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Emerging organic contaminants (EOCs) are causing a global water safety crisis and pollution, while
conventional nanofiltration membranes with negative charge are inadequate to remove positively
charged EOCs, and their poor chlorine resistance strongly hinders their performance. Herein, Janus
membranes (JMs) were tailored to reject EOCs with different structures and properties by firmly
incorporating two-dimensional metal-organic frameworks (2D-MOFs) with different sizes and charge
characteristics into a chlorine-resistant and porous polyvinylidene difluoride matrix. By adjusting the
ligand substitution and synthesis temperature, the pore size, charge and hydrophilicity of the 2D-MOFs
were controllably modulated to impart the membranes with high permeability and broad-spectrum
removal of positively and negatively charged EOCs (antibiotics, endocrine disrupting chemicals, per- and
polyfluoroalkyl substances, and organophosphate esters). The JMs presented superior separation
performance compared to single-sided and state-of-the-art nanofiltration membranes owing to the
electrostatic Janus structure, and porous and hydrophilic nature of the 2D-MOFs. Notably, the JM200
membrane demonstrated exceptional water permeability (55.6 L per m? per h per bar) and rejection of
tobramycin, 3,3,5,5-tetrabromobisphenol A, heptadecafluorononanoic acid and tris(2-phenylphenyl)
phosphate (over 99.9%). Additionally, the JM200 membrane exhibits outstanding antibiotics/salt

R 47t A 2005 selectivity (separation factor of tobramycin/NaCl = 152), anti-fouling, chlorine resistance (chlorine
eceived 7th August ) - - .
Accepted 6th November 2025 exposure of 400000 ppm min) and stability, delivering superior performance compared to the

commercial NF270 membrane during long-term treatment of real surface water and municipal
DOI-10.1039/d55c05978] wastewater. This study opens a sustainable avenue for ultrafast and broad-spectrum removal of EOCs

rsc.li/chemical-science from complex water matrices with low energy and chemical consumption.

Introduction

Recently, emerging organic contaminants (EOCs), such as
antibiotics, endocrine disrupting chemicals (EDCs), per- and
polyfluoroalkyl substances (PFAS) and organophosphate esters
(OPEs), have posed increasing potential threats to aquatic
organisms and human health." Benefiting from high efficiency
and sustainable separation, nanofiltration (NF) technology has
garnered widespread attention for EOC removal.”

Polyamide (PA) thin film composite (TFC) NF membranes
synthesized by interfacial polymerization have become a golden
standard in desalination.? For the purpose of desalination and
anti-fouling, they were designed to possess a negative charge
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owing to the presence of carboxylic groups (-COOH) in the PA
active layer, but they were not effective in removing positively
charged EOCs (EOCs') according to the Donnan effect.* For
example, although EOC" pindolol (440 Da) had a much higher
molecular weight than that of negatively charged EOC (EOC™)
ibuprofen (206 Da), the commercial NF membrane Desal HL
presented a lower rejection of ibuprofen (98.4%) than pindolol
(74.2%).> Moreover, PA membranes suffer from poor chlorine
resistance, which limits the membrane biofouling mitigation.®

To overcome the above limitations, intensive efforts have
been devoted to constructing positively charged membranes for
the removal of EOCs'. Zhao et al.” prepared positively charged
PEI-25k NF membranes, which significantly improved the
rejection of EOC" enrofloxacin (>93%). However, the rejection of
EOCs™ is compromised, and they are prone to fouling by
organic foulants.®* Constructing dually-charged membranes
may increase the rejection of both EOCs™ and EOCs™, but it is
difficult to control the spacing between positively and negatively
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charged groups in a confined channel, causing electro-
neutralization.® Electrostatic Janus membranes (JMs) hold great
potential in synchronous separation of EOCs™~ and EOCs" due to
their asymmetric properties. However, JMs feature two func-
tional layers, which complicates the preparation process and
increases the membrane filtration resistance, thus sacrificing
the permeability." More importantly, EOCs are diverse species
(e.g., antibiotics, EDCs, and PFAS) with different structures and
properties; meanwhile, they usually coexist with conventional
pollutants, which further brings greater challenges for broad-
spectrum removal of EOCs from complex water matrices (e.g.,
surface water and municipal wastewater) by the existing NF
membranes. Hence, it is quite urgent and challenging to
customize more resilient Janus NF membranes for EOC
removal.

Benefiting from well-defined pores, a designable structure
and short-range transport channels, two-dimensional metal-
organic frameworks (2D-MOFs) have attracted intensive atten-
tion in membrane fabrication." 2D-MOFs provide additional
and short water channels for superior permeability without
compromising selectivity, which can break the permeability-
selectivity trade-off."> Moreover, the pore structure and proper-
ties (e.g., charge and hydrophobicity) of 2D-MOFs can be easily
modulated by changing the synthesis conditions, and using
diverse metal and organic ligands, potentially making
membranes to match EOCs with different structures and
properties for removal. However, most of the studies only focus
on individual EOC rejection, and there is a huge gap for broad-
spectrum rejection of EOCs.

Here, we overcome these bottlenecks by confining func-
tionalized 2D-MOFs into a highly porous and chlorine-resistant
polyvinylidene difluoride (PVDF) matrix on two sides of an
electrostatic Janus NF membrane via facile and scalable phase
inversion. 2D-MOFs" and 2D-MOFs~ were derived from non-
noble and environmentally friendly MgAl layered double
hydroxides (LDH) with organic ligands 2-amino-terephthalic
acid (NH,-BDC) and terephthalic acid (BDC), respectively.
Moreover, their controllable pore size and properties imparted
the membrane with a porous and defect-free active layer for
ultrafast and broad-spectrum removal of EOCs. Correlation
analysis and membrane transport models were employed to
understand the rejection mechanism. Additionally, membrane
anti-fouling and chlorine resistance performance were further
explored. The potential application of the membrane was
demonstrated by the treatment of three real water matrices.
This study may guide the development of next-generation, more
resilient NF membranes for remediation or reuse of EOC-
contaminated water.

