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Abstract 

Biological ion channels exemplify nature’s high-efficiency ion selectivity filters, yet replicating their functional 

architectures in synthetic membranes remains a fundamental challenge. Here, we report an ultramicroporous 

hydrogen-bonded organic framework membrane that structurally emulates the CLC chloride filter. Its channels 

exhibit size adaptability to anions and incorporate hydrogen-bond donors that provide “low-viscosity” 

compensatory interactions, thereby alleviating anion dehydration energy penalties. By leveraging differential 

dehydration and energy compensation between Cl- and larger anions such as SO4
2-, this bioinspired design 

achieves an exceptional Cl-/SO4
2- selectivity of over 400—several tens of times higher than those of existing 

counterparts—while maintaining a high Cl- permeation rate double that of the commercial Neosepta® ACS 

membrane, setting a new benchmark for advanced anion-sieving membranes. In electrodialysis (ED) for high-

salinity wastewater valorization, our membrane enables higher NaCl product purity (99.62 wt% vs. 72.86 wt%) 

with 28.7% lower energy consumption than the Neosepta® ACS membrane. This work establishes a biomimetic 

design principle of biological anion channels that is potentially extendable to a wide range of selective and 

conductive membranes. 

Introduction 

Advanced ion-selective membranes play a vital role in a wide range of water-related applications, including 

the removal of toxic anions and heavy metal ions in water treatment1, 2, the production of purified water through 

desalination3, and the recovery of valuable resources from high-salinity wastewater4, 5. In these processes, the 

membranes should promote the rapid transport of target ions while effectively excluding others6. A typical 
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example is the Cl-/SO4
2- separation in the chlor-alkali industry and the NaCl production from hypersaline 

wastewater, both of which demand membranes that allow efficient Cl- permeation while strongly impeding the 

diffusion of SO4
2- 7. Biological ion channels demonstrate exceptional selectivity and permeation efficiency in 

nature, and thus have become exemplary models for developing such membranes. A notable case is the CLC 

family of chloride channels (Fig. 1a), which combine ultrafast Cl- permeation and exceptional selectivity over 

competing anions like SO4
2- 8, 9, 10. This superior performance originates from the collective interplay between 

the size adaptability of ultramicropore channels and strategically positioned chemical motifs—such as hydroxyl 

and amino groups—that stabilize partially dehydrated ions via hydrogen bonding11, 12. 

Inspired by the natural blueprint, extensive research has been directed toward designing artificial ion 

channels using nanostructured materials such as two-dimensional materials (e.g., graphene oxide and MXenes)13, 

14, metal-organic frameworks (MOFs)15, and covalent organic frameworks (COFs)16, 17. These materials provide 

tunable pore architecture and are often designed with channels rigid in size to improve ion-sieving performance. 

However, they typically lack the dynamic size adaptability found in biological systems and do not incorporate 

favorable chemical microenvironments capable of effectively reducing the high-energy barriers associated with 

ion dehydration, which leads to limited ion permeability. Despite considerable advances, mimicking the 

sophisticated architecture of biological ion channels remains a fundamental challenge in the development of ion-

selective membranes that combine high permeability with precise selectivity18. 

To overcome this challenge, hydrogen-bonded organic frameworks (HOFs) have emerged as a promising 

membrane material platform due to their unique integration of crystalline porosity, intrinsic framework flexibility, 

and a high density of hydrogen-bonding sites19, 20. These characteristics render HOFs suited to mimic two 

fundamental principles of biological ion channels (Fig. 1b): (1) size-adaptive ultramicropores that dynamically 

adjust to translocating ions, and (2) built-in hydrogen-bond donors that compensate for dehydration energy 

through hydrogen-bond interactions. 

Building upon this rationale, we report a biomimetic membrane constructed from a custom-designed HOF 

composed of diaminotriazole-based two-dimensional molecular sheets, denoted HOF-DAT (Fig. 1c). The 

membrane contains self-assembled ultramicropore channels that serve as highly efficient artificial chloride 

channels, closely mimicking the selectivity filter of biological CLC channels. The pores in HOF-DAT membrane 

undergo adaptive structural swelling to minimize steric hindrance, while the embedded hydrogen-bond donors 

(–NH– groups) effectively counterbalance the dehydration energy of Cl-. This engineered architecture delivers: 

(1) an accelerated Cl- permeation rate of 3.25 mol·m-2·h-1, and (2) a remarkable Cl-/SO4
2- selectivity of over 400, 

achieved through distinct dehydration/compensation energy differentiation—performance that surpasses 

conventional membrane systems. As a result, the HOF-DAT-1 membrane enables the production of high-purity 

NaCl (99.62 wt%) in treating hypersaline wastewater via a two-stage ED process, combining high selectivity 

and efficient concentration while reducing energy consumption by 28.7% compared to the commercial 

Neosepta® ACS membrane. 

