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A B S T R A C T   

Organic pollutants are biological toxicity and should be removed from the environment. Membrane separation 
offers several advantages in organic pollutants removal such as high pollutants selectivity and high solvent 
permeability. Covalent organic framework membrane is regarded as an emerging porous membrane for nano
filtration owing to their permanent porosity and well-defined pore structure in various organic media. Herein, a 
self-standing 2D sulfonate anionic COF membrane with nanometer pore size and -SO3Na groups has been suc
cessfully prepared. The surface charge combines with nanopore sieving property endow the COF membrane high 
nanofiltration separation performances and charge-controlled organic molecular separation. The anionic mem
brane can effectively intercept > 99% of cationic organic pollutants, while maintaining excellent solvent 
permeability due to its rigid porous structure and high porosity. The density functional theory (DFT) calculation 
provides further understanding on the charge-controlled separation in ionic nanoporous membranes. Our work 
may open up a new avenue for developing charged COF membrane for nanofiltration and organic pollutants 
separation applications.   

1. Introduction 

The occurrence of organic pollutants in the environment has raised 
global concern due to their potential ecological risks [1–3]. Organic 
pollutants tend to be resistant to biodegradation and many of them are 
biological toxicity. Sources of organic pollutants are synthetic chemical 
industry including dyes, pesticides, pharmaceuticals, detergent and 
organic solvents production [4–6]. Most wastewater post-treatment 
plants are not designed to completely eliminate organic compounds at 
low concentration, making the treatment process less effective to 
organic pollutants removal. Moreover, the above-mentioned chemical 
industrial wastewater usually contains high concentration of organic 
solvents, which makes the traditional nanofiltration (NF) membrane is 
less-effective for removing organic pollutants in complex wastewater 
systems. Thus, it is critical need to develop new-type membrane material 
for using in nanofiltration process containing organic solvents [7–9]. 

The applications of polymer membrane in organic solvents nano
filtration lags behind water purification and desalination mainly due to 
their poor stability (swelling or dissolution) in organic solvents. More
over, the trade-off between membrane permeability and selectivity in 
traditional polymer membrane will be more serious under organic sol
vent filtration [10–14]. Recently, conjugated microporous polymer 
membranes have brought about widespread attention because of their 
extraordinary stability in organic solvent nanofiltration. The micropo
rous polymer membranes used in NF process must possess excellent 
stability in a wide range of organic solvents with different polarities. All- 
rigid conjugated polymers with nanoporous structure exhibit apparent 
advantages for high flux NF and displaying remarkable solvent perme
ability [8,15,16]. However, if nanoporous polymer membranes want to 
achieve high-precision molecular sieving, the pore size of membranes 
must be precisely controlled. Till now, it is still a great challenge to 
obtain well-defined pore structure in amorphous polymer membrane 
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[17–19]. 
Covalent organic frameworks (COFs) emerged as new crystalline 

porous materials have attracted widespread attention because of their 
well-ordered nanopore and easy-to-functionalize pore environment 
[20–22]. Moreover, the pore structure of COFs is permanent stable in 
both polar and nonpolar organic solvents [23,24]. Therefore, COFs are 
considered as promising candidates for membrane materials used in 
both aqueous and organic solvents [25,26]. Recently, some COF mem
branes have been developed for high flux aqueous nanofiltration. The 
selective molecule separation in these COF films were achieved by size 
exclusion benefitting from their uniform pore sizes [27–29]. 

Integrating the ionic modules into membrane will endow fantastic 
functions for separation process such as charge-controlled molecular 
sieving [30–36]. Within charged microporous channel, the molecule 
transport in membrane will be dual-controlled by pore size and charge 
effect. Moreover, introducing charged site in membrane is more 
important for organic pollutants removal as most of organic pollutants 
such as dyes, pesticides and pharmaceuticals are ionic compounds 
[37–39]. Herein, we propose a 2D sulfonate anionic COF membrane 
with accessible ionic units and uniform nano channels for cationic 
organic pollutants removal (Fig. 1). The anionic COF membrane pos
sesses permanent microporous structure in various solvents, and their 
charged nature can afford selective organic pollutants removal via 
charge-controlled separation. 

