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Selective extraction of KCIl from complex salt lake brines remains a challenging
task due to the presence of competing ions and the high energy requirements
of conventional separation methods. To overcome these limitations, we have
developed a biomimetic separation system that integrates three-dimensional
(3D) covalent organic framework (COF) membranes with redox-mediated
energy harvesting. These COF membranes are designed with sub-nanometer
cavity channels decorated with oxygen-containing groups, which enable fine-
tuning of electrostatic potential. This design allows for the simultaneous
separation of anions and cations through valence-dependent short-range
interactions. By coupling the COF membranes with Ag/AgCl redox pairs, the
system converts the salinity gradient across the membrane into an internal
electric field, facilitating autonomous ion transport without the need for
external energy input. The system achieves over fivefold higher flux rates for
K*and CI~ (2.6 and 3.2 mol m 2 h, respectively) and demonstrates outstanding
separation performance with ClI//SO,> =332, K'/Mg* = 60, K'/Na* = 7, and K/
Li* =11, substantially exceeding the passive diffusion ratios of 253, 27, 3, and 5,
respectively. This work presents a sustainable, scalable approach for extract-
ing valuable resources from complex brines, combining innovative biomi-
metic membrane design with redox-assisted process engineering, offering a
promising solution to the energy and selectivity challenges in industrial ion
separation.

M Check for updates

Potassium (K) is an essential element for life, playing a crucial role in  sources of potassium, natural salt lake brines, are chemically complex,
agriculture, healthcare, and chemical manufacturing'>. As the primary  containing high concentrations of competing ions such as Mg*, Na*,
compound, potassium chloride (KC) is vital for global food security, Li*, and SO,* *. Extracting KCI from these brines is technically chal-
public health, and clean energy technologies’. However, the primary  lenging due to the need to separate both cations and anions, a task that
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conventional techniques often struggle to accomplish®”. Traditional
methods, such as evaporation crystallization and ion-exchange resins,
are hindered by their high energy consumption and limited ion
selectivity. Membrane-based separation offers a more energy-efficient
alternative, providing benefits such as lower energy requirements,
minimal secondary pollution, and flexible design configurations®>. A
common strategy to enhance ion selectivity in membranes involves
incorporating fixed charges. Positively charged membranes tend to
repel multivalent cations like Mg?* more effectively than monovalent
ions like K* or Na*, thereby promoting the separation of monovalent
ions. Conversely, negatively charged membranes are more effective
for anion separation. However, these membranes show reduced per-
formance when separating ions of opposite charge due to electrostatic
attraction, making their selectivity highly dependent on the relative
charge of the ions and the membrane fixed charge”°. While
membrane-based methods are generally more energy-efficient than
traditional approaches, the energy costs associated with pressure- or
electricity-driven membrane processes remain a significant
bottleneck®*,

To tackle the dual challenges of selective ion screening and high
energy consumption, significant advancements in both membrane
materials and separation mechanisms are essential. Biological ion
channels offer powerful inspiration, as they achieve exceptional ion
selectivity through non-covalent interactions such as ion-dipole and
ion-Tt interactions within sub-nanometer channels. lon transport in
these systems is driven by the electric potential difference across cell
membranes, enabling highly efficient translocation with minimal
energy input®~%, Inspired by these biological systems, we propose
covalent organic frameworks (COFs) as a platform for developing
biomimetic membranes. COFs exhibit exceptional structural tun-
ability, allowing precise control over pore size, geometry, and surface
chemistry®~*. This versatility enables the design of membrane envir-
onments that closely mimic natural ion-selective channels**°. In
previous work, we employed 2D COFs with optimized layer stacking to
strengthen ion-Tt interactions. These aromatic frameworks provide
zwitterionic-like charge distributions, allowing selective interaction
with both cations and anions®.. Notably, the strength of these inter-
actions increases with ion valence, enabling effective discrimination
between mono- and divalent ions regardless of their charge signs.
However, the planar eclipsed stacking typical of 2D COFs often limits
access to potential binding sites. To overcome this limitation, we
developed 3D COF membranes featuring cavity structures tailored to
the size of hydrated ions. This geometric confinement enhances ion-
dipole and ion-mt interactions, particularly for multivalent ions, leading
to significantly improved separation performance (Fig. 1).

Fig. 1| Design concept of membrane material and process. a Biological ion
channels achieve precise ion selectivity through noncovalent interactions, regu-
lated by the electric potential difference across cell membranes (red: positive
potential; blue: negative potential). b Schematic of a 3D COF membrane with
subnanometer pores and zwitterionic-like charge distributions (red: positive

