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Experimental Details

Density Functional Theory
The lowest energy configurations of the guanidine-anion complex were searched by the Molclus[1] combined with the MOPAC program.[2] The DFT calculations for further optimization and energy calculation were carried out by Gauss 09 program package,[3] with M062X/6-31G* level. Multiwfn[4] was used for the charge population and interaction analysis, and visual molecular dynamics (VMD)[5] software was used to plot the corresponding structure.

Molecular Dynamics Simulation
Atomistic molecular dynamics (MD) simulations were performed in the GROMACS[6] (version 2020.6) simulation package using the General Amber force field (GAFF2)[7,8]. 10 layers of the COF material with 4 periodic unit structures were simulated with 2D periodic bonding with its images to model an infinite membrane system. The ions were inserted into the COF materials before the solvation of water molecules using the TIP3P water model. After thousands of steps of energy minimization, the iso-thermo and iso-baric (NPT) ensemble MD run of 5 ns was performed to equilibrate the system. Finally, the production runs were performed under the constant volume canonical ensemble (NVT) using the nose-hoover temperature coupling method at 298 K for another 10 ns. A cutoff length of 1.2 nm was implemented for the nonbonded interactions, and the Particle Mesh Ewald method[9] with a Fourier spacing of 0.1 nm was applied for the long-range electrostatic interactions. All covalent bonds with hydrogen atoms were constraint using the LINCS algorithm[10]. The initial velocities of various ions were assigned based on the Maxwell−Boltzmann distribution at 300 K and maintained by the Nose-Hoover thermostat. The simulation was run with a time step of 1 fs. 

Fabrication of the Free-standing TpTag-COF Membrane
[image: E:\202202\meng\实验数据\Figures\SI figures\synthetic scheme.png]
The free-standing TpTag-COF membrane was synthesized via interface condensation of triformylphloroglucino (Tp) and triaminoguanidine hydrochloride (Tag). The Tp (4.2 mg, 0.02 mmol) dissolved in the mixture of ethyl acetate/mesitylene (V/V=1/5, 2 mL) was gently placed on the top of the Tag (2.8mg, 0.026 mmol) acetic acid aqueous solution (3 M, 2 mL). The system was kept at 35 °C for 6 d. The free-standing TpTag-COF membrane was obtained after being washed thoroughly with ethanol and water in sequence and then dried under vacuum for further characterization.

Fabrication of TpTag-COF/PAN
The COF active layer was formed via interface polymerization on the surface of a PAN ultrafiltration membrane with a molecular weight cut off of 50,000 Da. The PAN support was vertically placed in the middle of a homemade diffusion cell, resulting in each volume of 7 cm3 (see Figure S1). An aqueous solution of Tag (9.9 mg, 0.090 mmol) dissolved in 3 M acetic acid (7 mL) and the organic phase with Tp (14.7 mg, 0.070 mmol) dissolved in the mixture of ethyl acetate/mesitylene (V/V=1/5, 7 mL) were separately introduced into the two sides of the diffusion cell. The reaction mixture was kept at 35 °C for 6 days. The resulting membrane was rinsed with ethanol, methanol, 0.01 M HCl, and water in sequence before testing to remove any residual monomers, catalysts, and organic solvents. 

Permselectivity Evaluation
For investigating the ion transport property of TpTag-COF/PAN, the ion current was recorded by CHI660E. The membrane was mounted between the two chambers of an electrochemical cell. The voltage was scanned with a step of 0.01 V s−1 using Ag/AgCl electrodes. The H+/Cl− selectivity of TpTag-COF/PAN was evaluated by determining the reversal potentials () with different HCl concentration gradients, which can be read from the x-intercepts of the I-V plots. The permselectivity was determined according to the Goldman-Hodgin-Katz equation.

In this equation, , , , and  refer to the ion activity, gas constant, Faraday constant, and absolute temperature, respectively.

Evaluation of Cation Selectivity
For investigating the ion transport property of TpTag-COF/PAN, the ion current was recorded by CHI660E with a homemade two-chamber electrochemical cell. The voltage was scanned with a step of 0.01 V s−1 using Ag/AgCl electrodes. The selectivity of TpTag-COF/PAN was evaluated by determining the  with identical concentrations, which can be read from the x-intercepts of the I-V plots. The permselectivity was determined according to the following equation:
                 

Transmembrane Conductance Measurement
The ionic current was recorded by a CHI660E (CH Instruments). Ag/AgCl electrodes were used to apply a transmembrane potential. The membrane was mounted between the two chambers of a symmetric electrochemical cell and both chambers were filled with an identical concentration of acid solutions. A scanning triangle voltage signal from –1 V to 1 V with a step voltage of 0.05 V and a period of 1 s was applied to record the I–V curves. The conductance values were derived from the slops of the resulting I–V curves.

