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C H E M I S T R Y

Optimizing selectivity via membrane molecular packing 
manipulation for simultaneous cation and 
anion screening
Qing-Wei Meng1†, Jianguo Li2†, Zhuozhi Lai1, Weipeng Xian1, Sai Wang1, Fang Chen1,  
Zhifeng Dai2, Li Zhang2*, Hong Yin1, Shengqian Ma3, Qi Sun1*

Advancing membranes with enhanced solute-solute selectivity is essential for expanding membrane technology 
applications, yet it presents a notable challenge. Drawing inspiration from the unparalleled selectivity of biologi-
cal systems, which benefit from the sophisticated spatial organization of functionalities, we posit that manipulat-
ing the arrangement of the membrane’s building blocks, an aspect previously given limited attention, can address 
this challenge. We demonstrate that optimizing the face-to-face orientation of building blocks during the assem-
bly of covalent-organic-framework (COF) membranes improves ion-π interactions with multivalent ions. This op-
timization leads to extraordinary selectivity in differentiating between monovalent cations and anions from their 
multivalent counterparts, achieving selectivity factors of 214 for K+/Al3+ and 451 for NO3

−/PO4
3−. Leveraging this 

attribute, the COF membrane facilitates the direct extraction of NaCl from seawater with a purity of 99.57%. These 
findings offer an alternative approach for designing highly selective membrane materials, offering promising 
prospects for advancing membrane-based technologies.

INTRODUCTION
The development of membranes with enhanced solute-solute se-
lectivity is crucial for applications in energy storage, environmen-
tal cleanup, and sustainable industrial practices (1–16). Achieving 
precise ion discrimination is a key challenge in many of these pro-
cesses. A prevalently adopted method involves modifying mem-
branes with charged functional groups to facilitate selective ion 
passage, cations through positively charged membranes and an-
ions through negatively charged ones, leveraging the Donnan ef-
fect (17–21). However, designing membranes that efficiently filter 
both cations and anions, which could streamline separation pro-
cesses, remains a notable challenge. Janus membranes, recognized 
for their asymmetrically charged surfaces, offer a potential solu-
tion for this dual filtration (22–28). Nonetheless, their wider im-
plementation is restricted by complex fabrication methods and 
generally lower ion flux rates compared to other membrane variet-
ies. As such, continued innovation in membrane technology is es-
sential for improving the selectivity and efficiency of ion separation 
processes.

In the realm of biological recognition, protein channels demon-
strate exceptional specificity in transporting substances across cellular 
membranes, with non-covalent interactions, especially those involv-
ing π systems, playing a pivotal role (29–32). The distinct quadrupole 
moment of aromatic rings leads to a unique charge distribution, fea-
turing a partial negative charge across the π system and a partial posi-
tive charge encircling the aromatic ring (33). This configuration 
enables interactions with both positively and negatively charged ions. 

Although the interaction between an aromatic molecule and ions is 
generally weak, strategically aligning multiple π systems can greatly 
enhance these interactions, thus improving selectivity. Aromatic fol-
damers are a prime example, showcasing exceptional ion transport 
selectivity by organizing aromatic molecules into specific configura-
tions that have unique dielectric surface properties, essential for selec-
tive ion transport through various π-interactions (34–38). Despite the 
progress, a notable research gap remains in leveraging this under-
standing to develop synthetic membranes for ion separation. Ad-
dressing this gap involves manipulating the orientation of aromatic 
building blocks during the membrane formation process, with the 
expectation that the resulting membrane will demonstrate remark-
able selectivity.

In this study, we explored the potential of two-dimensional cova-
lent organic frameworks (2D COFs) to bring our concept to fruition. 
These frameworks are designed to organize molecular components 
into a periodic, crystalline, layered 2D array, providing expansive 
surface areas and exceptional stability (39–52). The defining feature 
of these 2D materials is their stacked functional π-electron systems, 
positioned in close proximity to maximize van der Waals interac-
tions and ensure optimal π-orbital overlap. Moreover, these frame-
works are distinguished by their open, porous channels that align 
with the direction of stacking. Analogous to π-stacked foldamers, 
which are electrically neutral on the whole, these channels are pre-
dicted to exhibit a negatively charged exterior and a positively charged 
interior, facilitating the hypothesis that an oriented COF membrane 
could efficiently separate both cations and anions through diverse 
ion-π interactions with the aligned aromatic systems (Fig. 1). Our 
findings confirmed that the oriented COF membrane, even without 
specific functional groups, exhibited exceptional selectivity, distin-
guishing monovalent cations and anions from their multivalent 
counterparts, with selectivity factors reaching up to 214 (K+/Al3+) 
and 451 (NO3