Building on this strategy, we synthesized a family of isostructural
3D COF membranes using tetra-amine and triangular aldehyde
monomers to form sub-nanometer pores. To refine electrostatic
interactions and improve ion selectivity, we incorporated oxygen-
containing functional groups into the pore walls. Molecular dynamics
(MD) simulations and transition-state theory indicate that this design
lowers the energy barrier for K'/Cl- transport while effectively
excluding Mg?/S0,* ions through a combination of steric hindrance
and electrostatic repulsion. To replicate the ion transport mechanisms
of biological membranes, we integrated redox-active electrodes that
exploit the natural salinity gradient between feed and receiving
chambers. This configuration generates an internal electric field,
enabling energy-autonomous ion transport. Among the various
membranes developed, the COF-TFB-OMe featuring methoxy-
functionalized pores exhibited outstanding selectivity when tested
with simulated brine from the Salar de Atacama. It achieved separation
ratios of Cl7/SO4> =332, K'/Mg* =60, K'/Na*=7, and K'/Li*=11,
representing improvements of 1.3-, 2.2-, 2.3-, and 2.2-fold over diffu-
sion dialysis, respectively, ranking it among the top-performing sys-
tems (Supplementary Table 1). These results stem from two synergistic
mechanisms: (1) a build-in electric field generated by osmotic energy
that accelerates K* transport, and (2) redox-induced selective migra-
tion of Cl~ ions. Consequently, the system achieved K* and CI- fluxes of
2.6 and 3.2 mol m™? h™, respectively, more than five times higher than
passive diffusion, and 1.3 times greater than fluxes obtained using an
external electric field. Through the integrated design of membrane
structure and transport processes, this work offers a promising strat-
egy for sustainable, energy-efficient resource recovery from complex
brines.

Results

Membrane synthesis and characterization

To implement our biomimetic strategy for selective KCI recovery, we
synthesized a series of 3D COF membranes with sub-nanometer
channels. These membranes were fabricated via interfacial poly-
merization on the polyacrylonitrile (PAN) substrate. The reaction took
place at 35°C over 3 days, involving the contact of an organic phase
containing aldehyde monomers with an aqueous phase containing
tetrakis(4-aminophenyl)methane (TAM) and acetic acid on opposite
sides of the PAN support. Condensation between TAM and
three different triangular aldehydes 1,3,5-triformylbenzene (TFB),
2,4,6-trimethoxybenzene-1,3,5-tricarbaldehyde (TFB-OMe), and 1,3,5-
triformylphloroglucinol (TFB-OH) resulted in distinct membrane col-
ors: light green (COF-TFB), orange (COF-TFB-OMe), and yellow (COF-
TFB-OH) (Supplementary Fig. 1). While these COFs share a common

potential; blue: negative potential). This architecture strengthens valence-
dependent short-range interactions and integrates redox pairs, enabling conver-
sion of the salinity gradient into an electric field to drive autonomous ion transport
without external energy input.

Nature Communications | (2025)16:11483


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66345-z

Aqueous: Organic CHO

CHO CHO
phase  phase MeO. OMe HO. OH
= OHC CHO OHC CHO oHC CHO

1l OMe

a NH,

NHz  polymerization

/§>\ (i I Il oH
ORE «»3%”.
7~NH, _
or or =
HN Interfacial J& 1 dﬁ%
, '
H

-32.7

L 426

ESP

Fig. 2 | Membrane synthesis and characterization. a Schematic of the synthetic
pathway and chemical structures of COF-TFB, COF-TFB-OMe, and COF-TFB-OH,
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magnified region and a simulated PXRD pattern based on the 1-43d space group.
d N, sorption isotherms collected at 77 K; inset displays pore size distribution
derived using the NLDFT method. e Pore size distribution determined via PALS.

topology and pore structure, they differ in functional groups
(-H, -OMe, -0OH), enabling us to systematically investigate how pore-
wall chemistry influences ion interactions, thereby mimicking the
selective environments of biological ion channels (Fig. 2a and Sup-
plementary Fig. 2). Comprehensive structural characterization con-
firmed successful membrane formation. Fourier transform infrared
(FTIR) spectroscopy and solid-state *C NMR spectra confirmed the
complete formation of imine (C=N) bonds in COF-TFB and COF-TFB-
OMe. In contrast, COF-TFB-OH exhibited (-ketoamine linkages, as
evidenced by a characteristic carbonyl peak at 185.3 ppm and new C-N
and C=C vibrational bands in the FTIR spectra (Supplementary
Figs. 3 and 4)°*%% Electrostatic potential (ESP) simulations revealed
notable differences in both the magnitude and spatial distribution of
surface charges within the membrane cavities, indicating distinct
short-range ion interaction profiles (Fig. 2a). Zeta potential measure-
ments further quantified the influence of surface chemistry, showing
values of -1.8, -10.7, and -6.4 mV for COF-TFB, COF-TFB-OMe, and COF-
TFB-OH, respectively. These values align with the electron-donating
nature of the functional groups (Fig. 2b). Scanning electron micro-
scopy (SEM) confirmed the successful formation of continuous,
defect-free COF layers on the PAN substrate. The membrane thickness
slightly increased with bulkier substituents, 300 nm for COF-TFB,
320 nm for COF-TFB-OH, and 400 nm for COF-TFB-OMe (Supple-
mentary Figs. 5-8). Wide-angle X-ray scattering (WAXS) patterns
revealed crystallinity in all membranes, though the WAXS signals were
relatively weak. This is primarily due to the thinness of the COF layers
on the PAN substrate, which reduces diffraction intensity. Notably,
when using COF-TFB-OMe, stacking two membranes significantly
enhanced the WAXS signal. After detaching the COF layer from the
PAN substrate using DMF treatment and performing powder X-ray
diffraction (PXRD) measurements, we observed a substantial increase
in diffraction peak intensity, with peaks corresponding to a
simulated cubic lattice (space group 1-43d) (Fig. 2c and Supplementary
Fig. 9). N, adsorption-desorption isotherms, analyzed using the
Brunauer-Emmett-Teller (BET) method, showed that as the steric bulk
of the substituents increased, BET surface areas declined from
909 m*g™! (COF-TFB) to 855m? g (COF-TFB-OH) and 787 m?>g™! (COF-
TFB-OMe) (Fig. 2d). Pore size distributions determined via nonlocal
density functional theory (NLDFT) indicated uniform pore diameters
centered around 5.8 A for all variants (Fig. 2d, inset). Positron annihi-
lation lifetime spectroscopy (PALS) further confirmed pore size tuning,