Materials and methods
Membrane performance test

Reagents and chemicals are provided in Text S1. The fabrication
and characterization of the 2D-MOF Janus membranes are
described in Texts S2 and S3, respectively. By modulating the
organic ligand to BDC and NH,-BDC, negatively and positively
charged 2D-MOFs were obtained and denoted as MgAI-BDC-X
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and MgAI-BDC-NH,-X, respectively; moreover, the fabricated
Janus membranes were denoted as JMX, where X represents the
synthesis temperature of the 2D-MOFs. For comparison
purposes, single-sided membranes were also constructed by
separately incorporating MgAl-BDC-X and MgAl-BDC-NH,-X
into a PVDF matrix, designated as SMX-N and SMX-P, respec-
tively, where N and P represent negative and positive charge. A
PVDF control membrane was fabricated without adding 2D-
MOFs.

The separation performance of the membranes was evalu-
ated using cross-flow filtration equipment (SF-SB, Saifei
Instrument, China) as described elsewhere.”* Before measure-
ment, the membrane with an effective surface area of 0.0034 m>
was pre-pressurized with DI water for 6 h at the transmembrane
pressure (TMP) of 0.2 MPa and a flow rate of 0.22 m s .

Rejection of EOCs

The fabricated Janus NF membranes were evaluated by filtering
target emerging contaminants (antibiotics, EDCs, PFAS, OPEs)
with a wide range of concentrations (50-500 pg L") and pH
values (5-9). Information on the EOCs is provided in Table S1.
To exclude the effect of adsorption on rejection, the 2D-MOF
membranes were immersed in feed water containing EOCs for
12 h to ensure adsorption saturation.*

Contaminant rejection R (%) was calculated using eqn (1).**

% x 100% (1)
f

R =
where C¢ and Cj, are the concentrations of the contaminants in
the feed and permeate water, respectively, and their determi-
nation methods are described in Text S4.

Water flux (J,, L per m® per h per bar) was determined using
eqn (2).*
Am

Jy= — —©
07 px Ap x At x AP

@)
where p (g L") is the density of permeate water, Am (g) is the
mass of permeable water at a time interval At (h) under TMP of
AP (bar), and A,, (m?) is the effective membrane area.

The correlation between EOC properties and separation
performance was analyzed using SPSS Statistics 17.0 software,
as described elsewhere.'® A rigorous analysis based on estab-
lished membrane transport principles was supplemented using
Ferry's model, Donnan model and Donnan-Steric pore model as
described in Text S5.

Anti-fouling test

An anti-fouling test was conducted by filtration of bovine serum
albumin (BSA, a model foulant), humic acid (HA) and sodium
alginate (SA) with a concentration of 100 mg L™ '.** The
permeate flux is denoted as J; after fouling for 1.5 h. The fouled
membrane was washed with DI water for 10 min at 2 bar, and
the DI water flux (J,) was tested again. Then the flux recovery
ratio (FRR), total fouling ratio (R,), reversible fouling ratio (R,),
and irreversible fouling ratio (R;;) were determined using eqn
(3)-(6), respectively.”” Besides, the influence of the feed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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direction on the fouling performance was investigated for both
sides of the JM.

FRR = 2 x 100% 6)
w=(-7) &
w= (557) g
w=(13) X

Chlorine resistance tests

Chlorine resistance tests were performed using a static
approach.® Briefly, the Janus membrane and commercial NF270
membrane were initially immersed in 50 mg L' of NaOCI
solution (with an available chlorine concentration of 4.99%)
under continuous stirring when the pH was adjusted to 7. At
specified times, the membranes were taken out of the NaOCI
solution and thoroughly rinsed with DI water, and then their
separation performance was tested to assess the possible
membrane degradation. The total free chlorine (FC) exposure of
the NF membranes calculated as
CTrc (ppm min) = [Crcdt, where CT refers to the total
concentration of free chlorine. Additionally, a dynamic cross-
flow chlorine resistance test was conducted by filtering a TC
solution containing NaOCl (50 mg L™ ') for 6 h at TMP of
0.2 MPa.

was

Application in wastewater reclamation

The long-term filtration performance of the Janus membranes
was tested by continuously filtrating three typical water
matrices for 7 d, including Yangtze River water, Caiyue Lake
water and municipal wastewater secondary effluent. The
municipal wastewater treatment process is illustrated in Fig. S1.
The composition and properties of the feed water are illustrated
in Tables S2-S4. The feed water information and operating
process are described in Text S6.

Results and discussion
Design of the Janus membranes

Janus membranes were designed by separately incorporating
negatively and positively charged 2D-MOFs (2D-MOFs ™ and 2D-
MOFs") into a PVDF matrix with high chlorine resistance on two
sides of a nonwoven fabric substrate through the nanobubble-
mediated NIPS method (Fig. 1a). Nanobubbles (pore size was
approximately 1.29 nm, Fig. S2) were generated by a facile
sonication step, which served as green porogen for the fabri-
cation of a porous matrix. 2D-MOFs~ (MgAl-BDC) and 2D-
MOFs" (MgAl-BDC-NH,) were derived from MgAI-LDH with the

assistance of BDC and NH,-BDC, respectively, by
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a hydrothermal method. Their pore size and hydrophilicity can
be modulated by changing the conversion temperature and
ligand substitution (-H, -NH,), respectively. Therefore, the
precise control of the size and properties of the 2D-MOFs
endowed the membranes with a tunable structure to allow the
rejection of different EOCs. Moreover, the highly porous
membrane matrix and hydrophilic 2D-MOFs are expected to
avoid the high membrane resistance caused by two functional
layers, which provides a novel design concept of a chlorine-
resistant and highly permeable NF membrane for broad-
spectrum rejection of EOCs.