Results 

Biomimetic chloride channel HOF membranes 

The HOF-DAT were synthesized via 1,4,5,8-naphthalenetetracarboxylic dianhydride 

(NTCDA)/diaminotriazole (DAT) condensation (Supplementary Fig. 2)19, exhibiting favorable solubility in 

formic acid, facilitating the dissolution recrystallization method for pure HOF membrane fabrication (Fig. 1c 
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and Supplementary Fig. 3). This method depends on the spontaneous self-assembly of precursors which is driven 

by two synergistic intermolecular interactions: directional N-H···N hydrogen bonding between adjacent 

diaminotriazole moieties forms the primary framework architecture; concurrently, the π–π stacking interaction 

between parallel-aligned naphthalene units provides additional structural stabilization, resulting in a stable three-

dimensional framework with openings measuring (W1) 6.57 × 5.40 Å (Supplementary Fig. 4)21. Furthermore, 

the dislocation-mediated interpore connections generate non-through channels along the Y-direction with the 

alternating pore of W2 (size: 6.49 × 4.20 Å) (Fig. 1d). The formation of high-quality membranes with this method 

relies critically on the simultaneous achievement of extensive nucleation and slow growth rates22, 23. Through 

optimization, we demonstrate that membranes with tunable thicknesses can be synthesized under conditions 

employing a precursor concentration of 20 g·L-1 and a solvent evaporation temperature of 30 °C (Fig. 1e and 

Supplementary Fig. 5). The successful formation of defect-free membranes across different thicknesses is 

confirmed by the surface and cross-sectional SEM analyses, revealing compact, pinhole-free microstructures 

(Fig. 1e and Supplementary Fig. 6). Full characterization details supporting the structural verification of the 

membranes–including solid-state 13C nuclear magnetic resonance (13C NMR), X-ray photoelectron spectroscopy 

(XPS), and Fourier-transform infrared (FTIR) spectroscopy–have been documented in Supplementary 

Information (Supplementary Figs. 7−9)19, 24. 
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Fig. 1 | Design of HOF membranes with biomimetic chloride ion channels. a, Schematic illustration of the biological CLC Cl- 

channel. b, Schematic illustration of the biomimetic Cl- channel structure constructed by HOF. c, Digital photograph and molecular 

structure of the HOF-DAT membrane. d, Pore structure diagram of HOF-DAT membrane in different directions. e, Cross-section 

SEM images of HOF-DAT membrane. f, XRD patterns of HOF-DAT membrane and its powder form. g, HR-TEM image of the 

HOF-DAT membrane. Inset: the inverse Fast Fourier Transform lattice image of the area in red. h, N2 adsorption isotherms of HOF-

DAT membrane at 77 K and Horvath-Kawazoe pore size distributions.  

We hypothesize that the three-dimensional frameworks in HOF-DAT membranes, formed by synergistic 

dynamic hydrogen bonds and π–π stacking, would concurrently deliver thermodynamic stability, structural 

crystallinity, and porosity. This is supported by the thermogravimetric analysis of the membrane, which reveals 

a high decomposition onset temperature above 450 °C (Supplementary Fig. 10). Besides, the crystalline integrity 

is confirmed by XRD, demonstrating that the membrane’s diffraction pattern closely matches that of its 

powdered form. Distinct peaks at 7.45°, 12.44°, 15.49°, 21.27°, 25.23°, 27.6°, and 29.12° can be assigned to the 

(100), (001), (200), (210), (002), (220), and (202) crystallographic planes, respectively (Fig. 1f)25. Notably, the 
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HOF-DAT membrane demonstrates excellent structural stability following 100 days of immersion in a 1 mol·L-

1 mixed salt solution (NaCl/Na2SO4). As shown in Supplementary Fig. 11, the XRD patterns before and after 

immersion are highly consistent, with all characteristic diffraction peaks retaining their original positions and 

intensities and no new peaks appearing. These results confirm that the crystalline structure and long-range order 

of HOF-DAT remain intact after prolonged salt exposure, without detectable degradation, phase change, or 

swelling. The membrane also demonstrates excellent acid–base resistance, maintaining its structural integrity 

without significant changes in crystalline structure or chemical composition over 20 days across a wide pH range 

of 2-11 (Supplementary Fig. 12). This hydrolytic and acid-base stability provides a solid structural foundation 

for long-term membrane performance evaluation. The crystalline structure of the HOF-DAT membrane is further 

validated by high-resolution transmission electron microscopy (HR-TEM), revealing well-defined lattice fringes 

with periodicity along the [100] crystallographic direction (Fig. 1g and Supplementary Figs. 13−14). Nitrogen 

adsorption-desorption analysis (Fig. 1h) confirms the porosity of the HOF-DAT membrane, revealing a 

predominant pore size of 0.5 nm (a value consistent with that measured by the crystallographic model, Fig. 1d).  

Anion separation performance of HOF membranes 

Based on the transport number assessment, the HOF-DAT membrane is determined to be an anion-

preferential material, with selectivity ratios of 2.5 for Cl-/K+, 3.7 for Cl-/Na+, and 26.8 for Cl-/Ca2+ 

(Supplementary Fig. 15). To further assess its anion transport performance, we measured the permeability of 

anions with varied hydration size (Supplementary Table 1) through the HOF-DAT membrane using a two-

chamber diffusion cell (Fig. 2a). The concentration-driven diffusion experiment employed 0.5 mol·L-1 salt as 

feed solutions, with the ion permeation rate monitored through conductivity measurements. The permeation rates 

of larger anions (SO4
2-, and WO4

2-) are approximately two orders of magnitude lower than those of monovalent 

species (Supplementary Fig. 16), demonstrating the great potential of HOF-DAT membranes for efficient 

separation of mono-/divalent anions. We then used the Cl-/SO4
2- sieving model system and quantified selective 

anion transport. As expected, increasing membrane thickness from 5.3 μm to 8.2 μm induces a reduction in Cl- 

permeation rate (from 2.44 to 1.41 mol·m-2·h-1), while yielding an enhanced ideal Cl-/SO4
2- selectivity which 

escalates from 152.5 to 197 (Supplementary Fig. 17). This inverse correlation between ion permeation rate and 

selectivity aligns with the classic trade-off behavior in membrane science26, 27, yet critically, in terms of both Cl- 

permeation rate and selectivity, HOF-DAT membranes significantly outperform other typical anion-selective 

analogues such as imine-based COFs (Cl- permeation rate: 0.09 mol·m-2·h-1; selectivity: 62; Supplementary Fig. 