−/PO4
3−), respectively. Given the structural similarity 

within the realm of 2D COFs, we anticipate that these selectivities 
are indicative of the entire class of materials.
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RESULTS
Membrane preparation and characterization
Leveraging the stability and controllability offered by the Schiff base 
condensation reaction for COF synthesis (53–61), we opted for 1,3,5-tris
(4-aminophenyl)-benzene (Tab) and 2,5-divinylterephthalaldehyde 
(Dva) as building blocks in our proof-of-concept study. This choice 
was intended to avoid the introduction of heteroatoms (N, O, F, etc.) 
that might generate negative electrostatic potential (ESP) (62) while 
leveraging the adjustable crystallinity and orientation of the COF 
membrane synthesized from Tab. The combination of Tab and vinyl-
substituted aldehyde was anticipated to enhance packing efficiency. 
To examine the charge distribution within the COF material, molecu-
lar ESP analyses were conducted. Given the periodic nature of the 
COF structure, our analysis focused on a singular hexagonal macro-
cycle to elucidate charge distribution intricacies. The findings revealed 
a notable positive partial charge oriented along the direction of pore 
channels, juxtaposed with negatively charged pore surfaces, in line 
with our proposed model (Fig. 2A).

Liquid-solid interfacial polymerization was used in the membrane 
synthesis process, involving the dissolution of monomers in an or-
ganic solvent and the dispersion of Sc(OTf)3 catalyst in an aqueous 
phase (fig. S1). Control over membrane thickness was achieved by 
modulating the concentrations of monomers and catalyst. Site-specific 
polymerization facilitated membrane formation on the tube wall, re-
sulting in self-sustaining membranes that could be readily detached 
from the tube wall via a brief base treatment (0.05 M KOH). These 
membranes exhibited visually distinct hues, blue-purple and yellow, 
indicative of varying thicknesses, following the principle of thin film 
interference (Fig. 2, B and C, inset). Further analysis through scanning 
electron microscopy (SEM) cross sections revealed that the blue-
purple and yellow membranes had thicknesses of 170 and 976 nm, 
respectively (Fig. 2, B and C, and figs. S2 and S3). Therefore, these 

Fig. 1. Conceptual design. Graphic representation depicting the charge allocation 
in a 2D COF membrane with eclipsed AA stacking, engineered for simultaneous 
screening of anions and cations.

Fig. 2. ESP distribution and characterizations of the COF-170 membrane. (A) Visualization of the molecular ESP for an individual hexagonal macrocycle within the COF 
constructed from Tab and Dva. (B and C) Scanning electron microscopy (SEM) images capturing the structures of COF-170 and COF-976, complemented by insets display-
ing their corresponding digital photos on Si wafers. (D and E) Presentation of the powder x-ray diffraction (PXRD) pattern and N2 sorption isotherms for the COF-170 
membrane, with an inset depicting the pore size distribution. Rwp, Rweighted pattern; Rp, Rpattern.
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membranes were denoted as COF-170 and COF-976, respectively. The 
COF-170 membrane was chosen as a representative sample for com-
prehensive characterization. The evidence of Schiff-base condensation 
was verified by observing the characteristic C═N peaks at 1608 cm−1 
in the Fourier transform infrared (FTIR) spectrum and at 157.1 parts 
per million in the solid-state 13C nuclear magnetic resonance spec-
trum (figs. S4 and S5) (63). Powder x-ray diffraction (PXRD) analysis 
of the finely ground COF membrane displayed distinct diffraction 
peaks closely aligned with a simulated pattern based on an AA eclipsed 
stacking configuration, signifying an excellent macroscopic crystallin-
ity (fig. S6). This configuration linked Tab and Dva units in periodic 
connections, creating hexagonal formations that extended into 2D 
polymeric layers. These layers stacked in an eclipsed manner, forming 
1D mesoporous channels (Fig. 2D and table S1). Transmission elec-
tron microscopy (TEM) further illuminated structural details, reveal-
ing honeycomb-patterned pores oriented along the [001] direction, 
featuring a d100 spacing of 2.7 nm (fig. S7). The AA eclipsed stacking 
model found further support in N2 sorption isotherms. The mem-
brane exhibited a Brunauer-Emmett-Teller surface area of 1725 m2 
g−1, predominantly featuring a pore size distribution around 2.7 nm 
estimated using the slit-pore model (fig. S8). These findings align with 
the predicted pore size (2.7 nm) from the eclipsed model (Fig. 2E).