2. Experimental section 

2.1. Materials 

General information: Unless otherwise noted, all chemical reagents 
and solvents from commercial sources were received and used without 
further purification. Twice-distilled water was used throughout all ex
periments. Solvents and reagents for synthesis were purchased from 
Sigma-Aldrich and Beijing chemical factory. Phloroglucinol, hexamethy
lenetetramine (HMTA, 99%), trifluoroacetic acid (99%), sodium 2,5-Dia
minobenzenesulfonate (Pa-SO3Na), p-toluenesulfonic acid (PTSA, 
99.9%), Methylene blue (MB, 99%), Ethidium bromide (EB, 99%) (3,8- 
diamino-5-ethyl-6-phenyl -phenanthridinium bromide), Nile red (NR, 
99%), p-Nitroaniline (NA, 99%), methyl orange (MO, 99%), fluorescein 
sodium salt (FSs, 99%), Sodium dodecyl sulfate (SDS, 99%), Sodium 

dodecyl benzene sulfonate (SDBS, 99%), Perfluorooctanesulfonic acid 
potassium salt (FC-80, 99%), Dodecyl trimethyl ammonium bromide 
(DTAB, 99%), Octadecyltrimethylammonium bromide (OTAB, 99%), 
Stearyldimethylbenzylammonium chloride (SDBAC, 99%), sodium chlo
ride (NaCl, 99.9%). N,N-dimethyl formamide (DMF, 99.9%), hydrochlo
ric acid (HCl, 6 M aqueous solution), dichloromethane (99%), acetone 
(99%), methanol (99%), ethanol (99%), n-propanol (98%), n-butanol 
(98%), 1-Pentanol (98%), n-Hexyl alcohol (99%), acetonitrile (99%), 
acetone (99%), tetrahydrofuran (98%), 1,4-dioxane (99%), N,N- 
dimethylacetamide (99%). 

2.2. Preparation of TpPa-SO3Na membrane 

TpPa-SO3Na membrane was prepared according to the previous 
literature reported methods with little modification [40]. In the typical 
route of interfacial synthesis, TpPa-SO3Na membrane was prepared in a 
glass beaker. A schematic of the fabrication steps is shown in Fig. 1a, b, 
and the photographs of interfacial synthesis of TpPa-SO3Na can see 
Fig. S3. 

2.3. Characterization 

Fourier transform infrared (FT-IR) spectra were performed using an 
IFS 66V/S Fourier trans-form infrared spectrometer. Powder X-ray 
diffraction (PXRD) measurement was carried out on a Riguku D/ 
MAX2550 diffractometer with Cu-K a radiation operating at a voltage of 
50 kV and a current of 200 mA. Scanning electronic microscopy (SEM) 
images were recorded by a Hitachi S-4800 microscope. Transmission 
electron microscopy (TEM) images were measured on a JEM-2010 field- 
emission transmission election microscope made by Japanese JEOL 
Company. The energy dispersive spectrometer (EDS) analysis was con
ducted by Aztec X-maxN (TESCAN Corporation, Czech Republic). The 
UV–vis absorption spectra of different dye solutions were performed 
with a Shimadzu UV-3101 PC double-beam ultraviolet–visible spectro
photometer. The Nitrogen adsorption/desorption isotherm analyse was 
measured on a Quantachrome Autosorb iQ2 analyzer. N2 adsorption/ 
desorption measurements were carried out at 77 K. Ultra-high-purity 
grade N2 gas was used for adsorption measurements. Liquid nitrogen 
bath was utilized to control the temperature at 77 K. Initially, the sample 
was fully ground into powder. And prior to gas adsorption treatment 

Fig. 1. (a) Schematic diagram of prepare TpPa-SO3Na membrane by condensation reaction of sodium 2,5-diaminobenzenesulfonate (Pa-SO3Na) and 1,3,5-triformyl
phloroglucinol (Tp); (b) Schematic diagram of interfacial growth method for fabricating TpPa-SO3Na membrane. (c) The model of mass transport across 2D COF 
membrane along the vertically aligned nano channels. 
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sample was degassed at 160 ◦C for 12 h under vacuum. Surface area was 
calculated using Brunauer-Emmett-Teller (BET) model and corre
sponding pore size distribution was calculated using the non-localized 
density functional theory (NLDFT). Zeta-potential distribution was 
measured on a Malvern Zetasizer Nano ZES analyzer (U.K.). Contact 
angle tests were performed with a KRUSS DSA100 optical contact angle 
measuring device (Germany). The surface tension of surfactant solutions 
was measured using a KRUSS DSA100 device (Germany). 