detecting a consistent reduction in cavity size from 6.4 A in COF-TFB to
5.9A in COF-TFB-OMe (Fig. 2e). This trend reflects increasing steric
hindrance from -H to -OMe groups, demonstrating our ability to
precisely tailor ion-sieving architectures. The small discrepancy
between NLDFT and PALS arises because NLDFT relies on averaged
density profiles across pore walls, which may obscure subtle variations
caused by encapsulated or substituted groups. In contrast, PALS
directly probes the interconnected free volume, making it more sen-
sitive to local structural changes. Nevertheless, both techniques con-
sistently confirm the presence of uniform pore channels and provide
strong evidence for the crystalline nature of the synthesized COF
membranes. Importantly, all measured pore sizes were smaller than
the hydrated diameters of both K* (6.62 A) and CI~ (6.64 A), confirming
the spatial confinement necessary for selective ion transport (Sup-
plementary Fig. 10)%>%*,

Molecular dynamics (MD) simulations

Prior to experimental validation, we performed MD simulations to
investigate ion transport behavior through the synthesized COF
membranes. The dynamics of monovalent ions (K*, CI") and divalent
ions (Mg*, SO4*) were analyzed under binary salt conditions (0.5M
each) (Supplementary Figs. 11-13). lon trajectories along the z-axis
were tracked, with membrane interfaces marked by gray dashed lines.
Among the membranes studied, COF-TFB-OMe exhibited the highest
translocation probabilities for both K* and CI~ (Fig. 3a, b). Snapshot
analyses revealed distinct ion permeation behaviors: K* and CI~ rapidly
traversed COF-TFB-OMe, whereas Mg** and SO, showed significantly
reduced mobility (Fig. 3¢, d, and Supplementary Figs. 14-16). Hydra-
tion shell analysis indicated partial dehydration of ions upon entering
the membrane channels, particularly in COF-TFB-OMe, where the
smaller pore size led to more pronounced disruption of ion solvation
(Supplementary Fig. 17). Remarkably, despite having the smallest
pore size, COF-TFB-OMe achieved the highest diffusion coefficients
“of 1L1x10°cm?s? for K* and 1.8 x10° cm?s™ for CI-. Notably, CI-
diffusion in COF-TFB-OMe even exceeded its bulk diffusion
rate (1.5x107°cm?s™), indicating favorable ion-membrane interac-
tions. In contrast, diffusion of Mg* (2.5x10°cm? s™) and SO,*
(2.7x107° cm?s™) was significantly suppressed, resulting in enhanced
monovalent/divalent ion selectivity compared to other COF variants,
indicative of the exceptional selectivity of COF-TFB-OMe for KCI
transport (Fig. 3e-g).
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Fig. 3 | MD simulations. a, b lon trajectories along the z-axis for (a) CI~ and SO,
and (b) K" and Mg*" ions passing through various membranes. ¢, d Simulation
snapshots illustrating the transmembrane transport behavior of (c) CI” and SO,*
ions and (d) K and Mg?* ions across COF-TFB-OMe. Color scheme: cyan, COF-TFB-
OMe membrane; blue, CI-; red and yellow, SO,*; purple, K*; bright yellow, Mg?*.

e-g Mean square displacement (MSD) curves for the four ions in (e) COF-TFB, (f)
COF-TFB-OMe, and (g) COF-TFB-OH membranes. Dashed lines represent self-
diffusion coefficients, while solid lines correspond to transmembrane diffusion
coefficients.
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Fig. 4| lon separation performance of COF membranes. a Salt flux and selectivity
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transport across the membranes. d lon flux and selectivity of different membranes
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Operation number

selectivity for the COF-TFB-OMe membrane under dialysis and electrically driven
conditions in a ternary salt system. f Recyclability test of the COF-TFB-OMe mem-
brane under electro-driven operation over multiple cycles. Error bars in the figures
represent standard deviation obtained from three independent experiments using
membranes prepared from different batches.

Ion separation performance evaluation

To experimentally validate the ion transport behavior predicted by MD
simulations, we measured the single-salt permeation of 0.1M KClI,
K»SO4, and MgCl, solutions through PAN, COF-TFB, COF-TFB-OMe,
and COF-TFB-OH membranes with an effective area of 2.5cm% As
anticipated, the PAN support exhibited high permeability for all salts,
with fluxes of 0.4 + 0.02, 0.2+ 0.01, and 0.2 + 0.02 mol m2h™ for KClI,
K,SO,4, and MgCl,, respectively, indicating negligible ion selectivity
(Supplementary Fig. 18). In contrast, COF-TFB-OMe demonstrated the
highest flux for KCI (0.2 +0.03 molm2h™), which was 121 + 4 times
greater than for K,SO4 and 23 +1times greater than for MgCl,, con-
firming its strong dual selectivity for K" over Mg* and CI- over SO,*".

