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A B S T R A C T   

Tight ultrafiltration (TUF) membranes featuring specific pore sizes are increasingly developed to bridge the gap 
between nanofiltration and ultrafiltration. So far, a wealth of efforts has been devoted to tackle the limitation 
found in TUF, but there still lacks a facile accessibility to upgrade TUF membranes with simultaneously improved 
permeance and selectivity. Herein, we report a large-pore covalent organic framework (LP-COF) as the building 
material to prepare ultra-permeable TUF membranes for fast separations. The LP-COF layers with an excep-
tionally large aperture size of up to ~3.6 nm are synthesized on macroporous substrates through a unidirectional 
diffusion method. The resultant LP-COF layers show a moderate crystallinity and low thickness down to ~60 nm, 
and allow ultrafast water permeation. Surprisingly, the optimal LP-COF membrane exhibits an unprecedented 
water permeance of ~3147 L m− 2 h− 1 MPa− 1 with a high Congo red rejection (~92.6%), which is basically 
unchanged after several cycles of filtration. Moreover, the large-pore channels enable an unimpeded pass of ions, 
thus affording the membrane an excellent dye/salt separation competence, and largely exceeding state-of-the-art 
membranes. Therefore, this work opens up a new opportunity in producing high-performance TUF membranes 
by large-pore COFs for rapid and precise separations.   

1. Introduction 

Molecular separation in liquid environment exemplified by poly-
peptide fractionation, extraction of active pharmaceutical ingredients 
and textile wastewater treatment is promising to selectively recover 
targeted molecules from mixtures [1–3]. In the past decade, 
ever-growing demand for a cost-effective technology to produce 
high-quality molecular products urges the emergence of various strate-
gies [4]. Compared with conventional separation methods, 
membrane-based technology is considered as one of the excellent plat-
forms to implement this task, owing to the advantages of flexible 
operation, high efficiency and small environmental footprint [5]. 
Among current membrane technologies, nanofiltration (NF) and ultra-
filtration (UF) have demonstrated their superiorities in the separation 
and purification of molecular objects from aqueous and organic solu-
tions. For instance, considerable achievements have been made in the 
pharmaceutical engineering by using NF membranes [6]. However, in 

spite of the desired separation precision, the operation efficiency of 
them is largely limited due to the relatively low permeance. Recently, 
the modification strategies in terms of microstructures and surface 
properties have been suggested to break through this limitation, yet 
these studies mostly concentrated on the desalination instead of mo-
lecular separation [7–9]. As for traditional UF membranes, they are 
perfect in the separation of large molecules likes proteins and nano-sized 
particles [10–12], while giving a remarkable water permeance. Never-
theless, the majority of UF membranes possess large pore sizes (typically 
~10–100 nm), which may hamper them from being used in the sepa-
ration of small molecules, especially in the range of 2–5 nm. In order to 
meet the separation requirement in this range, tight UF (TUF) mem-
branes featuring mesopores and loose NF membranes with loose selec-
tive layers are developed, thus bridging the gap between NF and UF 
[13]. 

Up to now, strategies to prepare TUF membranes have been exten-
sively explored, and numerous well-established methods are therefore 
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developed, including phase inversion [14,15], surface modification 
[16], and interfacial polymerization [17,18]. For example, Ye et al. 
fabricated TUF membranes through the co-deposition of dopamine (DA) 
and polyethylenimine (PEI) on hydrolyzed polyacrylonitrile membranes 
[19]. In our previous study, filling phenolic prepolymers into poly-
vinylidene fluoride (PVDF) substrates followed by thermal polymeriza-
tion was also proposed to build TUF membranes with tunable 
performances [20]. Despite these arresting successes, the further per-
formance improvement of TUF membranes still faces a great challenge, 
possibly due to the nonuniformity of separation channels and the long, 
tortuous mass transfer routes. To be specific, the currently available 
materials to fabricate TUF membranes are mainly amorphous polymers 
and inorganic ingredients, which inherently impede the uniformity of 
generated sieving pores [21,22]. Even worse, the tortuous channels are 
inevitably created, and those TUF membranes would suffer from the 
permeance-selectivity trade-off originated from the significantly 
increased transport resistance. Additionally, to maintain satisfying se-
lectivities, thick separation layers are usually required in those TUF 
membranes, further compromising the separation efficiency [23]. 
Therefore, there is a pressing need to develop next-generation TUF 
membranes with ordered channels and thin separation layers. 