2.4. Selective organic micropollutants separation experiments 

All the organic micropollutants separation experiments were per
formed at room temperature condition. Organic micropollutants are 
dissolved in water or methanol as stock solution. The concentration of 
organic micropollutants stock solutions was adjusted according to the 
different solutes. For example, the concentration of all dye stock solu
tions is fixed at 50 μM, while the concentration of surfactants stock so
lutions is determined according to their respective saturated micelle 
concentrations. The selective separation performance of TpPa-SO3Na 
membrane towards organic micropollutants was evaluated by filtering a 
series of micropollutants stock solutions through the membrane at 0.5 
bar pressure. Typically, the initial 5 mL organic micropollutants filtrate 
was collected for interception analysis. For organic dyes, the concen
tration of dye at initial condition and in the filtrate was monitored via a 
double-beam UV–vis spectrometer at a wavelength of maximum absor
bance [663 nm for Methylene Blue (MB); 283 nm for Ethidium Bromide 
(EB); 263 and 552 nm for Nile Red (NR); 369 nm for p-Nitroaniline (NA); 
462 nm for Methyl Orange (MO); 487 nm for Fluorescein Sodium salt 
(FSs)]. Unlike organic dyes, for surfactants, there is a functional rela
tionship between the concentration of the solution and its surface ten
sion. Therefore, we can calculate the concentration of the surfactant in 
the filtrate according to the surface tension value of the filtrate, and then 
the rejection efficiency of the membrane to the surfactants can be 
obtained. 

The rejection efficiency of organic micropollutants was calculated as 
follows [40]: 

Rejection efficiency (%) = (C0 − C1)/C0 × 100 (1)  

where C0 and C1 were the concentration of organic micropollutants in 
stock solution and filtrate, respectively. 

2.5. Solvent flux measurements 

In order to evaluate the solvent flux of TpPa-SO3Na membrane to 
pure solvents of different polarity and molecular weight. A series of 
TpPa-SO3Na membranes with a diameter of 2.5 cm were placed on sand 
core filter unit (1.77 cm2 active area) and all solvents permeation were 
performed under 0.5 bar upstream pressure. Solvent flux values reported 
were the average of triplicate experiments conducted with three 
different samples. 

Solvent flux (J) was calculated by measuring permeate volume (V) 
per unit area (A) per unit time (t) according to the following equation: 

J = V/AÂ⋅t in liters per square meter hour (L m− 2 h− 1)

Permeance (P) was calculated according to the following equation: 

P = V
/

AÂ⋅tÂ⋅Δp in liters per square meter hour bar
(
L m− 2 h− 1 bar− 1)

The effect of membrane thickness and operation pressure to flux was 
also evaluated, respectively. 

2.6. Cycle study of TpPa-SO3Na membrane for dyes interception 
efficiency 

A cycling experiment of TpPa-SO3Na membrane for MB interception 
was carried out as follows. In the beginning, a anionic MB solution was 

filtered through TpPa-SO3Na membrane and the filtrate was collected 
for rejection analysis. Then the membrane, after intercepting anionic 
MB, was rinsed thoroughly with aqueous NaCl solution (1.0 mol L− 1) at 
room temperature. Subsequently, the filtration experiment of TpPa- 
SO3Na membrane for MB solution was repeated several times using the 
same membrane under the same conditions as above. Finally, these fil
trates were monitored using a double-beam ultraviolet–visible spec
trometer to evaluate the rejection efficiency of cycle experiment. 

2.7. The time course of dyes rejection efficiency 

The time course of rejection experiment of TpPa-SO3Na membrane 
for dyes was carried out as follows. The time course of dyes rejection 
analysis was performed by filtering 50 μM dye solution through TpPa- 
SO3Na membrane. Typically, 50 μM MB aqueous was charged to a sand 
core filter unit with TpPa-SO3Na membrane and the filtrate was 
collected at intervals of 1 h. Then the absorbance of each filtrate at 
different points in time was measured. According to the Eq. (1) above, 
the rejection values were calculated. Finally, the time course of dyes 
rejection efficiency was obtain. 