18 and Table 2). Furthermore, the HOF-DAT-1 membrane demonstrates operational stability, maintaining 

consistent performance over 20-hour continuous testing (Supplementary Fig. 19).  

Building on these findings, we evaluated HOF-DAT membrane performance in a binary Cl-/SO4
2- mixed 

solution. The membranes maintain their sieving behavior observed in single-salt systems (Fig. 2b), except that 

both ion permeation rate and selectivity show about 10%–20% reductions. This reduction is primarily attributed 

to competitive ion coupling in the mixed-salt system16, 28, 29. Specifically, the kinetic trapping and transient 

accumulation of SO4
2- at channel entrances not only sterically hinder Cl- transport but also elevate its permeation 

energy barrier by altering the local electrostatic environment, thereby accounting for the diminished selectivity 

relative to the single-salt case16. We then subjected the HOF-DAT-1 membrane–identified as a good performer 

through its balanced Cl- permeation rate (2 mol·m-2·h-1) and Cl-/SO4
2- selectivity (137)–to operational stability 

testing by both 100-cycle intermittent testing and continuous 60-hour operation (Fig. 2d, Supplementary Fig. 
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20). As expected, this membrane demonstrated excellent structural integrity throughout these evaluations, as 

evidenced by SEM micrographs, and XRD patterns acquired before and after testing (Supplementary Figs. 

21−22). Moreover, the HOF membrane maintains stable ion sieving performance across varying pH levels (2-

11), demonstrating membrane’s potential for use in real wastewater environments with fluctuating pH 

(Supplementary Fig. 23). Interestingly, the HOF-DAT-1 membrane also exhibits superior performance in 

separating other monovalent anions—such as F-, Br-, and NO3
- from SO4

2- (Fig. 2c). For instance, it achieves a 

high F-/SO4
2- selectivity of 108 and an F- permeation rate of 1.62 mol·m-2·h-1, significantly surpassing the 

Neosepta® ACS membrane (F- permeation rate of 1.15 mol·m-2·h-1, selectivity of only 1.4)30. This broad-

spectrum monovalent selectivity aligns with the behavior of biological CLC channels, which effectively 

transport anions similar in size to Cl- while impeding the passage of multivalent ions (Supplementary Fig. 24)8, 

9, 10. 

 

Fig. 2 | Anion separation performance of HOF membranes. a, Schematic diagram of a diffusion dialysis (DD) unit. b, Cl- 

permeation rate and Cl-/SO4
2- selectivity of HOF-DAT membranes in 0.5 mol·L-1 NaCl/Na2SO4 binary-salt solution. c, Ion 
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permeation rate and selectivity of the HOF-DAT-1 membrane in different mixed salt solutions. d, Cyclic stability of the HOF-DAT-

1 membrane. e, Comparison of Cl-/SO4
2- separation performances between HOF-DAT membranes and literature-reported 

membranes16, 17, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51. f, Radar plot comparing the comprehensive characteristics 

of the HOF-DAT-1 and reported membranes16, 17, 35, 52 (The data acquired for the HOF-DAT-1 membrane operating in the DD mode 

were employed as a benchmark). g, Comparisons of the ion transport energy barrier of the HOF-DAT-1 membrane with literature-

reported membranes and channels across varying pore diameters53, 54, 55, 56. Error bars represent the mean ± SD, n = 3. 

A comparison against established Cl-/SO4
2- separation technologies—including DD, ED, and nanofiltration 

(NF)—confirms the superior performance of HOF-DAT membranes in combining high Cl- permeation with 

exceptional selectivity (Fig. 2e). Specifically, in the DD configuration, these membranes achieve a Cl- 

permeation rate 1-2 orders of magnitude greater (1-2 mol·m-2·h-1) than reported benchmarks while maintaining 

a high Cl-/SO4
2- selectivity of >130. Remarkably, under ED conditions, the HOF-DAT membranes deliver 

dramatically enhanced Cl-/SO4
2- selectivity of >400—representing a ~50-fold improvement over the Neosepta® 

ACS membrane—while also maintaining a higher Cl- permeation rate (>3.0 vs. 1.53 mol·m-2·h-1) 

(Supplementary Fig. 25 and Table 3). This combination of properties places them among the top-performing 

membranes reported to date (Fig. 2e). This outstanding performance in Cl-/SO4
2- separation, combined with a 

simple membrane fabrication process and energy saving, positions the HOF-DAT-1 membranes as promising 

candidates for anion separation, outperforming other typical membranes (Fig. 2f, and Supplementary Table 4). 

