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The stability of solvent-resistant nanofiltration (SRNF) membranes, such as integrally skinned asymmetric (ISA)
and thin-film composite (TFC) membranes, in polar aprotic solvents must be improved if they are to meet
increasingly complex industrial demands. The stability of the former membranes can be improved by forming
crosslinked rigid chains, such as polybenzimidazoles and polyimides, but this requires time-consuming treatment
processes. Conversely, the latter membranes are easy to fabricate but lack efficient active sites for crosslinking
and structural rigidity. Herein, we present a fabrication strategy combining the characteristics of both types of
membranes. We first utilize amino-functional porphyrins as polyaromatic units to form rigid polyamide networks
by vacuum-assisted interfacial polymerization, simultaneously providing active sites for further crosslinking,
which is accomplished by immersion in FeCly/dimethyl sulfoxide (DMSO) solution to directly establish Fe-O-Fe
bridges between porphyrin centers to form a stable network. The Fe-O-Fe-bridged porphyrin networks are
solvent-stable in DMSO. Furthermore, they achieve outstanding molecular separation (96.2 % rejection of methyl
orange, 327 Da) and limited molecular-weight-cutoff change (from 360 to 420 Da) during alternating MeOH and
DMSO filtration, along with long-term recovery efficiency (>96.7 % over seven days). Thus, our study provides a
promising strategy for the facile development and fabrication of efficient, robust SRNF membranes.

1. Introduction replace NMP, DMF, and DMAc, but it has a high boiling point and low

vapor pressure, making membrane separation more suitable than a heat-

Solvent-resistant nanofiltration (SRNF) is a green and low-cost
alternative to industrial separation techniques such as distillation,
adsorption, and extraction. However, its industrial application remains
challenging and immature compared to membranes used for aqueous
environments [1-3]. Because the electrostatic interaction between
membranes and molecules is generally limited in organic solvents than
in water, the separation efficiency of SRNF typically relies on
size-sieving to realize solvent-solute separation in the range 200-1000
Da, which demands precise control of pore size and distribution [4].

Polar aprotic solvents exhibit excellent solubilization properties
owing to their midrange lipophilicities, allowing recovery of both the
acidic and basic moieties involved in SNj-type reactions common in
pharmaceutical synthesis. Dimethyl sulfoxide (DMSO) is a non-toxic and
green solvent manufactured from lignin and dimethyl sulfide. DMSO can

driven recovery [5-7]. DMSO is also widely used in membrane fabri-
cation because of its high affinity to polymer fragments and aromatic
building blocks, according to Hansen solubility parameters [8,9]. This
implies that the separation efficiency of a membrane in DMSO will
deteriorate as a result of partial redissolving or the swelling of mem-
brane networks [10,11]. Therefore, the development of strategies to
form SRNF membranes featuring robust and regular networks is
necessary.

Over the past decade, crosslinked polyimide and polybenzimidazole
membranes have emerged for SRNF because their rigid fragments
impart chemical and mechanical tolerances. The membrane fabrication
process involves a consistent sequence that includes nonsolvent-induced
phase separation (NIPS) and post-treatment [12]. NIPS utilizes the high
solubility of the polymer and additives in polar aprotic solvents for
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simple membrane fabrication, while post-treatment exposes membranes
to a crosslinker and initiator to form three-dimensional or inter-
penetrating networks to enhance their stability in polar aprotic solvents
[5,13-15]. To avoid pathway block of those short chains, organic acids,
Cul and metal ions were also introduced to form electrostatic interaction
or coordination bonds [16,17]. For example, Jin et al. reported cross-
linked polyimide membranes based on a carboxyl-functionalized poly-
imide backbone bearing diamino-benzoic acid Cu?>* coordination sites
[18]. They exhibit good stability in a variety of organic solvents,
including DMF, and achieve 96 % rejection of Coomassie Brilliant Blue
(854 Da). Such modifications have proven efficient for SRNF mem-
branes. However, they are limited in terms of suitable polymers, and
their preparation involves time-consuming procedures and biotoxic
compounds.

Polyamide (PA) membrane fabrication via interfacial polymerization
(IP) offers an attractive alternative approach because of tunable mo-
lecular networks, which are formed between amine monomers and acyl
chlorides. However, polar aprotic solvents have a higher affinity with it,
thereby dissolving any low molecular weight oligomers generated dur-
ing polymerization and swelling the formed dense part [19]. Accord-
ingly, as the polarity of the solvent increases (NMP < DMF < DMSO), the
change in molecular weight cutoff (MWCO) for the membrane increases
[20,21]. Several studies have shown that PA membranes prepared using
m-phenylenediamine (MPD) and trimesoyl chloride (TMC) exhibit stable
membrane performance in DMSO, but their rejection performances were
assessed using solute molecules much larger than the MWCO of the
studied membrane [22]. Similar to crosslinked polyimide and poly-
benzimidazole membranes, rigid networks can be obtained using poly-
aromatic monomers, such as tetra-(4-aminophenyl) ethylene, and
covalent organic framework (COF) monomers [23,24]. Expectantly,
those crosslinks could be further applied to enhance the solvent stability
of PA networks in polar aprotic solvents. Recently, Feng et al. reported a
reticularly crosslinked PA with a higher solvent resistance than that of
linear or branched structures, which was attributed to the highly
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crosslinked network limiting polymer mobility, and its decreased sur-
face area reduced membrane solubility [19].