All dye solutions filtration were performed under 0.5 bar upstream 
pressure while maintaining 300 r.p.m as the stirring speed. Dyes rejec
tion values reported were the average of triplicate experiments con
ducted with three different TpPa-SO3Na membrane samples. 

3. Results and discussion 

3.1. General characterization of TpPa-SO3Na membrane 

In order to obtain large-scale crystalline anionic 2D COF membrane, 
we optimized two-phase interfacial crystallization approach reported by 
previous literature [40]. We modified the sulfonic acid group of the 
diaminobenzenesulfonic acid monomer into its sodium salt as dia
minobenzenesulfonic acid showed low reactivity due to the strong 
intramolecular hydrogen bonding between sulfonic acid and amino 
group (Fig. S1). This modification not only breaks the hydrogen bond 
between amino group and sulfonic acid, but also greatly improves the 
solubility of aromatic amines in water (Fig. S2). In two-phase interfacial 
polymerization, the solubility of aromatic amines in water is very 
important because it determines the quality of the reaction interface. 
After screening monomer concentration, buffer layer thickness, catalyst 
amount and reaction times in interfacial polymerization, a large-scale 
crystalline anionic COF membrane with smooth surface on both sides 
are obtained (Fig. 2a, b and Fig. S3, S4). The cross-section SEM image 
displayed that the edge of the membrane has a uniform thickness about 
2.8 μm (Fig. 2b inset). The resulting membrane can be transferred to 
different substrates as you want. Fig. 2a shows the digital image of a 
large-scale TpPa-SO3Na membrane transferred on a printing paper. 

The FT-IR spectra of obtained TpPa-SO3Na membrane and initial 
monomers were implemented to confirm the success of interfacial 
polymerization. As shown in Fig. 2c, the COF membrane exhibits typical 
stretching bands at 1596 and 1231 cm− 1 derive from C––C and C–N, 
indicating the complete enol-to-keto tautomerization. Moreover, the 
–CHO group stretching bands of Tp (O––C–H at 2890 cm− 1, C––O at 
1642 cm− 1) and the –NH2 groups stretching bands of Pa-SO3Na are 
disappeared (N–H at 3196, 3303 cm− 1), which suggest the polymeri
zation is completed. In addition, the FT-IR peaks at 1027 and 1089 cm− 1 

together with a shoulder at 1443 cm− 1 arised from the O––S––O 
stretching bands, verified the existence of -SO3

− group in COF membrane 
[41,42]. To further prove the presence of -SO3Na functional group in the 
membrane, the energy dispersive spectrometer (EDS) analysis was per
formed. As shown in Fig. 2d, the presence of sulfur (S) and sodium (Na) 
elements in the membrane confirmed the -SO3Na group is retained 
during the reaction. Moreover, the atomic percentage of sulfur and so
dium elements is very close to 1:1 (Inset in Fig. 2d), which means Na ions 
in -SO3Na group are not replaced by the H of p-toluenesulfonic acid. 

T. Chen et al.                                                                                                                                                                                                                                    



Separation and Purification Technology 256 (2021) 117787

4

To gain a deep insight into the pore structure of TpPa-SO3Na mem
brane, the transmission electron microscopy (TEM) analysis was per
formed. As displayed in Fig. 3a, b, the clear lattice fringes in TEM images 
reveal the high crystallinity of TpPa-SO3Na membrane. The diameter of 

the ordered pore size of the TpPa-SO3Na membrane is about 1.40 nm, 
which is close to their theoretical pore size of 1.41 nm (Fig. 3c). 

The permanent porosity of TpPa-SO3Na was assessed by nitrogen 
sorption isotherm at 77 K. The anionic COF membrane showed type I 

Fig. 2. (a) Optical image of TpPa-SO3Na membrane; (b) Surface and Cross-sectional SEM image of TpPa-SO3Na membrane; (c) FT-IR spectra of TpPa-SO3Na, tri
formylphloroglucinol (Tp), and sodium 2,5-diaminobenzenesulfonate (Pa-SO3Na); (d) EDS elemental analyses of TpPa-SO3Na membrane (C, N, O, Na, and S). 

