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Heterogeneous catalysis has emerged as a promising approach for sustainable and efficient water purification
due to its high catalytic efficacy and low energy consumption. However, the complex nature of nontraditional
water resources (e.g., trace toxic metals, organic molecules, and high salinity) leads to gradual catalyst
deactivation, hindering large-scale implementation. Here we introduce the concept of sieving-coupled
nanoconfined catalytic water pollutant conversion for rapid purification of complex water sources. This
dual-function system was achieved by integrating in situ recycled palladium nanoclusters within covalent
organic framework (COF) membranes. The strong interaction between Pd and the pyrazine nitrogen in the
COF facilitates the formation of a Pd layer within a 40 nm-thick COF nanofilm. The resultant Pd°~TpPz
membrane exhibited a high permeability of 85.4 L m=2 h™* bar~! while achieving 99.8% for Eriochrome
black T. This precise-sieving effect of the membrane enables the efficient catalytic reduction of various

iii:g’ti% gltST g:g&i}%ﬁ 2025 pollutants such as rhodamine B (RhB), Cr(vi), and 4-nitroaniline in complex systems. The reported Pd®—
TpPz membrane evinced favorable long-term stability, recyclability, antimicrobial activity, and acid—base

DOI: 10.1039/d55c04204f resistance (pH = 2-12), demonstrating its high potential for water treatment. This work paves the way

Open Access Article. Published on 02 September 2025. Downloaded on 9/21/2025 3:03:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Global freshwater resources are dwindling, and the supply of
clean water is insufficient, necessitating the urgent develop-
ment of innovative technologies to harness clean water from
alternative sources." Nontraditional water sources, such as
wastewater, brackish water, and seawater, offer a promising
avenue for addressing global water scarcity.” However, these
sources are predominantly complex and contaminated with
a diverse array of pollutants, including organic dyes, high
salinity, trace toxic metals, and other hazardous substances.**
Furthermore, these water sources frequently exhibit elevated
levels of biochemical oxygen demand and chemical oxygen
demand, coupled with low biodegradability.> The specific types
and concentrations of pollutants can vary broadly depending on
the source and the characteristics of the water.® Heterogeneous
catalysts have emerged as a powerful tool in water purification
due to their excellent catalytic efficiency, environmental
friendliness, and mild reaction conditions.” However, when
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towards the development of sieving-coupled nanoconfined catalysis for rapid water purification.

applied to complex water environments, these catalysts face
several challenges including weakened catalytic activity, limited
selectivity, biofouling, and insufficient recycling stability.?
Therefore, developing multifunctional water treatment tech-
nologies for complex water sources remains a critical goal in the
field of water remediation.’

Membrane-based technologies play a key role in water treat-
ment and purification primarily due to their high selectivity, low
cost, and broad applicability.’* " Dense ultrafiltration and loose
nanofiltration are among the most common membrane-based
processes utilized for the fractionation of diverse solutes with
varying molecular/ionic sizes.'**> However, these approaches are
incapable of retaining small toxic molecules and high-valent
metals (e.g., 4-NP and Cr""), necessitating additional costly sepa-
ration units to remove these contaminants.’®” The widespread
large-scale application of these technologies is further hindered
by the limited physical and chemical tunability of the pore
structure in conventional polymeric membranes. Of note, the
empirical-dominated processing of common linear polymers
frequently yields high packing-density membranes with limited
free volume and dynamic porosity, leading to a trade-off between
flux and selectivity.”® Rapid interfacial polymerization of two
highly reactive monomers (diamine and triacyl chloride) is
effective in fabricating thin selective films but lacks fine control of
the membrane microstructure.” The resultant wide pore size
distribution limits membrane performance and increases the
cost of water treatment. While substantial improvements in water
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purification membranes have been achieved using optimized film
processing strategies, their surface fouling propensity, especially
biofouling, is often overlooked.**** Once a mature biofilm forms
on the membrane surface, there is a significant decline in
membrane performance and lifespan, hindering its practical and
large-scale use.” In this context, new membrane materials fabri-
cated through molecular-level design methods are crucial for
advancing membrane-based water purification technologies.
Unlike traditional linear polymers, covalent organic frame-
works (COFs) have emerged as crystalline porous polymers that
feature structural periodicity, well-arranged nanopores, high
surface area, and robust water stability.>*>® These properties,
combined with their designable pore architectures and tunable
apertures, make them promising candidates for selective
adsorption and separation applications with a level of precision
that is not achievable using conventional materials.””°
Furthermore, the unique COF architecture provides confined
spaces for the interplay of ions or guest molecules, thus
evincing unique properties and functions. Their ordered
nanopores offer stable anchoring sites for metal catalysts,
ensuring nanoconfined catalytic conversion of small molecules
and ions.**** In addition, by tailoring their pore size and func-
tional groups, the dispersion and catalytic activity of metal
catalysts can be optimized, thereby enhancing the selectivity
and efficiency of the reaction.** Importantly, the diversity of
building blocks and covalent linkages makes COFs highly
promising for selective capture of precious metal catalysts from
nontraditional water sources.*® This unique function enables
the usage of precious metal-containing wastewater to upcycle
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(a) Comparison of separation synergistic catalytic membranes and heterogeneous catalytic membranes,
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COF catalytic membranes with recycled metal nano-catalysts.>*
More importantly, pore engineering of COF membranes allows
them to precisely sieve the organics with large molecular
weights, facilitating continuous catalytic conversion of toxic
ions and small molecules that can enter the nanopores.*
Therefore, COFs offer a promising opportunity to leverage
precise sieving and heterogeneous catalysis for potentially
improved water purification efficiency.***”