More notably, the HOF-DAT-1 membrane shows an ultralow apparent activation energy of 12 kJ·mol-1 for Cl- 

transport (Supplementary Figs. 26–29)—among the smallest reported for subnanometer channels. This value is 

especially notable given the membrane’s ~0.5 nm constricted pores, which conventionally impose high energy 

barriers to ion transport53, 54, 55, 56 (Fig. 2g, and Supplementary Table 5). 

Size-adaptive channels and hydration compensation for anion transport 

To elucidate the origin of the exceptionally low Cl- transport barrier in narrow-pore HOF-DAT membranes, 

we first investigated ion dehydration dynamics through radial distribution function (RDF) analysis of ion-

hydrogen of water (HW: H in water). These simulations reveal that Cl- requires the shedding of 3 water molecules 

from their primary hydration shell during pore entry, while SO4
2- necessitates the removal of 6.8 hydration waters 

(Supplementary Fig. 30). These dehydration values are much lower than those observed in rigid 0.5 nm 

artificially simulated channels (6 and 12.4 water molecules removed for Cl- and SO4
2-, respectively, 

Supplementary Fig. 31). This contrast is anticipated to stem from HOF’s size adaptability in regulating ion 

dehydration energies during ion transport. The size adaptability was experimentally verified through in situ XRD 

characterization of HOF-DAT-1 membrane under various ionic conditions (NaCl, NaF, NaBr, NaNO3, Na2SO4, 

Na2WO4, and Na4[Fe(CN)6] solutions). As shown in Supplementary Fig. 32, exposure to anions with hydrated 

diameters below 7.86 Å induces measurable low-angle shifts (0.1°–0.4°) in characteristic diffraction planes, 

suggesting a transient lattice expansion. In contrast, the treatment with larger Fe(CN)6
4- ions (hydrated diameter 

8.44 Å) left the diffraction pattern unchanged, indicating its exclusion from the membrane pores. Complementary 

molecular dynamics (MD) simulations further demonstrate this size-dependent accessibility, revealing Cl--

induced pore dilation. Specifically, the framework apertures dynamically adapt during Cl- transit, with W1 and 

W2 varying by 0.04 × 0.17 Å and 2.52 × 0.77 Å, respectively, relative to the pristine state. Similar pore expansion 

phenomena—to varying degrees—are observed with other anions, further verifying the occurrence of 

differentiated dynamic pore adaptation (Figs. 3a–3b and Supplementary Fig. 33).  
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While the intrinsic size flexibility of HOF pores helps reduce ion transport resistance, this adaptability alone 

cannot explain the remarkably low apparent energy barrier for Cl- permeation—especially given the significant 

dehydration energy needed to displace three coordinated water molecules56. We speculate that energy penalties 

associated with dehydration can be mitigated by the HOF’s abundant H-bond donor sites (denoted as HN: H on 

the NH2 of HOF-DAT), which compensate for lost HW interactions. This compensation mechanism can be 

validated by the MD simulations (Figs. 3c–3f). Cl- entering size-adaptive pores experiences replacement of 2.9 

HW interactions with 2.9 HN interactions from the framework, preserving its total coordination number (H-bond 

count) during transit. In contrast, SO4
2- exhibits only partial compensation, forming just 3 HN interactions while 

leaving 3.8 HW interactions uncompensated (Fig. 3g, and Supplementary Fig. 34).  

 

Fig. 3 | Mechanism of anion transport and separation. a, XRD patterns of the HOF-DAT-1 membrane upon immersion in 

solutions containing different anions. b, Anion transport-induced pore size changes in the HOF-DAT membrane. Insert: schematic 

of the pore structure, where for descriptive purposes, the parameters a and b represent the pore dimensions of W1 along different 

directions, while c and d represent those of W2. c-f, Snapshots of the first hydration shell of the ions from a 50 ns MD simulation 

at 300 K: Cl- and SO4
2- in bulk solution and HOF-DAT. Water molecules in the first hydration shell are shown in Corey-Pauling-
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Koltun (CPK) representation, with the remaining waters as licorice. HOF-DAT are shown in licorice representation, with cyan, red, 

navy, and white representing carbon, oxygen, nitrogen, and hydrogen atoms, respectively. For clarity, hydrogen atoms from HOF-

DAT’s NH2 groups participating in the first hydration shell are represented by white spheres. Ions are shown as van der Waals 

(vdW) spheres, with green for chlorine (Cl-) and yellow for sulfur (in SO4
2-). g, Hydrogen coordination number in the first hydration 

shell of the ions: provided by water molecules (HW) in bulk solution, and by both water molecules (HW) and NH2 groups (HN) in 

HOF-DAT (The coordination number reported here is defined based solely on spatial proximity, considering hydrogen atoms 

located within the first hydration shell of the ion). h, Hydrogen bond lifetime of Cl--H and SO4
2--H in bulk and HOF-DAT. 