Examining of the influence of membrane orientation on 
ion selectivity
To assess ion permeability across COF membranes, we initially inves-
tigated individual salts—NaCl, Na2SO4, and MgCl2—at a concentra-
tion of 0.1 M, representing mono/multivalent cations and anions. For 
enhanced operational stability, these membranes were transferred 
onto polyacrylonitrile (PAN) ultrafiltration membranes. We selected 
PAN due to its cost-effectiveness and broad availability, which is 

advantageous given that our separation system does not require ex-
posure to strong acids, bases, or harsh organic solvents. Nonetheless, 
the resulting freestanding membrane could potentially be applied to 
any porous substrate. The resulting composite membranes (COF-170/
PAN and COF-976/PAN) underwent evaluation in H-type diffusion 
cells to quantify salt transmembrane activity, with a conductivity me-
ter employed for accurate measurements. In a control experiment us-
ing only the PAN membrane, salt fluxes for NaCl, Na2SO4, and MgCl2 
were recorded at 130, 102, and 96 mmol m−2 hour−1, respectively, 
showing little preference among these salts as their selectivities were 
similar to their diffusion coefficients ratios (Fig. 3A and figs. S9 and 
S10). Conversely, the COF-170/PAN membrane exhibited selectivi-
ties of 62 for Cl−/SO4

2− and 17 for Na+/Mg2+, outperforming the 
commercial polyamide nanofiltration membrane (NF-270 from Dow 
Corp.), which demonstrated selectivities of 6.4 for Cl−/SO4

2− and 
21.0 for Na+/Mg2+. Comparative analysis of the salt transmembrane 
behavior of COF-170/PAN and COF-976/PAN membranes revealed 
that an increase in membrane thickness resulted in a decrease in 
NaCl flux (from 90 to 20 mmol m−2 hour−1). In contrast, there was an 
increase in Na2SO4 and MgCl2 flux (from 1.5 to 10 mmol m−2 hour−1 
for Na2SO4 and from 5.3 to 9.1 mmol m−2 hour−1 for MgCl2). Con-
sequently, the selectivity for Cl−/SO4

2− and Na+/Mg2+ notably 
decreased from 62 to 2 and from 17 to 2.2, respectively.

To elucidate this anomalous experimental phenomenon, we ap-
plied small-angle x-ray scattering (SAXS) and synchrotron grazing-
incidence wide-angle x-ray scattering (GIWAXS) techniques to 
analyze the crystallinity and orientation and thereby the packing of 
the building blocks of the COF-170 and COF-976 membranes. The 
SAXS patterns of both membranes exhibited high crystallinity, with 
their diffraction peaks showing similar characteristics (Fig. 3, B to 
E). A notable observation was that the 100 diffraction peak of 

Fig. 3. Relationship between membrane ion separation performance and molecular packing. (A) Flux of NaCl, MgCl2, and Na2SO4 across various membranes tested 
under 0.1 M single-salt conditions, accompanied by the corresponding selectivity of Na+/Mg2+ and Cl−/SO4

2−. (B and C) Projections of SAXS patterns for (D) COF-170 and 
(E) COF-976. (F and G) In-plane 2D grazing-incidence wide-angle x-ray scattering (GIWAXS) patterns for COF-170 and COF-976 membranes. (H and I) Out-of-plane 2D 
GIWAXS patterns for COF-170 and COF-976 membranes, respectively.
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COF-170 was more sharply defined compared to that of COF-976. 
Using the Debye-Scherrer method, we calculated the average grain 
sizes of the COF-170 and COF-976 membranes as 23 and 19 nm, 
respectively, in the 2D plane. Furthermore, the 2D GIWAXS patterns 
of these membranes displayed distinct differences, underscoring 
variations in the stacking order of their 2D nanosheets. Such differ-
ences are presumed to be crucial in determining the disparate per-
formance of the two membranes. Specifically, the GIWAXS pattern 
of COF-976 showed Bragg peaks in a ring pattern, suggesting a ran-
dom orientation of the 2D layers (Fig. 3, F and G). Conversely, the 
COF-170 membrane exhibited pronounced in-plane Bragg diffrac-
tion, especially along the Qx axis, indicating an alignment of the hex-
agonal lattice of COF-170 grains parallel to the substrate surface. The 
π-π stacking order, determined according to the diffuse arc in the 
GIWAXS pattern, revealed that most grains in the COF-170 mem-
brane align their c axes within about ∅ = 16° of the surface normal, 
which is notably smaller than the broader orientation of about 54° 
observed in the COF-976 membrane (Fig. 3, H and I) (64). The less 
orderly orientation in COF-976 is believed to arise from unoriented 
precipitates formed during the synthesis process, potentially ob-
structing the NaCl transport pathway. The study posits that the la-
mellar ordering of nanosheets in the COF-170 membrane enhances 
the permeation pathway for NaCl while blocking the leakage of 
Na2SO4, thereby improving the separation performance of the mem-
brane. Using Herman’s orientation function (Eq. 1), we quantified 
the lamellar ordering of the 2D COF sheets within the membranes 
and assessed NaCl transmembrane activity (65)