In the present study, to improve the structural rigidity and introduce
additional crosslinks, we developed porphyrin-based networks bridged
by Fe-O-Fe bonds to form SRNF membranes. As Fig. la shows, the
porphyrin unit was used as the polyaromatic block to supply primary
solvent resistance, and its center is regarded as a coordination site for
metal ions. Following our previous work, the IP reaction between
5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphyrin (TAPP) and
isophthaloyl chloride (IPC) was used to form a two-dimensional cova-
lent organic network with the low MWCO of ~300 Da imparted by offset
stacking [25]. Then, a novel metal-bridge crosslinking method inspired
by heme-catalyzed oxygen reduction was easily performed by immersing
the porphyrin membrane in a DMSO solution of FeCly [26-28]. The
bridged membrane exhibited minimal swelling and oligomer leakage,
with stable network formation and long-term separation efficiency
based on experiments using the model solute (Z)-2-(2-amino-4--
thiazolyl)-2-methoxycarbonylmethoxyiminoacetic acid (NICA), an
important side chain intermediate in the synthesis of the 3rd and 4th
generation cephalosporins, in repeated MeOH and DMSO solvent
filtration cycles (Fig. 1b).

2. Experimental section
2.1. Materials

All reagents were obtained from commercial suppliers and used
without further purification. The organic-solvent-resistant polyketone
substrate was prepared using a 14 wt% casting solution, as described in
our previous works [29]. Anodic aluminum oxide (AAO; Whatman,
Wilmington, Delaware, USA) was used as the porous substrate for
characterization. 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porph
yrin (TAPP; 674.79 mg mmol’l, 98 %, TCI, Tokyo, Japan), MPD
(108.14 mg mmol ! Sigma-Aldrich, St. Louis, MO, USA), IPC (203.02
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Fig. 1. a) Illustration of the membrane fabrication process and post-treatment for the introduction of Fe-O-Fe bridges. b) Possible swelling behaviors of different

porphyrin membranes during MeOH-DMSO operation cycles.
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mg mmol™}, 99.0 %, TCI), and TMC (265.48 mg mmol
Sigma-Aldrich) were used as the membrane monomers. HCI (0.05 M),
metal ion sources (FeCly, CuCly, ZnCl,, AlCl3, and FeCls), and solvents
(MeOH, EtOH, 1-propanol, and 1-butanol) were purchased from FUJI-
FILM Wako Pure Chemical (Osaka, Japan). Probe molecules of various
molecular weights were used to evaluate the rejection performance.
They included Methyl Orange (MO; 327 Da, FUJIFILM Wako Pure
Chemical), NICA (Aladdin, Shanghai, China), and a series of poly-
propylene glycol (PPG), including 400, 725, and 1000 Da
(Sigma-Aldrich).

2.2. Membrane fabrication

TAPP-based PA network membranes were fabricated using a previ-
ously reported method with slight modification [25]. Briefly, TAPP (1.2
mg mL~}, ~0.0018 mmol mL™! in 0.0375 M HCI aqueous solution and
IPC (0.09 wt%, 0.565 mmol g’l)/TMC (0.15 wt%) in hexane solution
were poured sequentially into a membrane fabrication device consisting
of a PTFE frame (8 x 8 x 0.5 cm, inner diameter 6 cm), a fixed poly-
ketone substrate, and a vacuum filtration system. After a 14-min reac-
tion, the aqueous solution was removed by vacuum filtration (~1 min).
The hexane solution was replaced with fresh n-hexane and MeOH
several times. For comparison, a conventional PA membrane was pre-
pared by traditional IP between MPD (2 wt%) and TMC (0.15 wt%) with
a 2 min reaction time [30]. The above membranes are labeled TAPP-IPC
and MPD-TMC according to the monomers.

2.3. Post-treatment with metal ions

According to the previous modification of porphyrin [31], the fresh
membranes were washed with a MeOH/DMSO (1:1) mixture under
vacuum filtration for 20 min. At the optimized condition, those mem-
branes were immersed in 20 mL 16.25 mg mL~! (0.128 mmol mL™1)
FeCl, DMSO solution and reacted in a 65 °C oven for 20 h. Here, DMSO
works to swell PA network and to remove unreacted monomers and the
low molecular weight oligomers. Finally, they were washed and
reserved in MeOH before the following tests, the final membranes were
named Fe-TAPP-IPC and Fe-MPD-TMC.