The positively and negatively charged sides of the JM
exhibited white and brown colors, respectively, and tolerated
bending and folding (Fig. 1b and d). SEM (Fig. S3a-g) and TEM
(Fig. S3h) images revealed that the smooth and hexagonal
layered MgAI-LDH converted to rough and layered stacks of
nanoribbons for the MgAI-MOFs, which was facilitated by the
synthesis temperature. Such structures favor the compatibility
of the 2D-MOFs with the membrane matrix and form a defect-
free membrane surface (Fig. 1c and e), which also enhances
the mechanical strength (Fig. S4) by restricting chain mobility.**
In particular, JM200 possessed the highest yield strength (41.9
MPa) and breaking strength (80.8 MPa). Furthermore, the X-ray
diffraction (XRD) patterns and Fourier-transform infrared
spectra (FTIR) characterizations confirmed the complete
conversion of the MgAI-LDH into MgAI-MOFs. Two distinct
diffraction peaks of MgAI-LDH at 26 = 11.8° ((003) plane) and
23.6° ((006) plane) (Fig. S5a) vanished entirely after combina-
tion with organic ligands, accompanied by the appearance of
peaks corresponding to 2D-MOFs at 26 = 9.0° ((101) plane), 9.6°
((220) plane) and 14.2° ((420) plane).” Similarly, the bending
vibration characteristics of the carbonate between the LDH
interlayers (1352 cm™') disappeared after transformation
(Fig. S5b), while peaks emerged for the asymmetric and
symmetry stretching of -COO™ in the organic ligand.” Mean-
while, the above characteristic crystal peaks (Fig. S6) of the 2D-
MOFs were observed on the JMs. Moreover, the cross-sectional
morphology of the JMs (Fig. S7) revealed that the integrated
2D-MOF nanosheets were embedded within the alveolar PVDF
matrix, and the interface of the 2D-MOFs with the polymer
matrix was tight. The uniform distribution of Mg and Al on the
two sides of the JM from energy dispersive spectrometer (EDS)
mapping (Fig. 1f) further indicated the successful and firm
incorporation of the 2D-MOFs into the membrane.

Furthermore, N, adsorption-desorption isotherms (Fig. S5c)
revealed that the MgAI-MOFs had a much higher specific
surface area (154-703 m”> g~ ') than the MgAI-LDH (only 21 m>
g ') (Table S5). Moreover, the pore size of the 2D-MOFs
(Fig. S5d) decreased with increasing synthesis temperature by
facilitating the formation of nuclei and higher-order growth,*
causing the lower molecular weight cut-off (MWCO, 442.7-880.3
Da) (Fig. S8) and smaller average pore size (0.72-0.99 nm)
(Fig. 1g) of the JM. Consequently, the pore size of the JM can be
precisely controlled to retain EOCs with different sizes. In
comparison, the MWCO of the JM with the same total thickness
of the active layer is lower than that of the single-sided
membrane (SM) (about 100 Da, Fig. S8), suggesting that the

Chem. Sci., 2026, 17, 137-1150 | 1139
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Fig. 1 Design and characterization of the 2D-MOF chlorine-resistant Janus NF membrane. Schematic of membrane fabrication (a), photos and
SEM images of the negatively (b and c) and positively (d and e) charged sides in JIM200, cross-sectional morphology and corresponding EDS
mapping of JM200 (f), pore size distribution (g), zeta potentials (h), water contact angle (i) and pure water permeance of the membranes (j).

two functional layers of the JM healed the defects in the SM and
thus favored EOC rejection. In addition, MgAl-BDC and MgAl-
BDC-NH, imparted the two sides of the JM with negative (zeta
potential from —6.52 to —9.13 mV) and positive (zeta potential
from 8.03 to 10.4 mV) charges at neutral pH (Fig. 1h), respec-
tively. Consequently, the surface charge of the JM was effectively
controlled by adjusting the substitution in the organic ligands.
Furthermore, the hydrophilic nature of the MgAl-MOFs impar-
ted the JM with a much lower water contact angle (45.5-58.2°)
than the PVDF control membrane (94°) (Fig. 1i). The increased
hydrophilicity is conducive to water transport and anti-fouling
of the JM.>* Therefore, the 2D-MOFs imparted the JM with
higher pure water permeability as synthesis temperature

140 | Chem. Sci, 2026, 17, 137-1150

decreased, owing to the increase in MWCO, ranging from 55.6
to 68.3 L per m* per h per bar (Fig. 1j). Notably, the JM presented
2.08-3.25 times higher water permeability than NF270 (a typical
commercial NF membrane, active layer thickness = 35 nm (ref.
22)) due to the following reasons: (I) the alveolar membrane
matrix presented a highly porous structure; moreover, although
the entire functional layer thickness was 600 um, the true
thickness of the thin, dense skin layer at the surface on each
side of the JM (actual active layer) was 106-108 nm (Fig. S9),
causing low filtration resistance; (II) the 2D-MOFs exhibited
a porous and hydrophilic structure, which provided additional
channels for water transport after incorporation into the
membrane.”® This allowed for satisfactory flux under low

© 2026 The Author(s). Published by the Royal Society of Chemistry
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applied pressure, which significantly reduced energy
consumption and favored membrane fouling control since
membrane fouling usually becomes more serious at high
operating pressures.”* Besides, Fig. S10 illustrates that the
control membrane made without the nanobubble porogen
presented a more compact surface of the active layer than the
JM, causing much lower permeability (5.4 L per m> per h per
bar). Overall, by precisely modulating the PVDF matrix and 2D-
MOF structure, a Janus membrane was successfully designed
with tunable size, charge and hydrophilic properties, and high
water permeability. Moreover, the increase in synthesis
temperature boosted the nucleation rate, regulated the crystal
nucleation and growth,” and formed well-developed layered
stacks of nanoribbons of the 2D-MOF with a higher specific
surface area and lower pore size. Consequently, the facile
control of the synthesis temperature of the 2D-MOFs enabled
the tunable modulation of the membrane structure. Notably,
without the application of the 2D-MOFs, the challenge for
traditional positively and negatively charged nanofiltration
membranes lies in identifying the optimal ratio of positively
and negatively charged monomers and the synthesis condi-
tions. This study will contribute to the development of more
durable next-generation NF membranes.