Fig. 3. (a) and (b) are TEM images of TpPa-SO3Na membrane; (c) Crystal structure model of TpPa-SO3Na membrane is shown for AA stacking mode; (d) Side view of 
the AA-stacking model structure of TpPa-SO3Na membrane. 
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reversible N2 adsorption–desorption (Fig. S5), which means the TpPa- 
SO3Na COF is microporous framework (Fig. 3c and Fig. S6a). Moreover, 
the calculated Brunauer-Emmett-Teller (BET) surface area for TpPa- 
SO3Na membrane is 212.3 m2⋅g− 1. The lower surface area of TpPa- 
SO3Na compared with TpPa-COF may be because the existence of 
-SO3Na groups in the pore. Pore size distribution of TpPa-SO3Na COF 
calculated by nonlocal density functional theory (NLDFT) reveals the 
COF have narrow pore size distribution located at 1.39 nm (Fig. S7). The 
PXRD was also performed to assess the crystallinity of TpPa-SO3Na COF 
membrane. As shown in Fig. S8, TpPa-SO3Na COF membrane exhibited 
an XRD peak at ~4.6◦, corresponding to (100) reflection planes. 
Another broader peak also appeared at ~26.7◦, which is attributed to π-π 
stacking resulting from the (001) planes (Fig. S8, blue curve) [41]. 

Contact angle experiments were performed to estimate the hydro
philicity of the membrane [43]. As displayed in Fig. 4a, b, the initial 
contact angles of water and acetonitrile on membrane surface are 40.5◦

and 32.8◦, respectively. Obviously, the contact angles of both water and 
organic solvent on the membrane surface are much less than 90◦, which 
indicates that the membrane has excellent amphiphilicity. The amphi
philicity of the membrane is very important for application in water and 
organic complex solvent filtration. Moreover, we also studied the sur
face charge characteristics of the membrane. As shown in Fig. 4c, the 
average Zeta potential on the surface of TpPa-SO3Na membrane is 
− 58.02 mV. The negative Zeta potential of membrane mainly arises 
from the electronegative -SO3

− group. 

3.2. Nanofiltration experiments 

In view of above excellent properties of TpPa-SO3Na membrane, we 
use the membrane for solvent filtration experiments. As shown in Fig. 5, 
TpPa-SO3Na membrane shows remarkable permeability towards protic 
solvents, such as ethanol (223 L m− 2 h− 1 bar− 1), methanol (440 L m− 2 

h− 1 bar− 1). As shown in Fig. 5a and Table S1, as the size of solvent 
molecules increases, their permeability was decreased. The exception of 
water permeability in protic solvents in COF membrane mainly caused 
by the difference in viscosity of these protic solvents. The viscosities of 
alcohols are related to molecule weight: methanol (0.5513 mPa‧s), 
ethanol (0.7893 mPa‧s), 1-propanol (1.943 mPa‧s), 1-butanol (2.571 
mPa‧s), 1-pentanol (3.513 mPa‧s) and 1-hexanol (4.590 mPa‧s). But for 
water, the viscosity (η = 0.8937 mPa‧s) is higher than methanol and 
ethanol, but lower than 1-propanol, 1-butanol, 1-pentanol, 1-hexanol 
due to their intermolecular hydrogen bonds. Moreover, the -SO3Na 
group on the COF’s pore surface is hydrophilic, which can also form 
hydrogen bonds with water. The hydrogen bond interactions between 
COF’s pore surface and water may also lead to the decrease of water flux. 
We also studied the permeability of aprotic solvents in the membrane. 
The membrane displays higher permeability towards organic aprotic 
solvents than that of protic solvents (Fig. 5b and Table S2). For example, 

the permeability of the membrane to acetonitrile is 980 Lm− 2 h− 1 bar− 1. 
Moreover, the solvent permeabilities of TpPa-SO3Na COF membrane are 
much higher than the existing nanofltration membranes (Table S3 for 
details). The high solvent permeability and the differences between 
aprotic solvents and protic solvents can be attributed to: 1) The aprotic 
solvents have a lower viscosity than those protic solvents [28,44]; 2) 
Dipole interaction is weak between the aprotic solvents and the charged 
channels in TpPa-SO3Na membrane; 3) TpPa-SO3Na membrane has the 
high porosity and vertically aligned 1D channels in the direction of 
solvents migration which can reduce their diffusional resistance. We 
also assessed the effect of membrane thickness and pressure to the water 
permeance. Three membranes with different thickness (2.2, 2.8 and 3.5 
μm) were used to water permeance. The water permeability decreases 
gradually as the increase of membrane thickness (Fig. 5c). Pressure- 
dependent water permeation result demonstrates that the water 
permeation is increased with pressure, as displayed in Fig. 5d. 