2.4. Membrane characterization

Field-emission scanning electron microscopy with an Os coating
device (FE-SEM; JSM-IT800, JEOL Ltd., Tokyo, Japan) and atomic force
microscopy (AFM; SPA 400, Hitachi Ltd., Tokyo, Japan) were used to
explore the surface morphologies, cross-sectional thickness changes (i.
e., swelling), and Energy dispersive spectroscopy (EDS) of the mem-
branes. The chemical structures and elemental compositions of various
samples were evaluated using Fourier-transform infrared spectroscopy
(FT-IR; ALPHA, Bruker, Billerica, MA, USA) and X-ray photoelectron
spectroscopy (XPS; PHI GENESIS 500, ULVAC Phi Co., Ltd., Kanagawa,
Japan). The Zeta potentials of the membrane surfaces were measured
with a SurPASS™ 3 electrokinetic analyzer (Anton Paar GmbH, Graz,
Austria). Matrix-assisted laser desorption/ionization (MALDI, MALDI-
8020, Shimadzu Co., Kyoto, Japan) was used to measure molecular-
mass leakage. UV-Vis (UV3600, Shimadzu) spectra were obtained to
measure MO and NICA concentrations. Liquid chromatography mass
spectrometry (LCMS, LCMS-8045, Shimadzu Co.) was used to estimate
PPG concentration.

For swelling tests, membranes were prepared by vacuum-assisted IP
at the AAO substrate and immersed in 20 mL MeOH or DMSO for 24 h.
For SEM and AFM images, the membrane samples were kept at —80 °C
and freeze-dried for three days. For mass spectral investigation of olig-
omer leaching, 10 mL above solutions were concentrated by freeze-
drying to 0.5 mL. Then, 1 pL of the solution was mixed with 1 pL of
0.1 % aqueous trifluoroacetic anhydride solution, and the mixture was
freeze-dried for 24 h.

Journal of Membrane Science 737 (2026) 124485
2.5. Evaluation of membrane performance

Membrane performances were evaluated using a crossflow filtration
system. The effective membrane area was 7.07 cm?, the flow rate of the
feed was 10.0 mL min~?, and the applied pressure was 10 bar. The feed
solution side of the membrane cell was stirred at ~600 rpm to prevent
concentration polarization. After a fixed time (at least 2 h) of continuous
operation, the stable solvent permeance was estimated from the mass
changes in the permeate. Then, MO was evaluated after a continued
operation of 2 h using dye solutions with a concentration of 50 ppm. The
concentrations of dyes in solutions were measured by UV-Vis spec-
troscopy. The membrane pore size was estimated based on PPG rejection
in MeOH and DMSO (1000 ppm, including 1188 g solvent, 4 g PPG 400,
4 g PPG 800, and 4 g PPG 1000). The concentrations of the feed and
permeate were diluted 200 times with 0.1 v% formic acid/acetonitrile
solution and calculated from the LCMS spectra area.

The solvent permeance (Jy, L m~2h~! bar ! = LMH/bar) and dye
rejection (R, %) were calculated using Egs. (1) and (2):

Vv

Jy=0r——
VITxAxP

(€9)
where V, A, T, and P are the permeate volume (L), effective membrane
area (m2), operation time (h), and transmembrane pressure (bar),
respectively, and:

R (%)= (1 7@) % 100 @
Cr

where C, and Cs are the solute concentrations of the permeate and feed
solutions, respectively.

The MWCO of the membrane was estimated from molecular weight
with 90 % PPG rejection in MeOH or DMSO in the MWCO curve, and the
pore size was estimated by applying the relationship between the mo-
lecular weight (M) of the neutral molecules and the Stokes diameter (d,,
nm) in Eq. (3) [31]:

d, =33.46 x 10712 x M*7 3
3. Results and discussion
3.1. Characterization of membranes

As illustrated in Fig. 1a, this porphyrin-based bridge is inspired by
the feature of heme-catalyzed oxygen carrier processes [26,28,32]. In a
typical oxygen reduction part, the coordination between (TAPP)Fe(II)
and O from air forms a n-bond and triggers electron transfer from the Fe
d-orbital to the empty O n* orbital to yield (TAPP)Fe(IlI)-O5*. This
unpaired electron will connect with an additional (TAPP)Fe(II) to form
(TAPP)Fe(III)-Oo-Fe(III)(TAPP). The active O™ -O" further oxidizes Fe
(I1I1), and homolytic cleavage leads to (TAPP)Fe(IV)—O0. This oxidative
compound finally reacts with (TAPP)Fe(II) to generate the stable (TAPP)
Fe(III)-O-Fe(III)(TAPP). This mechanism is corroborated by the emer-
gence of Fe-O-Fe bridges, as evidenced by oxygen-containing bond
formation and the oxidation state evolution of (TAPP)Fe(II).