Dialysis experiments
Ion diffusion tests were carried out using an H-type diffusion cell. Membrane samples were sandwiched between two polydimethylsiloxane O-rings and sealed in the middle of the cells using clips, and the COF layers were set to face the feed solution. The effective area of the membrane samples in the cell was 2 cm2. In single-salt dialysis diffusion tests, 30 mL of an electrolyte solution was used as the feed solution, and the permeate side was filled with 30 mL of deionized water. 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 concentration in the permeate chamber versus operation time. In binary or trinary ion diffusion tests, 30 mL of an electrolyte solution containing an equimolar concentration of various compounds was used as the feed solution, and the permeate side was filled with 30 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 relationship between the surface area and concentration of electrolyte solutions (see Figure A). A series of electrolyte solutions with various concentrations were prepared, and their surface areas were measured by ion chromatography to derive the calibration curves. For membrane recycling, the used membrane was washed with deionized water on the diffusion cell for 12 h. This procedure was carried out twice more before being used for the next run. 
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Figure A. Standard curves showing the integral areas in ion chromatography of different concentrations of HCl, H2SO4, and H3PO4 with an R2 value of 1 (the standard curve was corrected before a new group was started).

Ion Transmission Activation Energy Measurement
The membrane was mounted between the two chambers of an H-shaped diffusion cell with an effective surface area of 2 cm2. 30 mL of HCl, H2SO4, or H3PO4 solution (0.1 M) was used as the feed solution, and the permeate side was filled with 30 mL of deionized water. The permeances () of the acids at various temperatures were recorded by a conductivity meter. The ion transmission activation energies were calculated by the Arrhenius equation:


whereby , , , R, and T represnet the permeance, preexponential factor, activation energy, gas constant, and temperature, respectively. 



Table S1. Comparison of the ion separation performances of this study with other membranes from literature.
	Materials
	Method
	Experimental Conditions
	 Selectivity

	UIO-66-(NH-SAG)2[1]
	Electrodialysis
	0.1 M HCl + 0.1 M LiCl
	∼100 (H+/Li+)
	

	AEM 3-1[2]
	Diffusion Dialysis
	1.0 M HNO3 + 0.076 M NaNO3
	∼20 (H+/Na+)
	

	
	
	1.0 M HNO3 + 1.0 M HCl
	∼1 (Cl−/NO3−)
	

	H2N-(Leu-Ser-Ser-Leu-Leu-Ser-Leu)3-CONH2[3]
	Electrodialysis
	0.5 M HCl + 0.5 M LiCl
	∼5.6 (H+/Li+)
	

	H2N-(Leu-Ser-Leu-Leu- Leu -Ser-Leu)3-CONH2[3]
	Electrodialysis
	0.5 M HCl + 0.5 M LiCl
	∼40 (H+/Li+)
	

	CardoPES-C2-Mor[4]
	Diffusion Dialysis
	1.0 M HCl + 0.25 M KCl
	79 (H+/K+) 
	

	
	
	1.0 M HCl + 0.25 M NaCl
	  84 (H+/Na+)
	

	
	
	1.0 M HCl + 0.25 M LiCl
	66 (H+/Li+) 
	

	CardoPES-C2-Py[4]
	Diffusion Dialysis
	1.0 M HCl + 0.25 M KCl
	237 (H+/K+) 
	

	
	
	1.0 M HCl + 0.25 M NaCl
	256 (H+/Na+)  
	

	
	
	1.0 M HCl + 0.25 M LiCl
	174 (H+/Li+)  
	

	AEM2-Bu-2 membrane[5]
	Diffusion Dialysis
	1.0 M HCl + 0.6105 M NaCl
	7.31 (H+/Na+)  
	

	
	
	1.0 M HCl + 0.18 M FeCl2
	130 (H+/Fe2+) 
	

	
	