COF-TFB, while maintaining a similar MgCl, flux to COF-TFB-OMe,
exhibited a significantly lower KCl flux (0.014 + 0.001 molm2h™) and
twice the flux for K,SO, resulting in reduced selectivity (KCI/
K»S04=4+1; KCI/MgCl,=2+0.2). COF-TFB-OH showed the lowest
overall permeability, with a KCI flux 238 + 18 times lower than that of
COF-TFB-OMe and limited selectivity (KCI/K;SO,=6+1; KCI/
MgCl,=2+0.5). These experimental trends align with MD-derived
diffusion coefficient ratios for Cl-/SO,* and K'/Mg*, following the
order of COF-TFB-OMe > COF-TFB-OH > COF-TFB (Fig. 4a). Notably,
COF-TFB-OMe maintained high selectivity across a broad concentra-
tion range (0.05-0.5M), with KCI/K,SO, selectivity increasing from
117+12 to 140+17 at higher concentrations (Supplementary
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Figs. 19-21), further demonstrating its robustness. To assess scal-
ability, we fabricated a larger COF-TFB-OMe (13.5 x 11.5 cm?) using the
same interfacial polymerization method. lon separation performance
was evaluated at multiple regions across the larger membrane, and
the results showed consistent flux and selectivity across the entire
surface, comparable to those of the smaller one (Supplementary
Figs. 22 and 23).

To explore the mechanistic origins of the selectivity differences
among these membranes, we conducted temperature-dependent salt
flux measurements under concentration-gradient-driven conditions
(single-salt solution vs. deionized water). Activation energies (£ ;) were
derived from the slopes of linear Arrhenius plots. For all membranes,
the E, values followed the trend KCI < MgCl, <K,SO,, consistent with
the more energetically favorable transport of monovalent ions. Among
the membranes, COF-TFB-OMe exhibited the lowest £, for KCI, with
activation barriers 10.1and 13.6 k) mol™ lower than those for MgCl, and
K,SOy,, respectively, supporting its strong monovalent selectivity. In
contrast, COF-TFB-OH displayed a higher KCI activation barrier
(37.4 ky mol™), only -5 kJ mol™ lower than those for MgCl, and K,SO,,
suggesting weak selectivity and low salt flux. COF-TFB exhibited
similar £, values across all salts (31.5-33.3 kJ mol™), with the KCI acti-
vation energy roughly 6 k) mol™ lower than that of COF-TFB-OH. This
modest difference, combined with uniformly lower activation ener-
gies, accounts for its limited selectivity but significantly higher ion flux
of COF-TFB, approximately 16 times greater than that of COF-TFB-OH
(Fig. 4b and Supplementary Fig. 24).

Mechanistic insights into ion selectivity via transition-

state theory

To further elucidate the mechanisms governing ion selectivity within
the confined channels of COF membranes, we applied transition-state
theory, a molecular-level framework that captures ion diffusion
through sub-nanometer pores by accounting for both enthalpic (AH)
and entropic (AS) contributions between the ground and transition
states. lon selectivity arises from differences in the total energy barrier
(AG=AH — TAS) encountered by individual ions during transport. To
decouple cation and anion behavior, we applied an external electric
field to induce electrically mediated ion transport. This approach
contrasts with concentration-driven transport, which involves the
electroneutral movement of salt pairs, and instead allows us to probe
ion-specific dynamics. Each ion contribution to the overall current is
quantified by its transference number (¢, for cations, ¢_ for anions),
determined from membrane potential measurements®. We extracted
ion-specific activation energies (£, ,) from temperature-dependent
measurements of membrane conductance and transference numbers,
based on the following relationship:

1 _ E,. 1
In <E(It1 T> =In(B,) — T @
with the associated thermodynamic definitions:
22F? AS
AH=E, ., In(B,)=In <3Nah/wc0> e 2)

In these equations, z is ion valence, G is the total membrane
conductance, B, is the pre-exponential factor, and T is absolute
temperature. N,, h, F, and R represent Avogadro constant, Planck
constant, Faraday constant, and gas constant, respectively. A is the
assumed jump distance between equilibrium positions (assumed to be
5A), 6 is the membrane thickness, and C, is the ion concentration
(mol m™).

Importantly, the measured E, ., values closely matched the
weighted averages derived from corresponding salt solutions, vali-
dating this electrochemical framework (Supplementary Figs. 25-27)%.