To demonstrate successful formation of the porphyrin network and
Fe" integration into the selective layer, a TAPP-IPC membrane was
fabricated on an AAO substrate via vacuum-assisted IP. Defect-free
membrane morphology was confirmed by digital photography
(Fig. 2a). Subsequent Fe?t post-treatment (65 °C, 20 h) yielded an Fe-
TAPP-IPC membrane, with cross-sectional SEM-EDS revealing pro-
nounced C and Fe enrichment at the surface, distinct from the Al signal
of the substrate (Figs. S1-S2). Notably, Fe-TAPP-IPC exhibits higher Fe
intensity and uniform distribution compared with pristine TAPP-IPC,
preliminarily confirming the porphyrin-Fe assembly. The ATR-IR
spectra (Fig. 2b) further verified polycondensation between TAPP and
IPC, with characteristic peaks at 1680 cm ™! (C=0, amide), 1592 cm ™!
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Fig. 2. a) Cross-section and EDS images of Fe-TAPP-IPC and (inset) digital photograph of the membrane formed at the AAO substrate (diameter: 47 mm). b) ATR-
FTIR and c) wide spectra of TAPP-IPC and Fe-TAPP-IPC. d) O 1s XPS spectra of TAPP-IPC and Fe-TAPP-IPC, and e) Fe 2p spectrum of Fe-TAPP-IPC.

(C-N), and 1315 ¢cm™! (C=0, —-COOH from unreacted hydrolyzed acyl
chloride) [32]. The spectral similarity between TAPP-IPC and
Fe-TAPP-IPC confirms the preservation of the porphyrin network during
Fe incorporation [11].

XPS was employed to explore structural change after Fe incorpora-
tion. In the wide scan (Fig. 2c), the surface modification resulted in
increased Fe amount (9.5 %) and O/C ratio from 0.118 to 0.323 in Fe-
TAPP-IPC compared with pristine TAPP-IPC. For the narrow O spectra
of the pristine TAPP-IPC (Fig. 2d), the spectra can be deconvoluted into
signals for an amide bond at 532.2 eV (N-C=0, 84.9 %) and a car-
boxylic acid group at 534.1 eV (O-C=0, 15.1 %) because all the oxygen
is derived from IPC. Based on the ‘4 4 2’ topological connection, TAPP-
IPC is regarded as a two-dimensional network without interlayer bridges
[33,34]. Fe-TAPP-IPC exhibits a new shoulder peak at 529.8 eV (13.2
%), which is consistent with the metal-O bond energy established in
previous work [35]. Furthermore, there is a potential coordination bond
between —COOH and Fe ions formed by electrostatic attraction with
relatively low intensity for the carboxylic acid group (3.7 %), which
leads to a negative shift of the main peak from 531.9 to 531.6 eV [18,
36]. The high-resolution XPS Fe 2p spectra (Fig. 2e) feature 2p; /2 (724.9
eV) and satellite peaks (718.9, 728.5, and 731.4 eV). Critically, the 2p3 />
region is fitted to Fe(II) (711.1 eV, 36.4 %) and Fe(Ill) (714.2 eV, 18.7
%), consistent with our hypothesis, i.e., that Fe>* not only coordinates
within porphyrin centers but also undergoes Oz-mediated oxidation to
form inter-network Fe—O-Fe bridges. According to Zeta potential mea-
surement, the negative charge of Fe-TAPP-IPC is lower than those of
TAPP-IPC and the substrate because the effect of COOH is weakened by
cross-linking with Fe (Fig. S3).

3.2. Effect of DMSO on swelling

Previous studies have employed DMSO as an activation agent to
enhance the permeance of PA membranes at the cost of selectivity [20,
21]. This trade-off arises from DMSO’s high polarity (compared with
DMF and NMP), which facilitates the dissolution of low molecular
weight oligomers and increases PA-segment mobility, thereby altering
membrane morphology. However, a high activation degree implies an

inherent instability of PA membranes in DMSO.

To evaluate DMSO-induced structural changes, membranes were
immersed in DMSO for 24 h, freeze-dried, and examined by SEM
(Fig. 3ab). The conventional PA membrane MPD-TMC, fabricated via IP,
exhibits a rough, crumpled morphology above the substrate, with ridge
regions swelling into micro-sized nodules upon activation. In contrast,
the TAPP-IPC and Fe-TAPP-IPC membranes show smooth surfaces
before and after activation, demonstrating their superior stability.
Furthermore, no metal aggregates are observed on the surface of Fe-
TAPP-IPC, indicating that Fe is not introduced as nanoparticles, but
rather as a highly dispersed atomic Fe species [16,37]. The crumpling of
MPD-TMC is due to the mold interface, with the conventional IP process
limited to the inner region of the porous substrate, so it is susceptible to
fluctuations due to exothermic reactions or produced bubbles [38,39].
These significant differences may initially be attributed to the IP process.
The uneven swelling of the collapsed ridges at the underlying porous
substrate can cause detachment of the selective layer [40].