To this end, we sought to develop a separation-synergistic
catalytic membrane platform for use in multifunctional water-
purification applications, based on the introduction of recycled
Pd nanoclusters into COF separation membranes. Unlike
heterogeneous catalysis using 2D laminar membranes, which
may suffer from the fouling of catalytic sites, our proposed
nanoconfined membrane reaction platform fully unlocks the
advantages of ordered nanopores and chemical tunability. This
new mode enables simultaneous rejection of large organic dyes
and catalytic conversion of small organics or toxic high-valence
metals when dealing with complex wastewater (Fig. 1a). A TpPz-
COF membrane was fabricated in situ on a Kevlar substrate via
an IP reaction between 1,3,5-triformylphloroglucinol (Tp) and
1,4-diaminopyrazine (Pz). This pyrazine-based COF membrane
exhibited the highest selectivity for the capture of PdCl,*>~ from
simulated electronic wastewater containing diverse competing
ions (Fig. 1b). This is likely due to the high affinity between
palladium and dual-nitrogen atoms from the pyrazine-based
skeleton. The subsequent in situ reduction feasibly transformed
the adsorptive membrane into a catalytic COF membrane rich
in recycled Pd nanoclusters, without diminishing its original

Sieving-coupled catalysis membrane
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(b) schematic diagram of

capturing Pd®* using TpPz membranes, and (c) schematic diagram of the Pd°~TpPz separation synergistic catalytic mechanism.
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filtration performance. This Pd-appended COF membrane not
only exhibited high removal efficiency of large dye molecules
(e.g., Congo red, methyl blue, and Direct Red 23) but also
enabled catalytic reduction of toxic molecules and high-valence
metals (rhodamine B, 4-nitroaniline, methyl orange, 4-nitro-
phenol, and Cr"", Fig. 1c). By combining robust long-term
stability, recyclability, antimicrobial activity, and acid-base
resistance (pH 2-12), this membrane shows great promise for
real-world water purification applications.

Results and discussion
Morphology and structure of TpPz nanofilms

A TpPz nanofilm was fabricated via an interfacial reaction
between Tp and Pz linkers at room temperature. The thin film
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formed at the free water—oil interface was collected, washed with
organic solvents to remove unreacted precursors, and dried
under vacuum at 80 °C for 24 hours. The crystal structure of the
TpPz nanofilm was determined using powder X-ray diffraction
(PXRD, Fig. 2a). The diffraction peaks at 26 = 4.80°, 7.80°, and
27.16° were indexed to the (100), (110), and (001) planes of the AA-
stacked TpPz structure, confirmed by simulated XRD patterns.
The TpPz nanofilm was utilized to selectively capture PdCl,*~
from simulated electroplating wastewater, followed by fabri-
cating a Pd’-TpPz film via in situ reduction. Compared to TpPz,
the PXRD pattern of Pd’-TpPz showed the retention of the (100)
and (001) peaks of TpPz and additional peaks at 26 = 40.15°,
46.71°, 68.13°, 82.12°, and 86.61°, corresponding to the (111),
(200), (220), (311), and (222) planes of zero-valent Pd (Fig. S3).*®
High-resolution transmission electron microscopy (HRTEM)
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Fig. 2 Characterization of TpPz free-standing nanofilms. (a) PXRD patterns, (b) HRTEM image (inset: SAED pattern), (c) FTIR spectrum, and (d)
solid-state NMR spectra of the TpPz nanofilm (Tpg 75-Pz4.0-24). (€) N, sorption isotherms of TpPz and PdO—TpPz nanofilm (Tpg 75-Pz4.0-24); (f)
pore widths of the TpPz and Pd®~TpPz nanofilm (Tpg 75-Pz4.0-24); (g) SEM image of the surface transfer free-standing film (Tpg 75-Pz4.0-24) on
the surface of a PAN substrate; (h) TEM/EDS mapping image and elemental distributions of the surface transfer free-standing film (Tpg 75-Pz4.0-
24); (i) the cross-sectional high-resolution TEM image of Pd®~TpPz; () the size distribution profile of Pd nanoclusters; (k) XPS spectra of prepared
membranes; (1) the Pd 3d spectrum of Pd°~TpPz membranes measured by XPS.
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clearly shows the lattice fringes of the film with a spacing of ~3.4
A, which represents that the interlayer distance of TpPz mono-
layers originated from the w—-m stacking (Fig. 2b). Besides, clear
diffraction rings can also be seen in the selected area electron
diffraction (SAED) pattern, further indicating the high crystal-
linity and anisotropic orientation of the TpPz films (inset of
Fig. 2b).