	1.0 M HCl + 0.135 M AlCl3
	138.5 (H+/Al3+)  
	

	Q-DAN-4membrane[6]
	Diffusion Dialysis
	1.0 M HCl + 0.5 M NaCl
	∼15 (H+/Na+)
	

	
	
	1.0 M HCl + 0.166 M AlCl3
	∼80 (H+/Al3+)
	

	
	
	1.0 M HCl + 0.25 M FeCl2
	∼30 (H+/Fe2+)
	

	QPPO and QPPO-DM Membranes[7]
	Diffusion Dialysis
	1.0 M HCl + 0.266 M FeCl2
	49-1391 (H+/Fe2+) 
	

	Porous BPPO Membranes[8]
	Diffusion Dialysis
	1.0 M HCl + 0.21 M FeCl2
	81-665 (H+/Fe2+) 
	

	TFC-C[9]
	Nanofiltration
	2 g/L NaCl + 2 g/L Na2SO4
	16.7 (Cl−/SO42−)  
	

	Silicon Nitride/CNT Composite Membranes[10]
	Nanofiltration
	2 mM KCl + 2 mM K2SO4
	2 (Cl−/SO42−) 
	

	Hollow-Fiber NF membrane[11]
	Nanofiltration
	1 g/L NaCl + 1 g/L Na2SO4
	2.5 (Cl−/SO42−)  
	

	TFCn[12]
	Nanofiltration
	1 g/L MgCl2 + 1 g/L Na2SO4
	20.6 (Cl−/SO42−)  
	

	TFC[13]
	Nanofiltration
	1 g/L NaCl + 1 g/L Na2SO4
	∼9 (Cl−/SO42−)  
	

	Polyamide Membrane [14]
	Nanofiltration
	1 g/L NaCl + 1 g/L Na2SO4
	24.7 (Cl−/SO42−) 
	

	NF270[15]
	Nanofiltration
	0.2-1.2 M NaCl + 0.1 NaSO4
	1.7-13.6 (Cl−/SO42−)  
	

	TS-I[16]
	Nanofiltration
	2 g/L NaCl + 2 g/L Na2SO4
	54.2 (Cl−/SO42−)  
	

	TS-II[16]
	Nanofiltration
	2 g/L NaCl + 2 g/L Na2SO4
	126 (Cl−/SO42−)  
	

	GNM/SWNT Membrane [17]
	Nanofiltration
	2 g/L NaCl + 2 g/L Na2SO4
	3.2 (Cl−/SO42−)  
	

	Ani 0.1 M PSS 1.0 wt% membrane[18]
	Nanofiltration
	5 mM NaCl + 5 mM Na2SO4
	2.5 (Cl−/SO42−) 
	

	BPPO Mmbrane[19]
	Electrodialysis
	0.05 M NaCl + 0.05 M Na2SO4
	4.27 (Cl−/SO42−)  
	

	C-AEM[20]
	Electrodialysis
	0.01 M NaCl + 0.01 M Na2SO4
	11.5 (Cl−/SO42−)  
	

	MASMs[21]
	Electrodialysis
	0.05 M NaCl + 0.05 M Na2SO4
	2.47 (Cl−/SO42−)  
	

	Internally Cross-Linked AEM[22]
	Electrodialysis
	0.05 M NaCl + 0.05 M Na2SO4
	15.9 (Cl−/SO42−)  
	

	PAEK Membrane[23]
	Electrodialysis
	0.05 M NaCl + 0.05 M Na2SO4
	7.7 (Cl−/SO42−)  
	

	Chemically Assembled AEM[24]
	Electrodialysis
	0.05 M NaCl + 0.05 M Na2SO4
	4.7 (Cl−/SO42−)  
	

	Hydrophobic Side Chains AEMs[25]
	Electrodialysis
	0.05 M NaCl + 0.05 M Na2SO4
	13.1 (Cl−/SO42−)  
	

	NH4HCO3@MPD[26]
	Forward Osmosis
	1 g/L NaCl + 1 g/L Na2SO4
	13.5 (Cl−/SO42−)  
	

	KHCO3@MPD[26]
	Forward Osmosis
	1 g/L NaCl + 1 g/L Na2SO4
	13.5 (Cl−/SO42−)
	

	NH4Cl@MPD[26]
	Forward Osmosis
	1 g/L NaCl + 1 g/L Na2SO4
	14.7 (Cl−/SO42−)
	