Rejection of EOCs

The rejection of EOCs with different charge properties was
determined by the fabricated NF membranes. The 2D-MOFs
imparted the JM with superior antibiotic rejection (Fig. 2a and
S11) at elevated synthesis temperatures (120-200 °C) owing to
the lower MWCO (Fig. S8) and pore size (Fig. 1i) of the

SM200-N SM200-P JM200 NF270
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membrane. Thus, JM200 (MWCO = 442.7 Da) was favorable to
reject antibiotics via size exclusion. Notably, the rejection of
negatively charged tetracycline (TC, MW = 444 Da), and posi-
tively charged erythromycin (ERY, MW = 734 Da) and tobra-
mycin (TOB, MW = 467 Da) reached as high as 99.2%, 100%
and 99.9%, respectively, since their molecular weight (MW) was
higher than the membrane MWCO. Benefiting from the elec-
trostatic Janus structure, although the MW of negatively
charged sulfamethoxazole (SMX, 253 Da) and positively charged
trimethoprim (TMP, 290 Da) is much lower than the MWCO of
JM200, their rejection still reaches 80.6% and 85.5%, respec-
tively, underscoring the significance of electrostatic exclusion
(the Donnan effect) in enhanced rejection of charged EOCs. The
decrease in MWCO of the JM slightly reduced antibiotic rejec-
tion due to size exclusion. For J]M160 (MWCO = 726.4 Da), the
rejection of TC and TOB was 93.8% and 98.1% (Fig. S11a),
respectively, while it was still 90.7% and 92.1% for JM120
(MWCO = 880.3 Da) (Fig. S11b). Interestingly, J]M160 and JM120
removed 79.5% and 73.9% of SMX, and 72.3% and 74.3% of
TMP, respectively. Consequently, the JMs efficiently reject
antibiotics possessing much lower MWs than their MWCO,
demonstrating the robust rejection of antibiotics with different
charge properties. Compared with JM200, JM160 and JM120
with higher permeability are feasible to retain larger MW
pollutants. Consequently, the precise modulation of the
membrane properties by controlling the 2D-MOF structures
enables the efficient rejection of positively and negatively
charged antibiotics.

For comparison, we determined the separation performance
of single-sided membranes with the same thickness as the
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Fig. 2 Separation performance of JM. Rejection of typical antibiotics (a), the effect of 2D-MOF loading (b) and active layer thickness (c) on
antibiotics removal by JM200 and the selective separation of antibiotics from inorganic salts (d), and comparison of IM200 with the commercial
and state-of-the-art NF membranes (permeability, antibiotics rejection and antibiotics/NaCl selectivity) (e).
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commercial NF membrane. Negatively charged SM200-N
(MWCO = 605.3 Da) and positively charged SM200-P (MWCO
= 572.5 Da) presented lower antibiotic removal than JM200
owing to their higher MWCO; moreover, they selectively reject
antibiotics with the same charge property, while allowing the
permeation of antibiotics with the opposite charge. For
example, norfloxacin (NOR, MW = 319 Da) rejection still
remained 85.4% by SM200-N, but markedly reduced to 41.9% by
SM200-P. Similarly, TMP (MW = 290 Da) rejection reached
39.6% and 76.2% by SM200-N and SM200-P, respectively.
Similar results were also observed for the SM160 (Fig. S11a) and
SM120 membranes (Fig. S11b). Interestingly, commercial
NF270 membrane with a low MWCO (223 Da) and negative
charge (zeta potential = —58.3 mV at pH = 7 (ref. 26)) also
exhibited poor rejection toward positively charged TMP (R =
39.2%) and enrofloxacin (ENX, MW = 359 Da, R = 58.7%),
suggesting that size exclusion was insufficient for negatively
charged NF270 to reject positively charged antibiotics owing to
the electrostatic attraction. Nevertheless, the removal of nega-
tively charged SMX (R = 51.3%) and sulfamethazine (SM2, MW
= 278 Da, R = 55.9%) was also unsatisfactory by NF270, likely
because the hydrophobic EOCs penetrated the PA membrane
via a solution-diffusion mechanism.*” Obviously, the inherent
drawbacks of single charge membranes in terms of low removal
of the opposite charged pollutants were overcome by the facile
and precise design of an electrostatic Janus membrane without
sacrificing permeability. Excitingly, JM200 displayed much
superior permeability and antibiotic rejection than the single-
sided membranes and commercial NF270 membranes, which
further confirmed the superiority of the Janus structure.
Besides, the single-sided SM200 also presented much higher
water permeance and antibiotic rejection than NF270, under-
scoring the advantages of 2D-MOF membranes.

To better understand the role of the 2D-MOFs in membrane
separation, we explored the effect of 2D-MOF loading amount in
JM200 on antibiotic removal. The PVDF control membrane
failed to repel TC and ENX with only 7.4% and 6.2% rejection,
respectively (Fig. 2b), because the stochastic nature of the NIPS
process caused a broader pore size distribution and formed
defects within the PVDF matrix.”® Excitingly, increasing the
loading amount of 2D-MOFs (0-40 wt%) synchronously
improved the permeability and antibiotic rejection (Fig. 2b).
When the loading amount of the 2D-MOFs was up to 20 wt%,
the TC and ENX rejection significantly enhanced to 79.7% and
74.7%, respectively; meanwhile, their water permeability
increased from approximately 39 L per m” per h per bar (0 wt%)
to 44.7 and 50.5 L per m” per h per bar. This phenomenon was
because the 2D-MOFs narrowed the pore size of the JM (Fig. 1i),
filled the defects within the membrane matrix, facilitated water
transport and imparted the membrane with dually-charged
properties, cooperatively causing superior permeability and
rejection toward charged antibiotics.> Nevertheless, the anti-
biotic separation performance negligibly improved when the
loading amount of 2D-MOFs was higher than 40 wt% due to the
agglomeration of the 2D-MOFs.* Besides, the influence of
functional layer thickness on membrane separation was also
unveiled. Nowadays, designing ultrathin membranes (even 10
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nm) is the mainstream method to break the permeability-
selectivity trade-off.>** However, scalable fabrication and avoid-
ing defect formation are challenging in practical applications.**
Intriguingly, increasing the functional layer thickness from 200
to 800 um only decreased the permeability by approximately
17%, while TC and ENX rejection significantly increased to over
99.9% (Fig. 2¢). This further verifies the low filtration resistance
of JM200, attributed to the alveolar PVDF matrix, and the water
pumping effect of the 2D-MOFs. Therefore, this study provides
an alternative strategy to design high-performance NF
membranes with micron thickness and a highly porous active
layer in addition to the ultrathin and compact film.