The AH reflects specific ion-membrane interactions, such as dehy-
dration, electrostatic interactions, and ligand coordination, that gov-
ern ion partitioning and translocation. Interestingly, despite having a
smaller average pore size (5.9 A) than COF-TFB (6.4 A), COF-TFB-OMe
exhibited a lower AH for K* transport (18.2 vs. 20.2 k) mol™), suggest-
ing that dehydration penalties are offset by favorable interactions
within the pore®. We attribute this to a stabilizing microenvironment
in COF-TFB-OMe, which facilitates K* entry. DFT calculations con-
firmed strong K* interactions with nitrogen and oxygen atoms from
imine linkages and methoxy groups in COF-TFB-OMe (Supplementary
Fig. 28). Entropy analyses further support this interpretation. The
entropic penalty (—TAS) for K* transport was higher in COF-TFB-OMe
(27.9k)mol™) than in COF-TFB (26.1kJmol™), indicating stronger
confinement and reduced ionic mobility in the functionalized pores.
For multivalent ions such as Mg** and SO,*, COF-TFB-OMe showed the
highest AH and — T AS values among all tested membranes, resulting in
the largest overall energy barriers (Fig. 4c). This dual-functionality,
which lowers energy barriers for monovalent ions while increasing
them for divalent ions, underscores the potential of COF-TFB-OMe for
selective KCl recovery from brine.

Performance of COF membranes in mixed salt systems

We next evaluated the ion separation performance of COF membranes
in binary salt systems containing equimolar mixture of KCI/K,SO, or
KCl/MgCl, (0.1M each). For COF-TFB-OMe, the CI~ flux remained
consistent with that observed in single-salt experiments, while the
S0,* flux decreased by 6.1% and the Mg** flux increased by 1.4-fold.
Consequently, the KCI/K,SO, selectivity improved from 121+4 to
132 +5, whereas the KCI/MgCl, selectivity decreased from 23+1 to
13+ 0.3. In contrast, COF-TFB and COF-TFB-OH exhibited minimal
selectivity under the same conditions, with KCI/K,SO,4 and KCI/MgCl,
selectivity ratios remaining below 4 and 4, respectively. Notably, COF-
TFB-OMe not only delivered superior selectivity but also achieved
markedly higher KCI permeability, 10 times greater than COF-TFB and
100 times greater than COF-TFB-OH (Fig. 4d and Supplementary
Figs. 29 and 30). To further probe its separation behavior, we investi-
gated the impact of feed concentration. As the salt concentration
increased from 0.05 to 0.5M, KCI/K,SO, selectivity gradually
increased from 128 + 5 to 137 + 2, while KCI/MgCl, selectivity showed a
slight decline (Supplementary Figs. 31 and 32). These contrasting
trends point to distinct mechanisms governing anion and cation dis-
crimination. The increased Cl-/SO4* selectivity at higher concentra-
tions likely arises from the greater free energy barrier for SO4*
transport, which promotes its aggregation in the feed solution. This
effect intensifies with concentration, while CI- transport remains lar-
gely unaffected. MD simulations support this, showing a relative
increase in CI- permeability compared to SO4* at elevated con-
centrations (Supplementary Fig. 33). In contrast, the reduced K*/Mg**
selectivity under high-salinity conditions is likely due to the constraint
of charge neutrality.

Since Mg?* does not readily aggregate and COF-TFB-OMe pre-
ferentially transports CI-, the increased permeation of CI- at higher
concentrations necessitates compensatory Mg?* transport to maintain
charge balance. This, in turn, reduces the membrane ability to distin-
guish between monovalent and divalent cations (Supplementary
Figs. 34 and 35). To evaluate the practical viability of COF-TFB-OMe for
KCI recovery, we tested it in a ternary salt mixture (0.1M equimolar
KCI/K;S04/MgCl,). The membrane maintained strong selectivity,
achieving CI-/S0,4* and K*/Mg*" selectivity ratios of 143 +1and 15+1,
respectively, with a CI~ flux of 0.5molm™ h™ (Fig. 4e). Under elec-
trically driven conditions (-1V across Pt electrodes), CI~ flux increased
by >50% without compromising selectivity. Notably, in this electro-
chemical ion transport process, ion separation is driven by the applied
electric field rather than hydraulic pressure. Consequently, water
migration is negligible, and the feed-side salt concentration decreases

Nature Communications | (2025)16:11483


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66345-z

] 60+ Artificial salt lake
~°la _ 480 o O] b ~ CC:I
< BERED redco:‘:'é’!z&ns eI:::z::"faielsld 1S 1 é40 |
4] i 1360 2 o ] < 50 K* R
E 4 = g 2 20 S0 Mg @
g 22088 "] g 0

J 1) =
52 ® = 100; © 201
i 120 = o
5 o = 40-
o ]

01 H H 0 < 1000 60 After membrane separation
H0 10mM  100mM  60mV. 1V 2é0 0 2é0 440 660
OCV (mV) Current (MA)

Fig. 5| Energy-autonomous KCI extraction using COF-TFB-OMe. a lon flux and selectivity of COF-TFB-OMe under various operating conditions. b Variation of the open-
circuit voltage (OCV) and current as a function of KCI concentration in the receiving solution. ¢ lon composition of artificial brine before and after membrane separation.

gradually over time, thereby avoiding the progressive salt accumula-
tion and filter cake formation commonly observed in pressure-driven
processes. Long-term stability tests confirmed that the membrane
exhibited no observable fouling or performance degradation, main-
taining consistent flux and selectivity over 10 consecutive cycles,
underscoring its robustness and suitability for practical ion separation
applications (Fig. 4f and Supplementary Fig. 36).

