejection in the IPA/water mixture is
higher for both membranes due to the greater polarity difference
between water and IPA than between methanol and IPA. Notably,
the permeance of the PEI-TMC membrane with the water/IPA
mixture is &5 times that of the MPD-TMC membrane. These re-
sults further highlight the contribution of polar pore surfaces in
membranes for the efficient separation of solvents with polarity
differences. Consistent results were also found for the separation

Adv. Funct. Mater. 2025, 2422376 2422376 (7 Of'l'l)

of methanol-based binary solvent mixtures of other linear alkanes
(Figure 5c¢), aromatics (Figure S17a, Supporting Information), al-
cohols (Figure S17b, Supporting Information), and water-based
binary solvent mixtures of polar protic alcohols (Figure 5d) and
other polar aprotic solvents (Figure S18, Supporting Information)
using both membranes.

To highlight polarity-based separation, we compared the rejec-
tion of linear alkanes (C,H,,,,,) and linear alcohols (C, ;H,,,,0)
in methanol-based binary solvent mixtures (Figure 5e). Specifi-
cally, although pentane (C;H;,) and butanol (C,H;,0) have sim-
ilar molecular weights, sizes, and structures, the rejection of pen-
tane from methanol was significantly higher than that of butanol.
Similar trends were observed for hexane versus pentanol, hep-
tane versus hexanol, and octane versus heptanol; in all cases,
alkane rejection was consistently higher than that of the corre-
sponding alcohols with similar molecular weights. This indicates
that a larger polarity difference between solvents in a mixture en-
hances separation by PA membranes with polar pore surfaces.

Additional solvent mixture separation experiments were per-
formed using the PEI-TMC membrane. When fed with a multi-
component solvent mixture consisting of methanol (97.5 mol%)
and various linear alkanes (each 0.5 mol%), the membrane effec-
tively purified methanol by rejecting most alkanes, as seen from
the gas chromatogram of feed and permeate samples (Figure 6a).
The result showed that methanol, as the primary contributor
to permeance, is almost entirely concentrated in the permeate
since almost no peaks other than methanol were observed in the
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Figure 6. Separation performance of the PEI-TMC membrane for multicomponent solvent mixtures, including a) alkanes/methanol and b) alco-
hols/methanol determined with a thermal conductivity detector, and c) aromatics/methanol determined with a flame ionization detector. d) The total
rejection and permeance of alcohols, alkanes, and aromatics in methanol by MPD-TMC and PEI-TMC membranes. Comparison of solvent mixture sep-
aration performance including e) rejection and f) total permeance between PEI-TMC and MPD-TMC membranes (the x- and y-axis represent PEI- and
MPD-TMC membranes, respectively). g) Separation performance of PEI-TMC membrane for toluene/methanol mixtures with different toluene concen-
trations. h) The pure methanol flux of PEI-TMC membrane with increasing pressure from 1to 7 MPa and then decreasing pressure to 1 MPa. i) Filtration
stability of the PEI-TMC membrane for toluene/methanol mixtures under variable pressure operation. Error bar represents the standard deviation of

triplicate measurements.

permeate. This trend is consistent with the filtration test results
using a multicomponent methanol mixture containing various
aromatics or alcohols (Figure 6b,c). In addition, the PEI mem-
brane demonstrated high rejection for multicomponent alkanes,
aromatics, and alcohols with different molecular weights, com-
parable to those of the MPD-TMC membrane but with higher
permeance (Figure 6d; Figure S19, Supporting Information).

To visually demonstrate the significant potential of the PEI-
TMC membranes with high polar pore surfaces for separating
organic media, we used a 2D coordinate system to correlate the
total permeance and rejection of MPD-TMC and PEI-TMC mem-
branes for 24 different binary solvent mixtures and 3 different
multicomponent solvent mixtures. The x-axis of Figure 6e,f rep-
resents the rejection or permeance of the PEI-TMC membrane,
while the y-axis represents that of the MPD-TMC membrane. The

Adv. Funct. Mater. 2025, 2422376 2422376 (8 O‘F'H)

straight dashed lines in the plots represent the diagonal line y =
x, on which the rejection or permeance of the two membranes is
the same. Most data points in Figure 6e are close to the line of y =
x, indicating that PEI-TMC membranes have a similar rejection
to MPD-TMC membranes for these solvent mixtures (Figure 6Ge).
In addition, the data points in Figure 6f are mostly in the region
of x > y, indicating that the PEI-TMC membrane generally has
higher permeance than the MPD-TMC membrane. This reveals
that the PEI-TMC membranes maintain a comparable rejection
capability to the MPD-TMC membranes but exhibit significantly
higher permeance. The permeability advantage of the PEI-TMC
membrane is also evident when compared to other reports (Table
S10, Supporting Information).