A value of f = 1 denotes perfect parallel alignment of COF grains 
to the support, whereas f = 0 indicates random orientation. The cal-
culated f values for the COF-170 and COF-976 membranes are 0.89 
and 0.02, respectively, indicating a direct correlation between NaCl 
flux (89.7 and 20.3 mmol m−2 hour−1 for the COF-170 and COF-
976 membranes, respectively) and membrane lamellar ordering. 
The observed anomalous ion transport behavior is attributed to the 
distinct charge distribution resulting from oriented growth of COF-
170, with a negatively charged exterior and a positively charged in-
terior within the COF membrane. These electrostatic interactions, 
influenced by the size of aligning π systems, notably enhance rejec-
tion of multivalent ions like Mg2+ and SO4

2− while exerting mini-
mal influence on univalent symmetric salts like NaCl. As a result, 
COF-170 demonstrates higher NaCl flux compared to MgCl2 and 
Na2SO4. Conversely, random packing of COF nanosheets introduc-
es variability in charge distribution and weakens electrostatic inter-
actions with ions. This random packing increases fluxes of MgCl2 
and Na2SO4, despite thicker membranes. The decreased flux of NaCl 
in COF-976 is attributed to longer mass transport pathways caused 
by random packing and greater membrane thickness. It is speculat-
ed that a membrane composed entirely of fully ordered 2D COF 
nanosheets could function as an ultra-permeable and super-selective 
ion sieve membrane, ideal for efficient separation processes.

Using MD simulations for insight into the mechanisms of ion 
screening in membrane
To elucidate the ion-screening mechanism of the oriented COF 
membrane, molecular dynamics (MD) simulations were conducted 

to analyze ion behavior as it traverses the membrane (fig. S11). Sep-
arate simulations were performed for binary systems of NaCl and 
Na2SO4, as well as NaCl and MgCl2, to distinguish between anions 
and cations with varying valences. Instantaneous configuration dia-
grams revealed a notable trend: Cl− ions exhibited a propensity to 
penetrate and traverse membrane pores more rapidly than SO4

2− 
ions (Fig. 4A and fig. S12). Further analysis of the number density 
distribution of Na+, Cl−, and SO4

2− ions over a simulation period 
from 24 to 26 ns unveiled a pronounced density peak of SO4

2− ions 
on the feed side of the COF membrane. Within the membrane itself, 
the number density of SO4

2− ions exceeded that of Cl− ions. How-
ever, on the permeation side, Cl− ions dominated, indicating their 
more efficient transmembrane traversal (Fig. 4B). This observation 
was supported by diffusion coefficients of Cl− and SO4

2−, showing 
values of 8.15 × 10−6 and 4.77 × 10−6 cm2 s−1, respectively (Fig. 4C). 
2D density maps depicted Cl− ions as broadly dispersed across the 
membrane, while SO4

2− ions tended to centralize, suggesting a 
stronger affinity toward the pore channels (Fig. 4D and fig. S13). The 
assessment of binding energy clarified these observed ion behaviors, 
with the binding energies of SO4

2− and Cl− ions toward the COF 
membrane segment calculated to be −2.88 and −0.69 kcal mol−1, 
respectively (fig. S14). On the basis of these observations, it is con-
cluded that the eclipsed stacked COF membrane exhibits a prefer-
ence for retaining SO4

2− ions over Cl− ions. This selectivity is 
primarily attributed to two fundamental mechanisms. The first is 
interface retention, where SO4

2− ions encounter a more formidable 
energy barrier when attempting to penetrate the membrane. The 
second mechanism involves pore channel retention, where the bind-
ing energy of SO4

2− ions to the membrane exceeds that of Cl− ions, 
resulting in a more challenging passage for SO4

2− ions across the 
membrane. Moreover, MD simulations for Na+ and Mg2+ ions indi-
cated that fewer Mg2+ ions traversed the membrane compared to 
Na+ ions within the same timeframe (Fig. 4E and figs. S15 to S17). 
This behavior stems from the membrane negatively charged exteri-
or, which more strongly attracts higher-valent cations. In addition, 
the repelling force from the Donnan potential, which is created at 
the solution/membrane interface by the positively charged interior, 
increases with the valence of the co-ions (66–68). These factors ef-
fectively impede the passage of Mg2+ ions through the pore chan-
nels more than Na+ ions, thereby contributing to the observed 
selectivity between Na+ and Mg2+.