Covalent organic frameworks (COFs) are a kind of porous and crys-
talline framework material constructed by covalent bonds, which have 
shown huge potentials in diverse areas [24]. Since the first report of 
free-standing COF-based membranes by Banerjee and coworkers in 
2017, membranes derived from COFs are continuously developed to 
fulfill advanced separations, because of the ordered pores and uniform 
mass transfer routes [25]. Especially for the molecular separation, a 
number of efforts have been dedicated to shaping COFs into membranes 
for size-based discrimination [25,26]. At present, some 
post-modification methods are proposed to satisfy the demand for 
enhanced separation precision as well, thus achieving the gas and ion 
separations [27,28]. However, to the best of our knowledge, all of these 
researches focus on the preparation membranes by microporous COFs, 
which present aperture sizes in the range of ~0.8–2.5 nm. Thus, they 
may show decent performances for the purpose of NF, but are barely 
suitable for the mesopore-required TUF. Fortunately, in light of the 
reticular chemistry, large-pore COFs (LP-COFs) featuring a mesoporous 
porosity are synthesized by integrating large building blocks with long 
linkers [29]. Beyond mesoporous two-dimensional (2D) COFs, a break-
through in constructing large-pore 3D COFs are also reported by Fang 
et al. [30] Combined with the attributes of COF-based materials, these 
LP-COFs have great potentials to build high-performance TUF mem-
branes; however, this still remains to be validated experimentally. We 
can envision that the dilated channels of LP-COFs are able to effectively 
repulse the solutes with appropriate sizes, and allow a fast permeation of 
water. Therefore, together with the highly ordered pores, TUF mem-
branes produced by LP-COFs are likely to display a simultaneously 
increased water permeance and selectivity. 

Herein, for the first time, we introduce the preparation of LP-COF 
membranes for TUF by a unidirectional diffusion method at room tem-
perature. With the help of this interfacial strategy, continuous and 
defect-free LP-COF separation layers with a low thickness of only ~60 
nm are in-situ grown on the top of macroporous substrates. The resultant 
LP-COF layers as well as their bulk counterparts show desired crystal-
linity, and a fast infiltration of water into the LP-COF layer is observed. 
We further systematically analyze the morphological features and sur-
face characteristics of the obtained LP-COF-based TUF membranes. 
Moreover, the preparation conditions including catalyst location, 
monomer concentration and reaction time are investigated to optimize 
the membrane performance. The optimized LP-COF membrane shows 
exceptional water permeance and high rejections to dye molecules, also, 
demonstrating a superior dye/salt separation performance. 

2. Experimental 

2.1. Materials 

1,3,5-Tris(p-formylphenyl)benzene (TFPB) was purchased from Jilin 
Chinese Academy of Sciences-Yanshen Technology Co., Ltd. 4,4′-Dia-
minobiphenyl (BD), 1,4-dioxane, mesitylene, toluene, ethanol and ace-
tic acid were supplied by Aladdin. Methyl orange (MO), chrome black T 
(EB-T), acid fuchsin (AF), Congo red (CR), Evans blue (EB), and inor-
ganic salts were provided by Sinopharm Chemical Reagent. The 
CdSe@CdS quantum dots (QDs) dispersed in toluene were obtained from 
Janus New-Materials. Macroporous polyvinylidene fluoride (PVDF) 
membranes (diameter: 25 mm, nominal pore size: 0.22 μm, Millipore) 
were used as the substrates. All reagents were used without further 
purification. Deionized water (DI water, conductivity: 2–10 μS cm− 1) 
was used in all experiments. 

2.2. Seeding treatment of PVDF substrates 

2.3 mg of TFPB and 1.7 mg of BD were separately dissolved in 100 
mL mesitylene. Subsequently, 10 μL of acetic acid serving as the catalyst 
was added into the TFPB solution. The obtained mixtures were subjected 
to the ultrasonic treatment to form homogeneous solutions. To build a 
seeding layer, PVDF substrates were firstly immersed in the BD solution 
for 10 min followed by rinsing with mesitylene to remove excessive BD. 
Next, BD-grafted PVDF substrates were immersed in the TFPB solution 
for another 10 min, followed by thoroughly washing with mesitylene. In 
the above procedure, the BD pre-located PVDF substrates can readily 
react with TFPB to form a seeding layer. To obtain a sufficiently seeded 
layer, the above procedures were carried out for three times. Then, the 
seeded PVDF substrates were dried at room temperature for further use. 
To ensure the successful formation of crystal nuclei, the seeding pro-
cesses were conducted under a temperature of 10 ◦C and a humidity of 
30%. 

2.3. Preparation of LP-COF/PVDF membranes 

TFPB (11.7 mg, 0.03 mmol) was dissolved in 40 mL of mesitylene 
followed by the addition of 1 mL glacial acetic acid. BD (55.3 mg, 0.3 
mmol) was dissolved in 40 mL of DI water. A piece of seeded PVDF 
substrate was then placed between a homemade diffusion cell, and 
about 10 mL of two monomer solutions were simultaneously injected 
into the diffusion cell at a constant injection rate using syringes. It 
should be noted that the aldehyde monomer solution was added into the 
side facing to the PVDF substrate with the seeding layer. Subsequently, 
the apparatus was kept undisturbed at room temperature for designed 
durations. After the reaction, the monomer solutions in both sides were 
carefully drawn out by a syringe. The resultant LP-COF/PVDF tight ul-
trafiltration membrane was then taken out and completely cleaned with 
ethanol and mesitylene. To optimize the separation performance, the 
addition of acetic acid in water as well as different molar ratios of TFPB/ 
BD were investigated. 