Toluene rejection from methanol is relatively low (<90%) for
PA membranes compared to other nonpolar solvents (>95%),
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likely due to its smaller molecular volume and slightly weaker
polarity. Using this mixture would make it clearer to observe the
change in separation performance upon changes of the operat-
ing conditions. Figure 6g indicates that the total flux and rejec-
tion of PEI-TMC membranes decreased with increasing toluene
concentration from 1 to 20 wt.%. This performance trend is also
presented in the MPD-TMC membranes of Figure S20 (Support-
ing Information). Given the direct proportionality between so-
lute concentration and osmotic pressure in the mixture, the ef-
fective pressure for solvent molecules to cross the membrane de-
creases with increasing feed concentration, resulting in reduced
flux (Figure S21, Supporting Information).[?!? The decreased re-
jection level is mainly due to slower transport of methanol re-
sulting from the decreased effective pressure and concentration
polarization caused by the accumulation of more toluene on the
membrane surface.”]

To evaluate the durability of the PEI-TMC membranes, filtra-
tion tests using pure methanol and methanol/toluene solvent
mixtures under various pressure conditions were performed. The
results demonstrated that pure methanol flux increased linearly
with raised pressure from 1 to 7 MPa and maintained the same
performance when the pressure was reduced from 7 to 1 MPa
(Figure 6h). For separating methanol/toluene solvent mixtures
at 3 MPa during both pressure increase and decrease stages, the
PEI-TMC membrane maintained a consistent total flux (=18 L
m~ h™') and toluene rejection (~80%) (Figure 6i). This indi-
cates that the PA layer of the PEI-TMC membrane exhibits op-
erational stability under varying pressure conditions. A similar
performance trend was found for the MPD-TMC membrane but
with a lower solvent flux (Figure S22, Supporting Information).
The rejection of toluene by PEI-TMC membranes was elevated
with increasing pressure since the increase in methanol flux
with pressure was much higher than that of toluene (Figure S23,
Supporting Information).

In summary, the relatively large pore size of the PEI-TMC
membrane enhances transmembrane transport, while its polar
pore surface strengthens differential interactions with solvents
of different polarities. This combination allows for rapid and se-
lective separation of mixed solvents with a polarity difference.
Thus, the synergistic effects of polarity and size sieving from a
PA membrane with a polar pore surface can overcome the trade-
off limitations of relying solely on size effect.

3. Conclusion

In this work, we confirmed the important role of a polar pore sur-
face in a PA membrane for separating mixed solvents with polar-
ity differences. By coupling a high-polarity pore surface with suit-
ably large pore size, the PA membrane mitigates the limitation of
sacrificing selectivity for permeability that is inherent to systems
using size sieving alone and can enable both comparable selec-
tivity and enhanced permeability. The results reveal that mem-
brane polarity can generally compensate for the selectivity loss
from size sieving and improve solvent permeance while main-
taining a similar solvent rejection capability.

Solvent transport through membranes is influenced not only
by pore geometry but also by pore surface chemistry, such as hy-
drophilicity and polarity. Utilizing the pore surface chemistry can
offset the limitations in pore-size control, achieving more effi-
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cient separations. Understanding polymer—solvent interactions
can advance pressure-driven solvent mixture separation mem-
brane technology, contributing to more sustainable and efficient
separation processes. Although membrane separations do not yet
match the separation precision of thermal-based distillation, they
offer significant advantages in applications such as solvent con-
centration and purification, such as concentrating IPA or DMF
in water.?22] We recognize that some solvent mixtures (e.g.,
toluene in methanol) are not separated with high precision, ne-
cessitating further adjustments to optimize the synergistic effect
of pore size and polarity. In addition, high operational pressures
are required due to the high osmotic pressure of solvent mix-
tures, which may compromise the energy efficiency of the mem-
brane process and thus call for new approaches such as osmosis-
assisted reverse osmosis. Nonetheless, controlling pore surface
chemistry can lead to more efficient solvent separation through
pressurized membrane filtrations, providing useful information
for the design of membranes for solvent mixture separations.

4. Experimental Section

Fabrication of Polyketone (PK) Substrate: The PK substrate was pre-
pared through the conventional nonsolvent-induced phase separation
(NIPS) method. A casting solution was formed by dissolving PK powder
(14 wt.%) in resorcinol and deionized (DI) water mixture (35/65; w/w)
at 80 °C, which was stirred for 8 h then degassed overnight at 60 °C. The
solution was cast onto a non-woven fabric (casting gap: 400 um). After im-
mersing in a methanol/water coagulation bath (35/65; w/w) for 20 min,
the membrane was washed in acetone and hexane (20 min each). The re-
sulting PK membrane was air-dried and stored for further use.