Fourier transform-infrared (FTIR) spectra of organic linkers
and TpPz (Fig. 2c) reveal the successful condensation between
Tp and Pz linkers. The disappearance of the aldehyde (1633
em ') and the amine (3259 cm ') peaks, coupled with the
emergence of a new peak at 1578 cm ' C=C stretching,
provides strong evidence for the formation of a f-ketoenamine-
linked COF film. Solid-state *C CP-MAS NMR spectroscopy
(Fig. 2d) further elucidates the atomic-level structure of the
TpPz nanofilm. The signal at 184 ppm is indicative of keto C=0
bond formation, likely resulting from tautomerization during
the reaction. The signal at 108 ppm corroborates the presence of
C=C-N bonds and further supports the keto structure. In
addition, the peak that emerged in the range of 144-153 ppm
for the TpPz film is assigned to the C-NH (nonheterocyclic N)
carbon, while the signal at ~152 ppm corresponds to the C-N
(heterocyclic N) carbon.*

Nitrogen sorption isotherms at 77 K confirm the permanent
porosity of TpPz and Pd’-TpPz films. TpPz exhibits a BET
surface area of 87.4 m”> g~ ' and a primary pore size of 2.05 nm,
consistent with an AA-eclipsed framework geometry (Fig. 2e and
f). Pd°~TpPz shows a reduced BET surface area (48.3 m* g™ )
and a smaller pore size (1.83 nm), likely due to the significant
adsorption of Pd within the pores. In contrast, Pd’~TpPz di-
splayed a primary pore size of 1.83 nm, likely attributed to the
significant adsorption of Pd within the TpPz pores, resulting in
adecline in both pore size and BET surface area.*’ Free-standing
COF nanofilms were transferred onto PAN substrates and
silicon wafers to gain insight into their internal microstructure.
Scanning electron microscopy (SEM) imaging reveals a uniform
surface morphology for the TpPz nanofilm (Fig. 2g). Trans-
mission electron microscopy (TEM) images demonstrate the
regular structure of the TpPz nanofilm, while energy-dispersive
X-ray spectroscopy (EDS) mapping confirms a uniform distri-
bution of carbon, nitrogen, and oxygen elements (Fig. 2h).
Additionally, atomic force microscopy (AFM) height profile
measurements evince a thickness of 39.3 nm for the TpPz
nanofilm (Fig. S4).

Morphology and structure of TpPz and Pd’~TpPz composite
membranes

A TpPz-based thin-film composite (TFC) membrane was fabri-
cated on a Kevlar substrate via interfacial polymerization in
a custom-built diffusion chamber (Fig. S1). This TpPz
membrane was subsequently utilized to capture PdCl,*>~ from
simulated extrusion waste, followed by in situ growth of Pd
nanoclusters to form a Pd’-TpPz catalytic membrane (Fig. S2).
Compared to the Kevlar substrate (Fig. S5), the TpPz composite
membranes exhibited a C=C peak at 1578 cm™ ', consistent
with the free-standing TpPz film. However, as exhibited in
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Fig. S6, the XRD diffraction peaks of the composite membranes
align closely with those of the Kevlar substrate. This is because
the signal from the relatively thin layer is masked by the intense
background peaks of the Kevlar substrate.

The surface morphology of the as-fabricated membranes was
examined using SEM images. Compared with the Kevlar
substrate, the TpPz membranes demonstrated a more compact
and uniform surface morphology without visible defects
(Fig. S7a and S8a). AFM analysis further revealed a uniform
TpPz surface with a low roughness (R, = 15.0 nm, Fig. S7b and
S8b). Cross-sectional TEM images distinctly depicted a 44.4 nm-
thick nanofilm (Fig. S9a and S10a-b), consistent with the
thickness observed for the freestanding film by AFM analysis.
The well-defined boundaries and an even elemental distribu-
tion confirm the formation of a uniform COF nanofilm at the
top surface of the Kevlar support (Fig. S10c).