Redox-mediated, energy-autonomous KCl extraction from brine
COF-TFB-OMe exhibits remarkable selectivity for KCl in single-salt,
binary, and ternary systems, demonstrating significant potential for
extracting KCl from salt lake brines. These natural brines, such as those
from Chile’s Atacama Salt Lake, typically contain high concentrations
of KCl along with substantial amounts of competing ions like Mg?" and
S0,%. To evaluate the membrane practical performance, we tested it in
a synthetic brine replicating the composition of magnesium sulfate-
type brine from the Atacama region®. This synthetic brine (per 500 g
of solution) contained NaCl (20.3 g), KCI (2.3 g), MgCl, (41.8 g), LiCl
(4.9 g), and K,SO,4 (34.5 g). Under passive dialysis conditions, COF-TFB-
OMe achieved high ion fluxes for K (0.5molm™ h™) and CI-
(0.6 molm™ h), with excellent selectivity in receiving solution (Cl*/
S04 =253; K*/Mg?** = 27; Fig. 5a).

Recognizing the potential to enhance ion transport using electric
fields and the substantial osmotic energy from the concentration
gradient between the feed and receiving solutions, we implemented a
redox-mediated system powered by this salinity gradient. Using Ag/
AgCl electrodes, we established an internal electric field without
needing an external power source®®”°, The electrochemical potential
between the Ag (feed side) and AgCl (receiving side) electrodes drives
electron flow, capturing CI- at the feed electrode and releasing it at the
receiving electrode. This process is expected to not only increases ion
flux but also enhances ion selectivity. However, when the receiving
side was filled with H,O and integrated with Ag/AgCl, only a limited
increase in ion permeance (less than 5%) was observed. This limitation
was primarily due to the internal cell resistance, which was constrained
by the low conductivity of the receiving solution. To address this
limitation, we increased the KCI concentration in the receiving side,
though, in principle, other electrolytes could also be employed. While
this adjustment decreased OCV from 108.5 mV at 1 mM KCI to 56.8 mV
at 100 mM, it significantly boosted ion flux (Fig. 5b and Supplementary
Fig. 37). For example, under redox-driven conditions, Cl~ and K" fluxes
increased from 0.6/0.5 mol m™2 h™! (passive dialysis) to 0.9/0.7 (1mM),
1.9/1.3 (10 mM), and 3.2/2.6 mol m2 h? (100 mM). Selectivity was also
enhanced, with CI'/SO4* =332 and K'/Mg*' =60, outperforming pas-
sive dialysis (253/27). Furthermore, the membrane displayed high
selectivity against Na* and Li* (K'/Na"=7; K'/Li*=11), leading to a
receiving solution composition in which K* and CI~ accounted for
93.7% of the total ion content, confirming efficient and targeted ion
conduction (Fig. 5c and Supplementary Fig. 38). The observed K*

selectivity over Na* and Li" is attributed to its smaller hydrated radius,
which is still larger than the membrane pore size but closer to it than
that of Na* or Li*. In addition, COF-TFB-OMe exhibited moderate Li*/
Mg?* selectivity of 6, suggesting its potential for Li* enrichment from
salt lake brines (Supplementary Fig. 39).

Comparative experiments using Pt electrodes further under-
scored the advantages of redox mediation. At an applied voltage of
60 mV, comparable to the OCV at 100 mM KCl, Pt electrodes exhibited
lower ion fluxes (CI™: 2.5; K*: 1.9 mol m?h™) and reduced selectivities
(CI'/SO4* =266; K'/Mg? = 55). Increasing the voltage to 1V enhanced
ion fluxes (CI": 4.3; K*: 2.5 mol m™ h™) but further deteriorated selec-
tivity (CI7/SO4* = 253; K'/Mg*" = 47), highlighting the benefits of oper-
ating redox-mediated systems at moderate voltages (Fig. 5a). These
differences originate from the fundamentally distinct charge-transfer
mechanisms of the two electrode types. Pt electrodes rely mainly on
non-Faradaic processes (charging/discharging of the electrical double
layer), where no redox reaction or direct ion transfer occurs at the
electrode interface. As a result, a substantial fraction of the applied
transmembrane voltage is consumed in overcoming interfacial capa-
citance, leaving a relatively weak effective electric field to drive ion
migration. In contrast, Ag/AgCl electrodes operate via a reversible
Faradaic process (AgCl + e” = Ag + CI"), which directly couples charge
transfer to CI” ions. This mechanism enables more efficient charge
transport across the interface and generates stronger ionic driving
forces under the same applied voltage, thereby benefiting both ion flux
and selectivity. Under a positive electric field, K* transport is favored
due to its lower energy barrier, while ions with higher hydration
energies, such as Mg, are effectively suppressed. By contrast, passive
dialysis primarily facilitates CI- transport, with Mg?* migration occur-
ring only to maintain charge neutrality, consistent with the observed
negative OCV (Supplementary Fig. 40). In the redox-mediated system,
CI is released at the receiving electrode and consumed at the feed
electrode through the Ag/AgCl redox couple, significantly enhancing
Cl'/SO4* selectivity (Fig. 6a, b). At the feed side, Ag electrodes react
with CI” to form AgCl. Once the electrochemical capacity is depleted,
the electrodes can be easily reversed. The Ag'/Cl™ system, with its
extremely low solubility product constant (K, =1.8x107%)", allows
for efficient electrode regeneration and recycling. As a result, concerns
about the high cost and limited capacity of Ag/AgCl electrodes are
mitigated due to their reusability (Fig. 6¢).