Considering the coexistence of antibiotics and salt in many
scenarios (e.g., pharmaceutical wastewater), antibiotic selec-
tivity is important for wastewater treatment and resource
recovery. The separation factor of TOB/NaCl and TC/NaCl was
up to 152 and 77 for JM200 (Fig. 2d), respectively, which was
55.9-148.9 times higher than that of the single-sided
membranes (SM200-N and SM200-P). Moreover, the above
separation factors were all below 0.3 for NF270 (Fig. 2d),
attributed to its inadequate antibiotic rejection and superior
salt rejection. Consequently, compared with NF270, which is
designed for desalination, the fabricated JM was more feasible
for the selective separation of antibiotics from salt or other
pollutants (e.g., heavy metals in aquaculture wastewater).
Moreover, we compared the separation performance of JM200
with the previously reported NF membranes, such as commer-
cial membranes (e.g., NF270 and NF90), and state-of-the-art
membranes (e.g., PA, MOFs and covalent organic frameworks)
(Fig. 2e). The detailed data are provided in Table S6. The JM200
membrane exhibits much higher permeability and selectivity
toward both positively and negatively charged antibiotics,
which further demonstrates the superiority of the 2D-MOF JM
membrane for ultrafast and selective removal of EOCs owing to
the porous matrix and designable 2D-MOFs.

The separation performance of JM200 was further explored
for removing other types of EOCs. For EDCs (Fig. 3a), JM200
(MWCO = 442.7 Da) exceptionally rejected negatively charged
3,3,5,5-tetrabromobisphenol A (TBBPA, MW = 544 Da, R =
100%) and bisphenol AF (BPAF, MW = 336 Da, R = 96.4%), and
neutrally charged bis(2-ethylhexyl)phthalate (DEHP, MW =
390 Da, R = 97.3%). Interestingly, although the MW of nega-
tively charged bisphenol A (BPA, MW = 228 Da) and neutrally
charged dibutyl phthalate (DBP, MW = 278 Da) was much lower
than the MWCO of JM200, the rejection still remained at 73.5%
and 92.0%, respectively. These phenomena suggested that,
except for size exclusion, other interactions are also involved in
the EOC separation mechanism, such as the Donnan effect and
hydrophobic interactions. Similarly, JM200 realized complete
rejection of long-chain PFAS heptadecafluorononanoic acid
(PFNA, MW = 464 Da) and perfluorooctanoic acid (PFOA, MW =
414 Da) (Fig. 3a). Rejection of short-chain PFAS
nonafluorobutane-1-sulfonic acid (PFBS, MW = 300 Da) and
perfluorobutanoate (PFBA, MW = 214 Da) also remained at
94.0% and 70.4%, respectively. Also, for neutrally charged OPEs
(Fig. 3a), tris(2-phenylphenyl)phosphate (TBPHP, MW = 555
Da) and tris(2-ethylhexyl)phosphate (TEHP, MW = 435 Da) with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a similar or higher MW than the MWCO of the membrane can
be rejected completely. Moreover, rejection was also efficient for
tris(2-butoxyethyl)phosphate (TBOEP, MW = 398 Da, R =
94.5%), 2-ethylhexyl diphenyl phosphate (EHDPP, MW =
362 Da, R = 91.1%) and triphenyl phosphate (TPHP, MW =
326 Da, R = 84.7%), although their MWs were lower than the
MWCO of the membrane. Excitingly, JM200 enabled broad-
spectrum rejection of various EOCs with different sizes,
charges and hydrophobicities, even for small EOCs with a much
lower MW than the membrane MWCO due to the multiple
rejection mechanisms as unveiled hereinafter.

The influence of water matrices and operating pressure on
separation performance was further explored to evaluate the
practical applicability. JM200 exhibits robust anti-interference
performance without compromising TC rejection over wide
ranges of pH (5-9), initial antibiotic concentrations (50-500 pg
L"), salt concentrations (<10 mM) and coexisting organic
macromolecules (BSA, HA and SA) (Fig. 3b), which further
demonstrated its great potential in EOC removal from complex
water matrices. When the salt concentration was higher than
10 mM, the TC rejection slightly reduced owing to the charge
shielding effect.*” However, the TC rejection was only sacrificed
by approximately 9% even at 30 mM NaCl, suggesting that the

© 2026 The Author(s). Published by the Royal Society of Chemistry

separation performance was maintained in moderate salinity
water matrices (e.g., surface water and municipal wastewater).
Besides, water flux almost linearly enhanced with increasing
operating pressure, while TC rejection negligibly attenuated
(Fig. 3c), suggesting that JM200 was tolerant to a wide pressure
range.!? Moreover, the water flux still remained at 51.2 L m >h™*
at 1 bar, which confirmed that JM200 was feasible for operating
under low applied pressure, thereby reducing energy consump-
tion, membrane fouling and concentration polarization.