Given the strong affinity of N-heterocyclic groups to Pd, TpPz
membranes were explored for Pd capture. A noticeable color
change from dark red to bright red for the TpPz surface
confirmed Pd uptake from acidic leaching liquor. Leveraging
the strong binding interaction between pyrazine groups and
PdCl,*", TpPz membranes with rich nanochannels were
explored as templates for Pd nanocluster growth. In situ
reduction with NaBH, yielded brown Pd’-TpPz membranes
with a uniform, low-roughness (21.2 nm, Fig. S8c and d) surface.
Cross-sectional TEM images of the Pd’-TpPz membranes
revealed a 40.7 nm-thick film with highly dispersed nano-
clusters (Fig. 2i). High-resolution TEM confirms the (111) crystal
plane of the Pd nanoclusters with a crystal plane spacing of
0.225 nm (Fig. S9b). EDS mapping further confirmed their
presence once again. These Pd nanoclusters evinced an average
size of 1.96 nm in diameter with a narrow size distribution
(Fig. 2j and S10d-e).

X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the elemental composition and oxidation state of Pd
within the TpPz membranes (Fig. 2k-1 and S11-S13). XPS data
revealed a Pd loading of 4.0% in the Pd°~TpPz membrane
(Table S1). Deconvolution of the C 1s, N 1s, and O 1s narrow
scan spectra confirmed the successful formation of keto-
enamine based TpPz (Fig. S12a—c). For Pd’-TpPz membranes,
the Pd 3d region displayed new characteristic peaks at 336.1 eV
and 341.4 eV (Fig. 2k), corresponding to the 3ds, and 3d;,
states of zero-valent Pd nanoclusters. However, weak peaks at
337.2 eV and 342.1 eV corresponding to the 3ds, and 3ds,
states of Pd" and PdO appeared, suggesting incomplete reduc-
tion and surface oxidation. This interpretation is further sup-
ported by the higher oxygen content observed in Pd’-TpPz
compared to TpPz. Thermogravimetric analysis (TGA) revealed
high thermal stability for all membranes, with Pd’-TpPz
showing a higher residual weight (~15%) due to the presence of
Pd (Fig. S14). Zeta potential measurements (Fig. S15) revealed
the less electronegativity of the Pd’~TpPz membrane, primarily
due to the abundant nitrogen content and the presence of
reduced Pd species. As shown in Fig. S16, the hydrogel substrate
had the lowest WCA and the highest surface energy due to its
high hydration and water content. As the TpPz layer formed on
the Kevlar surface, the WCA gradually increased. In contrast,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the introduction of Pd nanoclusters increased the surface
energy of the TpPz membranes, resulting in a lower WCA and
a higher hydrophilicity for the Pd°~TpPz membranes.

Adsorption performance of TpPz membranes

To capture trace concentrations of Pd ions from electroplating
wastewater, the simulated Pd content was closely matched to
those found in real-world processes. As exhibited in Fig. 3a, the
TpPz membrane showed the highest removal efficiency for Pd**
(>95.0%) among 17 competing metal ions tested. In addition,
the TpPz membrane with a 24-hour reaction time exhibited the
highest adsorption efficiency for Pd** (Fig. S17), mainly because
of the thickening of the TpPz selective layer on the Kevlar
substrate as a function of reaction time. SEM images of TpPz
membranes at different reaction times corroborated this
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observation, revealing particle formation on the membrane
surface on prolonging the reaction time (Fig. S18). When the
TpPz selective layer was fabricated using different porous
substrates (Kevlar, PAN, PES, and PS), the highest removal
efficiency of 95.6% for Pd was achieved using the TpPz-Kevlar
composite membrane (Fig. 3b). The Kevlar substrate, a poly(p-
phenylene terephthalamide) hydrogel, possesses abundant
aromatic amino (-NH,) and carbonyl (C=0) functional groups.
These groups create strong molecular complementarity with the
TpPz COF through enhanced m-m stacking interactions and
hydrogen bonding networks. This compatibility enables the
formation of an exceptionally uniform COF layer with a well-
defined thickness of 40.0 nm. In contrast, Kevlar substrates
without the TpPz layer showed minimal Pd*" removal (<5%),
highlighting the TpPz membrane's superior capture perfor-
mance (Fig. 3c). Adsorption kinetics of TpPz membranes
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Fig. 3 Capture performance of TpPz membranes. (a) The selectivity of TpPz membranes towards metal ions; (b) the removal efficiency of Pd2*
with different substrates; (c) comparison of Pd?*removal performance between the Kevlar substrate and TpPz; (d) adsorption kinetics of Pd?* on
TpPz membranes; (e) adsorption isotherm of Pd?* on TpPz membranes; (f) adsorption capacity of ToPz membranes in simulated leaching liquor;
(g) the Pd®* adsorption efficiency (left axis) and adsorption capacity (right axis) of TpPz in twenty successive adsorption—desorption cycles; (h) the
adsorption energy between six metal ions and TpPz obtained using density functional theory (DFT) calculations; (i) projection of the 3D ELF
distribution of TpPz onto the COF plane; (j) 3D ELF distribution of TpPz COF.
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demonstrated rapid PdCl,>~ uptake, reaching equilibrium
within 12 hours (Fig. 3d). The exceptionally high correlation
coefficient (R*> = 0.9999) for the pseudo-second-order kinetic
plot, in contrast to the lower R* (0.9559) for the pseudo-first-
order plot, indicates that the Pd®>" adsorption on TpPz
membranes is predominantly driven by a chemical process
(Fig. S19). The TpPz membrane exhibited a steep adsorption
profile for Pd**, signifying a strong affinity for Pd>". The Lang-
muir model (R*> = 0.993) provided a better fit to the equilibrium
adsorption data than the Freundlich model (R*> = 0.975), as
indicated by the comparison of correlation coefficients (Fig. 3e,
S20 and Table S2).