We next performed an advanced hydrogen-bond lifetime analysis by calculating hydrogen-bond correlation 

functions from MD simulations57 to quantify the temporal stability of three distinct interaction types: (1) ion-HW 

in bulk solution, (2) ion-HW within HOF-DAT pores, and (3) ion-HN within HOF-DAT pores (Fig. 3h, and 

Supplementary Fig. 35). SO4
2- is found to exhibit prolonged H-bond stabilization within HOF-DAT channels, 

displaying an average interaction lifetime of 10.85 ps-3.8 times longer than Cl- (2.84 ps). Furthermore, the 

hydrogen bond lifetime of Cl--HN within the HOF-DAT pores is slightly shorter than that of Cl--HW in bulk 

solution (3.01 ps). This dramatic disparity arises from SO4
2-’s higher charge (-2 vs. Cl-’s -1), which enhances its 

binding affinity to both residual HW and framework HN groups58, 59. The extended H-bond lifetime creates a 

kinetic bottleneck, effectively increasing SO4
2-’s residence time, in contrast to Cl-, which enables rapid 

coordination water exchange facilitating translational motion60. In all, Cl- achieves ultralow-energy transport 

through size-adaptive channels via near-complete hydration compensation and rapid ligand exchange, while 

stark disparities in hydration dynamics (3 vs. 6.8 H2O shed; 96.7% vs. 44.1% hydrogen bond compensation 

efficiency) and H-bond lifetimes (2.84 vs. 10.85 ps) between Cl- and SO4
2- contribute to their high selectivity. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

      

 

 

Fig. 4 | Demonstration of high-salinity wastewater valorization via ED. a, Schematic diagram of the two-stage ED process. The 

performance of the ED cell with HOF-DAT-1 was evaluated, with the Neosepta® ACS membrane as the control sample. b, XRD 

pattern of the NaCl product collected after the ED assembled with HOF-DAT-1, confirming its high purity by a complete match 

with the standard reference. The inset shows a photograph of the final NaCl products. c, d, Evolution of NaCl and Na2SO4 

concentrations in the concentrate during two-stage ED: (c) first-stage at 6 mA·cm-2 for separation, and (d) second-stage at 30 

mA·cm-2 for concentration. e, Evolution of NaCl purity in the concentrate during two-stage ED. f, Radar plot comparing the 

comprehensive characteristics of HOF-DAT-1 and Neosepta® ACS membranes. 

HOF membranes addressing resource utilization of hypersaline wastewater 

The high performance of our HOF membranes in selectively transporting anions is exemplified using a two-

stage ED process (Fig. 4a, and Supplementary Fig. 1), which is critical for industrial NaCl purification. This 

system supports zero-liquid discharge and resource utilization of hypersaline wastewater generated in coal 

chemistry, pharmaceutical industry, and dye industry61, 62. By leveraging the membrane’s high Cl-/SO4
2- 

selectivity, the process extracts Cl- from mixed anions in sequential separation and concentration stages, enabling 
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the production of high-purity NaCl (Fig. 4b). In the first separation stage, conducted at 6 mA·cm-2, the NaCl 

concentration in the concentrate chamber increases steadily by 0.35 mol·L-1 for the HOF-DAT-1 membrane (Fig. 

4c, upper panel), while maintaining a high purity exceeding 99.5 wt% (Fig. 4e). Moreover, after prolonged 

operation, the membrane exhibits no significant fouling or swelling, with its structure and ion-sieving 

performance remaining stable (Supplementary Fig. 40). In contrast, the Neosepta® ACS membrane exhibits a 

significant decline in NaCl purity to 73.6 wt% after this stage (Fig. 4e), which is attributed to substantial SO4
2- 

co-permeation alongside Cl- (Fig. 4c, bottom panel). During the second concentration stage, the current density 

of 30 mA·cm-2 was applied to accelerate NaCl enrichment. With the HOF-DAT-1 membrane, this step produces 

a final NaCl concentration of 3.42 mol·L-1 with 99.62 wt% purity (Figs. 4d−4e), making the product suitable for 

crystallizer feed (Fig. 4b)61. Under identical conditions, the Neosepta® ACS membrane only reaches a NaCl 

concentration of 2.07 mol·L-1 with a purity of approximately 72.86 wt% (Figs. 4d−4e). The HOF-DAT-1 system 

thus reduces energy consumption by 28.7% compared to the Neosepta® ACS membrane (1.27 vs. 1.78 kWh·kg-

1 of NaCl). Based on our measurements, the HOF-DAT membrane consumes approximately 8.06 kWh·m-3 when 

treating high‑salinity wastewater—a value higher than that of reverse osmosis/nanofiltration technologies used 

for low-salinity desalination, yet significantly lower than thermal evaporation processes, while being competitive 

with the lower end of the energy consumption range for electrically-driven salt separation technologies5, 63. This 

was calculated from the energy required per kilogram of NaCl recovered. A preliminary techno-economic 

analysis (TEA) further estimates the total processing costs at about $1.68   m-3 for Stage I and $0.95 ·m-3 for 

Stage II, respectively (Supplementary Table 6)64, 65. The overall superiority of the HOF-DAT-1 membrane in 

high-purity NaCl production is further demonstrated in the radar chart comparing key performance metrics, 

including current efficiency, NaCl purity, energy consumption, selectivity, and final NaCl concentration (Fig. 

4f). 