Using porous membrane to recycle the valuable dyes is an econom
ical but challenging approach as dyes usually have similar molecular 
sizes [45]. The high solvent permeability and electronegativity nature of 
TpPa-SO3Na COF membrane motivated us to explore its potential ap
plications in recycling valuable dyes. Several organic dyes with different 
charge including cationic dyes: Methylene blue (MB) and Ethidium 
bromide (EB); Neutral molecules: Nile red (NR) and p-Nitroaniline (NA); 
Anionic dyes: Methyl orange (MO) and Fluorescein Sodium salt (FSs) 
were employed for the separation study. The chemical structures, mo
lecular sizes and charge properties of these dye molecules are displayed 
in Fig. S9 and Table S4, respectively. 

The separation performance of TpPa-SO3Na membrane towards pure 
dye solutions were evaluated firstly and the results were shown in Fig. 6. 
Consider the difference in solubility, negative and positive dyes can be 
completely dissolved in water, but neutral dyes can be completely dis
solved in methanol instead of water. 

As displayed in Fig. 6a, b, the characteristic absorption bands of two 
cationic dyes (MB, EB) dissolved in water are completely disappeared 
after filtration through the membrane, which indicates that the anionic 
TpPa-SO3Na membrane can thoroughly intercept the cationic dye mol
ecules. For anionic molecules water solution (MO, FSs), the absorption 
spectra intensity of two filtrates is significantly decreased compared to 
that of the feeding solutions, as shown in Fig. 6e, f. The absorption 
spectra intensity for two neutral molecules after filtering decreased 
slightly, which can be seen clearly in Fig. 6c, d. For more intuitively, the 
color change of dye solutions before and after filtration (under visible 
light) was shown in Fig. 6 inset, respectively. Visibly, for cationic dyes, 
two filtrates are completely colorless (Fig. 6a, b inset). However, the 
filtrates obtained from anionic dyes (MO, FSs) (Fig. 6e, f inset) still 
retain some of their colors. This suggests that a portion of dye molecules 
have penetrated through the membrane. By comparison, neutral dyes 
methanol solution (NR, NA) (Fig. 6c, d inset) still retain deep color, 

Fig. 4. (a) and (b) are the contact angles of TpPa-SO3Na COF membrane to water and acetonitrile, respectively; (c) The average Zeta potential of TpPa- 
SO3Na membrane. 
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which implies that the membrane has a poor rejection performance 
against the neutral dyes molecule. 

Further, the rejection values of TpPa-SO3Na membrane towards 
different dyes were quantitatively calculated according to the Beer- 
Lambert law. As shown in Fig. 7a, the anionic TpPa-SO3Na membrane 

can reject 99.8% and 99.5% cationic MB and EB respectively. Whereas 
the interception efficiency for anionic MO and FSs is 87.6% and 84.1%, 
respectively. By contrast, the membrane exhibits very low rejection 
performance for neutral dyes: the rejection values of the membrane for 
NR and NA are only 24.4% and 16.7%, respectively. A systematic 

Fig. 5. Pure solvent permeance versus molecular diameter of different protic solvents (a) and aprotic solvents (b); (c) Comparison of the water permeation of TpPa- 
SO3Na membrane with different thickness; (d) Pressure-dependent water permeation study of TpPa-SO3Na membrane. 