The swelling effects are also examined by their intrinsic thickness
changes. By using the vacuum-assisted IP, MPD-TMC exhibited a smooth
surface due to the stable monomer concentration and limited local
temperature changes, which is similar to the porphyrin networks to
exclude the effect of membrane fabrication method (Fig. S4). Further-
more, MPD-TMC, TAPP-IPC, and Fe-TAPP-IPC exhibit activated thick-
nesses of 33, 67, and 70 nm by using AFM, which are 2.2, 1.5, and 1.2
times their pristine thicknesses. The lower degree of change in the
porphyrin membranes indicates that the polyaromatic building block is
instrumental to membrane stability. The removal of low molecular
weight oligomers by DMSO is supposed to dominate the membrane
activation behavior over solvent swelling of the selective layer. The
thickness of Fe-TAPP-IPC is lower than that of TAPP-IPC, while those of
their activated membranes are similar, which is attributed to the fact
that DMSO removes unreacted TAPP monomers, and the selective layer
shows no structural collapse during post-treatment and DMSO activa-
tion [41].

To demonstrate the stabilizing effect of Fe modification on
porphyrin-based membranes, we conducted mass sepectra analysis of
the dissolved fragments in three leach solutions: TAPP-IPC in methanol,
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Fig. 3. Freeze-dried surface morphologies of MPD-TMC, TAPP-IPC, and Fe-TAPP-IPC (a) before and (b) after 24 h DMSO activation with a scale bar of 1 pm.
Corresponding AFM topography images with a height scale of 300 nm (c) before and (d) after 24 h DMSO activation and (e) membrane thickness changes derived

from the above AFM images.

TAPP-IPC in DMSO, and Fe-TAPP-IPC in DMSO (Fig. 4). The spectral
peak areas and molecular weight correlate directly with the solubilities
of the membrane fragments, providing quantitative insight into struc-
tural stability. TAPP-IPC series exhibit characteristic peaks at ~675 Da,
corresponding to the TAPP monomer, with maximum value below 2000
Da. DMSO has higher solubility to TAPP-IPC than MeOH, as shown by
the higher intensity and largest molecular fragment at the mass spectra,
which are close to ‘TAPP+3IPC’ (1143.06 Da) and ‘2TAPP+3IPC’
(1819.77 Da). Fe-TAPP-IPC presents a peak for ‘Fe-TAPP-2IPC’ at
1083.73 Da, which is lower in intensity than that for the unmodified
counterpart, indicating reduced solubility and thus improved network
stability. This is consistent with the observed morphology changes. In

comparison, the oligomer of MPD-TMC in MeOH and DMSO has a
similar tendency but exhibits intensities that is 2-3 orders of magnitude
stronger than that of TAPP-IPC in a wide molecular weight range
(~6000 Da) (Fig. S5). It is consistent with the reported oligomer weight,
and further confirms that the larger polyaromatic structure of TAPP-IPC
contributes significantly to the enhanced stability of the membrane [11,
42].

To exclude the effect of the chloride monomer on membrane mor-
phologies and swelling behavior in TAPP-IPC and MPD-TMC, TMC was
also used to form TAPP-TMC and Fe-TAPP-TMC. The XPS results for
TAPP-TMC show a higher amide ratio than that for TAPP-IPC, and the
Fe—O-Fe is also introduced to the porphyrin (Fig. S6). Because TMC has
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Fig. 4. MALDI-MS spectra showing the molecular weight of leached oligomers
with inset images of the corresponding molecules.

aryl chlorides at the same position as IPC and has an additional one, the
former amide bonds were separated into an in-plane network connection
and an additional interlayer amide bridge. Besides the similar surface
changes and oligomer leaching observed in Figs. S7 and S8, the forma-
tion of the thinner pristine selective layer (19 nm) indicates that the
difference in membrane thickness can be attributed to the highly con-
nected chlorides. The DMSO activation causes a converse change in
TAPP-TMC, with a layer thickness of 25 nm, which indicates significant
swelling behavior for the amide, and establishes a stability rank in
DMSO that follows MPD-TMC < TAPP-TMC < TAPP-IPC < Fe-TAPP-IPC
~ Fe-TAPP-TMC.

3.3. Separation performance change

To evaluate the effect of the Fe-O-Fe bridge on membrane stability,
four typical membranes were prepared for comparison: TAPP-IPC
(without Fe post-treatment) and Fe-TAPP-IPC, conventional MPD-
TMC, and Fe-MPD-TMC (with the same Fe post-treatment and no
porphyrin unit) and the permeance changes were compared using a
continuous MeOH/DMSO/MeOH filtration cycle (Fig. 5a).