Discussion 

Through mimicking the architecture of CLC chloride channels, we designed a HOF-DAT membrane 

featuring size-adaptive, hydrogen-bonded ultramicropore channels. This membrane significantly mitigates the 

classical permeability–selectivity trade-off for anion separation. Specifically, these channels can tune ion-

specific dehydration processes through the “guest size-adaptive effect” (i.e., undergoing differentiated dynamic 

size adjustments in response to varying guest ions), leading to a small number of stripped water molecules for 

small ions but larger dehydration numbers for larger ions (small ions like Cl- shed only 3 water molecules versus 

6.8 for SO4
2-). Concurrently, precisely aligned hydrogen-bonding sites create a “low-viscosity” 

microenvironment with weak coordination bonds that perfectly stabilize partially dehydrated Cl- with the 

coordination number in alignment with the dehydration stoichiometry while mismatching SO4
2- hydration states. 

This dehydration/compensation-energy differentiation process enables Cl- transport with ultralow energy 

barriers of 12 kJ·mol-1 and records Cl-/SO4
2- selectivity of over 400. When applied in a two-stage ED process 

for high-purity NaCl production, the HOF-DAT-1 membrane achieves high-purity NaCl (99.62 wt%) with 28.7% 

lower energy consumption than the commercial Neosepta® ACS membrane. This work not only demonstrates 

HOFs as a promising platform for constructing artificial ion channels but also establishes a paradigm for the 

rational design of next-generation separation membranes through bioinspired microenvironment engineering.  

Methods 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

      

 

Synthesis of HOF-DAT 

A total of 198.2 mg (2 mmol) of DAT was dissolved in 20 mL of dimethylacetamide (DMAc) under a 

nitrogen atmosphere while maintaining an ice bath. Subsequently, 268 mg (1 mmol) of NTCDA was added to 

the solution, and the mixture was stirred until a clear yellow solution formed. Following this, an additional 50 

mL of DMAc was incorporated to dilute the reaction mixture, and the mixture was stirred in the ice bath for 30 

minutes. The resulting mixture was then transferred into a 100 mL Teflon-lined autoclave and subjected to 

heating at 180 °C for 10 hours. Upon completion of the reaction and cooling to room temperature, the solid 

product was collected by centrifugation at 9576 g for 15 minutes. The solid was subsequently washed 

sequentially with dimethylformamide (DMF), anhydrous methanol, and deionized water. After freeze-drying for 

48 hours, 310.9 mg of the product was obtained (72.3% yield). 

Fabrication of HOF-DAT membranes 

The HOF-DAT membranes were prepared using the dissolution-recrystallization method. HOF-DAT was 

dissolved in formic acid to create an HOF-DAT solution with a concentration of 20 g·L-1. Subsequently, the 

HOF-DAT membrane was fabricated via the solution casting method. Herein, to prepare sufficiently thin 

membranes, the polycarbonate (PC) substrate was employed as the support. The solvent was then evaporated at 

30 °C (a low temperature to allow slow recrystallization) for 6 hours to yield a continuous yellow HOF-DAT 

membrane. Finally, the HOF-DAT membranes were activated at 80 °C for 12 hours. Different thicknesses of 

HOF-DAT membranes can be achieved by varying the volume of the HOF-DAT solution. 

Evaluation of the ion separation performance of HOF-DAT membranes 

Single ion separation performance (DD): HOF-DAT membranes were affixed to the center of the copper 

tape and secured to the DD test device. Each membrane had an effective area of 0.5 cm2. One side of the 

membrane faced a chamber containing 100 mL of single-salt solutions with a concentration of 0.5 mol·L-1 for 

NaCl, NaF, NaBr, NaNO3, Na2SO4, Na2WO4, and Na4Fe(CN)6. The opposite side faced another chamber 

containing 100 mL of deionized water, referred to as the diffusion chamber. Continuous stirring was maintained 

throughout the experiment to minimize the effects of concentration polarization. After 1 hour, we measured the 

conductivity of the solution on the diffusion side and calculated the concentrations of monovalent and divalent 

ions based on the established standard curve correlating various solution concentrations with their respective 

conductivities. 

Binary-ion separation performance (DD): HOF-DAT membranes were affixed to the center of the copper 

tape and secured to the DD test device. Each membrane had an effective area of 0.5 cm2. One side of the 

membrane faced a chamber containing 100 mL of mixed salt solutions with a concentration of 0.5 mol·L-1 for 

NaCl/Na2SO4, NaF/Na2SO4, NaBr/Na2SO4, or NaNO3/Na2SO4. The opposite side faced another chamber 

containing 100 mL of deionized water, referred to as the diffusion chamber. Continuous stirring was applied 

throughout the experiment to minimize the effects of concentration polarization. After 1 hour, a small sample of 

the solution on the diffusion side was extracted, and the ion concentration was analyzed using ion 

chromatography. 

Binary-ion separation performance (ED): based on the results of previous DD experiments, ED tests were 

conducted to further evaluate the ion sieving performance of the selective HOF-DAT-1 membrane. A four-

compartment ED setup was employed to assess the anion transport rate and selectivity of the membrane. The 
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tested membrane (effective area: 0.5 cm2) was mounted between the two middle compartments, while 

commercial CM-2 cation exchange membranes separated the outer compartments. Each compartment contained 

100 mL of solution, with the electrode chamber filled with 0.3 mol·L-1 Na2SO4, the concentrate chamber with 

0.01 mol·L-1 NaCl, and the dilution chamber with a 0.5 mol·L-1 mixed salt solution of NaCl/Na2SO4. To 

minimize concentration polarization, the solutions in all compartments were circulated at a flow rate of 50 

mL·min-1 using a peristaltic pump. The system was operated for 1 hour at current densities of 6 mA·cm-2, and 

the ion concentrations in the concentrate chamber were determined by ion chromatography.  