2.4. Synthesis of LP-COF powders 

LP-COF powders were also synthesized for the structural compari-
son. Specifically, TFPB (62.5 mg, 0.16 mmol) and BD (44.2 mg, 0.24 
mmol) were suspended in a mixture of mesitylene and 1,4-dioxane (1:1 
v/v, 6 mL) in a 20 mL glass vial followed by sonication for 10 min to 
obtain a homogeneous dispersion. Next, acetic acid solution (0.6 mL, 6 
M) was slowly added into the mixture. The vial was then left undisturbed 
at 45 ◦C for 3 days. The yellow precipitate was collected after thoroughly 
washing with ethanol and 1,4-dioxane. The product was vacuum dried 
at 80 ◦C for 24 h to generate final LP-COF powders. 
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2.5. Characterizations 

Fourier transform infrared (FTIR) spectra of the monomers, LP-COF 
powders and membranes were collected on a Nicolet 8700 spectrometer 
(Thermo Fisher Scientific) with the wavenumber in the range of 
500–4000 cm− 1. The membrane samples were measured under the 
attenuated total reflectance (ATR) mode. X-ray diffraction (XRD) pat-
terns were obtained on a SmartLab X-ray diffractometer (Rigaku Cor-
poration) with the scanning range of 1–30◦ at a step of 0.02◦ under room 
temperature. The morphologies of the LP-COF membranes were 
observed by a field-emission scanning electron microscope (SEM, S- 
4800, Hitachi) operating at 5 kV. All samples were in advance ion- 
sputtered with gold to enhance their conductivity. The ratio of defect 
areas was evaluated based on the SEM images using a software of Image 
J. The surface topographies of the membranes were examined by atomic 
force microscopy (AFM, XE-100, Park Systems), and the scanning rate 
was 0.5 Hz. The dynamic water contact angle (WCA) measurements 
were conducted on a contact angle goniometer (Dropmeter A100, 
Maist). The surface charges of the membranes were analyzed using an 
electrokinetic analyzer (SurPass, Anton Paar GmbH) with a streaming 
potential method. 0.1 mmol L− 1 KCl solution was used as the back-
ground electrolyte solution, and the pH values were adjusted by 0.1 mol 
L− 1 NaOH and HCl solutions, respectively. The zeta potentials of dyes 
dispersed in water were obtained by a Zetasizer Nano ZS ZEN3600 
electrokinetic analyzer (Malvern, UK). 

2.6. Filtration tests 

The water permeance and rejection performance of membranes were 
tested by a dead-end filtration cell (Amicon 8003, Millipore) with an 
operation pressure of 0.5 bar. Before tests, the membranes were pres-
surized for at least 10 min to reach a steady state. The water permeance 
(Jw, L m− 2 h− 1 bar− 1) was defined by normalizing the volume V (L) of 
the permeation through the effective area of A (m2) during the time Δt 

(h) under the trans-membrane pressure P (bar), and calculated by the 
following equation:  

Jw = V/(A Δt P)                                                                              (1) 

The flux (F, L m− 2 h− 1) during the filtration tests was calculated by 
the following equation:  

F=V/(A Δt)                                                                                    (2) 

A salt aqueous solution (1000 mg L− 1) or a dye aqueous/ethanolic 
solution (25 mg L− 1) was used as the feed solution to evaluate the sep-
aration performance. The rejection refers to the percentage of the sol-
uble mass retained by the membrane in the total solute in the solution 
after filtration. The rejection rate (R, %) was calculated by the following 
equation:  

R=(1 − Cp/Cf) × 100%                                                                    (3) 

where, Cp and Cf are the concentration of permeate and feed solution, 
respectively. The concentrations of dye molecules and salts in the feed 
and filtrate were determined by a UV–vis spectrophotometer (Nanodrop 
2000c, Thermo Fisher Scientific) and a conductivity meter (S230-K, 
Mettler-Toledo), respectively. 