First, pristine MPD-TMC and TAPP-TMC show similar developments
throughout the process: at stage I, their permeance decline indicates
membrane compaction to a stable state. At stage II, the DMSO per-
meances of MPD-TMC and TAPP-IPC are 11- and 3.1-fold, respectively,
those for MeOH. At stage III, the activated membranes show slower
declines during the 12 h operation, but still higher than stable MeOH
permeance. Considering the higher viscosity () of DMSO than that of
MeOH, this higher DMSO permeance and the changes demonstrate un-
wanted structural flexibility. The smaller change for TAPP-IPC indicates
that the polyaromatic ring contributes to a stable structure, but not
sufficiently.

Next, the DMSO permeance of Fe-TAPP-IPC is 0.38 times the MeOH
permeance at stage II, and it shows stable MeOH permeance at stage III.
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This converse tendency demonstrates that the stability of the porphyrin
network is enhanced by the Fe-O-Fe bridging, allowing it to resist
DMSO swelling. In comparison to Fe-MPD-TMC, this method was further
proved to be established at porphyrin. Fe-MPD-TMC has the same DMSO
permeance as MPD-TMC, while its MeOH permeance is 10 times higher
than the latter, indicating that the swelled network formed during the
post-treatment.

More importantly, because of the fine solutes typically addressed in
nanofiltration (200-1000 Da), the rejection of MO (327 Da, 0.5 x 1.5
nm) in solutions was investigated at the end of stage II by UV-Vis
absorbance (Fig. 5b). Consistent with the DMSO permeance, the absor-
bance follows the order of Fe-MPD-TMC > MPD-TMC > TAPP-IPC > Fe-
TAPP-IPC. Therefore, both the porphyrin network and Fe-O-Fe cross-
links are indispensable for stable membrane performance.

Furthermore, the permeances of mildly polar solvents for Fe-TAPP-
IPC, including MeOH, EtOH, 1-propanol and 1-butanol, was analyzed
in terms of solvent viscosity (), molecule size (d,;) and solvent param-
eter referring to the polarity §,) according to solution-diffusion theory
and compared with those for DMSO (Table S1) [43-45]. As shown in
Fig. 5¢ and S9, Fe-TAPP-IPC exhibits a better correlation for §p-n’1 than
11’1 and 5p~11’1d;,2, indicating that the solvent transport mainly follows
viscous continuum flow in nanopores and is affected by the polarity
interaction between pore wall and solvent. Regarding the permeance
difference between DMSO and MeOH for TAPP-IPC, the swelling effect
of the polar aprotic solvent on the porphyrin network of Fe-TAPP-IPC is
significantly reduced, whereby DMSO permeance corresponds to the
fitting line.

For initial optimization, the conditions for FeCly post-treatment,
including concentration, reaction temperature, and time, were
explored. When those factors surpass each of their threshold values
(8.125 mg mL_l, 65 °C, and 5 h), membrane stability increases with
each value increasing, judged by the decreased DMSO permeance and
increased MO rejection (Fig. S10). Further exploration was based on a
different set of membrane-forming conditions (65 °C, 0.128 mmol mL !,
and 20 h) with DMSO stability and higher permeance. Fig. 5d and e
compares the separation performances of the porphyrin and conven-
tional membranes to highlight their characteristics. At stage I, Fe-MPD-
TMC and Fe-TAPP-IPC show MeOH permeances of 11.7 and 4.6 LMH/
bar, which are higher than those of pristine MPD-TMC and TAPP-IPC
(1.0 and 1.5 LMH/bar), and these results are consistent with their
membrane thickness changes. At stage II, only Fe-TAPP-IPC achieves
efficient MO rejection (96.2 %) with a low DMSO permeance of 1.5
LMH/bar. TAPP-IPC, MPD-TMC and Fe-MPD-TMC show the MO re-
jections of 34.0, 21.1 and 17.3 % in turn, despite their high DMSO
permeances. At stage III, the irreversible cleaning of DMSO and the
membrane compaction led to improved MeOH permeances and MO
rejections in MPD-TMC (2.9 LMH/bar, 98.6 %) and TAPP-IPC (2.4 LMH/
bar, 83.1 %). In comparison, Fe-MPD-IPC (9.4 LMH/bar, 95.1 %) and Fe-
TAPP-IPC (4.6 LMH/bar, 95.1 %) exhibited the various structure
compaction followed by the post-treatment in DMSO.

Combining the performance changes in stage II-III, MPD-TMC series
is suitable for mild alcohol, because it has no structure collapse after
DMSO activation, thereby achieving a higher permeance with a slight
MO rejection decline in MeOH. But, considering the applications of in-
dustrial operation using polar porotic solvents, Fe-TAPP-IPC demon-
strates the outstanding potential of solvent resistance and structure
recovery due to the stable MO rejection (>95 %) and solvent permeance,
which is similar to the reported integrally skinned asymmetric mem-
branes without a complex membrane fabrication process (Table S2).