As the predominant palladium species at pH 2.5 are PdCl;™
or PdCl,>”, these anionic species are effectively adsorbed onto
the TpPz membrane surface through strong local electrostatic
interactions. Fig. S21a illustrates the impact of feed pH on Pd
adsorption. A substantial increase in Pd adsorption capacity
was observed as pH rose from 1.0 to 3.0. This enhancement
stems from the competitive adsorption between excessive
chloride ions and protonated sites for PdCl,>~ at lower pH
levels. When the pH exceeded 3, the precipitation of palladium
as Pd(OH)'/Pd(OH), may compromise the accurate determina-
tion of adsorption capacity.** Furthermore, a slight increase in
the adsorption capacity, from 100.3 to 113.6 pg cm >, was
observed as the temperature increased from 15 °C to 45 °C,
suggesting the endothermic nature of the palladium adsorption
process (Fig. S22b). Notably, the TpPz membrane exhibited
remarkable selectivity for PdCl,>", even in the presence of
competitive ions including Na®, K', Ca®", Mg**, and Ni**
(Fig. 3f). Following palladium elution with thiourea, the bright
red Pd(u)-saturated TpPz membrane reverted to its original dark
red color (Fig. $22). Over twenty adsorption-desorption cycles,
the membrane exhibited minimal loss in adsorption capacity
and efficiency, indicating its excellent recyclability (Fig. 3g).

Compared to the pristine TpPz membranes, the peak at 3259
em™" (pyrazine N) in Pd°-TpPz is significantly diminished,
likely due to coordination between pyrazine N and palladium,
which weakens the original pyrazine N absorption peak (SI,
Fig. $23). In N 1s spectra of TpPz (Fig. S12b), two binding energy
peaks at 399.3 and 398.4 eV are attributed to pyrazine N and C-
NH, respectively. After in situ reduction treatment, the N 1s
spectrum of Pd°~TpPz shows that these peaks shift to higher
binding energies by 1.33 eV and 1.62 eV, respectively (Fig. S13b).
The O 1s peaks in the Pd°~TpPz membrane (Fig. S12¢ and S13c)
also shift to higher binding energies by 1.61 eV and 1.48 eV.
These changes indicate that the Pd adsorption onto TpPz is
a chemical process, where both pyrazine-N and ketone groups
in TpPz are coordinated with Pd". Fluorescence imaging reveals
red fluorescence of the TpPz nanofilm, attributed to its highly
conjugated structure. An obvious decline in fluorescence
intensity of palladium-absorbed TpPz suggests its strong
affinity for palladium (Fig. S24), resulting in fluorescence
quenching.*” Electronic localization function (ELF) contour
maps (Fig. 3i and j) reveal a higher localized charge density at
the pyrazine-N site compared to the oxygen atoms in the TpPz
skeleton. Analysis of the electronic structure suggests limited
lone pair delocalization at pyrazine-N atoms, resulting in
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stronger electron donation from these nitrogen centers.** This
enhanced electron-donating ability of the pyrazine-N site
contributes to selective palladium adsorption. Furthermore, the
electrostatic surface potential of TpPz (Fig. S25) indicates the
presence of abundant positive and weak negative charges
around the N atom, further facilitating palladium capture.
Density functional theory (DFT) calculations were performed to
determine the adsorption potential energies of various metal
ions on the rational N sites (Fig. 3h and $26). The binding
energy (E,qs) between PdCl,>~ and TpPz was calculated to be
—0.03 €V, indicating a strong Pd affinity. In contrast, the posi-
tive AE,qs values for the other metals revealed the repulsive
force against TpPz, primarily attributed to electrostatic inter-
actions between the cations and the positively charged pyrazine
and secondary amine groups under acidic conditions.**