Analyzing anion and cation screening capabilities in the 
oriented COF membrane
To gain deeper insights into ion transmembrane behavior, we con-
ducted additional experiments using the highly efficient COF-170/
PAN membrane. Initially, our focus was to determine the apparent 
transmembrane activation energies of various ions (Na+, Mg2+, 
Cl−, and SO4

2−) using an electric field-driven approach (fig. S18) 
(69). This method allowed for the separate evaluation of anions and 
cations (see details in the Supplementary Materials). By analyzing 
the Arrhenius plots, which depict ionic conductivity against tem-
perature, we calculated the apparent activation energies (Ea) for 
these ions as they transport across the membrane. The results were 
12.6 ± 0.6 kJ mol−1 for Na+, 26.4 ± 1.2 kJ mol−1 for Mg2+, 20.0 ± 0.1 kJ 
mol−1 for Cl−, and 27.5  ±  0.8 kJ mol−1 for SO4

2− (Fig.  5A and 
fig. S19). Notably, each ion type consistently exhibited similar en-
ergy barriers across various salts, validating our electrochemical 
methodology in accurately measuring individual ion transport 

f =
3
(

cos2 �
)

− 1

2

(1)
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Fig. 4. MD simulations. (A) Simulation snapshots visually depict the transmembrane behavior of Cl− and SO4
2− ions (blue, COF layers; green, Cl−; red and yellow, SO4

2−). 
(B) Ion density profiles along the z axis in the COF are presented, with orange dashed lines indicating the membrane boundaries. (C) The diffusion coefficients of Cl− and 
SO4

2− ions across the COF membrane. MSD, mean square displacement. (D) A 2D density map showcases the distribution of Cl− and SO4
2− ions within the xy plane of the 

membrane. (E) Potentials of mean force (PMF) profiles for Na+ and Mg2+ ions across the COF membrane.

Fig. 5. Evaluation of ion separation performance over COF-170/PAN. (A) Apparent ion transmembrane activation energies across the COF-170/PAN membrane. (B) Ion 
flux and relative ion selectivities across the COF-170/PAN membrane tested under single-salt conditions at a concentration of 0.1 M for each salt. (C) Performance of the 
COF-170/PAN membrane in ternary-salt mixtures, showing ion flux and selectivity metrics under conditions with equimolar concentrations of NaCl, Na2SO4, and MgCl2, 
measured over a test duration of 30 min. (D) Comparison of the ion selectivity of COF-170/PAN with reported systems. (E) Ion composition of artificial seawater before and 
after membrane separation, assessed over a testing period of 3 hours.
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energy barriers. Our findings indicate that the energy required for 
ions to traverse the membrane is primarily influenced by their 
charge; higher valence ions necessitate more energy due to en-
hanced ion-π interactions. Notably, the apparent activation energy 
for Na+ transport across the COF-170/PAN membrane is lower 
than its intrinsic activation energy for diffusion in water (70). This 
suggests that the COF-170/PAN membrane offers minimal resis-
tance to Na+ transport, an efficiency attributed to its unique ESP 
distribution. Similarly, membranes equipped with selective binding 
sites have been observed to lower the energy barriers for ion trans-
membrane transport (71). To corroborate this, we measured the 
transmembrane fluxes of various salts (KCl, NaNO3, CuCl2, Na2SO3, 
AlCl3, and Na3PO4) in 0.1 M single-salt conditions. The outcomes 
reinforced our hypothesis, showing a distinct relationship between 
ion charge and permeation rates. Specifically, the triply charged an-
ion PO4

3− had lower flux compared to the singly charged NO3
− and 

Cl− and the divalent SO4
2− and SO3

2−. This resulted in selectivities 
of 451 for NO3

−/PO4
3−, 407 for Cl−/PO4

3−, 6.6 for SO4
2−/PO4

3−, 
and 7.0 for SO3

2−/PO4
3−. In a similar pattern, the triply charged 

cation Al3+ demonstrated considerably lower flux than the singly 
charged K+ and Na+ and the divalent Mg2+ and Cu2+, resulting in 
ratios of 214, 190, 11, and 12 for K+/Al3+, Na+/Al3+, Mg2+/Al3+, 
and Cu2+/Al3+, respectively (Fig.  5B). For ions with identical va-
lences, such as K+/Na+, Cl−/NO3

−, and SO4
2−/SO3

2−, we observed 
nearly equal fluxes with ratios of 1.1, 0.9, and 0.95, respectively. Be-
cause the pore size of our membrane greatly exceeds that of hy-
drated ions, the observed differences in transmembrane flux of ions 
with the same valence mainly arise from variations in their intrinsic 
diffusion coefficients (72).