Separation mechanism exploration

To understand the separation mechanism, we conducted
correlation analysis between the physicochemical properties of
the EOCs (MW, pK, and hydrophobicity) and the separation
performance of JM200. The correlation coefficients (r) for
different kinds of EOC are illustrated in Fig. 4. The MW (r =
0.79) and Stokes' radius (Rs, r = 0.75) of the antibiotics pre-
sented a positive and high correlation with the rejection rate,
while it was low for pK, (r = 0.32) and log Ky, (r = —0.31).
Consequently, size exclusion played an important role in anti-
biotic rejection. The weak correlation with pK, likely originated
from the unique charge-asymmetric bilayer structure of the

Chem. Sci., 2026, 17, 137-1150 | 1143
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electrostatic Janus membrane. While electrostatic interactions
played a secondary role, the electrostatic Janus structure
enabled the effective rejection of positively and negatively
charged antibiotics through the Donnan effect. Comparatively,
antibiotics rejection by NF270 also presented high correlation
with MW (r = 0.81) and R; (r = 0.83), followed by low correlation
with pK, (r = —0.28) and no correlation with log K., (r =
0.00071). Similar to JM200, NF270 mainly rejected antibiotics by
size exclusion. However, NF270 poorly removed positively
charged antibiotics owing to electrostatic attraction. Notably,
hydrophobic interaction fails to work for NF270, responsible for
its inferior EOC rejection performance than JM200. Interest-
ingly, the water contact angle of NF270 (40°)** was lower than
that of JM200 (53.2°), which cannot explain the above results.
Notably, the water contact angles of MgAl-BDC-NH,-200 and
MgAI-BDC-200 were only 15.5° and 23.6°, respectively (Fig. S12).
Thus, we proposed that the hydrophilic 2D-MOFs that were
incorporated into the hydrophobic PVDF matrix provided the
main separation channels for antibiotics rejection, which was
consistent with the impact of 2D-MOF loading amount on
separation performance (Fig. 2b).

Similar to antibiotics, the MW (r = 0.76) and R (r = 0.79) of
EDCs exhibited high correlation with rejection rate, followed by
log Koy (r = 0.51) and pK, (r = —0.52) (Fig. 4). Compared with
antibiotics, the higher correlation of log K., and pK, with EDC
rejection indicated that electrostatic and hydrophobic interac-
tions were also involved in EDC rejection, in addition to size
exclusion. Moreover, JM200 favored the rejection of EDCs with
more acidity and hydrophobicity owing to the stronger elec-
trostatic repulsion and weaker hydrophobic attraction.'® Addi-
tionally, PFAS rejection has a high and positive correlation with
their MW (r = 0.89) and log K, (r = 0.67), but poor correlation
with pK, (r = —0.059) (Fig. 4), suggesting that the PFAS rejection
mechanism was mainly governed by size exclusion and hydro-
phobic interactions. The hydrophobic PFAS presented weak
hydrophobic attraction with hydrophilic J]M200, making them
easier for the membrane to retain.** Similar to PFAS, OPE
rejection exhibited high and positive correlation with MW (r =
0.85) and log K, (r = 0.70), suggesting that the OPE rejection
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mechanism was due to the synergy of size exclusion and
hydrophobic interaction. Notably, OPEs were not ionized or
hydrolyzed at neutral pH,* and thus their uncharged property
caused the lack of the Donnan effect.

In summary, the rejection of EOCs by J]M200 was governed by
their structural features and properties, causing different
rejection mechanisms for the different types of EOC. Therefore,
the matching relation between the EOCs and 2D-MOF JM was
unveiled to guide the broad-spectrum rejection of EOCs.

In addition, membrane transport principles were employed to
understand the rejection mechanism of the EOCs. Taking nega-
tively charged TC as an example, the fitting results of the experi-
mental data with Ferry's model, the Donnan model, and the
Donnan-Steric pore model are illustrated in Fig. 5a-c. Among
them, Ferry's model and the Donnan model reflected the size
exclusion and Donnan exclusion mechanism, respectively,*>*
while the Donnan-Steric pore model combined size exclusion and
Donnan exclusion.*® Obviously, TC rejection presented poor rele-
vance with Ferry's model (Fig. 5a) and the Donnan model (Fig. 5b),
suggesting that the TC rejection mechanism was not governed by
single size exclusion or Donnan exclusion. Instead, TC rejection
was well fitted with the Donnan-Steric pore model (Fig. 5¢), which
confirmed the synergistic rejection mechanism of size exclusion
and Donnan exclusion. Then, three EOCs with a lower MW than
the MWCO of JM200 were selected to unlock the separation
mechanism, including positively charged and hydrophilic TMP
(MW = 290 Da, log K, = 0.73) and ENX (MW = 359 Da, log Ky, =
0.70), and positively charged and hydrophobic bezafibrate (BEZ,
MW = 362 Da, logK,, = 4.25). Firstly, the Donnan effect was
excluded by separation at high salinity (10 g per L NaCl), and the
rejection of TMP, ENX and BEZ was reduced by 17.0%, 21.7% and
11.8%, respectively (Fig. 5d), revealing the important role of the
Donnan effect. Furthermore, although ENX and BEZ possessed
similar MWs, BEZ rejection increased slightly by 8.4% compared
to ENX at high salinity, confirming the notable role of hydrophobic
interactions. Additionally, the rejection of TMP and ENX with
similar log K, values still remained at 68.4% and 77.3% at high
salinity, further emphasizing the dominant effect of size exclusion.

Overall, we unveiled the separation mechanism from the
aspects of membrane and EOC structure (Fig. 6). Benefiting from
the Janus structure and 2D-MOF feature, JM200 achieves high
permeability and broad-spectrum rejection of EOCs. The electro-
static Janus structure realized the efficient rejection of positively
and negatively charged EOCs via electrostatic exclusion, which
solved the low permeability and rejection of positively charged
EOCs of conventional PA TFC membranes with a compact and
negatively charged active layer; meanwhile, the porosity and
hydrophilic nature of the 2D-MOFs allowed for rejection of
neutrally charged and hydrophobic EOCs by the Janus membrane.
Furthermore, EOCs with different structures and properties con-
tained varied rejection sites and domains (Fig. 6), causing different
interactions with the membrane and separation mechanisms.