Separation and catalytic performance of Pd’-TpPz
membranes

To evaluate the separation performance of TpPz membranes,
methyl blue (MB) was employed as the model pollutant. As the
Tp concentration increased from 0.5 mM to 1.0 mM, water
permeability of the TpPz membrane decreased from 182 LMH/
bar to 54 LMH/bar, while the MB rejection rate increased from
88.8% to 96.3% (Fig. S27). SEM images revealed the formation
of particle deposits on the membrane surface at higher Tp
concentrations (Fig. S28). Moreover, the WCA of the TpPz
membrane increased with an increasing Tp concentration,
suggesting a reduced surface hydrophilicity. This trend is
attributed to the accumulated Tp building blocks with a hydro-
phobic structure (Fig. S29). The impact of palladium adsorption
duration on the catalytic and separation performance of Pd’-
TpPz membranes was further explored. The Pd loading
increased with longer adsorption time, but this had a negligible
effect on their water flux (Fig. S30). As depicted in Fig. 4a,
insufficient adsorption time results in low palladium loading
on the TpPz membrane, leading to weak catalytic activity for
cr'' and RhB. Conversely, excessive adsorption time would
cause the aggregation of Pd nanoclusters during reduction
(Fig. S31). An optimal adsorption time of 1 hour was determined
to balance catalytic activity and separation performance while
minimizing the aggregation. The Pd’-TpPz membrane was
evaluated for organic dye separation. At a flux of 85.4 L m >h ™"
bar ", the rejections for Evans blue (EB), Direct Red 23 (DR23),
Eriochrome black T (EBT), Congo red (CR), and methyl blue
(MB) were high, ranging from 93.4% to 99.8%. However, these
loose-structured membranes exhibited much lower removal
efficiency for smaller organic molecules like rhodamine B
(RhB), orange II, methyl orange (MO), 4-nitroaniline (4-NA), 4-
nitrophenol (4-NP), and Cr"", with the low rejections from
1.5% to 41.2% (Fig. 4b, UV spectra in SI, Fig. S32). In this
context, we further evaluated the catalytic performance of
Pd°-TpPz using Cr'' and RhB as model pollutants. With
constant Cr'? (0.2 mM) and RhB (50 mg L) concentrations, the
usage of 75 mmol formic acid led to a 98.6% Cr'" conversion
rate, while using 6 mmol NaBH, resulted in a 98.8% RhB
conversion rate (Fig. S33 and S34). As a control, the TpPz

© 2025 The Author(s). Published by the Royal Society of Chemistry
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membrane alone, when used with the reducing agent, exhibited
minimal catalytic activity, as indicated by a slight decrease in
the absorption peak after 20 minutes. In contrast, introducing
the Pd°-TpPz membrane coupon (~4.9 cm?®) resulted in
a significant reduction in the RhB or Cr*" characteristic peak
(Fig. S35). We further demonstrated their superior catalytic
activity for a broader range of pollutants (e.g., 97.9% for orange
11, 98.7% for MO, 98.6% for 4-NP, and 99.1% for 4-NA) (Fig. 4c
and S36).

Pd°-TpPz membranes demonstrated exceptional catalytic
activity for both Cr"" and RhB reductions under static condi-
tions (Fig. 4d and S37). Complete reduction of Cr¥* was achieved
within 30 min, while RhB reduction required 60 min. Both
processes followed first-order kinetics, with calculated Kea¢
values of 6.75 x 10> min~* for Cr*' and 6.15 x 10> min~* for
RhB, respectively (Fig. S38a and S39). These values are an order
of magnitude higher than those reported for other catalytic
membranes under similar conditions.*® Despite their excellent
catalytic activity under static conditions, the limited contact
with reactants/reductants hinders their suitability for contin-
uous industrial water treatment. However, the uniform, defect-
free surface and evenly distributed Pd nanoclusters within the
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COF layer position the Pd’-TpPz membrane as a promising
candidate for superior performance in continuous flow catalytic
reactions. Notably, the Pd°~TpPz membrane exhibited excep-
tional performance in both water permeation and dynamic
catalysis. When applied at 4.0 bar, Pd°~TpPz demonstrated an
excellent water permeability of 85.4 L m™> h™* bar ' and
a remarkably high conversion rate of 98.6% for Cr'" and 98.8%
for RhB. Moreover, Cr'! and RhB conversion rates remained
above 95% even at an elevated pressure of 7 bar (Fig. S39b and
4e). The ultrathin TpPz nanofilm, with rich evenly dispersed
and ultrafine Pd nanoclusters, facilitated rapid mass transfer
and reaction kinetics. The apparent rate constants, K, for Cr"’
and RhB were determined to be 4.99 ms™ ! and 5.46 ms?,
respectively (Fig. S39c and 4f). These values are significantly
higher than those observed in static catalysis (6.75 x 10>
min~" and 6.15 x 10~> min~"), highlighting the advantages of
dynamic catalysis. By rapidly removing products, dynamic
catalysis can overcome thermodynamic limitations and
enhance catalytic efficiency.® Moreover, the Pd°-TpPz
membrane exhibits exceptional pH tolerance, maintaining over
99% catalytic efficiency for 10 cycles in both strongly alkaline
(0.03 M NaBH,, pH 12) and acidic (0.4 M formic acid, pH 2)
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environments. This demonstrated stability across extreme pH
ranges (2-12) confirms its suitability for real wastewater treat-
ment. Pd-TpPz membranes exhibited minimal Pd leaching
(~8.0 ppb, 0.015%) over 96 h (Fig. S40), confirming their
outstanding structural stability.