It should be noted that the osmotic driving force diminishes as the
receiving solution becomes enriched, eventually reaching equilibrium
when the OCV approaches zero. Using 100 mM KCl as a reference, we
prepared solutions of different concentrations according to the
experimentally determined selectivity and found that, at equilibrium,
the K* concentration in the receiving phase was approximately twice
that in the feed (Supplementary Fig. 41). This outcome corresponds to
more than twofold enrichment, highlighting strong potential for
complete KCI recovery from hypersaline brines.
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potential for reusing Ag/AgCl electrodes. In this process, AgCl is reduced to Ag,
releasing CI, while the Ag electrode is oxidized to AgCl in a chloride-containing
electrolyte. The electrode can be easily reused by swapping its positions.

Importantly, coupling the membrane process with redox reac-
tions enables ion transport rates that not only exceed those driven by
passive diffusion but also outperform commercial nanofiltration
membranes such as NF-270. For instance, at 1 MPa, NF-270 delivers a
CI- flux of -3.0molm™?h™ with a ClI-/SO4* separation factor of 79,
whereas our COF membrane achieves a comparable CI° flux
(-3.2mol m2h™) but with a much higher CI-/SO,4* selectivity of 33272
However, conventional nanofiltration membranes like NF-270 are
generally unsuitable for treating highly saline solutions. The large
osmotic pressure generated at high salt concentrations necessitates
high external pressure, resulting in excessive energy consumption,
severe fouling, and scaling. Moreover, their ion selectivity deteriorates
under these conditions, and substantial dilution with fresh water is
often required, an impractical step in freshwater-scarce regions such
as salt lakes. By contrast, our electrically driven ion migration process
fundamentally circumvents these limitations. Because it is not con-
strained by osmotic pressure, it can operate efficiently in high-salinity
environments. Furthermore, unlike NF-270, which requires applied
pressure and exhibits negligible cation selectivity, our system operates
autonomously, without external pressure or voltage, while simulta-
neously achieving selective separation of both anions and cations.

Together, these advantages underscore the superior efficiency,
robustness, and sustainability of this redox-mediated, energy-
autonomous approach for selective KCl extraction from con-
centrated brine.

Discussion

In summary, we have developed an energy-autonomous system for KCI
extraction by combining biomimetic 3D COF membranes with redox-
mediated salinity gradient harvesting. The COF-TFB-OMe membrane,
featuring sub-nanometer channels and methoxy-functionalized pore
walls, demonstrates outstanding dual-ion selectivity through valence-
dependent short-range interactions. This unique architecture lowers
the enthalpic barrier for monovalent ions (K*, CI") while increasing the
free energy barrier for polyvalent ions (Mg*, SO4*), enabling precise
ion separation even in complex brine matrices. Critically, the system

leverages spontaneous Ag/AgCl redox reactions to generate an inter-
nal electric field, eliminating the need for external energy input. This
self-sustained mechanism significantly boosts ion transport efficiency,
delivering over a fivefold increase in fluxes relative to passive dialysis,
while achieving exceptional selectivity (Cl-/SO4* =332; K'/Mg* = 60;
K*/Na*=7; K*/Li* =11). In contrast to conventional electrodialysis using
Pt electrodes, which often sacrifices selectivity to boost flux under high
voltages, our redox-mediated approach offers a superior balance of
performance and efficiency. The key advantages of this system
include: (1) osmotic energy harvesting, enabling net energy output and
reducing operational costs; (2) single-step KCI separation, achieving a
K* and CI~ mole fraction of up to 93.7% using simulated Atacama brine;
(3) electrode recyclable, supporting long-term operational stability;
and (4) high enrichment potential, enabling complete KCI extraction
with more than a twofold increase in concentration from the feed
solution. Overall, this work represents a significant advancement in
sustainable resource recovery from hypersaline brines. By uniting
bioinspired membrane design with self-sustaining electrochemical
operation, our strategy provides a scalable, energy-efficient solution
for extracting high-value minerals in industrial applications.

Methods

Fabrication of COF-TFB

The PAN support was vertically positioned in the center of a custom-
made diffusion cell, dividing it into two chambers, each with a volume
of 7cm®. An acetic acid aqueous solution (1M, 7 mL) containing TAM
(37.2 mg, 0.098 mmol) was introduced into one compartment, while
the opposite compartment was filled with a 7mL ethyl acetate-
mesitylene solution (V/V=1/3) containing 7.44 mg (0.046 mmol) of
TFB. The reaction was conducted at 35 °C for 3 days. Afterward, the
membrane was thoroughly washed with methanol and ethanol to
remove unreacted monomers and catalyst.

Fabrication of COF-TFB-OMe
The PAN support was vertically positioned in the center of a custom-
made diffusion cell, dividing it into two chambers, each with a volume
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of 7 cm?. An acetic acid aqueous solution (1M, 7 mL) containing TAM
(57 mg, 0.15 mmol) was introduced into one compartment, while the
opposite compartment was filled with a 7 mL ethyl acetate-mesitylene
solution (V/V =1/3) containing 5.7 mg (0.023 mmol) of TFB-OMe. The
reaction was conducted at 35 °C for 3 days. Afterward, the membrane
was thoroughly washed with methanol and ethanol to remove
unreacted monomers and catalyst.