Fig. 6. Charge- and size-selective separation experiments. (a-f) UV–vis absorption spectra and the corresponding photographs of different dyes solutions before and 
after filtration through TpPa-SO3Na membrane: (a) Methylene blue (MB) with a size of 5.63 × 14.21 Å, Solvent: Water; (b) Ethidium bromide (EB) with a size of 9.15 
× 11.04 Å, Solvent: Water; (c) Nile red (NR) with a size of 6.51 × 14.12 Å, Solvent: Methanol; (d) p-Nitroaniline (NA) with a size of 4.32 × 6.89 Å, Solvent: Methanol; 
(e) Methyl orange (MO) with a size of 5.19 × 14.62 Å, Solvent: Water; (f) Fluorescein Sodium salt (FSs) with a size of 9.64 × 10.34 Å, Solvent: Water; respectively. 
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comparison of the sieving performance of TpPa-SO3Na membrane with 
other membrane materials toward cationic dyes was performed, as 
displayed in Table S5. 

The above experimental results demonstrate that the TpPa-SO3Na 
membrane has discrepant molecular interception ability for the dyes 
with different charge. The anionic sites in the membrane may play a 
critical role in the dyes separation process [38,46]. In order to further 
understand the selective separation behaviors of TpPa-SO3Na mem
brane towards different charged molecules, we performed the theoret
ical calculation to verify the difference in interaction forces between 
membrane and different charged molecules. The DFT (Density func
tional theory) calculations basing on linear combination of atomic 
orbital (LCAO) were conducted using DMol3 package of Material Studio 
[47,48]. The interaction energy (EInt) (or called binding energy) be
tween membrane and molecules is expressed by follow equation: 

Me(Membrane) + Mo(Molecule)⟺Me@Mo complex (2) 

The interaction energy EInt was calculated by DFT calculation results 
using the follow equation: 

EInt = EMe@Mo complex − EMe − EMo − BSSE (3) 

In Eq. (3), the four terms on the right are respectively the total energy 
of the Me@Mo complex, the isolated membrane and molecule, and basis 
set superposition error (BSSE). 

As shown in Fig. 7b, c, d, the EInt values of cationic molecule (MB), 
neutral molecule (NR) and anionic molecule (MO) are − 0.72 eV, 12.29 
eV and 36.82 eV, respectively. Obviously, the value of EInt between 
membrane and cationic MB is the lowest, indicating that there is the 

electrostatic attraction between membrane and cationic molecule. Thus 
the total energy of the complex is reduced. Moreover, the negative 
binding energy means membrane-cationic molecule combination is 
thermodynamically stable. By contrast, the EInt between membrane and 
anionic MO is positive and the absolute value is much higher than that of 
other two combinations, which suggests that there is maybe electrostatic 
repulsion interaction between negatively charged membrane and 
anionic molecule. Therefore, the total energy of the composite is 
increased. For neutral molecule NR, the EInt value lies between MB and 
MO, which is due to lack of electrostatic interaction between neutral 
molecule and membrane. The above theoretical calculation results 
accord with the coulomb interaction principle between charged matter 
[49,50]. Hence, integrating the ionic modules into the skeleton of COF 
membrane would clearly endue it the ability of identifying different 
charged molecules. 

The dyes recycle experiment was also conducted to evaluate the 
selective molecular separation in TpPa-SO3Na membrane. A mixed dye 
solutions consisting of MB (Methylene blue) and NA (p-Nitroaniline) 
was used to filter through the membrane. As shown in Fig. 8b, the tur
quoise feed solution (derived from MB and NA) changed in to light-green 
filtrate after the TpPa-SO3Na membrane filteration. In addition, the 
Ultraviolet–visible spectra before and after the membrane treatment 
suggest that MB can be completely intercepted via the membrane, while 
NA concentration does not show any change (Fig. 8c). After we rinsing 
the MB-contained membrane with NaCl aqueous solution, we can 
recycle MB dye. This result confirmed that the anionic membrane can 
recycle cationic dyes molecule from a mixture effectively. In order to 
confirm the membrane separation ability, a more complex mixing 

Fig. 7. (a) The rejection efficiency of TpPa-SO3Na membrane towards different dyes. Simulated model and interaction energy (EInt) of composite consisting of TpPa- 
SO3Na membrane and dye molecules: (b) Membrane and MB (cationic) composite; (c) Membrane and NR (neutral) composite; (d) Membrane and MO 
(anionic) composite. 
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Fig. 8. (a) Schematic for molecular sieving mechanism through ordered-vertical arrayed 1D nanochannels with negative charge of TpPa-SO3Na membrane; (b) Photo 
images show the selective sieving of methylene blue (MB) from a mixture of MB and NA; (c) The correspond Ultraviolet–visible spectra of the selective separation; (d) 
Cycle study of MB rejection through TpPa-SO3Na membrane; (e) The time course of rejection efficiency of TpPa-SO3Na membrane for MB aqueous solution. 