To address the challenges posed by real-world wastewater,
we assessed the water decontamination efficiency of Pd°~TpPz
membranes using a mixture of CR and Cr*' as feed. The
membrane demonstrated impressive efficiency in sieving CR
while simultaneously catalyzing the reduction of Cr"". Superior
performance was also achieved for treating a mixture of 4-NA
and CR (Fig. S41 and S42). The cyclic regeneration ability of the
membrane was evaluated through ten consecutive cycles of
operation with mixed wastewaters containing CR, Cr"" or 4-NA.
Remarkably, the removal rates remained consistently above
99.0% (Fig. 4g and S43). For the 4-NA and CR mixture, the water
flux increased from 78.5 to 1153 L m > h™' bar ', likely
stemming from the swelling of the Kevlar substrate under
alkaline conditions. In contrast, for the Cr ¥ and CR mixture,
the water flux decreased from 79.0 to 45.8 L m 2 h™* bar %,
potentially caused by pore blockage from metal complexes.
After ten catalytic cycles, a slight increase in Pd nanoparticles
was observed on the surface of the Pd’-TpPz membrane
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(Fig. S44), likely due to the reduction of residual Pd" during the
catalytic process. These results highlight the robust stability of
the Pd°~TpPz membrane, with both catalytic performance and
structural integrity remaining intact under prolonged testing.
Fig. 545 depicts that the MWCO of the Pd°~TpPz membrane was
determined to be 35 kDa. In comparison to the pore size of 1.8
nm measured through N, adsorption, the Stokes diameter of
Pd°-TpPz significantly increased to 4.2 nm. This pore expansion
is closely related to the reduction process, where interactions
with methanol and bubble formation caused partial swelling of
the Kevlar substrate. As a result, the weakened interaction
between the Pd-COF layer and the Kevlar substrate led to
a substantial increase in membrane pore size. The Pd’-TpPz
membrane demonstrated superior catalytic performance for 4-
NP reduction, even at low NaBH, ratios, compared to other re-
ported materials (Fig. 4h).

The Kevlar substrate and TpPz membranes, lacking anti-
bacterial components, exhibited minimal antibacterial activity
against Gram-negative Escherichia coli (E. coli) (Fig. S46). In
contrast, Pd°-TpPz membranes demonstrated remarkably high
antibacterial properties, achieving a 98.1% bacteriostasis rate
(BR) as measured by the plate-counting method. This high
efficacy stems from the generation of intracellular reactive
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Fig. 5 Investigation of the catalytic mechanism in Pd°~TpPz membranes. (a—c) LC-MS spectra of the three main products after RhB reduction;
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oxygen species (ROS) induced by the Pd nanoclusters, leading to
bacterial inactivation.

Theoretical calculations

To investigate RhB degradation pathways in the Pd°-TpPz/
NaBH, system, LC-MS analyses identified three potential final
products resulting from hydrogenation, tautomerization, and
reduction (Fig. 5a-c and S47). Based on these products and
reaction sites of RhB molecules, two degradation pathways were
proposed (Fig. 5d-e and S48). To elucidate the NaBH, reduction
mechanism, DFT calculations were conducted on a composite
structure of TpPz COF and Pd nanoclusters. On comparing
adsorption energies, Pd°~TpPz preferentially adsorbs RhB over
active H (Fig. 5f-g). DFT calculations of intermediate energies
along the proposed pathways suggest that while the surface of
Pd nanoclusters may adsorb a significant amount of active H,
the generation of H is thermodynamically favorable, as indi-
cated by a previous calculation of —0.70 eV adsorption energy
between Pd’-TpPz and H.>*%

DFT calculations reveal that the rate-limiting step in pathway
1 is the hydrogenation from ST-3 to ST-4, with an energy barrier
of 0.87 eV (Fig. 5h). In pathway 2, the rate-limiting step for
generating product II is the hydrogenation from ST-I to ST-II
(0.53 eV). For product IV, the rate-limiting step is the hydroge-
nation from ST-III to ST-IV (0.37 eV). Lower energy barriers favor
the formation of ST-II and ST-IV. Once ST-II forms, its subse-
quent conversion to ST-III is thermodynamically favorable. In
addition, the energy barrier for the transition from ST-III to ST-
1V is lower than that from ST-I to ST-II. From an overall reaction
perspective, the formation of ST-IV from ST-II is energetically
downhill. Thus, we anticipate a higher yield of ST-IV compared
to ST-II. However, since ST-II is an intermediate in the forma-
tion of ST-1V, it is expected to be present in the final mixture.
While the rate-limiting step for the formation of ST-4 has
a higher energy barrier than those for ST-II and ST-1V, the
overall barrier is still relatively low (less than 1.0 eV), suggesting
that ST-4 may also be present in the final mixture.*® These DFT
calculation results align well with the findings from the LC-MS
analysis.