	ESNA 1-LF, ESNA 1 and LES 90[27]
	Electrodialysis
	NaNO3 + NaCl
	∼1 (Cl−/NO3−)  
	

	t-TpMa-COF membrane[28]
	Diffusion Dialysis
	5.0 M HNO3 + 5.0 M HCl
	∼1 (Cl−/NO3−) 
	

	This work
	Diffusion Dialysis
	0.25 M HCl + 0.25 M KCl
	253 (H+/K+)
	

	
	
	0.25 M HCl + 0.25 M NaCl
	259 (H+/Na+)
	

	
	
	0.25 M HCl + 0.25 M LiCl
	346 (H+/Li+)
	

	
	
	0.25 M HCl + 0.25 M CaCl2
	886 (H+/Ca2+)
	

	
	
	0.25 M HCl + 0.25 M MgCl2
	1116 (H+/Mg2+)
	

	
	
	0.25 M HCl + 0.25 M FeCl2
	3545 (H+/Fe2+)
	

	
	
	0.25 M HCl + 0.25 M AlCl3
	4334 (H+/Al3+)
	

	
	
	0.25 M HNO3 + 0.25 M HCl
	8.3 (NO3−/Cl−)
	

	
	
	0.05 M HCl + H2SO4 + H3PO4
	39 (Cl−/SO42−)
	

	
	
	0.1 M HCl + H2SO4 + H3PO4
	183 (Cl−/ HnPO4(3-n)−)
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Supplementary Figure 1 | Schematic illustration of the set-up used for the fabrication of TpTag-COF/PAN via interface polymerization. Triaminoguanidine hydrochloride (Tag) was dissolved in the acetic acid aqueous solution, and 1,3,5-triformylphloroglucinol (Tp) was dissolved in the mixture of ethyl acetate and mesitylene. 
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Supplementary Figure 2 | SEM image. Top-view SEM image of the PAN membrane with a molecular weight cut off of 50,000 Da.
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Supplementary Figure 3 | SEM images. (a) Cross section-view and (b) top view SEM images of TpTag-COF/PAN (inset: the thickness of TpTag-COF/PAN).
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Supplementary Figure 4 | Porosity evaluation. (a) N2 sorption isotherms collected at 77 K of the free-standing TpTag-COF membrane and (b) the corresponding pore size distribution based on the NLDFT method. The BET surface area was calculated to be 286 m2 g−1 with the pore size centered at 0.75 nm. 
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Supplementary Figure 5 | Simulated structures. (a) Top view and (b) side view of the simulated eclipsed stacking for TpTag-COF (gray, C; blue, N; red, O; white, H).
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Supplementary Figure 6 | Calculated and experimental PXRD patterns of the free-standing TpTag-COF membrane.
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Supplementary Figure 7 | Investigation of transmembrane acid transport behavior. I–V curves collected under various asymmetric acid solutions with a concentration difference of (a) 10 (10 mM/1 mM), (b) 100 (0.1 M/1 mM), and (c) 1000 (1 M/1 mM).
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Supplementary Figure 8 | DFT calculation. Top-down view of minimum energy anion binding positions of (a) Cl−, (b) HSO4−, and (c) H2PO4− with the guanidinium moiety. Grey, blue, red, green, purple, yellow, and white atoms are carbon, nitrogen, oxygen, chlorine, phosphorus, sulfur, and H atoms, respectively.
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Supplementary Figure 9 | Evaluation of cation selectivity. Concentration changes of various compounds through TpTag-COF/PAN to the opposite side as a function of time. A conductivity meter was used to record the concentrations of permeated ions of HCl, KCl, NaCl, LiCl, MgCl2, and CaCl2, while ICP-OES was used to record the concentrations of FeCl2 and AlCl3 in the permeate reservoir.
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Supplementary Figure 10 | Transmembrane selectivity across PAN. (a) Concentration changes of various electrolytes (0.25 M) through PAN to the opposite side as a function of time recorded by a conductivity meter and (b) the corresponding permeance of various compounds and the selectivity of HCl to H2SO4, H3PO4, KCl, NaCl, LiCl, MgCl2, and CaCl2, respectively.