Fig. 9. The rejection efficiency of TpPa-SO3Na membrane towards surfactants with different charges. Anionic surfactants: (a) Sodium dodecyl sulfate (SDS); (b) 
Sodium dodecyl benzene sulfonate (SDBS); (c) Perfluorooctanesulfonic acid potassium salt (FC-80). Cationic surfactants: (d) Dodecyl trimethyl ammonium bromide 
(DTAB); (e) Octadecyltrimethylammonium bromide (OTAB); (f) Stearyldimethylbenzylammonium chloride (SDBAC). 
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solution, consisting of three dyes with different charge properties, was 
also conducted. As shown in Fig. S10, the mixing dye solution [MB 
(cationic), NA (neutral) and FSs (anionic)] was filtered through TpPa- 
SO3Na membrane. The color of the mixing solution changes from dark 
green to pistac (Fig. S10a). Correspondingly, the absorption spectra of 
solution before and after filtration also verified the cationic dye sepa
ration performance of the membrane (Fig. S10b). 

The recyclability and durability of the membrane are very important 
in the practical application. Therefore, a cycle rejection study of TpPa- 
SO3Na COF membrane for MB was executed. As displayed in Fig. 8d and 
Fig. S11, the rejection value of the recycled TpPa-SO3Na membrane for 
MB retains 98.9% of the original capacity even after six cycles. Subse
quently, the durability of the TpPa-SO3Na membrane was also investi
gated by recording the time course of rejection efficiency of TpPa-SO3Na 
membrane for cationic dye (MB). As we can see in Fig. 8e, the membrane 
can still retain the rejection efficiency for MB above 98.8% after 10 h 
operation. 

Based on the above performance of TpPa-SO3Na COF membrane, we 
employed it to dispose another kind of intractable organic pollutant– 
surfactants. Surfactants are widely used in industrial processes such as 
corrosion inhibition, dispersion stabilization, detergency, crude oil 
refining and lubrication [51–54]. A large amount of surfactant- 
containing wastewater will inevitably be produced, and the disorderly 
discharge of these wastewater will cause great harm to the ecological 
environment and human health [55–57]. The amphiphilicity and 
micelle forming nature in water of surfactants lead to traditional 
nanofiltration membranes are ineffective to separate them. The charged 
TpPa-SO3Na membrane may provide an effective way to demulsify and 
remove surfactants from water. Herein, several common surfactants are 
selected to test the removal performance of the TpPa-SO3Na membrane. 
As displayed in Fig. 9, the rejection efficiency of the membrane towards 
surfactants with different charged is significantly different. For anionic- 
surfactants, the membrane can only intercept 36.1% SDS, 45.2% SDBS 
and 44.9% FC-80, respectively (Fig. 9a, b, c). By comparison, the 
membrane exhibits very excellent rejection performance for cationic- 
surfactants, the rejection values of DTAB, OTAB and SDBAC are up to 
99.6%, 99.8% and 99.9%, respectively (Fig. 9d, e, f). The results clearly 
show that TpPa-SO3Na membrane can selectively remove cationic sur
factants efficiently. 

4. Conclusions 

In conclusion, we have successfully prepared a sulfonate (-SO3Na) 
functionalized 2D anionic COF membrane by interfacial crystallization 
approach. Integrating ionic module in nanopore renders TpPa-SO3Na 
COF membrane with specific electronegativity compared with previous 
neutral COF membranes. The synergy between electrostatic interaction 
and molecular size sieving effect in TpPa-SO3Na membrane endows the 
membrane excellent separation ability towards organic pollutant mol
ecules with different charges. Excitingly, the TpPa-SO3Na membrane 
can effectively recycle > 99% of cationic molecules, while maintaining 
excellent solvent permeability. These results demonstrated that anionic 
COF membrane can provide a new efficient charge-driven separation 
method for organic pollutants removal, which may guide membrane 
materials design for precise charge-dependent molecular sieving in 
mixture separation in future. 
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