Membrane anti-fouling performance

The anti-fouling performance of the JM membranes was
assessed using BSA, SA and HA as model foulants. To

© 2026 The Author(s). Published by the Royal Society of Chemistry
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investigate the anisotropic anti-fouling properties of JM200,
filtration experiments were conducted with the opposite feed
orientations. Significantly, the normalized flux (/x) loss was
42.5% after 90 min of filtration of BSA through the JM200-N
feed orientation, while it increased to 49.8% for JM200-P
(Fig. 7a), originating from the different electrostatic interac-
tions between the membranes and negatively charged BSA. In
comparison, Jy reduced by 49.5% and 67.4%, respectively, for
single-sided SM200-N and SM200-P. Obviously, JM200 exhibited
less flux loss than SM200 and other JMs (JM120 and JM160,
Fig. S11), attributed to their smaller pore sizes (Fig. 1i) and more
negative charge (Fig. 1g).** Furthermore, after hydraulic
washing, the feed directions toward JM200-N achieved the
highest flux recovery rate (FRR, 90.7%) and lowest irreversible
fouling ratio (Ry, 9.28%) (Fig. 7b), implying outstanding anti-
fouling ability. However, FRR and R;; increased to 76.6% and
23.4%, respectively, for the JM200-P feed direction. The superior
anti-fouling mechanism (Fig. 7c) for the feed direction toward
JM200-N was due to the stronger electrostatic repulsion and
weaker hydrophobic attraction between the membrane and
foulants.™ In addition, this phenomenon was also observed for
fouling by SA (Fig. S13) and HA (Fig. S14). Notably, SA fouling
was more severe than BSA and HA fouling with more flux
decline likely due to the stronger interaction of SA with the
membrane, while JM200 still presented high flux recovery and
fouling reversibility. The SEM images further revealed signifi-
cantly less accumulation of foulants on the JM200-N surface
compared with JM200-P before and after cleaning (Fig. S15).
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Moreover, this variation was more significant and fouling was
more severe for SM200 than JM200. Specifically, FRR and R;,
reached 80.1% and 19.9% for SM200-N, and 74.7% and 25.3%
for SM200-P, respectively. Similar results were observed for
JM120, JM160 and the corresponding SM membranes (Fig. S16),
suggesting that the 2D-MOF JM membranes exhibit good anti-
fouling ability owing to their hydrophilic and negative proper-
ties. The feed direction largely influenced the fouling perfor-
mance, which solved the severe fouling issues of positively
charged NF membranes.

Chlorine resistance property

We further compared the chlorine resistance properties of the
JM200 and NF270 membranes by determining their separation
performance after exposure to NaClO. The NF270 permeability
sharply increased with increasing chlorination treatment,
accompanied by a decline in TC rejection (Fig. 8a). After expo-
sure to a cumulative chlorine dose of 250 000 ppm min, the TC
rejection decreased by 19.8%, indicating severe membrane
degradation under oxidative conditions as the amide N-H
groups on PA converted to N-Cl by reactive chlorine via amino
chlorination reaction.” The SEM images also revealed the
damage to the NF270 membrane after chlorine exposure
(Fig. 8b and c). In contrast, JM200 exhibited excellent oxidation
resistance as the separation performance remained constant
(Fig. 8a), and the morphology negligibly changed (Fig. 8d and e)
even under harsh chlorine treatment (400000 ppm min).
Besides, we also evaluated the dynamic cross-flow chlorine
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resistance of the membranes for 6 h. The TC rejection remained
constant for JM200, while it significantly reduced to only 39.9%
for NF270 (Fig. 8f). Consequently, similar to the chlorine
resistance in the static immersion test, JM200 also presented
superior chlorine resistance than NF270 during dynamic cross-
flow chlorine resistance tests. The exceptional chlorine resis-
tance of JM200 is attributed to the protection of the 2D-MOFs
from oxidation damage by the PVDF matrix with strong cova-
lent bonds and high hydrophobicity,** which resolved the poor
chlorine resistance of the PA membrane and favored biofouling
control.

Application in water remediation and reclamation

To evaluate the practical applicability of JM200 in water treat-
ment, long-term filtration tests were performed by filtering two
surface water samples and one municipal wastewater sample.
JM200 demonstrated exceptional and stable separation perfor-
mance for continuous filtration of these water matrices for 7
days (Fig. 9a). For Caiyue Lake water, the rejection of TBBPA and
BEZ was as high as 100% and 97.6% (Fig. 9a), respectively,
suggesting that EOC rejection was still outstanding in practical
water treatment. Furthermore, the permeate met the Chinese
surface water standard (GB3838-2002, Grade II) in terms of
chemical oxygen demand (COD), biochemical oxygen demand

© 2026 The Author(s). Published by the Royal Society of Chemistry

(BOD) and ions (Table S7), suggesting that JM200 enabled the
synergistic removal of EOCs and conventional pollutants due to
its efficient separation ability. Additionally, excitation-emission
matrix (EEM) analysis revealed that the fluorescence intensity of
natural organic matter (NOM) in Caiyue Lake water markedly
weakened after JM200 filtration (Fig. 9d-f). Furthermore,
parallel factor analysis (PARAFAC) categorized the dissolved
fluorescent organics into three fractions** (Fig. $17): C1 (humic-
like substance), C2 (tryptophan protein-like substance), and C3
(tyrosine protein-like substance).*® Remarkably, J]M200 exhibi-
ted superior removal efficiencies of 89.7%, 100%, and 98.4% for
components C1, C2, and C3 compared to the commercial NF270
membrane, respectively (Fig. 9g), demonstrating its
outstanding capability for the rejection of fluorescent organic
matter (FOM). Generally, FOM is considered as a precursor of
carcinogenic disinfection by-products.** Consequently, ]M200
filtration is beneficial for drinking water safety. Besides, the
negligible leaching (<0.01 mg L") of Al and Mg in the permeate
after deducting the environmental background (Fig. S18) indi-
cated the high stability of the membrane.