[image: E:\202202\meng\实验数据\Figures\SI figures\Figure S11\Figure S11.jpg]
Supplementary Figure 11 | Selectivity of proton over other cations across TpTag-COF/PAN. The permeance of various electrolytes and the selectivity of HCl to various salts across TpTag-COF/PAN tested under single electrolyte conditions with various feed concentrations.
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Supplementary Figure 12 |  Permeance of various electrolytes (0.1 M) in contact with TpTag-COF/PAN. Cations and their corresponding hydrated diameters are shown on the top and bottom x-axes, respectively.
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Supplementary Figure 13 |  Evaluation of acid selectivity. The permeance of HCl and H2SO4, and the selectivity of HCl to H2SO4 across (a) Nafion®212 and (b) Selemion AMVN tested under binary acid conditions with various feed concentrations (0.05, 0.1, 0.25, 0.5, and 1.0 M for each acid).
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Supplementary Figure 14 |  Evaluation of the selectivity of proton over other cations. Permeance of various electrolytes across (a) Nafion®212 and (b) Selemion AMVN, and the corresponding H+/Mx+ selectivity under single electrolyte conditions (0.1 M).
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Supplementary Figure 15 |  Electrostatic potential (ESP).  ESP mapped van der Waals surface of the fragment of TpTag-COF with various counterions for (a) Cl−, (b) HSO4−, and (c) H2PO4− and area percent in each ESP range. Significant surface local minima and maxima of ESP are represented as red and blue spheres and labeled by black texts. The direction of pore content is marked by grey arrows.
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Supplementary Figure 16 | The concentration change of HCl, H2SO4, and H3PO4 through TpTag-COF/PAN to the opposite side as a function of time. Conductivity meter was used to record the concentrations of ion permeated.
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Supplementary Figure 17 | Evaluation of acid selectivity across TpTag-COF/PAN. (a) The permeance of HCl, H2SO4, and H3PO4, and (b) the relative selectivity of HCl, H2SO4, and H3PO4 across TpTag-COF/PAN as a function of feed concentration tested under single acid conditions.
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Supplementary Figure 18 | Evaluation of acid selectivity across various membranes. The relative selectivity of HCl, H2SO4, and H3PO4 across (a) Nafion®212 and (b) Selemion AMVN tested under trinary acid conditions.
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Supplementary Figure 19 | The initial concentration change of HCl, H2SO4, and H3PO4 across TpTag-COF/PAN to the opposite side as a function of time. Conductivity meter was used to record the concentrations of ion permeated.
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Supplementary Figure 20 | Investigation of the impact of acid concentration on the selectivity. Permeance of HCl, H2SO4, and H3PO4 as a function of time tested under trinary acid conditions with an initial concentration of each acid of (a) 0.05 M, (b) 0.1 M, (c) 0.25 M, (d) 0.5 M, and (e) 1 M, and the corresponding selectivity.
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Supplementary Figure 21 |  IR spectra. The very similar IR spectrum of TpTag-COF/PAN to that of the reused one, suggestive of the maintained structure during testing. The successful formation of the β-ketoenamine structures of the resulting COF membranes was confirmed by the IR spectra, which displayed a new peak for C=C at 1601 cm−1. The stretching signals of the primary amine (νN-H ~3320 cm−1 and 3220 cm−1) and aldehyde (νC=O = 1645 cm−1) were not detected, indicating that no unreacted monomers were trapped. 


[image: C:\Users\MAC\Desktop\微信图片_20220307124548.png]
Supplementary Figure 22 | SEM images. (a) Cross section-view and (b) top view SEM images of the long-term used TpTag-COF/PAN (inset: the thickness of TpTag-COF/PAN).
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Supplementary Figure 23 | The impact of concentration on the selectivity of HNO3 and HCl across TpTag-COF/PAN. Permeance of HCl and H3NO3 as a function of time tested under binary acid conditions with an initial concentration of each acid of 0.05 M, 0.1 M, 0.25 M, 0.5 M, and 1 M and the corresponding selectivity.
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Supplementary Figure 24 | Impact of acid concentration on the HCl/HNO3 separation. Summary of the permeance of HCl and HNO3 and the corresponding selectivity of HCl to HNO3 across TpTag-COF/PAN tested under binary acid conditions with various initial acid concentrations.
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Supplementary Figure 25 | DFT calculation. Top-down view of minimum energy anion binding positions of NO3− with the guanidinium moiety. Grey, blue, red, and white atoms are carbon, nitrogen, oxygen, and H atoms, respectively.
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