The pore sizes of porphyrin membranes were evaluated using neutral
PPG molecules as probes, since dye rejection can be affected by differ-
ences in aggregation and charge states in solvents [3]. As seen from the
liquid chromatograms of the feed and permeate samples, Fe-TAPP-IPC
removes most of the PPG from DMSO, especially molecular weight
above 354 Da (n = 6) (Fig. 6a). Their MWCO curves show (rejection =
90 %) a reversible tendency (Fig. 6b). TAPP-IPC shows a marked shift
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between 450 and 1180 Da and achieves a lower MWCO of 420 Da in
stage III, which can probably be attributed to DMSO purifying the
porphyrin network by removal of low molecular weight oligomers. In
comparison, Fe-TAPP-IPC has a durable structure, and thus only a slight
MWCO change between 360 and 420 Da.

For their pore sizes changes in TAPP-IPC and Fe-TAPP-IPC, using the
relationship between molecular weight and Stokes diameter, the above
cut-off sizes were calculated to be 0.89 (360 Da) < 0.97 (420 Da) < 1.00
(450 Da) < 1.72 nm (1180 Da), which are in accordance with offset
stacked and single-layer porphyrin networks [31]. Similar to
two-dimensional graphene oxide laminate, the swelling behavior was
mainly caused by increasing the distance of the porphyrin units, which
leads to failure of the stacking effect, as shown in Fig. 5a, stage IL
Through the formation of Fe-O-Fe bridges, the stability was enhanced
[46,47].

As the additional comparison, MPD-TMC and TAPP-TMC series were
also examined to further confirm the effect of porphyrin and Fe-O-Fe
bridge (Fig. S11), the former exhibited more dramatic changes for the

MeOH-DMSO cycle over the PPG molecular scale, and the post-
treatment in DMSO further eroded the membrane fragment due to the
lack of porphyrin units, resulting in a loose Fe-MPD-TMC membrane.
The latter was regarded as the two-dimensional network with the
interlayer amide bond. It has MWCO in DMSO above 1300 Da and this
shift was also stabilized by the Fe-O-Fe bond to demonstrate higher
robustness than the amide bond. This exceptional trend between TAPP-
TMC and TAPP-IPC is consistent with the above thickness changes and
the theory discussed above, the amide linkage’s higher susceptibility to
DMSO seems to make it a detriment to SRNF performance [19].

We investigated the industrial potential of the membranes for the
treatment of active pharmaceutical intermediates in long-term opera-
tion (Fig. 6¢ and d). To exhibit the sensitivity for low-weight molecules,
Fe-TAPP-IPC was employed for the recovery of the Cefixime interme-
diate NICA (259 Da, 0.97 x 1.43 nm) [48]. Due to the low oligomer
removal during 7 days of continuous filtration, DMSO permeance in-
creases from 1.4 to 2.6 LMH/bar without severe NICA rejection decline
(Rejection >96.7 %) (Fig. 6d). In particular, when the membrane was



Z. Wang et al.

Journal of Membrane Science 737 (2026) 124485

B e ot

360 —=420 —=360 Da

Fe-TAPP-IPC

DMSO (Il) —» <] MeOH (III)|

:ﬂ--ﬁ B

<
1> -

450——1180—— 420 Da

TAPP-IPC

(a) Solvent: DMSO (b)
-~ 100 |
3"10M Yo oH 2L ‘_@;_/ _________
o= n, n=4-22 _— 4
g M  eor
"2 o — Feed g 40r [>MeoH (1) —~
= — TAPP-IPC 2 20 : :
.g " © — Fe-TAPP-IPC § 1:2:__ BB
e [7)
3]
g 2M x 60 | P
< , af
e il e e e s A ) .
30 35 40 45 50 55 6.0 000 400600

Retention time (min)

800 1000 1200 1400

Molecular weight (Da)

(c) = (d)
S s pwso 105
2
12 :E: 10 |- [>— MeOH _
S |-%-NICA rejection Sy~ 100 E\i
< o 8 5
[}]
o o
208 < S
0 c 6 [&]
c ) 2
] £ o
c = g
= 04 g <
O
— Feed s 2 =
— Permeate =
0.0 = . . . . . 80
250 300 350 8 0O 20 40 60 80 100 120 140 160 180 200
Wavenumber (nm) Time (h)

Fig. 6. a) Chromatogram of mixed PPG solutions from LCMS analysis and corresponding PPG molecule weight to exhibit the rejection of TAPP-IPC and Fe-TAPP-IPC
membranes in DMSO. b) MWCO changes in TAPP-IPC and Fe-TAPP-IPC at the three stages. ¢) UV-Vis spectra of NICA/DMSO solutions (inset shows the NICA

formula. d) Long-term continuous operation of Fe-TAPP-IPC for 168 h in DMSO and 24 h MeOH.