To perform the separation experiment of QDs, we designed a filtra-
tion device, which contained a 5 mL needle tubing and a detachable 
polypropylene filter with a diameter of 13 mm. The LP-COF/PVDF 
membrane was then fixed in the middle of the detachable poly-
propylene filter holders for filtration. 3 mL of QDs dispersion was pre- 
sucked in a plastic needle tubing serving as the feed, and the filtration 
process was then carried out by manually pressuring until the complete 
permeation of the feed. The size distribution of CdSe@CdS QDs was 
determined by dynamic light scattering (Nanoplus, Micromeritics). 
Photoluminescence (PL) fluorescent spectra of feed and filtrate were 
recorded on a Varian Cary Eclipse fluorescence spectrophotometer. The 
excitation wavelength and voltage were 400 nm and 580 V for toluene 

Fig. 1. Preparation of LP-COF/PVDF membranes. (a) Schematic diagram of LP-COF synthesized by the condensation between TFPB and BD. (b) Diagram of the 
fabrication of the LP-COF membrane by unidirectional diffusion synthesis. (c) Surface SEM image of the LP-COF/PVDF membrane. (d) Photographs of the PVDF 
substrate, LP-COF/PVDF membrane and (e) the bended LP-COF/PVDF membrane. The LP-COF/PVDF membrane used for characterizations was synthesized for 12 h. 
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solutions of QDs, respectively. 

3. Results and discussion 

3.1. Synthesis of LP-COF/PVDF membranes 

The synthesis of LP-COF is implemented by the condensation be-
tween large aldehyde monomer (TFPB) and long amine linker (BD) via 
Schiff base reaction (Fig. 1a). To maximize the permeance of the syn-
thesized membranes, PVDF substrate with a nominal pore size of up to 
~0.22 μm was chosen as the support to grow LP-COF layer. In this work, 
the LP-COF membranes were prepared by the unidirectional diffusion 
method reported in our previous work (Fig. 1b) [31]. Specifically, the 
aldehyde organic solution and amine aqueous solution were separately 
loaded at the two sides of the seeded PVDF substrate to give an 
organic-water interface (Fig. S1). Due to the good affinity between the 
amines and organic solvent, amine molecules tend to diffuse into the 
organic phase upon the formation of the interface. When the amines 

contact with aldehydes, the polymerization between them happens at 
the interface with the assistance of catalyst, thus generating a thin and 
continuous LP-COF layer on the PVDF substrate. It should be noted that 
the use of bare PVDF substrates produces LP-COF layers with noticeable 
defects under a prolonged duration (Fig. S2), and this can be rational-
ized due to the large pore size and relatively inert surface of substrates. 
In order to solve this issue, the seeding procedure is introduced to form 
massive crystallites on the PVDF substrate (Fig. S3). During the inter-
facial polymerization, these crystallites can serve as the nucleation sites 
to facilitate the growth of LP-COF, which has been extensively clarified 
by previous studies [32,33]. With the aid of these crystallites, a 
defect-free LP-COF layer can be easily formed within 12 h (Fig. 1c). The 
generation of the LP-COF layer is also supported by the appearance 
variation of substrates, whose color changes from white to buff (Fig. 1d). 
Thanks to the flexible polymer support and pure organic network of 
LP-COF, thus-synthesized LP-COF membranes display a good flexibility, 
which can be repeatedly bended without noticeable breakages (Fig. 1e). 

The formation of LP-COF separation layer on PVDF substrate was 

Fig. 2. Structural characterizations. (a) FTIR spectra of the PVDF substrate, LP-COF powders, and LP-COF/PVDF membrane. (b) XRD patterns of the LP-COF powders 
and LP-COF/PVDF membrane. Insets in (b) is the structural mode of LP-COF with an eclipsed stacked structure. The LP-COF/PVDF membrane used for these 
characterizations was synthesized for 72 h. 

Fig. 3. Morphologies of the different membranes. (a) Surface SEM image of the PVDF substrate. (b) Surface and (c, d) cross-sectional SEM images of the LP-COF/ 
PVDF membrane synthesized for 12 h. 
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confirmed by FTIR analysis. Comparing the spectrum of the LP-COF/ 
PVDF membrane with that of monomers (Figs. 2a and S4), the stretch-
ing vibration peak of CH––O (1687 cm− 1) originated from TFPB is 
largely weakened. Meanwhile, the N–H stretching vibration peaks of BD 
at 3203, 3321, and 3386 cm− 1 basically disappear. These results indi-
cate the sufficient consumption of monomer pairs. Moreover, after the 
condensation reaction, the characteristic peak of C––N stretching vi-
bration (1621 cm− 1) appears in the spectrum of the membrane. The 
emergence of new peaks and the disappearance of peaks corresponding 
to monomers are also observed in the spectrum of LP-COF powders, 
which is in consistence with the results previously reported in literature 
[34,35]. Thus, results of these FTIR spectra prove the generation of 
imine linkages to give a LP-COF layer on the substrate. The crystallinity 
of the formed LP-COF layers was further determined by XRD measure-
ment. As can be seen from Fig. 2b, the XRD pattern of the membrane 
shows a noticeable diffraction peak at ~2.0◦, consistent with the 2 theta 
value observed from the patterns of the LP-COF powders and simulated 
result. This indicates a similar structure for LP-COF generated by the 
solvothermal synthesis and unidirectional diffusion method. Specif-
ically, the peak at ~2.0◦ can be assigned to the (100) crystal plane, and 
the produced LP-COF correspondingly presents an AA stacking mode 
with an aperture size of up to ~3.6 nm [34], as illustrated in Fig. 2b. It 
should be noted that, the attenuation in the peak intensity of the LP-COF 
membrane is mostly caused by the extremely low thickness of the 
LP-COF layer shown below [36]. Also, the preparation under ambient 
conditions could possibly give rise to the weakening of crystallinity. 
Considering the balance between the crystallinity of COF layers and the 
complexity of the preparation comprehensively, we believe that syn-
thesizing the LP-COF membranes through this strategy still hold ad-
vantages compared with other COF membranes produced under extreme 
conditions [37]. 