The FRR of JM200 was still maintained at 98.7% after seven
consecutive filtration-hydraulic cleaning cycles without chem-
ical cleaning (Fig. 10a); moreover, the ATR-FTIR spectra
(Fig. S19a), photos (Fig. 10b and c) and SEM (Fig. 10d and e)
analysis further revealed that JM200 after hydraulic cleaning

Chem. Sci., 2026, 17, 137-1150 | 1147
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wastewater secondary effluent (i) by PARAFAC analysis.

exhibited spectra and morphologies nearly identical to the
pristine one, demonstrating its excellent anti-fouling and
regeneration performance. Notably, peaks corresponding to —
N-H and -C-O appeared on JM200 after fouling by Caiyue Lake
water according to the ATR-FTIR spectra, likely indicating that
protein-like and polysaccharide-like substances were the main
foulants responsible for membrane fouling. Besides, JM200
achieved complete rejection of bacteria (Fig. S20a-c). Laser
scanning confocal microscopy (LSCM) analysis also illustrated
that live bacteria (Fig. 10f) on the membrane surface were all
killed by chlorine pretreatment (Fig. 10g), indicating that
chlorine-resistant JM200 favored biofouling control by
impeding bacterial proliferation.

To verify general applicability, extended 7 day evaluations
were also conducted using other water matrices. For the Yang-
tze River water, coagulation pretreatment using AICl; coagulant
was conducted to remove macromolecular organic matter for
membrane fouling mitigation. Notably, coagulation failed to
remove antibiotics (Table S8), while JM200 filtration enabled
exceptional removal of TC (99.6%), TOB (99.1%) (Fig. 9b), and
bacteria (100%) (Fig. S20d-f). Fluorescent organics removal was

148 | Chem. Sci, 2026, 17, 137-1150

90.8-97.9% (Fig. 9h) according to PARAFAC analysis (Fig. S21).
Furthermore, the permeate water quality also met the Chinese
surface water standard (GB3838-2002, Grade II) (Table S8),
which also confirmed its great potential in surface water
remediation. Similar to Caiyue Lake water, flux recovery was up
t0 99.3% by hydraulic cleaning after seven cycles (Fig. 10a). ATR-
FTIR spectra (Fig. S19b) revealed the characteristic peaks of -
COO™ and -C-O for ]M200 after fouling by Yangtze River water,
suggesting that humic acid-like and polysaccharide-like
substances were the main foulants. Additionally, the func-
tional groups (Fig. S19b) and surface morphologies (Fig. S22a
and b) of J]M200 were almost restored after hydraulic cleaning,
further demonstrating its high anti-fouling and self-cleaning
ability in the remediation of different surface water matrices.
Besides, for municipal wastewater secondary effluent, J]M200
effectively rejected PFNA (R = 99.6%), PFOA (R 98.6%)
(Fig. 9b) and bacteria (R = 100%) (Fig. S20d-f). The fluorescent
organic component removal was >89.7% (Fig. 9i) based on
PARAFAC analysis (Fig. S23). Moreover, it simultaneously
removed conventional pollutants, and the permeate water met
the Chinese municipal water reuse standard for urban

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Membrane performance in practical water treatment. JIM200 flux curve during long-term filtration of complex water matrices (a), photos
(b and c¢) and SEM images (d and e) of the JM200 surface after fouling and self-cleaning, and LSCM images of bacteria on the JM200 surface

before (f) and after (g) chlorine treatment.

miscellaneous use (GB/T 18920-2020) (Table S9). The above
phenomena demonstrated that JM200 enabled the broad-
spectrum removal of EOCs from different water matrices.
Notably, flux decline during municipal wastewater treatment
was 14-29% greater than that during surface water treatment
(Fig. 10a), attributed to the presence of more foulants (Tables
S2-S4). Moreover, the ATR-FTIR spectra of JM200 after fouling
by municipal wastewater secondary effluent in Fig. S19c illus-
trated the characteristic peaks of -N-H and -COO, revealing
that protein-like foulants tended to accumulate on the
membrane surface. However, after hydraulic cleaning, the flux
recovery rates remained above 94.7%. The ATR-FTIR spectra
(Fig. S19c) and SEM images (Fig. S22c and d) also confirmed the
recovery of the membrane functional groups and morphologies,
revealing the robust anti-fouling capability of JM200. These
findings present a feasible strategy for EOC removal and safe-
guarding water quality safety.

Conclusion

This study customizes 2D-MOF chlorine-resistant Janus NF
membranes for ultrafast and broad-spectrum removal of anti-
biotics, EDCs, PFAS and OPEs with different structures, charges
and hydrophobic properties, thereby addressing the inherent
drawbacks of conventional membranes. Incorporating design-
able 2D-MOFs within an alveolar PVDF matrix imparted Janus
membranes with exceptional water permeability and EOC
rejection under low operating pressures. The correlation
between EOC properties and the separation performance of the
JM200 membrane, membrane transport principles and elec-
trostatic shielding tests confirmed the important role and
multiple mechanisms of electrostatic Janus structures, and the
porosity and hydrophilic nature of the 2D-MOFs in EOC rejec-
tion. Furthermore, the 2D-MOF Janus membrane exhibited
efficient anti-fouling, chlorine resistance, stability and
economic feasibility in the long-term treatment of complex
water matrices, making it an ideal candidate for sustainable

© 2026 The Author(s). Published by the Royal Society of Chemistry

water treatment. The preparation process of 2D-MOF Janus
membranes can be further simplified by coating both sides of
the active layer simultaneously using double-sided coating
equipment.
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