Ion permeation rate was calculated as follows: 

J = 
V × Ct

Am × t
(1) 

where V refers to the effective volume of the permeate solution (L), C denotes the permeate concentration across 

the membrane (mol·L-1), Am represents the effective area of the membrane (m2), and t refers to the test time (h). 

The permeation selectivity of the membranes was calculated according to the following equation: 

SM
N  = 

JN × CM

CN × JM

(2) 

where JN and JM refer to ion permeation rate (mol·m-2·h-1), CM and CN refer to ion concentrations in the dilution 

chamber (mol·L-1). All data collected were averaged over three parallel experiments, and standard deviations 

were calculated. N stands for monovalent anions and M for divalent anions.  

Evaluation of the performance of the HOF-DAT-1 membrane in separating and concentrating NaCl 

The performance of the HOF-DAT-1 membrane (effective area: 0.5 cm2) was evaluated in two stages—

separation of NaCl (Stage I) and concentration of NaCl (Stage II)—using an ED system configured with 

alternating layers of the HOF-DAT-1 membrane and a commercial CM-2 cation exchange membrane. In both 

stages, the electrode chambers were filled with 0.3 mol·L-1 NaCl (0.2 L). In Stage I, the concentration and 

dilution chambers contained 0.05 mol·L-1 NaCl (0.1 L) and 0.2 mol·L-1 NaCl/Na2SO4 (0.5 L), respectively. In 

Stage II, the solutions used in the concentration and dilution chambers were taken from the concentration 

chamber after 10 days of operation in Stage I (excluding the initial 0.05 mol·L-1 NaCl solution), with chamber 

volumes of 0.1 L and 3 L, respectively. To minimize concentration polarization, all solutions were circulated at 

a flow rate of 50 mL·min-1. The experiments were conducted at different current densities: 2, 6, and 10 mA·cm-

2 in Stage I, and 30 mA·cm-2 in Stage II. The concentrations of Cl- and SO4
2- were quantified by ion 

chromatography.  

The energy consumption (E, kWh·kg-1) for generating 1 kg of NaCl in the concentration chamber was 

calculated using the following equation: 

E = 
∫ (U × I)dt

t

0

(CCl
-
,c,t × Vc,t - CCl

-
,c,0 × Vc,0) × MNaCl

(3) 

where CCl
-
,c,0, CCl

-
,c,t, Vc,0, and Vc,t denote the concentration of Cl- and the volume in the concentration chamber 

at the time of 0 and t, respectively; U, I, and t refer to the voltage (V), current (A), and operation time (h) of the 

power supply output, respectively; MNaCl signifies the molar mass of NaCl (58.44 g·mol-1). 

The current efficiency η
Cl

- was calculated using the following equation: 
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η
Cl

-  = 
(C

Cl
-
,c,t

 × Vc,t - CCl
-
,c,0 × Vc,0) × Z × F

N × ∫ Idt
t

0

 × 100% (4) 

where CCl
-
,c,0, CCl

-
,c,t, Vc,0, and Vc,t denote the concentration of Cl- and the volume in the concentration chamber 

at the time of 0 and t, respectively; Z represents the ionic charge (Z = 1), F is the Faraday constant (F = 96485 

C·mol-1), I and t refer to the current (A), and operation time (h) of the power supply output, respectively; N 

represents the number of membrane stack units (stage Ⅰ: N = 2, stage Ⅱ: N = 6). 

The Cl-/SO4
2- selectivity was calculated using the following equation: 

S = 
CCl

-
,c,t × Vc,t - CCl

-
,c,0 × Vc,0

C
SO4

2-
,c,t

 × Vc,t - CSO4
2-

,c,0
 × Vc,0

(5) 

where CCl
-
,c,0, CCl

-
,c,t, Vc,0, and Vc,t denote the concentration of Cl- and the volume in the concentration chamber 

at the time of 0 and t, respectively; C
SO4

2-
,c,0

 and C
SO4

2-
,c,t

 refer to the concentration of SO4
2- in the concentration 

chamber at the time of 0 and t, respectively; MCl
- and M

SO4
2- represent the relative molecular mass of Cl- and 

SO4
2- respectively. 

The product purity (ρ) of NaCl in the concentration chamber was calculated using the following equation: 

ρ = 
Cc,t,NaCl × Vc,t × MNaCl

Cc,t,NaCl × Vc,t × MNaCl + Cc,t,Na2SO4
 × Vc,t × MNa2SO4

 × 100% (6) 

where Cc,t,NaCl, Cc,t,Na2SO4
, and Vc,t represent the concentrations of NaCl and Na2SO4 and the volume of the 

solution in the concentration chamber at time t, respectively; MNaCl represents the molar mass of NaCl (58.44 

g·mol-1), and MNa2SO4
 represents the molar mass of Na2SO4 (142.04 g·mol-1). 

The commercial Neosepta® ACS anion selective membrane was tested and calculated using the same testing 

method. 