Subsequently, we investigated the impact of varying salt concentra-
tions on membrane separation performance. Our results demonstrat-
ed a consistent increase in flux for all salts as their concentrations rose. 
Notably, there was a concentration-dependent enhancement in selec-
tivity for mono- and divalent anions (figs. S20 and S21). Specifically, 
the selectivity of NO3

− over SO4
2− substantially increased from 67 to 

118, and that of Cl− over SO4
2− rose from 63 to 81 when the concentra-

tion changed from 0.05 to 1 M. However, the selectivity trends for cat-
ions exhibited a more intricate pattern. For Na+ over Mg2+, selectivity 
initially rose from 17 to 21 as the concentration increased from 0.05 to 
0.5 M but then returned to 17 at a 1 M concentration. Similarly, for K+ 
over Mg2+, selectivity improved from 18 to 24 with a concentration 
increase from 0.05 to 0.5 M but decreased to 19 upon further increas-
ing the concentration to 1 M. The fluctuations in cation selectivity 
across different concentrations, coupled with the proportional increase 
in selectivity for monovalent anions compared to divalent anions, led 
us to the following rationale: For the Cl− over SO4

2− selectivity, the 
enhancement is primarily due to the negatively charged membrane 
surface, which impedes the approach of SO4

2− ions. As a result, SO4
2− 

ions tend to aggregate in the feed solution due to this obstruction, with 
aggregation becoming more pronounced as concentration increases, 
while Cl− ions remain unaffected. MD simulations corroborate these 
findings, highlighting a notable increase in Cl− ions passing through 
the membrane compared to SO4

2−, thereby enhancing the Cl−/SO4
2− 

selectivity as salt concentration rises (fig. S22). Regarding cation selec-
tivity, the separation ratio for monovalent over divalent cations 
initially increases and then declines with higher salt concentrations. 
This trend is attributed to strong cation-π interactions between Mg2+ 
ions and the membrane, especially at lower concentrations, which pro-
duce a positive surface potential. This potential impedes the entry of 

Mg2+ into the membrane pores, with the repulsive force increasing as 
more Mg2+ ions accumulate. However, monovalent Na+ and K+ ions, 
which exhibit weaker cation-π interactions, face less resistance from 
the membrane, thus enhancing their selectivity over Mg2+ as salt con-
centration increases. Nevertheless, at higher concentrations of MgCl2, 
interactions among Mg2+ ions dominate, leading to ion-ion interac-
tions that diminish their interaction with the membrane, thereby re-
ducing membrane selectivity (73). This behavior is corroborated by 
MD simulations, which reveal a decrease in Mg2+ ions near the mem-
brane surface as solution concentration increases. Specifically, within a 
0.9 nm distance from the membrane, Mg2+ ions account for 18% of the 
total Mg2+ count in a 0.1 M MgCl2 solution but only 12% in a 1 M solu-
tion. Meanwhile, the surface concentration of Na+ ions remains rela-
tively stable across changes in NaCl concentration, fluctuating slightly 
between 11 and 10%.

To evaluate the separation performance of the COF-170/PAN 
membrane amidst competing ions, diffusion experiments were car-
ried out using binary feed solutions, which contained equal molar 
concentrations of Na+/K+ with Mg2+ and NO3

−/Cl− with SO4
2−, at 

concentrations ranging from 0.05 to 1 M (figs. S23 to S26). The find-
ings indicated a general increase in separation efficiency for both 
mono- and divalent cations and anions as salt concentration esca-
lated, except for the NO3

−/SO4
2− pair, which saw a decline in effi-

ciency as ion concentrations increased. The highest selectivity values 
recorded were 30 for Na+/Mg2+, 97 for K+/Mg2+, 47 for Cl−/SO4

2−, 
and 69 for NO3

−/SO4
2−. Notably, improved selectivity was observed for 

mono- and divalent cations in binary conditions compared to single-
salt scenarios. However, the separation factor for mono-/divalent 
anions in binary-salt conditions consistently remained lower than 
that in single-salt conditions. These phenomena can be rationalized 
as follows: Cation-π interactions between Na+/K+ ions and the 
membrane promoted closer proximity of these ions to the mem-
brane surface, thereby diminishing the adsorption of Mg2+ ions due 
to competitive interactions in binary conditions (74, 75). In addi-
tion, because the electrostatic interaction between monovalent Na+ 
ions and the membrane is weaker, Na+ ions were more readily trans-
ported across the membrane under concentration gradients, there-
by enhancing the separation ratio of monovalent to divalent cations 
in binary-salt conditions compared to single-salt scenarios. In con-
trast, competitive adsorption, where less strongly bound Cl− ions 
preempt the channel surfaces, impeded SO4