Experimental
Fabrication of TpPz membranes

TpPz membranes were fabricated using interfacial polymeriza-
tion (IP) between Tp and Pz in a lab-made diffusion chamber
with an effective area of 16.6 cm” (Fig. S1). Firstly, the as-
fabricated Kevlar substrate was surface dried using an air knife
and subsequently fixed at this module. Secondly, an aqueous
phase with different Pz concentrations was added to the cell
facing the backside of the Kevlar substrate, and a di-
chloromethane phase with different Tp concentrations was
introduced to another cell. The IP at the membrane surface was
maintained at room temperature and under static conditions
for different reaction times. Afterward, the obtained thin-film
composite (TFC) membranes were rinsed and stored in deion-
ized water before use.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Capture of divalent palladium ions in TpPz membranes

Prior to the adsorption experiment, a Pd*>" stock solution (20
ppm) was prepared using Na,PdCl,, with the solution pH
adjusted to 2.5 using hydrochloric acid. A piece of the TpPz
membrane (3 x 3 cm?®) was immersed in a 50 mL Pd** stock
solution. Subsequently, the solution was placed in a thermo-
static shaker with a speed of 170 rpm at room temperature. The
residual Pd>" content was recorded at different time intervals
using ICP-OES (Shimadzu, shimao2u, Japan). The Pd-saturated
membrane was denoted as Pd**~TpPz (Fig. S2). More specific
details on the Pd adsorption using TpPz membranes can be
found in the SI.

Fabrication of Pd’-TpPz membranes

In situ reduction of Pd ions on the TpPz membrane was per-
formed to fabricate nanoconfined catalytic COF membranes. In
a typical procedure, a piece of the Pd*"~TpPz membrane (3 x 3
cm?) was placed in a 20 mM NaBH, solution (50 mL, Viethanol :
Vwater = 1: 9) for in situ growth of Pd nanoclusters. After 10 min
of reduction, the resulting catalytic membranes (termed Pd°-
TpPz) were rinsed and stored in DI water before use (Fig. S2).

Separation-coupled catalytic performance of Pd’-TpPz
membranes

A simulated mixed solution containing 100 ppm CR and 50 ppm
4-NA was prepared as feed. The Pd°-TpPz membrane was placed
in a dead-end cell with an effective surface area of 4.90 cm?>. A
150 mL aqueous feed solution containing 6 mM NaBH, was
filtered through a Pd’-TpPz membrane under 4 bar. The
permeate was collected and analyzed for 4-NA concentration
using UV-vis spectroscopy. All experiments were conducted in
triplicate. For the reduction of the Cr®*/CR mixed system, FA (75
mmol) was used as the reducing agent, while other procedures
remained identical to those used for 4-NA/CR. Specific details
on the independent rejection and catalytic conversion experi-
ments can be found in the SI.

Conclusions

In this work, we introduce a dual-function system for rapid and
efficient water purification: molecular separation and nano-
confined catalytic conversion. This system is achieved by
impregnating COF membranes with in situ recycled Pd nano-
clusters (Pd, ~1.96 nm). Calculations of the ELF and adsorption
energy confirmed the robust affinity between pyrazine COF and
Pd". The resulting Pd’-TpPz membrane exhibited exceptional
performance in both molecular separation of large dye mole-
cules (e.g., CR, EBT, and DR23) and catalytic reduction of toxic
molecules and high-valence metals (e.g., RhB, 4-NA, and Cr"").
Importantly, at low reducing doses, the dynamic catalytic K.,
for Cr'" and RhB are as high as 4.99 ms™" (2.99 x 10° min ")
and 5.46 ms ™" (3.28 x 10° min "), respectively, highlighting the
high efficiency of dynamic catalysis. This one-step process
offers a significant advantage over conventional intensive and
multi-step water treatment techniques. Molecular calculations
and experimental analyses revealed that RhB degradation using
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Pd°-TpPz proceeds via a hydrogenation reduction mechanism.
Furthermore, this membrane demonstrated excellent recycla-
bility and antimicrobial activity, making it a promising candi-
date for practical water treatment applications. This dual-
function system has the potential to be extended to various COF
adsorptive membranes and applied to the purification of
complex, nontraditional water sources.
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