3.2. Microstructures of LP-COF/PVDF membranes 

SEM observations were carried out to reveal the surface and cross- 
sectional morphologies of as-synthesized membranes. As shown in 
Figs. 3a and S5, the pristine PVDF substrate presents a cave-like struc-
ture scattered with many macropores. After synthesizing for 12 h, the 
macroporous PVDF substrate is completely covered with a continuous 
LP-COF layer (Fig. 3b). The obtained LP-COF layer is in absence of any 
cracks, pinholes, or defects, and displays a wrinkly topography (Fig. S6). 
Moreover, through the LP-COF layer we can faintly observe the mac-
ropores of underneath PVDF substrates, implying a low thickness of the 
top LP-COF layer. The cross-sectional morphology of the obtained 
membrane is thereby disclosed with the result given in Fig. 3c. Obvi-
ously, it shows that the LP-COF layer is well intergrown with the sub-
strate in the absence of any gaps, indicative of a good adhesion between 
these two layers. This intergrowth benefits from the construction of the 
seeding layer, which ensures the in-situ nucleation growth of LP-COF on 
the substrate [38]. Further, the enlarged cross section exposes the 
reduced thickness of the LP-COF layer, which is about 60 nm (Fig. 3d). 
Besides, the LP-COF layer is exclusively located on the top surface 
(Figs. S7 and S8), indicating that the permeability of the macroporous 
substrate is excellently preserved. This will in return enable an increased 
permeance for the fabricated composite membrane [39]. 

3.3. Formation of LP-COF/PVDF membranes 

To investigate the formation mechanism of the continuous LP-COF 
layer, we prepared a series of LP-COF membranes under various syn-
thesis durations. As shown in Fig. 4a–e, the LP-COF layer undergoes a 
repairing process, in which the defect area is continuously reduced to 
give a dense surface. To be specific, the short synthesis duration of 1 h 
generates the membrane with obvious micron-sized discontinuous de-
fects (Fig. 4a). With an extended duration of 3 h, the defective area is 

Fig. 4. Formation of the LP-COF/PVDF membranes. Surface SEM images of the LP-COF/PVDF membranes synthesized for (a) 1 h, (b) 3 h, (c) 6 h, (d) 8 h, (e) 10 h. (f) 
Ratio of the defective area to the total area as a function of the growth time. (g) Diagram for the formation of the LP-COF/PVDF membrane. 
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distinctly decreased (Fig. 4b). Subsequently, we can obtain a defect-free 
LP-COF layer with a duration of 8 h (Fig. 4d). The ratio of the defective 
area to the total area versus the synthesis duration is depicted in Figs. 4f 
and S9. Consistent with the SEM observations, the value sharply de-
creases with the synthesis duration, reaching nearly zero at 8 h. On the 
basis of above results, the formation of continuous LP-COF layers is 

probably promoted by the combination of the regional nucleation and 
interfacial reaction, as illustrated in Fig. 4g. Initially, the seeding pre- 
formed on the skeleton of PVDF substrates acts as the nucleation site 
to induce the regional nucleation. This starts the lateral growth of LP- 
COF to bring about a covering layer on the PVDF skeleton. Mean-
while, the formed LP-COF coverage may slightly extend to the porous 

Fig. 5. Surface properties of different membranes. (a) Dynamic water contact angles and (b) Zeta potentials of the PVDF substrate and LP-COF/PVDF membrane. 
Insets in (a) are photographs showing the initial and final water contact angle. 

Fig. 6. Performance optimization of the LP-COF/PVDF membrane. (a) Influence of the location of catalyst, molar ratio, and (b) synthesis durations on the per-
formances. (c) UV–vis absorption spectra of the feed, filtration, and retention obtained by rejecting CR. 
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area of substrates. However, due to the large size of these pores, a full 
cover can be hardly realized by LP-COF generated by the local nucle-
ation. Then, the interfacial reaction between monomers accounts for the 
growth of LP-COF at the unblocked area, ensuring the successive growth 
of the LP-COF layer. It must be noted that the interfacial reaction prefers 
to occur at the defective location, as it allows a free diffusion of amines 
from water to the organic phase, and thus eliminates the existing gaps to 
form a defect-free, continuous LP-COF layer. Upon the generation of a 
complete LP-COF layer, the penetration of monomers is greatly 
hampered because of the increased mass transfer resistance, leading to a 
self-limited growth of the LP-COF layer to give a reduced thickness 
(Fig. S10). 