Fabrication of PA TFC Membranes: The PEI-TMC membrane was pre-
pared via conventional IP on a PK substrate, utilizing the reaction between
PEI and TMC. The PK substrate was prewetted with a 3.5 wt.% PEI aque-
ous solution for 5 min, then the excess solution was removed with a rubber
roller. Subsequently, a TMC solution (0.15 wt.%) in hexane was applied to
the PEl-impregnated side for the IP reaction. The resulting membranes
were cured at 100 °C for 3 min and stored in DI water. MPD-TMC mem-
branes were prepared under the same IP conditions by replacing the PEI
with MPD. The designated labels and corresponding IP parameters of the
synthesized TFC membranes are summarized in Tables S1 and S2 (Sup-
porting Information).

Filtration Performance Measurement: The separation performance of
PA TFC membranes for solvent mixtures was tested at 25 °C via a home-
made cross-flow setup with a filtration area of 7.1 cm? and a flow rate of
60 mL min~" (Figure S24, Supporting Information). PA TFC membranes
were pre-compacted with methanol filtration at 30 bar for 12 h to ensure
recorded weight change of permeate reached a steady state. The sepa-
ration performance of solvent mixtures was then tested at same condi-
tions. The permeance (P, L m™2 h~! bar™') was determined using the
Equation (1):

T Ax A\l/9 X At M
where P (L m~2 h~" bar™) is the permeance, V (L) represents the perme-
ate volume during operational time At (h), A (m?) represents the filtration
area, and AP (bar) is the applied pressure.

For solvent mixture tests, alcohol/methanol, alkane/methanol, aro-
matic/methanol, and solvent/water were used. The rejection of solvent in
methanol was calculated by analyzing the content of feed and permeate us-
ing gas chromatography (GC-2020, Shimadzu Corp., Kyoto, Japan and GC-
2030, Shimadzu Corp., Kyoto, Japan). The mixtures of alkane/methanol
and alcohol/methanol were analyzed with a thermal conductivity detec-
tor, and the mixtures of aromatics /methanol were analyzed with a flame
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ionization detector. The rejection of solvent in water was calculated by
measuring the refractive index of feed and permeate using an Abbe re-
fractometer (NAR-1T, ATAGO Co. Ltd., Tokyo, Japan). The rejection of the
prepared membranes was obtained from Equation (2):

C
R:<'I—C—P>x100% @

F

where R (%) is the rejection, Cp and Cy represent the rejected sol-
vent concentrations of the permeate and feed fluids of solvent mixtures,
respectively.

QCM-D Measure Method: In the QCM-D technique, a voltage is ap-
plied to a quartz crystal, causing it to oscillate at a specific frequency due to
the piezoelectric effect. Changes in the sample mass on the quartz surface
led to measurable frequency shifts (f) of the oscillating crystal through the
Sauerbrey equation. Therefore, QCM-D was employed to quantify small
changes in solvent adsorption on the PA membranes.[?*] First, the sam-
ples were prepared by constructing free-standing PA membranes of PEI-
TMC and MPD-TMC at the water/n-hexane interface under the optimized
conditions. These membranes were then transferred onto the surface of
the gold-coated sensor and vacuum-dried. Next, the as-prepared sensor
sample was sealed in the flow cell of QCM-D setup. The adsorption pro-
cess of methanol and n-hexane solvents on PA membranes was tested
using a low-flow-rate cross-flow method. The change in mass due to the
adsorption of solvent was calculated using the Equations (3) and (4):

Am = ﬁ 3)
C= tq;op" ()

where Am is the mass of the adsorbed solvent, Af is the difference of
moisture, n is the overtone. C is a constant value (17.7 ng Hz‘1cm‘2),
which was calculated using Equation (4), where ¢, is the thickness of the
quartz crystal and p, is the density of the quartz crystal. The crystal was
excited at its fundamental frequency (fy) of ~5 MHz, with Af monitored
at both the fundamental (n = 1) and overtone frequencies (n =3, 5, 7, 9,
and 11). The data reported here were derived from the fifth overtone (n
=5), as readings at the fundamental frequency are often excluded due to
artifacts caused by the sensor clamp.

Statistical Analysis: The data with error bar are presented as means
+ standard deviation, with error bars indicating the standard deviation of
triplicate measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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