2− binding with the 
positively charged channel surface, as supported by theoretical sim-
ulations (76, 77), thus increasing the transmembrane activity of 
SO4

2− and showing decreased selectivity.
Encouraged by these results, we proceeded to assess the perfor-

mance of the COF-170 membrane in concurrently distinguishing mon-
ovalent cations and anions from their multivalent counterparts. Given 
the prevalence of ions such as Na+, Mg2+, Cl−, and SO4

2− in natural 
water sources, we evaluated the ion separation capabilities of the COF-
170/PAN membrane under ternary-salt conditions using NaCl, Na-
2SO4, and MgCl2. The COF-170/PAN membrane exhibited impressive 
selectivity, with values of 64 for Cl−/SO4

2− and 39 for Na+/Mg2+ at a 
concentration of 0.1 M for each salt. Intriguingly, at a higher salt con-
centration of 1 M, the selectivity of the membrane improved, reaching 
113 for Cl−/SO4

2− and 45 for Na+/Mg2+, positioning it among the top-
performing systems reported (Fig. 5, C and D, fig. S27, and table S2). 
Particularly in ternary-salt conditions, there is a noted enhancement in 
the separation of cations and anions of different valences. This improve-
ment is attributed to strong cation-π interactions between Mg2+ ions 
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and the membrane, which form a positively charged layer that preferen-
tially binds and retains higher valent SO4

2− ions, reducing their flux. 
This mechanism is supported by the observed density distribution of 
Na+, Cl−, Mg2+, and SO4

2− ions, which shows a pronounced peak for 
Mg2+ and SO4

2− at the feed side of the COF membrane (fig. S28). Con-
sequently, the relatively weaker electrostatic interactions affecting Na+ 
and Cl−, compared to those involving Mg2+ and SO4

2−, enhance the 
selectivity for Na+/Mg2+ and Cl−/SO4

2− in ternary-salt conditions over 
single-salt and binary-salt conditions.

It is important to highlight that membranes carrying either 
negative or positive charges generally exhibit reduced retention as 
concentration increases, attributed to the diminishing Donnan ex-
clusion effects with elevated feed electrolyte concentrations. Typi-
cally, an increase in ionic strength shields the membrane charge, 
reducing its effective charge and, consequently, its retention capacity 
(78). Contrarily, our results reveal an unusual behavior in COF-170, 
characterized by a negatively charged exterior and a positively charged 
interior. In our experiments, selectivity increases with salt concen-
tration in both binary and ternary systems. MD simulations support 
these findings, indicating that the permeation ratios of Na+/K+ over 
Mg2+ and Cl− over SO4

2− ions across the COF membrane increase 
with rising salt concentration (fig. S29). In scenarios involving 
SO4

2−, both in binary and ternary systems, there is notable aggrega-
tion of SO4

2− ions, or of SO4
2− and Mg2+ ions, on the feed side due 

to strong ion-ion interactions. This aggregation becomes more pro-
nounced as salt concentration increases (fig.  S30). Consequently, 
fewer of these ions penetrate the membrane pores compared to 
monovalent ions, thereby augmenting selective transport across the 
membrane. In addition, the rise in salt concentration exacerbates 
competitive interactions between the membrane and the ions Na+ 
and Mg2+, thus enhancing the separation efficiency of binary cat-
ions. These nuanced findings underscore the complex interplay be-
tween salt types and concentrations and their effects on membrane 
selectivity.

We extended our investigation into the performance of COF-
170/PAN under electrically driven conditions by applying a con-
stant voltage of −1 V. This voltage was applied to enhance ion flux, 
thereby improving the separation efficiency (79). To minimize the 
impact of concentration gradients on ion transport, a ternary solu-
tion with equal concentrations (0.1 M) of NaCl, Na2SO4, and MgCl2 
was used. Despite a sixfold increase in ion flux, the selectivity ratios 
for NaCl/Na2SO4 and NaCl/MgCl2 remained well preserved at 58 
and 35 (Fig. 5D, fig. S27, and table S2). A notable finding from our 
study is the remarkable stability of the membrane in ion separation 
applications. This stability was evident through consistent selectivity 
and flux observed during continuous operation over 3 hours and 
across at least 10 reuse cycles (fig. S31). Furthermore, the composi-
tion, crystallinity, and morphology of the COF-170 membrane re-
mained consistent throughout the recycling process, underscoring 
its suitability for prolonged usage and durability in real-world ap-
plications (figs. S32 to S35).