3.4. Surface properties of LP-COF/PVDF membranes 

Fig. 5a shows the dynamic WCAs of the bare PVDF substrate and LP- 
COF membrane. With the coverage of a continuous LP-COF layer, the 
preliminary WCA is increased from ~75.7◦ to ~101.4◦, signifying a 
relatively hydrophobic surface. This is mainly due to the hydrophobic 
aromatic skeleton of the formed LP-COF. Although the hydrophobicity is 
involved, the water droplet rapidly penetrates into the LP-COF mem-
brane with a short duration of only ~8 s, benefiting from the large-pore 
structure which allows an unobstructed infiltration of water. The mac-
roporous substrate underneath the LP-COF layer may contribute to the 
water penetration as well. This collectively accelerated water penetra-
tion will facilitate the permeation of water during filtration, which is 
favorable for the promotion of water permeance [39]. Further, the Zeta 
potential analysis reveals a negatively charged surface of the LP-COF 
membrane at the tested pH value of ~3–10 (Fig. 5b). 

3.5. Performance optimization of LP-COF/PVDF membranes 

Ordered mesoporous channels of the LP-COF layer can work as the 
high-efficiency mass transfer paths to allow the fast transport of solvent, 
while rejecting large-sized solutes based on the size sieving. 

Additionally, the negatively charged surface of the membrane endows 
the electrostatic repulsion to the molecules with the same charge, 
contributing to the improvement of rejection rate. Considering the 
synergy offered by the LP-COF membrane, it is likely that the high water 
permeance and high selectivity can be simultaneously obtained [40]. 
We then optimized the preparation conditions, and CR (Mw = 696.8 Da, 
size = 2.56 × 0.73 × 1.13 nm3) dispersed in water was used to evaluate 
the performance of the membranes synthesized under various parame-
ters. In view of the different diffusion rate of acetic acid in organic and 
water bulk phase [41], the influence of the catalyst location was first 
investigated with results given in Fig. 6a. It can be seen that the pro-
duced membranes exhibit similar CR rejection rates under a constant 
synthesis duration of 12 h. Nevertheless, the permeance obtained by 
loading catalyst in the organic phase is 3-fold higher than the result 
generated by the other condition. To clarify this difference, we checked 
the morphologies of these two types of membranes. Clearly, the mem-
brane prepared by loading the catalyst in water shows a massif-like 
structure (Fig. S11), which undoubtedly rises the mass transfer resis-
tance to decrease the water permeance. In the following investigation, 
the load of the acetic acid was thus fixed in the organic side. The 
monomer amount certainly determines the reaction speed and the 
thickness of the obtained films, we thereby studied its influence on the 
membrane performance. Notably, the molar ratio of TFPB/BD was 
varied from 0.8:10 to 1.5:10, but the molar ratio of 0.8:10 generated the 
membrane having a discontinuous LP-COF layer (Fig. S12). For that 
reason, the performance of the membranes prepared with a molar ratio 
ranging from 1:10 to 1.5:10 was tested. As shown in Fig. 6a, these 
LP-COF membranes consistently give a high rejection rate to CR, while 
the permeance significantly decreases with the rise of the molar ratio, 
which is caused by the increasingly raised thickness of the LP-COF layer 
(Fig. S13). In particular, the LP-COF membrane synthesized with the 
molar ratio of 1.5:10 gives a water permeance of ~1333 L m− 2 h− 1 

MPa− 1, which is only ~17.1% of the value obtained under 1:10. 
Therefore, the molar ratio of 1:10 will be utilized as the synthesis 
parameter for the next investigation. 

Fig. 7. Separation performance of the optimized LP-COF/PVDF membrane. (a) Structures and (b) zeta potentials of the used dye molecules. (c) Rejections to different 
dye molecules. (d) Stability in terms of number of cycles. Insets in (c) are photographs showing the color change of various dye solutions including feed, filtration, 
and retention. 
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Apart from the two conditions studied above, we also checked the 
influence of the duration on the membrane performance. Fig. 6b visibly 
reveals that the variation tendencies of the permeance and rejection are 
opposite with the duration increasing from 6 to 12 h. For instance, the 
LP-COF membrane synthesized for 8 h shows an extremely high per-
meance of up to ~15,832 L m− 2 h− 1 MPa− 1 with a moderate CR rejec-
tion of ~63.6%. It should be noted that the water permeance of the bare 
PVDF substrate is ~47,580 L m− 2 h− 1 MPa− 1, which gives negligible 
rejections (<5%) to dyes (Fig. S14). Thus, the coverage of a continuous 
LP-COF layer effectively promotes the selectivity in the presence of an 
acceptable sacrifice in permeance. The extension on the synthesis 
duration benefits the elimination of the possibly existed intercrystalline 
defects. Besides, the stack of LP-COF films at the wrinkle area may result 
in interlaced pores to decrease the effective sieving pore size, thus 
promoting the selectivity to some degree [42,46]. As expected, the 
membrane synthesized for 12 h achieves a pronounced CR rejection of 
~92.6%, and the water permeance is still as high as ~3147 L m− 2 h− 1 