The energy consumption per ton of wastewater treated EWastewater, m-3  was calculated using the following 

equation: 

EWastewater, m-3 = 
1000

1000
MNaCl

 ÷ (CⅠ × VⅠ) × VⅠ,0

 × EⅠ + 
1000

1000
MNaCl

 ÷ (CⅡ × VⅡ) × VⅡ,0

 × EⅡ (7)
 

where CⅠ
 and CⅡ represent the sodium chloride concentrations in the concentrate after stage I and stage II, 

respectively; VⅠ
 and VⅡ are the volumes of the corresponding concentrate solutions from stage I and stage II, 

respectively; VⅠ,0
 and VⅡ,0 denote the volumes of feed wastewater treated in stage I and stage II, respectively; EⅠ

 

and EⅡ
 indicate the energy consumption per kilogram of NaCl produced in stage I and stage II, respectively. 

MNaCl is the molar mass of NaCl (58.44 g·mol-1). 

Data availability 

The authors confirm that the data supporting the findings of this study are available within the article and 

its supplementary information. All data are available from the corresponding author upon request. 
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Fig. 1 | Design of HOF membranes with biomimetic chloride ion channels. a, Schematic illustration of the 

biological CLC Cl- channel. b, Schematic illustration of the biomimetic Cl- channel structure constructed by 

HOF. c, Digital photograph and molecular structure of the HOF-DAT membrane. d, Pore structure diagram of 

HOF-DAT membrane in different directions. e, Cross-section SEM images of HOF-DAT membrane. f, XRD 

patterns of HOF-DAT membrane and its powder form. g, HR-TEM image of the HOF-DAT membrane. Inset: 

the inverse Fast Fourier Transform lattice image of the area in red. h, N2 adsorption isotherms of HOF-DAT 

membrane at 77 K and Horvath-Kawazoe pore size distributions. 

Fig. 2 | Anion separation performance of HOF membranes. a, Schematic diagram of a diffusion dialysis (DD) 

unit. b, Cl- permeation rate and Cl-/SO4
2- selectivity of HOF-DAT membranes in 0.5 mol·L-1 NaCl/Na2SO4 

binary-salt solution. c, Ion permeation rate and selectivity of the HOF-DAT-1 membrane in different mixed salt 

solutions. d, Cyclic stability of the HOF-DAT-1 membrane. e, Comparison of Cl-/SO4
2- separation performances 

between HOF-DAT membranes and literature-reported membranes16, 17, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 

47, 48, 49, 50, 51. f, Radar plot comparing the comprehensive characteristics of the HOF-DAT-1 and reported 
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membranes16, 17, 35, 52 (The data acquired for the HOF-DAT-1 membrane operating in the DD mode were 

employed as a benchmark). g, Comparisons of the ion transport energy barrier of the HOF-DAT-1 membrane 

with literature-reported membranes and channels across varying pore diameters53, 54, 55, 56. Error bars represent 

the mean ± SD, n = 3. 

Fig. 3 | Mechanism of anion transport and separation. a, XRD patterns of the HOF-DAT-1 membrane upon 

immersion in solutions containing different anions. b, Anion transport-induced pore size changes in the HOF-

DAT membrane. Insert: schematic of the pore structure, where for descriptive purposes, the parameters a and b 

represent the pore dimensions of W1 along different directions, while c and d represent those of W2. c-f, 

Snapshots of the first hydration shell of the ions from a 50 ns MD simulation at 300 K: Cl- and SO4
2- in bulk 

solution and HOF-DAT. Water molecules in the first hydration shell are shown in Corey-Pauling-Koltun (CPK) 

representation, with the remaining waters as licorice. HOF-DAT are shown in licorice representation, with cyan, 

red, navy, and white representing carbon, oxygen, nitrogen, and hydrogen atoms, respectively. For clarity, 

hydrogen atoms from HOF-DAT’s NH2 groups participating in the first hydration shell are represented by white 

spheres. Ions are shown as van der Waals (vdW) spheres, with green for chlorine (Cl-) and yellow for sulfur (in 

SO4
2-). g, Hydrogen coordination number in the first hydration shell of the ions: provided by water molecules 

(HW) in bulk solution, and by both water molecules (HW) and NH2 groups (HN) in HOF-DAT (The coordination 

number reported here is defined based solely on spatial proximity, considering hydrogen atoms located within 

the first hydration shell of the ion). h, Hydrogen bond lifetime of Cl--H and SO4
2--H in bulk and HOF-DAT. 

Fig. 4 | Demonstration of high-salinity wastewater valorization via ED. a, Schematic diagram of the two-

stage ED process. The performance of the ED cell with HOF-DAT-1 was evaluated, with the Neosepta® ACS 

membrane as the control sample. b, XRD pattern of the NaCl product collected after the ED assembled with 

HOF-DAT-1, confirming its high purity by a complete match with the standard reference. The inset shows a 

photograph of the final NaCl products. c, d, Evolution of NaCl and Na2SO4 concentrations in the concentrate 

during two-stage ED: (c) first-stage at 6 mA·cm-2 for separation, and (d) second-stage at 30 mA·cm-2 for 

concentration. e, Evolution of NaCl purity in the concentrate during two-stage ED. f, Radar plot comparing the 

comprehensive characteristics of HOF-DAT-1 and Neosepta® ACS membranes.  
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Editorial Summary 

Replicating the functional architecture of biological ion channels in synthetic membranes remains challenging. Here 

the authors design an ultramicroporous hydrogen-bonded organic framework membrane that structurally emulates 

the CLC chloride filter. 
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