To showcase the proof-of-concept applicability of the COF-170/
PAN membrane, we assessed its capability to extract NaCl from seawa-
ter, a procedure of considerable importance given the widespread in-
dustrial and everyday usage of high-quality NaCl. Conventional NaCl 
production methods often involve straightforward crystallization, a 
method that commonly suffers from contamination with undesired 
impurities such as Mg2+, Ca2+, and SO4

2− ions. Such impurities typi-
cally require chemical treatments for their precipitation (80–83). What 

distinguishes the COF-170/PAN membrane is its exceptional perme-
ability to NaCl while efficiently impeding the passage of divalent ions. 
Throughout the 3-hour electro-driven ion separation process, the 
combined mass fraction of Na+ and Cl− notably increases to 99.57% 
from a starting seawater content of 87.32%, with a flux of 169 mmol 
m−2 hour−1. Meanwhile, the total mass fraction of Mg2+, Ca2+, and 
SO4

2− ions reduces to a minimal 0.43% from 12.68% (Fig. 5E and ta-
ble  S3). Under identical conditions, a reverse osmosis membrane 
(LCLE-4040 from Dow Corp.) achieved a NaCl mass fraction of 92.9% 
and a flux of 5.21 mmol m−2 hour−1, thereby highlighting the efficien-
cy of COF-170/PAN. Furthermore, the operational stability of the 
COF-170/PAN membrane is noteworthy, maintaining consistent ion 
separation ratios even after 15 continuous hours of operation (fig. S36). 
In addition, the separation efficiency of COF-170/PAN can be readily 
restored with a simple rinsing with water, thereby enhancing its practi-
cality and effectiveness. This characteristic makes the COF-170/PAN 
membrane not only efficient in its primary function but also opera-
tionally robust and easily maintainable, bolstering its appeal for real-
world applications.

DISCUSSION
In summary, this work presents an alternative strategy to tackle the 
intricate challenge of designing membrane materials with the capa-
bility to simultaneously filter both cations and anions. Our research 
underscores the viability of attaining this dual functionality by stra-
tegically engineering the molecular packing within transport chan-
nels, obviating the necessity for specific functional modifications. 
The extensive face-to-face π-π stacking within the orientated 2D 
COF membrane enhances ion-π interactions between leading to re-
markable selectivity. This work not only establishes a solid foundation 
for advancing ion separation membrane materials but also intro-
duces innovative perspectives on selectively extracting specific com-
ponents from intricate mixtures. Looking forward, through the 
continued optimization of membrane orientation and composition, 
these synthetically engineered membranes demonstrate substantial 
potential, not only to rival but also to potentially surpass the separa-
tion efficacy exhibited by their natural biological counterparts.

MATERIALS AND METHODS
The commercially available reagents were purchased in high purity 
and used without purification. The PAN ultrafiltration membrane, 
with a molecular weight cutoff of 50,000 Da, was purchased from 
Sepro Membranes Inc. (Carlsbad, CA, USA). PXRD patterns were 
collected using a Bruker AXS D8 Advance A25 powder x-ray dif-
fractometer (40 kV, 40 mA) using Cu Kα (λ = 1.5406 Å) radiation. 
SEM was performed on a Hitachi SU 8000 instrument. The thick-
ness of the COF membrane onto the Si wafers was analyzed using an 
atomic force microscope (NanoScope, Veeco) in air at 25°C. For 
high-resolution transmission electron microscope, a JEM-2100F 
was used. Gas adsorption isotherms were measured using a surface 
area analyzer ASAP 2020. The N2 sorption isotherms were recorded 
at 77 K, using a liquid N2 bath. FTIR spectra were recorded on a 
Nicolet Impact 410 FTIR spectrometer. 13C (100.5 MHz) cross-
polarization magic-angle spinning was recorded on a Varian infinity 
plus 400 spectrometer equipped with a magic-angle spin probe in a 
4-mm ZrO2 rotor. The GIWAXS measurements were performed at 
BL14B1 beamline of the Shanghai Synchrotron Radiation Facility. Si 
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wafers served as the substrate for all samples. Achieving high-
resolution in-depth imaging, an x-ray with a wavelength of 1.238 Å 
was used for incident-angle–dependent measurements, with the in-
cident angle fixed at 0.2°. Membrane samples, cut into small pieces 
(1 cm by 1 cm), were affixed to silicon wafers. SAXS experiments 
were performed using the XEUSS 3.0* instrument. The x-ray wave-
length used was 0.135 nm, and the distance between the sample and 
detector was set at 100 mm.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S36
Tables S1 to S3
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