MPa− 1. It is noteworthy that the performance displayed by our LP-COF 
membranes outperforms the vast majority of microporous COF-based 
membranes for dye separations (Fig. S15 and Table S1) [43]. Further 
prolonging the synthesis duration to 14 h produces a continuous 
decrease in water permeance as well as a constant rejection rate. Hence, 
given the balance between the permeance and selectivity, the optimized 
synthesis duration is believed to be 12 h, which gives a maximized 
separation performance. One may argue that the pronounced rejection 
may be caused by the adsorption of CR on the membrane. We accord-
ingly checked the concentration of CR in the retentate. As shown in 

Fig. 6c, the UV–vis absorption spectra signifies a noticeable increase in 
the CR concentration of retentate, eliminating the above-mentioned 
concern [31]. 

3.6. Separation performance of the optimized LP-COF/PVDF membrane 

A series of dyes with different molecular weights were then used as 
the probe molecule to systematically evaluate the separation perfor-
mance of the optimized LP-COF/PVDF membrane. Fig. 7a presents the 
detailed molecular structures of the corresponding dyes, which are all 
negatively charged with Zeta potential ranging from ~-15 to ~ -24 mV 
(Fig. 7b). The rejection curve of the membrane toward those dyes is 
shown in Fig. 7c. Observably, increasing the molecular weight of dyes 
brings about an improved rejection rate, which reaches ~95.5% and 
~95.8% for EB and CR, respectively. The dye concentrations in the 
retentates are also increased (Fig. S16), indicative of the absence of the 
adsorption. The deepened color of the retentate solutions further verifies 
this (inset in Fig. 7c). To gain insights into the separation mechanism, we 
tested the rejections of dyes dispersed in ethanol, in which the electro-
static repulsion is greatly shielded [44,45]. Fig. S17 shows that the 
rejection rates in ethanol are visibly decreased, but still keep at a 
moderate level instead of an extremely low level. Thus, the result sug-
gests that the prominent separation performance is mostly ascribed to 
the synergy of size exclusion and electrostatic repulsion. Moreover, 
different from the other studies which report a dye rejection exceeding 
99%, the rejection observed in this work is slightly reduced because of 
the enlarged pore size. It is noteworthy that, compared to the pure water 

Fig. 8. Dye/salt separation performance of the optimized LP-COF/PVDF membrane. (a) Rejection to various inorganic salts. (b) Schematic diagram of the dye/salt 
separation by size-varied pores. (c) Rejection to CR and NaCl under different CR concentrations. (d) Comparison on the dye/salt separation performance. 
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flux, the permeation fluxes of dye solutions during filtration tests are 
largely retained (Fig. S18), indicating the practicability of our mem-
branes. Intriguingly, considering the high selectivity and high per-
meance, the LP-COF membrane exhibits a remarkable processing 
capability as well as an acceptable separation efficiency, which far ex-
ceeds the performance of other works summarized in Table S2. In 
additional, the rejection curve generates a dye molecular weight cut-off 
(MWCO) of ~560 Da for the LP-COF membrane. The obtained dye 
MWCO is comparable to that of the membranes constructed by micro-
porous COFs. Taking TpPa and COF-LZU1 as the examples, their mem-
branes display a dye MWCO of ~600 and ~450 Da, respectively [31, 
46]. The reusability of the LP-COF membrane was evaluated by 
discontinuously filtrating for several cycles. After each cycle, the dyes 
concentrated on the membrane surface can be readily cleaned by simply 
ethanol washing (Fig. S19). Furthermore, the permeance and CR rejec-
tion rate are basically unchanged after 10 cycles of use (Figs. 7d and 
S20). These results not only confirm an excellent reusability, but also 
indicate a superior adhesion between the LP-COF separation layer and 
PVDF substrate. After soaking the LP-COF membrane in water for 
several days, inappreciable changes in the separation performance are 
observed (Fig. S21), stating its favorable water stability. Therefore, the 
LP-COF membrane produced by the in-situ interfacial strategy may 
satisfy the need of practical application, ensuring a desired stability in 
the aspect of both structure and performance. 