—
Y]
S
—
(=2
N

(c)

[J]c @ N[] o[ Metal

5 5 100 3
38 = | Fe(lll)-[79.8 130 053
z © © g o A IFe()- )
=1 o g % - S A L
§ L 160 ¢ E Cu- 0.84
3 lao § 2 Zn- 10.24
E4 g8 a8 |
@ c _
IS 20 §- F—f———|Fe | Fe-| 250
2 :‘] D 9 TAPPPCL| , j TAPP-IPC | 0
o q'APP IPCFe- Zn- Cu- Al Fe(lll)-o 1000 800 600 400 200 060 65 70 75 80 85 90 95 100
Metal type Binding energy (eV) Element ratio (%)
(d) Zn-TAPP-IPC (e)
01s y
- Limited Metalloporphyrin Metalloporphyrin
3 _ metalloporphyrin _ without O bridge with O bridge
s @ 9 = @ @ O p------c
B Experimental — TAPP-IPC 1 1 1 | @ @ @
§ | Fitting curve s " Lol I 1 o o |
£ -CONH- X I . ;! @ @] |
-COOH : 1
: Ry, LB _B= _, L8 _ @ b-—--o--
538 536 534 532 530 528 M=Cu?, AI**, and Fe3*

Binding energy (eV)

Fig. 7. a) The relationship between separation performance in DMSO and metal ions in modified TAPP-IPC membranes. b) Wide spectra and c) elemental ratios for

TAPP-IPC membranes under various metal ion modifications. d) O 1s spectra of Zn-TAPP-IPC and TAPP-IPC. e)
TAPP-IPC membranes.

Tllustration of the three possible structures in metal-



Z. Wang et al.

re-compacted using MeOH, total recovery of NICA (>99 %) was
accomplished.

3.4. Specificity of Fe-O—Fe bridge

Finally, the method was applied using other metal ions at the same
molar concentration. According to hard-soft acid-base theory, divalent
Cu®" and Zn?" were chosen because of their high solvent stability, and
trivalent Fe>* and AI** were used to further examine the effect of
oxidation of Fe(II) [18]. Comparing their DMSO permeances and MO
rejections, Cu- (3.7 LMH/bar, 67.2 %) and Zn-TAPP-IPC (4.2 LMH/bar,
72.7 %) show the lowest porphyrin stabilization, and those for Fe(III)-
(2.1 LMH/bar, 84.8 %) and Al-TAPP-IPC (2.8 LMH/bar, 84.6 %) are also
limited (Fig. 7a).

Combining the XPS results (Fig. 7b and c), the metal ratio of the
modified membranes decreases in the order Zn?* (10.2 %) > Fe2t (9.5
%) 3> Cu>" (0.8 %) ~ ALt (0.8 %) ~ Fe3* (0.5 %) in wide-scan spectra.
The poor SRNF performance may be attributed to the limited metal ra-
tios incorporated in the membrane for Cu?*, AI3*, and Fe3*. This may be
further explained in terms of the kinetic formation of metalloporphyrins
with metal type: that for Cu?>* has a high equilibrium constant, so it
easily escapes from the porphyrin center under filtration-like operation
to recover the TAPP-IPC state [49,50]. However, coordination of Fe3+
and AI*", accompanied by porphyrin deformation, is more difficult (but
irreversible) than that of the other metals [51]. Compared with Zn>" and
Fe?* with similar ratios in metal and O (Figs. 2d and 7d), the former
presents an amide (531.1 eV, 70.0 %) and carboxylic acid group (532.7
eV, 30.0 %). Thus, the above metal ions generate three kinds of
porphyrin structure (Fig. 7e), demonstrating the importance of the
metalloporphyrin and redox reaction with oxygen. Even if this bridge is
unique to Fe ions, similar reactions have been widely studied in
N-containing molecules and redox metals to further promote membrane
design [32,52,53].

4. Conclusions

In summary, we have successfully demonstrated the generation of an
Fe-O-Fe-bridged porphyrin network for the solvent-resistant nano-
filtration, prepared with a facile interlayer polymerization and post-
treatment process. The stability of porphyrin and this coordination
bond in variable and complex solvents was systematically confirmed by
the structural and separation performance changes in MeOH and DMSO.
Contributed to the highly conjugated rings, the porphyrin-based mem-
branes reveal the minimized solubility in polar solvents, due to the
lowest oligomer leaching and morphology changes in DMSO. By
applying this method to the conventional polyamide (MPD-TMC) and
other metal ions (Cu, Zn, Al and Fe(IIl)), the key to the stable polyamide
is proven to the coordination site of the porphyrin center and the redox
Fe bridge construction process. Therefore, the final Fe-TAPP-IPC
exhibited stable DMSO permeance, rejection for fine solute of MO
above 95.6 %, and minimized MWCO shift (between 360 and 420 Da). In
long-term filtration, it also showed efficient recovery of NICA in DMSO
over 7 days. Conceivably, our crosslinking strategy shows a novel insight
for preparing effective SRNF membranes.
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