Fabrication of COF-TFB-OH

The PAN support was vertically positioned in the center of a custom-
made diffusion cell, dividing it into two chambers, each with a volume
of 7 cm?. An acetic acid aqueous solution (1M, 7 mL) containing TAM
(37.2 mg, 0.098 mmol) was introduced into one compartment, while
the opposite compartment was filled with a 7mL ethyl acetate-
mesitylene solution (V/V=1/3) containing 7.44 mg (0.035 mmol) of
TFB-OH. The reaction was conducted at 35 °C for 3 days. Afterward, the
membrane was thoroughly washed with methanol and ethanol to
remove unreacted monomers and catalyst.

Evaluation of ion selectivity tested under dialysis conditions
lon diffusion tests were carried out using an H-type diffusion cell.
Membranes were sandwiched between two polydimethylsiloxane
O-rings and sealed in the middle of the cells using clips. The effective
diameter of the membrane is 18 mm. In single-salt dialysis diffusion
tests, 25 mL of a salt solution was used as the feed solution, and the
permeate side was filled with 25 mL of deionized water. To maintain a
steady ionic strength during testing, the feed solutions were circulated
using a peristaltic pump. The ion concentration of the permeate
solution was recorded using a conductivity meter. The transport
kinetics were reflected in the linear slope in the plot of ion con-
centration in the permeate chamber versus operation time. In binary
or diversified ion diffusion tests, 25 mL of a salt solution containing an
equimolar concentration of various compounds was used as the feed
solution, and the permeate side was filled with 25 mL of deionized
water. The concentrations of various ions in the permeate side were
measured by ion chromatography. The concentration change of the
permeate solution over time was obtained based on the linear rela-
tionship between the peak area and concentration of electrolyte
solutions. A series of electrolyte solutions with various concentrations
were prepared, and their peak areas were measured by ion chroma-
tography to derive the calibration curves. After the tests, the mem-
brane was washed with deionized water on the diffusion cell until the
conductivity of the water was below 2 puS cm™. The corresponding ion
flux across the membrane was calculated from the concentration
change in the permeate side,

_(G-Cy-V

J==% ¢

3)

where J (mol m™? h™) is the ion flux; C, (mol L™) and C, (mol L7
represent the ion concentration at time O and ¢ (h), respectively; V (L)
is the volume of solution in the permeate side; A, is the effective
membrane area (m?). The selectivity (P;) of A over B was calculated
using the following equation:

-C
pidaCo 4
B -IB . CA ( )
where /, and J; represent the respective fluxes of A and B, while Cg
(mol L) and C, (mol L) are the concentrations of B and A in the feed
side, respectively.

Appearant activation energy measurement
The membrane was mounted between the two chambers of an
H-shaped diffusion cell with an effective membrane area of 2.5cm?

35mL of KCI, K;SO4, or MgCl, solution (0.1M) was used as the
feed solution, and the permeate side was filled with 35mL of
deionized water. The permeances (P) of the permeate side at
various temperatures were recorded by a conductivity meter. The ion
transmission activation energies were calculated by the Arrhenius
equation:

p=ael-#) ©)

whereby P, A, E,, R, and T represent the permeance, pre-exponential
factor, activation energy, gas constant, and temperature, respectively.

Permselectivity analysis by GHK model

The COF-TFB-OMe membrane was installed in the nanofluidic devices,
with each chamber filled with different electrolytes to establish a
concentration gradient ranging from 0.1 M to 0.01 M (based on cation
concentration). The mobility ratio (u* /u~) of cations (u*) to anions
(u~) was calculated using the GHK equation:

FE gy FEgy
ut A —erit" 1- ezt
- - FEqiry x FEgiy (6)
K A — eZ+ it 1— ez
In this equation, z, and z_ represent the valences of cations and
anions, respectively; £ ;¢ is the voltage at zero current, F is the Faraday

constant, T is the absolute temperature, A represents the concentra-
tion gradient, here 10, and R is the universal gas constant.

Electro-driven ion permeation test

Electro-driven ion permeation tests were conducted at an input vol-
tage of -1V, applied across Pt electrodes, using an H-type diffusion
cell. The feed chamber was filled with 25 mL of a solution containing
KCI, MgCl,, and K;SO4 (each at 0.1 M), while the other chamber was
filled with 25mL of deionized water. To maintain a constant ionic
strength throughout the testing, the feed solutions were circulated
using a peristaltic pump. lon concentrations in the permeated cham-
ber were subsequently analyzed using ion chromatography.

Redox-mediated, energy-autonomous KCl extraction from brine
The test was conducted using a pair of Ag/AgCl electrodes in the
H-type diffusion cell.The feed chamber was filled with 25 mL of artifi-
cial salt lake containing NaCl, KCI, MgCl,, LiCl and K,SO,, while
the opposite chamber was filled with 25 mL of KCI solution with con-
centrations gradually increasing (0, 1, 10, 100, 1000 mM). To
maintain a constant ionic strength throughout the experiment, the
feed solutions were circulated using a peristaltic pump. lon con-
centrations in the permeated chamber were then analyzed using ion
chromatography.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplemental Information. Additional data rela-
ted to this study are available from the corresponding authors upon
request. Source data are provided with this paper.
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