3.7. Dye/salt separation performance 

Given the inherent mesopores of the LP-COF membrane, they may 

benefit an accelerated permeation of small solutes with a size blow 1 nm. 
Together with the high removal efficiency of dye molecules presented 
above, we anticipate that thus-synthesized LP-COF membranes could 
work as a powerful platform for the separation of dye/salt mixture. To 
confirm this, the rejections of the optimized LP-COF membranes toward 
different inorganic salts were tested, with the result given in Fig. 8a. It 
can be seen that, the membrane keeps a desired CR rejection as high as 
~92.6%, while it delivers extremely low rejections to ions. For example, 
the rejections to Na2SO4, MgSO4, and NaCl are ~1.8%, ~0.9% and 
~1.3%, respectively. Meanwhile, the low rejection rates are observed 
for salts with varied concentrations (Fig. S22). Impressively, the salt 
rejections are even lower than those of the membranes designed for dye/ 
salt separation [47,48], profiting from the broadened channels (Fig. 8b). 
To further confirm the feasibility of LP-COF membranes for 
high-performance dye/salt separation, the filtration tests were con-
ducted by using the mixture comprising of 1000 ppm NaCl and 
concentration-varied CR aqueous solution. As shown in Fig. 8c, the re-
jections to NaCl still keep at a quite low level under different CR con-
centrations. The decreased CR rejection under a low CR concentration 
can be mostly due to the adsorption of Na+ on the negatively charged 
surface, which impairs the electrostatic repulsion to slightly allow the 
pass of CR [49]. Under a CR concentration of 100 ppm, the membrane 
shows a high rejection (~96.7%) to CR and a very low rejection (~1.0%) 
to NaCl, which evidently displays a prominent selectivity between ions 
and dyes. To highlight this dye/salt separation efficiency, the ratio of the 
rejection rates for dye and NaCl (RDye/RNaCl) obtained by our mem-
branes was then compared with that of the state-of-the-art membranes 
(the detailed information is given in Table S3). As shown in Fig. 8d, the 

Fig. 9. Separation of QDs in toluene by the optimized LP-COF/PVDF membrane. (a) All parts of the dismountable filter holder. (b) Particle size distribution of the 
original QDs dispersion. (c) Fluorescent spectra of QDs in the feed and filtrate, and the insets are the corresponding optical photographs under sunlight. (d) Schematic 
illustration of the separation. 
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LP-COF/PVDF membrane exhibits a simultaneously improved water 
permeance and RDye/RNaCl value, surpassing most of recently reported 
membranes engineered for dye/salt separation. 

3.8. Size-exclusion of QDs in toluene 

The resultant LP-COF membranes have demonstrated a favorable 
molecular separation performance. In conjunction with the solvent 
resistance, they may be applicable in the extraction of nanoparticles 
from aggressive solvents. As a proof-of-concept, the optimized LP-COF 
membrane was used to concentrate nano-sized QDs dispersed in 
toluene, imminently desired in the field of sensing [50]. The test was 
performed using a home-made filtration device, in which the membrane 
was first assembled into a filter shown in Fig. 9a. The dynamic light 
scattering analysis recognizes that the diameter of QDs is in the range of 
~3.1–11.7 nm, giving an average diameter of ~4.6 nm (Fig. 9b). As 
shown in Fig. 9c, the fluorescence spectrum of the original QDs 
dispersion shows a strong peak centered at the wavelength of ~647 nm. 
In contrast, the peak intensity of the permeation collected after the 
membrane filtration is significantly reduced, matching well with the 
color change (inset in Fig. 9c). These results evidence the effective 
rejection of QDs. We reason that the weak peak appeared in the filtrate 
may be caused by the penetration of small-sized QDs, which could pass 
through the LP-COF membrane with a negligible rejection (Fig. 9d). In 
short, the LP-COF membrane realizes the recovery of QDs from toluene, 
and its application in extracting valuable nanoparticles from organic 
solvents is expected. 

4. Conclusions 

In conclusion, benefiting from the unique mesopores of LP-COF, we 
have successfully prepared highly permeable TUF membranes for ultra- 
fast separations. The combination of the partial nucleation at the seeded 
sites and the interfacial polymerization promotes the formation of 
continuous LP-COF layers. By tuning the synthesis conditions including 
the molar ratio of monomers, catalyst location, and synthesis duration, 
the optimized LP-COF layer with a thickness of ~60 nm is formed on the 
PVDF substrate. Thanks to the ordered mesopores and low thicknesses, 
the resulting membrane demonstrates a remarkable, stable molecular 
separation performance, showing an ultra-high water permeance of 
~3147 L m− 2 h− 1 MPa− 1 and a favorable CR rejection of ~92.6%. 
Moreover, very low rejections (<2%) to a series of inorganic salts are 
observed for the membrane, and then it empowers an outstanding dye/ 
salt separation performance which is ~2–10 times higher than other 
state-of-the-art membranes. The membrane also demonstrates potentials 
to recover nanoparticles from organic solvents due to the good solvent 
resistance of both LP-COF and PVDF substrates. Overall, we expect this 
work to guide the design of high-performance TUF membranes, and 
encourage the further exploration of large-pore COFs. 
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